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, by yC. ^ .3 c .

Ths 1-ctcral r^iscv.l^.i.iv.'O c f  e lv o r s  i s  d''rrere.-.’t ia t e à  in to  two 

f 'b r o  ty y es  on the b a s ’ c oh al-Tn Inc—’’art lo  1 0 .2 / :.;n l i i n l l l a r  

ATZ'ase a c t iv i t y .  Slow irnscle fork's a r e la t iv e ly  ho: to y an eon o f ib r e  

p o p n la tio n , whereas f a s t  m uscle shows a h e te r o g e n e ity  w ith resp ec t  

to  both f ib r e  s i s e ,  and p o s it io n  in  th e  inj^otome. The lev; aerob ic  

ca p a c ity  o f  slew  f ib r e s  r e f l e c t s  the e n e r y e tic  requirem ent o f  

a n g u i l l i f o m  locom otion . A m orphological continuujn o f  myogenic 

c e l l s  occurs id  th in  n a tu re , d if f e r e n t ia t e d  i.-çj^otonal muscle s im ila r  

to  th a t d escrib ed  fo r  embryonic m^'-oyenesis. No evidence could be 

found fo r  reg io n a l growth nodes. Small f a s t  f ib r e s  ( <100|im^) 

rep resen t in n a tu re , but d if f e r e n t ia t e d  f ib r e s  undergoing hynortrophqn 

There i s  co n sid erab le  v a r ia t io n  in  the c a p il la r y  supply to  both f a s t  

and slow  m uscle, and bet\;een homologous m uscles o f  d if f e r e n t  s p e c ie s .

I lethods are d escrib ed  to  determ ine the minimum sample s iz e  requ ired  fo r  

a “s ta b le ,  rep rod u cib le param eter e s t im a te , and to  a s s e s s  the o r ie n ta tio n  

o f  th e  cap illap j- network. T his i s  shown to  be h ig jily  a n iso tr o p ic .

C a p illa ry  vclume a id  su rface  d e n s i t ie s  are th o u g it  to  be the most 

appropriate in d ic e s  to  use w ith f i s h  m uscle. The sp rin g  m igration  o f  

e lv e r s  i s  shorn to  be a mined p o p u la tio n , o f  s im ila r  annual com position . 

The main migrator}^ wave are tru e posk-m etanorphic, J u v en ile  e e l s .  There 

i s  a p a r t ia l  ( ir e c h t  type $) com pensation in  Vo_ on a cc lim ation  to  10*̂  

a id  25°C. The en ten t o f  th e  p h y s io lo g ic a l a cc lim a tio n  r e f l e c t s  the  

environm ental c o n s tr a in ts  o f  th e  r'igu.-ati on. d if fe r e n c e s  in  stru ctu re  and



'' ' :

w coiJiplemi t̂ - o f  v l ly d c -  c,wc fo c a l iimiezva l.'c:: wcr ,-ea

f a c t  im.icclc f r o  ,• r c r r a c e n t a t i v e  t e i e o s k S .  iWid-^late s t r u c t u r e  _ c c l:  t f a r

ir. both ir --cc . lo i  v e n tr a l sp in a l n erves havjE- few er motor, but more

sen coin- m ono than homologous n erves in  e e l .  A n ovel way. o f  v i s u a l i s in g  

the en ten t c f  i: : te r -  and in tr a -s e g y e n ta l branching o f  n erv es , in t r a c e l lu la r  

narking o f  nerve ro u tes  w ith c o b a lt ,  r e v e a ls  e n ten s iv e  brancMng in  cod 

nyotones a:id cross-i?:ne:rvation between a t le a s t  ÿ segm ents. In e e l ,  

branching i s  r e s t r ic t e d  to  a s in g le  n^mtone. These r e s u l t s  r e f l e c t  the  

m echanical and n e iro u s co n tro l over th e locomotopy v.^aveform.



7n m n: I t t h: /  th lc  . t r e s i s  to  the- ” .;i ,  or lV; o f  lb .  r  1.' . .. 1
th a t I a :  g iv in g  p er /.iss io n  fo r  i t  to  be ;;a.ce a v a ila b le  .''o-' -1ee ’n 
accordance with the r e g u la tio n s  o f  th e  b n iv e r s itg  L ibraiy fo r  the t'‘ 
b ein g  in fo r c e , f.rijbject to  a n y  copyright v e ste d  in  the work ro t be hr 
a ffe c te d  thereby. I a lso  understand th a t the t i t l e  and ab stra ct  
be p u b lish ed , and th a t a copy o f  the work may be made and supplied  1 
any bona f id e  lib r a z y  or researbh workers, /tfe

I was adm itted as a research  student 'under Ordinance "o. 12 on 
and as a candidate for  the degree o f  Ph.I), or. ; the h igher
study fo r  v/hich t h is  i s  a record was carr ied  o'.it in  the U n iv ers ity  o f  
S t. fin drew s between 1f7? and IfSO.

I STuAlT SGGIidTON hereby c e r t i f y  th a t t h is  t h e s is  which i s  approxim ately  
ooo words in  len g th  has been w ritten  by me, th a t i t  i s

th e  record o f  \jork parried  out by me, and th a t i t  has not been subm itted  
in  any p rev ious a p p lica tio n  fo r  a h igh er degree.

date: G - IZ -

I hereby c e r t i f y  th a t the candidate has f u l f i l l e d  th e co n d itio n s  o f  the  
R eso lu tion  and R egulations appropriate to  the degree o f  Ph.D. o f  the  
U n iv ers ity  o f  S t. Andrews and th a t he i s  q u a lif ie d  to  submit t h is  t h e s is  
in  a p p lica tio n  fo r  th a t degree.

Date:



STRUCTURAL AND FUNCTIONAL DIFPZRR3TIATI0N OF 

TFLBOST SiSLHTAL IIUSCLN

A t h e s is  subm itted to  th e U niversity’’ o f  S t. Andrews fo r  

the degree o f  Doctor o f  Philosophy  

by

S-tuart Egginton

Department o f  P h ysio logy  
U n iv ers i’fcy’’ o f  S t .  Andrews December 1$G2



T k



DECLARATION

I hereby d ecla re  th a t the research  reported  in  t h is  t h e s is  was 

carr ied  out by me, and th a t the t h e s is  i s  my ov/n com position . No 

part o f  t h is  work has been p r e v io u s ly  subm itted fo r  a h igh er degree. 

The research  v/as conducted in  th e  Department o f  P h ysio logy , U nited  

C ollege o f  S t .  Sa lvator and S t. Leonard, U n iv ers ity  o f  S t. Andrews, 

under the d ir e c t io n  o f  Dr. I .A . Johnston .

CERTIFICATE

I  hereby c e r t i f y  th a t S tu art Egginton has spent e lev en  terms 

engaged in  research  under my d ir e c t io n , and th a t he has f u l f i l l e d  the  

co n d itio n s o f  General Ordinance No. 12 (R eso lu tion  o f  th e  U n iv ers ity  

Courts No. 1, 1967) ,  and th a t  he i s  q u a lif ie d  to  submit the  

accompanying t h e s is  fo r  the degree o f  Doctor o f  P h ilosophy.

............................
- ; .v i i .  -C'ir -. 'W ■■



Acknowledgements

I w ish to  exp ress deep g ra titu d e  to  my su p erv isor , Dr. Ian Johnston, 

fo r  u n fa i l in g  support and to lera n ce  o f  an A n g u illo p h ile . S incere  

thanks are a lso  due to  members o f  th e  "Pish Lab.", p ast and p resen t, 

vdio have helped  to  make my sta y  in  S t . Andrews both p r o f ita b le  and 

en joyab le . S im ila r ly , the fr ie n d sh ip  o f  many o th ers in  th e  P hysiology  

Department w i l l  be g r e a t ly  m issed . S p ec ia l thanks to :  Murray Coutts

fo r  e x c e lle n t  a s s is ta n c e  w ith  photography and the E3A; H u^ Forbes fo r  

b u lly in g  lo c a l  fisherm en in to  lan d in g  conger e e ls ;  K eith  S i l l a r  fo r  

th e use o f ,  and h elp  in  op era tin g , h is  e le c tr o p h y s io lo g io a l "rig";
Jim M ilne fo r  in v a lu a b le  h elp  \d.th ca tch in g  e lv e r s ;  Dr. Bob Pitman 

fo r  advice on s i lv e r  in t e n s if ic a t io n  and other methods; Dr. Hans 

Hoppeler, I n s t i tu t e  o f  Anatomy, Bern, fo r  use o f  p re -p u b lica tio n  
m anuscripts and ad v ice; Dr. A n tti S o iv io , Department Z oophysiology, 

H e ls in k i, fo r  h o s p i t a l i t y  and r e -k in d lin g  my in t e r e s t  in  research;
Mrs. C h r istin a  Lamb fo r  d ecip h erin g  ray h ier o g ly p h ic s  and ty p in g  the  
manuscript; fam ily  and fr ie n d s  fo r  support and encouragement throughout.

F in a l ly ,  I  w ish to  thank the N.E.R.C. fo r  generously  supporting the  

f i r s t  two y ea rs  o f  t h i s  study, and the Department o f  P hysio logy  fo r  the  
p rov ision  o f  a  Maitland-Ramsay Scholarsh ip  fo r  the th ir d  y ea r .

-T

■i

■ f t



To my w ife , Enid

For understanding, and seem ingly en d less  p a tien ce;  
i t  can’t  have been easy  ta k in g  second p la ce  to  an e e l  11

"The f i r s t  m illio n  years were th e w o r s t . . ."

Marvin, the Paranoid Android
Tlie restau ran t a t the end o f  th e U niverse
Douglas Adams



CHAPTER 2

CHAPTER 3

CONTENTS

SUI#1ARY

CHAPTER 1 In trodu ction ; The locomotory m usculature 
o f  f i s h

D if fe r e n t ia t io n  o f  trunk muscle in  
ju v e n ile  e e l s

Q u an tita tive  a n a ly s is  o f  reg io n a l
d if fe r e n c e s  in  myotomal f in e  stru ctu re

CHAPTER 4 Grovrfch and d if f e r e n t ia t io n  o f  fa s t  
s k e le ta l  muscle

CHAPTER 3 Q u a n tifica tio n  o f  muscle c a p il la r y  
supply

CHAPTER 6 Thermal acc lim a tio n  in  e lv e r s

CHAPTER 8 General D iscu ssion

REFERENCES

Page

1

19

40

64

80

112

chapter 7 Neuroanatomj’- o f  f a s t  muscle in  two t e le o s t s  1 3 7

161



SUI-n-lARY

Chapter 1

A b r ie f  in tro d u ctio n  i s  given  to  re lev a n t a sp ec ts  o f  the s tru c tu re , 

b ioch em istry , e lec tro p h y sio lo g y  and m echanical p r o p e r tie s  o f  f i s h  locomotory 

m uscle.

Chapter 2
i

The la t e r a l  m usculature o f  e lv e r s  i s  d if f e r e n t ia te d  in to  two f ib r e s  

types on the b a s is  o f  a lk a l in e - la b i le  (pH 1 0 .2 ) m y o fib r illa r  ATPase a c t iv i t y .  

Slow m uscle com prises body c r o s s -s e c t io n  and forms a 2 - f ib r e  deep la y er  

around th e trunk, w ith  in v a g in a tio n s  a long th e  h o r iz o n ta l septum and f in  

in s e r t io n s . There i s  a h igh  glycogen con ten t, but wealc s ta in in g  fo r  l ip id  

and aerob ic marker enzymes. Mean f ib r e  c r o s s - s e c t io n a l area i s  167pm , w ith  

few f ib r e s  > SOOpm .̂ A la r g e  proportion  o f  th e trunk (66/6 body c r o s s -s e c t io n )  

c o n s is t s  o f  f a s t  f ib r e s  (mean area , 328pm^), w ith  a la r g e  s iz e  range (5/6 > 

1400pm ) .  These have an a lk a lin e - s ta b le  ATPase, and "en plaque" in n erv a tio n . 

S u p e r f ic ia l f ib r e s  s ta in  fo r  both  glycogen and aerob ic enzymes. Deep f ib r e s  

> 200pm show no s ta in in g  fo r  l i p i d ,  g lycogen , SDH, or COX; th o se  f ib r e s  

< 120pm  ̂ (~- 5% o f  f a s t  m uscle) s ta in  h e a v ily  fo r  g lycogen . E x tr a c e llu la r  

l ip id  c o n s t itu te s  12?6 o f  body c r o s s - s e c t io n a l area , but r a r e ly  appears as  

in tr a c e l lu la r  d e p o s its .  The number o f  c a p i l la r i e s / f ib r e  are among the low est  

v a lu es  known fo r  t e l e o s t s ,  b e in g  0 .9 8 ,' 0 .5 5  and 0 .1 2  fo r  slow , s u p e r f ic ia l  

fa s t  and deep f a s t  f ib r e s ,  r e s p e c t iv e ly .  The low aerob ic  cap acity  o f  slow  

muscle r e f l e c t s  the e n e r g e tic  requirem ents o f  a n g u illifo rm  locom otion .

Chapter 3

R egional v a r ia t io n  in  m uscle f ib r e  typ es was examined by morphometric 

a n a ly s is  o f  electronm icrographs, a lon g  a tr a n se c t  from skin  to  v e r te b r a l 

column ( f ib r e s  I - I 4 , r e s p e c t iv e ly ) .  Small (204pm^) slow  f ib r e s  form a

■?

J
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r  i  I

r e la t iv e ly  homogeneous population : m itochondria, m y o fib r il, SR and T-system

volume d e n s it ie s  are 0 .2 1 4 , 0 .6 1 0 , 0.021 and O.OOp, r e s p e c t iv e ly ;  however, 

some d iffe r e n c e  i s  found between p erip h era l and la t e r a l  l in e  tr ia n g le  f ib r e s .  

Fast f ib r e s  show a marked h etero g en e ity  in  f in e  s tr u c tu r e , dependent on both  

p o s it io n  and s iz e ;  s u p e r f ic ia l  f ib r e s  (355pm^, 5-4 deep) are sm aller than 

deep f ib r e s  (775pm^, 6-12 deep) and have a s ig n i f ic a n t ly  h igher V y (m it ,f ) ,  

0.076 v s  0 .0 1 2 . Volume d e n s it ie s  o f  m y o fib r ils , SR ^ d  T-system  are 0 ,8 0 4 , 

0.060 and 0 . 004, r e s p e c t iv e ly ,  fo r  deep f ib r e s ;  th ose  < 100pm c o n s t itu te  

up to  5/6 o f  f a s t  muscle and have a h igher V ^ (m it ,f ) , 0.045» more g lycogen , 

and s l ig j i t ly  lower V y (S R ,f), O.O56 . This i s  th e f i r s t  q u a n tita t iv e  study o f  

reg io n a l d if fe r e n c e s  in  f in e  stru ctu re  o f  f i s h  s k e le ta l  m uscle. The m etabolic  

subpopulations o f  f a s t  f ib r e s  may correspond to  d if f e r e n t  growth s ta g e s . The 

r e la t iv e ly  poor development o f  f a s t  muscle SR i s  c o r r e la te d  w ith  the low  

frequency, h igh am plitude o f  th e  propagated waveform c h a r a c te r is t ic  o f  e e l  

sv/imming.

Chapter 4

The growth p a ttern  o f  f i s h  s k e le ta l  muscle p resen ts  a  u se fu l model 

for  a n a ly s is  o f  c e l lu la r  d i f f e r e n t ia t io n .  A m orphological continuum o f  

myogenic c e l l s  occurs w ith in  mature, d if fe r e n t ia te d  myotomal muscle s im ila r  

to  th a t describ ed  fo r  embryonic m yogenesis. D if f e r e n t ia t in g  c e l l s  are c lo s e ly  

a sso c ia te d  w ith  la rg e  f a s t  f ib r e s ,  lo c a te d  near la r g e  i n t e r s t i t i a l  sp aces. 

D iffe r e n t ia t io n  appears to  precede in n erv a tio n , w ith  sarcom eregenesis  

apparent in  n y o b la s ts . The sm all f ib r e s  considered  to  be grovrbh s ta g e s  in  

many s p e c ie s , in c lu d in g  e lv e r s ,  are immature, but d if f e r e n t ia te d  f a s t  f ib r e s  

undergoing hypertrophy. The r e te n tio n  o f  a r e la t iv e ly  h igh  aerob ic ca p a c ity  

may be a sso c ia te d  w ith  th e  aerob ic catabolism  o f  la c t a t e ,  but they are 

u n lik e ly  to  form a d if f e r e n t ia l ly - r e c r u it e d  population  ■ during swimming. The 

unusually  la r g e  V y (sp ,f )  o f  f ib r e s  adjacent to  th e  myosepta appears to  be a 

lo n g itu d in a l ex ten sion  o f  th e  f ib r e  in se r t io n  ("tendon") where c o n tr a c t i le



e f f ic ie n c y  i s  compromised., and not a r e s u lt  o f  delayed sarcomere form ation, 

as found in  amphibian myotomes.

Chapter 5

There i s  con sid erab le  v a r ia tio n  in  th e cap illar^ ’' supply to  both  

f a s t  and slow m uscle, and between homologous m uscles o f  d if fe r e n t  s p e c ie s .  

C apillary  d en sity  appears to  be p o s i t iv e ly  co rr e la ted  m th  m itochondrial 

content in  aerob ic m uscle: V y (m it ,f )  an j N ^ (c ,f)  in- Conger slow and f a s t

m uscle are 0 .2 2 7 , 615mm  ̂ and 0 .0 2 7 , 21.5mm r e s p e c t iv e ly . Sample s iz e  

d ir e c t ly  a f f e c t s  th e accuracy o f  an in d ex , and a method i s  d escribed  to  

determ ine th e minimum sample number requ ired  fo r  a rep rod u cib le , s ta b le  

estim a te . For both Conger slow and f a s t  muscle t h is  i s  around 500 f ib r e s ,  

but i s  s u b s ta n t ia lly  reduced in  sp e c ie s  w ith a h igher c a p il la r y  d e n s ity .

Of the common in d ic e s  in  use to  d escr ib e  the c a p il la r y  supply, N ^ (o ,f ) 

and N (c ,f )  are most u se fu l fo r  f i s h  m uscle, and in d ic a te  the required  minimum 

sample s iz e  fo r  accurate determ ination  o f  N ^ '(c ,f). Experimental p ro to co l 

needs to  r e f l e c t  th e  anatom ical h e te r o g e n e ity , p a r t ic u la r ly  w ith regard to  

v a r ia b le  f ib r e  and c a p il la r y  s i z e s ,  and the c ir c u la to r y  physio logy  o f  f i s h .  

This i s  the f i r s t  study to  a s se s s  the o r ie n ta t io n  o f  the c a p illa r y  network in  

f i s h  m uscle, which i s  shown to  be h ig h ly  a n iso tr o p ic . Capillar^’- d e n s ity ,  

th e r e fo r e , i s  a good estim ate  o f the le n g th  d en sity  from which V ^ (c ,f)  and 

S.y.(c,f) can be d er ived . These more f u l ly  d escr ib e  th e  fu n ctio n a l l im ita t io n s  

o f  th e cap illarjr  bed, and are con sid ered  to  be the most appropriate fo r  f is h
■V ■

muscle w ith i t s  sp arse ,h eterogen eou s c a p il la r y  supply. For Conger slow muscle 

th ese  are 0 .016 and 155cm \  and fo r  f a s t  m uscle, O.OOO7 and 4*7cm \  

r e s p e c t iv e ly . T his u n d er lin es  the h ig h ly  anaerobic nature o f  f a s t  m uscle. 

Chapter 6

Ju v en ile  e e l s  ( e lv e r s )  were sampled during th e ir  sp rin g  m igration  up 

the R iver Severn, Avon; t h i s  i s  a mixed p op u la tion , w ith a s im ila r  annual 

com position . The main m igratory wave i s  considered  to  be th e developm ental



i

in f le x io n  p o in t , i . e .  where the in f lu e n c e  o f  metamorphosis i s  complete
+ -f

and growth commences. V/ei^it and len g th  are 0 .2 5  -  0 . 05g  and 7 .I  -  0 . 4cm;

VOg = 0 .l6 m g .g .lir   ̂ and c r i t i c a l  (r e s id u a l)  oxygen con cen tration  1. 04mg. 1 ^.

The experim ental anim als are shovm to  he true post-m et amorphic, ju v e n ile  e e l s .  

There i s  a  p a r t ia l  (Precht type 3) compensation in  VOg on acclim ation  to  10° 

and 29°0, 0 .22  -  O.O5 and 0 ,42  -  0 ,0 9 m g .g .l \  r e s p e c t iv e ly .  Older (y e llo w  

and s i lv e r )  e e l s  show a reduced compensation over a S im ilar  range o f  

tem peratures. L i t t l e  evidence can he found fo r  a la r g e  s tr u c tu r a l reorgan isa 

t io n ,  as found in  o ther t e l e o s t s ,  a l t h o u ^  V y (m it,f)  i s  h i ^ e r  in  10°C (O .26)

than 29°C -elvers ( 0 . I 9 ) .  Slow m uscle N ^ (c ,f )  i s  s im ila r  fo r  both groups,
“22473 and 2347™® > w ith  th e d iffe r e n c e  countered by a sm all adjustment in

c a p il la r y  s iz e ,  such th a t S ^ (c ,f )  i s  th e  same fo r  both  groups, 314 and 310cm ^, 

r e s p e c t iv e ly .

A ltern ate  mechanisms fo r  m ain ta in in g  m etabolic and locomotory e f f ic ie n c y  

may in clu d e the adjustm ent o f  c ir c u la to r y  haemodjmamics. The ex ten t o f  the  

p h y s io lo g ic a l a cc lim ation  r e f l e c t s  the environm ental c o n s tr a in ts  o f  a spring  

m igration , and i s  complimented by changes in  behaviour.

Chapter 7

D ifferen ce s  in  s tru ctu re  and com plexity o f  m u lt ip le -  and fo c a l in n er

v a tio n  were in v e s t ig a te d  u s in g  f a s t  m uscle from r e p r e se n ta tiv e  t e le o s t s ;  cod 

and e e l .  Endplate stru ctu re  i s  s im ila r  in  both s p e c ie s ,  w ith  a model category  

o f  22-25nm fo r  syn ap tic  v e s ic l e  diam eter. S im ilar membrane r e s t in g  p o te n t ia ls  

are a lso  found, -6 2 ,2  and -58.3®V, However, the com position  o f  the v e n tr a l

ramus i s  markedly d if f e r e n t ;  cod motor axons are la r g e r  than th ose  o f  e e l ,
2133 v s  53pm , and fewer in  number, 90 v s  134* There i s ' a  la r g e r  population  

o f  sensory (l-3pm ^) axons in  cod VR, 1181 v s  90. The c la s s i f i c a t io n  o f  a 

sp in a l nerve, as mixed or c o n s is t in g  o f  two separate ram i, depends on the  

anatom ical lo c a t io n  o f  th e sample. A n ovel way o f  v i s u a l i s in g  the ex ten t o f



v i

in t e r -  and in tr a -se g n e n ta l branching o f  the sp in a l n erve, in tr a c e l lu la r  i

marking o f  the nerve route w ith c o b a lt , r e v e a ls  a d if fu s e  pattern  o f

branching w ith in  cod myotomes, and a s ig n if ic a n t  amount o f  cro ss-in n erv a tio n  4 

between a t le a s t  3 myotomes. In e e l ,  branching i s  r e s tr ic te d  to  a s in g le  

myotome. The r e s u l t s  may be exp la ined  by the mode o f  swimming: cod

u t i l i s e s  a h i ^  frequency, low am plitude waveform (th e  w avelength apparently  U

determ ined by sim ultaneous con traction  o f  around 4 myotomes) th a t i s  dependant i
Ion p erip h era l m odulation; svamming in  e e l  i s  alm ost independant o f  p er ip h era l ’ ‘ 

(sen sory ) feedback, r e ly in g  e x te n s iv e ly  on a sp in a l cord p attern  gen erator . 

Chapter 8

General co n c lu sio n s a r is in g  from the work are d isc u sse d , w ith  some 

p o te n t ia l ly  p r o f ita b le  d ir e c t io n s  fo r  fu ture work.



FISH SIŒLSTAL MUSCLE

Design o f  the trunk

Swimming in  a h i^ i  d en s ity  medium req u ires a la rg e  amount o f  power 

as in e r t ia l  fo r c e s  produce a s ig n if ic a n t  p ressure drag, r e la t iv e  to  

a ir ,  and p ropu lsion  a g a in st a y ie ld in g  medium i s  e n e r g e t ic a lly  w aste fu l 

(V/ebb 1978; V id e le r  1981)• Power requirem ents o f  t e r r e s t r ia l  locom otion  

u su a lly  in cr ea se  l in e a r ly  w ith  speed (v), whereas aq u atic  locomotion req u ires  

a power increm ent oc Buoyancy p a r t ia l ly  o f f s e t s  th ese  l im ita t io n s ,

removing th e need fo r  w eight economy and enab ling  f i s h  to  carry th e la rg e  

muscle mass n ecessa ry  to  generate power fo r  rapid  swimming. This c o n s t itu te s  ■ 

40- 75% o f  th e body mass, depending on body form and mode o f  swimming (G reer- 

Walker and P u ll 1975; Lindsey 1978; Bone 1978), up to  3QP/c o f  which i s  f a s t  

c o n tra c tin g  f ib r e s .  P h y sica l l im ita t io n s  are a ls o  r e f le c t e d  in  the arrangement 

o f  segm ental m usculature; th e  unequal V-shape o f  p r im it iv e  f i s h  myotomes i s  

thought to  prevent d o rso -v en tra l f le x io n  during swimming (W illemse I966;

Bone 1978) snd overlap ping  W-shapes in  h i ^ e r  forms (U u rsa ll 1956; Kryvi and 

Totland 1978) may prevent "slippage" o f  n o n -ex ten sib le  myosepta (V id eler  1981). |  

S u p e r f ic ia l red  f ib r e s  are u su a lly  o r ien ted  p a r a l le l  to  th e  body su rfa ce , 

whereas th e minimal sh orten in g  o f  a l l  f a s t  f ib r e s  during swimming, ’

ir r e s p e c t iv e  o f  p o s it io n ,  req u ires  la r g e  an g les to  th e f i s h  axes (Alexander 

1969; Raamsdonk e t  a l  1977)- 

Fibre typ es

S egregation  o f  ^runk m usculature in to  2 main f ib r e  ty p e s , f i r s t  

recogn ised  in  Torpedo on th e b a s is  o f  co lour (L orenzin i in  I 678, see Bone 1978),

i s  thought to  r e f l e c t  th e  d i f f e r e n t ia l  power requirem ents fo r  burst and cru ise  

swimming. Many workers r e ly  on t h i s  c la s s i f i c a t io n  (Boddeke e t  a l  1959; 

Greer-V/alker and P u ll 1975) in  the absence o f  a u n iv e r s a lly  a p p lica b le  . 

a lte r n a t iv e  (Bone 1978; Johnston 1981a). Red (slow ) m uscle u su a lly  forms a T '



th in  la y er  around th e trunk (Bone I966) or a d is c r e te  wedge, the " la te r a l  

l in e  tr ia n g le"  (Johnston e t  a l  1974)* I t  c o n s t itu te s  O.5  to  29% o f  the  

i%rotome (Greer-Walker and P u ll 1975), b e in g  h ig h e s t  in  p e la g ic  and low est  

in  d em ersa l s p e c ie s .  Apparent s im ila r ity  between mammalian slow o x id a tiv e  

(so), fa s t  o x id a tiv e  g ly c o ly t ic  (POG) and f a s t  g ly c o ly t ic  (PG) f ib r e  ty p es  

and th ose  found in  f i s h  (Goldspink 1977) be on ly  s u p e r f ic ia l  (Raamsdonk 

e t  a l  I98O).

Slow muscle

H istoch em ica lly , t h is  u su a lly  con ta in s la rg e  l i p i d  and glycogen  

r eser v es  (Love I98O), h igh  a c t i v i t i e s  fo r  TCA c y c le  marker enzymes such as  

su c c in ic  dehydrogenase (SDH), a  low a lk a lin e -s ta b le  m y o fib r illa r  ATPase 

(m.ATPase) a c t iv i t y  (Johnston e t  a l  1972, 1974; P atterson  e t  a l  1975;

K orneliussen e t  a l  1978), h igh  myoglobin co n cen tra tion s (Love 1980) and many 

c a p i l la r ie s  (Mosse 1978, 1979)* The d is tr ib u t io n  and a c t iv i t y  o f  aerob ic  

enzyme systems i s  r e la te d  to  m uscle fa t ig u e  r e s is ta n c e  (Burke e t  a l  1973), 

and th e b iochem ical measurements o f  m.ATPase a c t iv i t y  icLth con traction  

v e lo c i t y  (Barany I967) .  Most workers con sid er t h i s  m uscle r e la t iv e ly  

homogeneous, although the d o g fish  S cy lio rh in u s c a n ic u la  i s  a good example o f  

reg io n a l v a r ia b i l i t y .  The outerm ost la y e r  o f  la r g e  f ib r e s  shows l i t t l e  

s ta in in g  fo r  SDH or m.ATPase a c t iv i t y ,  but an in te n se  s ta in  fo r  g lu c o se -  

phosphate-isom erase; the next la y e r  o f  sm all diam eter f ib r e s  have a h igh  SDH 

a c t iv i t y ;  th e  deeper 2 or 3 la y e r s  have a s l ig h t ly  g rea te r  m.ATPase a c t iv i t y  

and l e s s  SDH a c t iv i t y  (Bone and Chubb 1978; Bone I 978) .  The h igh  aerob ic  

ca p a city  o f  f i s h  slow  f ib r e s  i s  r e f le c t e d  in  the la r g e  volume d en s ity  o f  

m itochondria, among the h ig h e s t  Icnovm fo r  s t r ia te d  m uscle, which approach 

th a t o f  endotherm v e n t r ic le s  (Bossen e t  a l 1978; see  Johnston 1981a, 82c fo r  

f i s h ) .  The ex ten t o f  th e sarcop lasm ic reticu lum  (SR) i s  v a r ie d , a l th o u ^  

h igh er than in  amphibians and may resem ble some tw itc h  f ib r e s  (Johnston 1930a).
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In v it r o  determ ination o f  key enzyme maximal a c t i v i t i e s  has been used to  4
Id escrib e the r e la t iv e  importance o f  d if fe r e n t  pathways o f  energy metabolism k

(Crabtree and Newsholme 1972); th o se  from o x id a tiv e  pathways u su a lly  have 

hig^i a c t i v i t i e s  in  slow muscle (Johnston and Moon 1980a). L ipids are a major 

source o f  energy during swimming (B il in s k i  1974; D ried zic  and Hochachlca 1978), 

w ith  ketonebodies most important in  elasmobranchs and f a t t y  a c id s  in  t e l e o s t s  

(Zaramit and Newsholme 1979)* I t  has been thought t h #  red  muscle both  

p rovid es g lu cose  fo r  w hite muscle a c t iv i t y ,  and o x id is e s  la c ta te  (W ittenberger #

e t  a l  1975) ,  although the low a c t iv i t y  o f  key g lyconeogen ic enzymes makes 

t h i s  u n lik e ly  (Johnston and Moon 1979). 1

Some p e la g ic  f i s h  have an in te r n a l is e d  slow  m uscle e .g .  sk ip jack  tuna  

Katsuwonus pelam is where an e f f i c i e n t  heat exchanger ( r e te )  m aintains |

an e lev a ted  m uscle temperature ( Carey and Teal I 966) .  T his muscle has a 

1 0 -fo ld  in cr ea se  in  m itochondria, and a more h i^ i ly  developed c a p il la r y  bed, 

than s u p e r f ic ia l  m uscle (Bone 1978b). S im ilar r e s u l t s  are found in  Euthynnus 

pelam is (Guppy e t  a l  1979) and Thunnus thunnus, where m.ATPase a c t iv i t y  o f  

the deep red muscle i s  much h igher than in  more sedentary sp ec ie s  (Johnston  

and Tota 1974).

Interm ediate muscle

This "pink" muscle l i e s  between red and vrhite zon es, having an aerob ic  

cap acity  and m.ATPase a c t iv i t y  between th a t o f  th e o th er  typ es (Johnston |

e t  a l  1974; P atterson  e t  a l  1975; Kryvi 1977; Flood 1979; Kryvi e t  a l  I98O), 4

although w ith  a myosin l ig h t  chain com position s im ila r  to  fa s t  muscle 

(Johnston e t  a l  1977)* This may c o n s t itu te  a la r g e r  bulk than slow  f ib r e s ,  

around 10% in  carp C arassius c a r r a s ia s  (Mosse and Hudson 1977)* The only  

study o f  t h e ir  involvem ent in  swimming found recru itm ent between slow - and 

fa s t  muscle th resh o ld s (Johnston e t  a l  1977)*

'4



Past muscle

Past f ib r e s  have a low aerob ic ca p a c ity , sparse c a p il la r y  network,

h i ^  m.ATPase a c t iv i t y  and la rg e  m y o fib r il volume d e n s ity  (Love 1980;

Bone 1978; Johnston 1981a), M itochondrial con ten t i s  q u ite  v a r ia b le ,

around O.5  to  1.0)6 in  p r im itiv e  sp e c ie s  such as sharks (Kryvi 1978;

Totland e t  a l 1981) but e s p e c ia l ly  h i ^  in  m u ltip ly -in n erv a ted  t e le o s t s

e .g .  brook tro u t S a lv e lin u s  f o n t in a l i s   ̂ 8,9/6 (Johnston and Moon I98I)

and ten ch  Tinea t in e a   ̂ 4*5% (Johnston and Bernard 1982). The sarcotubular

system i s  more e x te n s iv e , r e la t iv e  to  slow (Nag 1972; Kryvi 1978), and

resem bles the s itu a t io n  in  amphibians (Peachey 1965; P litn e y  1971; Totland

1976; see  a lso  Johnston 1980a). G ly c o ly tic  enzyme a c t i v i t i e s ,  e .g .

phosphoryrlase and phospho.f.ructokinase, are u su a lly  2 -3  tim es h igher in

fa s t  than slow muscle (Crabtree and Newsholme 1972; Johnston 1977; Newsholme

e t  a l  1978; V/alesby and Johnston 1979; Johnston and Moon 1979)» In Salmo

g a ir d n e r i, the r e d is tr ib u t io n  o f  blood during a c t iv i t y  in crea ses  from

around 9/6 a t r e s t  to  over 40̂ 6 o f  the cardiac output d iv er ted  to  the slow

m uscle, a t the expense o f  the f a s t  muscle system (Baxboeck e t  a l 1982).

Although the energy c o s t  o f  locom otion i s  lower fo r  f i s h  than mammals, the

scope fo r  a c t iv i t y  appears to  be 10-100 tim es l e s s  (B re tt 1972), su g g estin g  |

a h igh  dépendance on anaerobic a c t iv i t y  m etabolism . Prom measurements o f

swimming e f f ic ie n c y  and oxygen consumption Smit e t  a l  ( l9 7 l )  c a lc u la te d

th a t g o ld f is h  C arassius auratus produce 80)6 o f  t h e ir  energy requirem ents in

t h is  wa$r. However, ^anaerobic c a p a c it ie s  can be m od ified  by a number o f

ex tern a l fa c to r s  (H azel and P rosser  1974; Bostrom and Johansson 1972;

Johnston and Moon I 98O; Johnston 1981a). Glycogen i s  used by both f ib r e

—1typ es during swimming a lth o u ^  in  carp , swimming a t 3 L.sec , 80-85% i s  

u t i l i s e d  by th e  f a s t  m uscle (Johnston and G oId^ink 1973a)» There i s  

con sid erab le  in t e r - s p e c i f ic  v a r ia b i l i t y  in  th e importance o f  aerobic g ly c o ly s is  

.(Johnston 1977; Newsholme e t  a l  1978; Johnston and Moon 1980a; V/alesby and 

Johnston I98O), w ith  th e  r e la t iv e ly  h igh  cap acity  in  tro u t fa s t  muscle



Gro^fth

The p r e c ise  o r ig in  o f  v e r te b r a te  m uscles i s  v a r ie d , tetrapod  limb 

m uscles develop in  s i t u  from mesenchymal d if f e r e n t ia t io n  o f  la t e r a l  p la t e -

assumed to  be s u f f ic ie n t  to  support su sta in ed  a c t iv i t y  (Johnston and 

Moon 1980b).

In many f i s h ,  notab ly  salm onids (Greene 1913; Johnston e t  a l  1975;

P atterson  e t  a l  1975), but a ls o  cod (Greer-Walker 1978; K om eliu ssen  e t  a l  k
I

1978) and an g ler  f i s h  (Bone and Chubb 1978), a ’m osaic’ arrangement o f  sm all
''■Ï.

■

diam eter SDH +ve f ib r e s  are found among the la rg e  f a s t  f ib r e s .  In rainbow j

tro u t Salmo ga ird n er i they  p o sse s s  a  low er m.ATPase a c t iv i t y  (Johnston e t  a l

1975) .  Some workers con sid er them to  be a d is t in c t  f ib r e  type (Boddeke e t  4
ft

a l  1959; Hulbert and Moon 1978), and o th ers to  rep resen t grovrbh s ta g es  o f  f

f a s t  f ib r e s  (Johnston e t  a l  1975; K om eliu ssen  e t  a l  1978; Johnston and 

Moon 1980b). Whether or not th ese  rep resen t a d i f f e r e n t ia l ly  rec r u ite d  f ib r e  

population  i s  u n certa in  (Hudson 1973; Altringham and Johnston I98I ) .  5

In a l l  v er te b r a te  f a s t  m uscle fr e e  cytoplasm ic Ca^^-binding p r o te in s  'ï

(parvalbum ins) are found, w ith  v ery  low con cen tration s in  slow and card iac  

muscle; an in te r e s t in g  exception  i s  th e  shrew h eart which con tracts  a t > 1000 4 

beats/m inute and has a hi^^ t i t r e  (l9pM, Le Peuch e t  a l  1978). They reach

very  h igh  con cen tration s in  f i s h  f a s t  m uscle, reach in g  15)o o f  the so lu b le  |
■ Î

2+p r o te in s , and d isp la y  a h i ^  Ca - a f f i n i t y ,  b e in g  s tr u c tu r a lly  r e la te d  to  '■
2-f / Nother muscle Ca -b in d in g  p r o te in s  (TnC, calm odulin; Perry 1979). I t  i s

2+th o u ^ t  th a t they are ab le  to  induce rap id  re la x a tio n  by seq u ester in g  Ca
2+ 2+ before th e  SR Ca -pump. Subsequent tr a n s fe r  o f Ca from parvalbumins to

SR re g u la te s  in t r a c e l lu la r  fr e e  /C a ^ ( ip e c h e r e  e t  a l  1971). I t  i s  not known

the ex ten t to  which parvalbumin con cen tration  i s  co r r e la te d  w ith  SR co n ten t,

although the e f f ic a c y  o f  parvalbum in-regu lation  must u lt im a te ly  depend on

the a c t iv i t y  and d is tr ib u t io n  o f  th e  SR Ca^^-pump. I



derived  c e l l s ,  f in  m uscles from som itic  (myotomie) mesoderm (see  Fischrnan 

1972 fo r  r e f s . ) .  Mechanisms c o n tr o ll in g  myogenic stem c e l l  number (:5r number 

o f  muscle f ib r e s )  are unknown, but assumed to  be g e n e t ic a lly -d e r iv e d . In 

most m uscles o f  h igher v e r te b r a te s  f ib r e  number does not in crea se  a f t e r  p o s t-  

embryonic d if f e r e n t ia t io n ,  a lth o u ^  in  some neonates p o s t-n a ta l p r o life r a t io n  

con tin u es, in  r e la t io n  to  the developm ental stage reached a t b ir th  (Bridge  

and Allbrook 1978; Goldspink 1972); growth i s  ch a ra cter ised  by in creased  

f ib r e  diam eter and len g th . In c o n tr a s t , many f i s h  in cr ea se  f ib r e  number 

th ro u ^ o u t l i f e  (Greer-Walker 1978) r e s u lt in g  in  a wide range o f  f ib r e  s iz e ,  

ir r e s p e c t iv e  o f  innervation  p attern  (W eatherley e t  a l  1979; W illemse and van 

den Berg 1978)* Rapid embryonic growth, a s so c ia te d  w ith  h i ^  p rotein  

turnover r a te s ,  i s  fo llow ed  by a slow er post-em bryonic hypertrophy. In most 

mammals, s k e le ta l  muscle i s  20- 25/6 o f  body w eight a t b ir th , in cr ea sin g  

during p o s t-n a ta l growth to  45-58/6 (w/w and p ro te in  co n ten t) a t ad u lt 

(Goldspink I98O). Growth i s  th e r e fo r e  lim ite d  by the (a ero b ic ) an ab o lic  

a c t iv i t y .  Presumptive m yoblasts (m y o sa te ll ite  c e l l s ,  I5SC) are m ononucleatej 

m ito t ic a l ly  a c t iv e  c e l l s  which accumulate a t pre-determ ined s i t e s  o f  m uscle 

o r ig in  (Mauro I96I; Pischman 1972). M yoblasts are formed from elon gation  

o f  MSG in to  sp indle-shaped  c e l l s  co n ta in in g  m yofilam ents, but no m ito t ic  

a c t iv i t y .  Myotubes are a m u ltin u c lea te  s y n c it ia ,  showing p ost m ito t ic  

c h a r a c te r is t ic s ,  foimed by cytop lasm ic fu sion  o f  m yoblasts (Pischman 1972;

Moss and Leblond 1971)* T his fu sio n  appears to  stim u la te  m j/o fib r illa r  p ro te in
V

sy n th es is  and p r o life r a t io n  o f  m itochondria. The s e r ia l  ad d ition  o f  sarcomeres 

p a r a lle ls  any p o s t-n a ta l in c r e a se  in  muscle len g th  (Goldspink 1972), In crease  

in  m y o fib r il number during f ib r e  hypertrophy r e s u l t s  from lo n g itu d in a l  

s p l i t t in g  o f  e x is t in g  (p er ip h era l)  f i b r i l s  a f te r  reach in g  a m ech an ica lly -  

l im ite d  s iz e ;  the Z -d isc l a t t i c e  ru p tu res, p o s s ib ly  due to  la t e r a l  ten s io n  

development caused by a mis-match o f  a c t in  and myosin l a t t i c e s  (P atterson  and 

Goldspink 1976).



-I
Nervous ^ stem  and locom otion

The nervous sj'^stem c o -o rd in a te s  p rop riocep tive  and ex tero cep tiv e  

im pulses; in  v e r te b r a te s  i t  can be considered  in  5 d is t in c t  reg io n s -  b ra in , -#

sp in a l cord, and p er ip h era l nerve n e t .  Undulatory movement (swimming) 

appears to  be c o n tr o lle d  la r g e ly  by th e sp in a l cord, th e  brain m erely  

m odifying the b a s ic  rhythmn (G r illn e r  1975; Roberts 1981). P ish  sp in a l 

cord occupies th e e n t ir e  v e r te b r a l ca n a l, g iv in g  r i s é  to  the segmental 

d orsa l (sen sory) and v e n tr a l (motor) r o o ts .  The p r im itiv e  con d ition  

(Amphioxus) appears to  be where th e sensory root l i e s  adjacent to  th e  myo- 4

septum and th e motor ro o t emerges mid-myotome, in  an a lte r n a tin g  p attern
I

down the cord (Kappers e t  a l  I 967) .  Spinal cords resem bling th a t o f  h i ^ e r  g

v er te b r a te s  f i r s t  appear in  th e  Chondrichthyes (elasm obranchs) I 'ith  the  

form ation o f  sp in a l g a n g lia . Further development occurs in  the O ste ich th yes %

(bony f is h e s )  such th a t  t e l e o s t  and mammalian sp in a l cords are broadly  

s im ila r  (Kappers e t  a l  I967) .  Large motor c e l l  b od ies are lo ca ted  in  the  

vin-h/oiclev&i grey m atter, g iv in g  r i s e  to  trunk muscle e f fe r e n ts  (B ern stein  1978).%  

In a l l  f is h e s  but th e Petromyzonts sp in a l ro o ts  are thought to  jo in ,  forming 

the mixed sp in a l nerves (Kappers e t  a l  I 967) ,  although t h is  i s  d isp u ted  |

(Roberts I969) .  L i t t l e  com parative work has been done; most d e ta ile d  s tu d ie s  

are r e s tr ic te d  to  c r a n ia l n erves ( e .g .  Young 1933) a lth o u ^  some data  i s  

a v a ila b le  fo r  elasmobranch (R oberts I969) ,  agnathan (Teravainen and Rovainen

1971) and t e le o s t  sp in a l n erves (B arets I 96I ) .

The b a s ic  elem ent o f  swimming i s  an a lte r n a te  con traction  o f  i

co n tr a la te r a l segm ents, p a ss in g  an undulatory wave down the body. The phase 

la g  between r o s tr a l  and caudal myotomes remains co n sta n t, s in ce  swimming speed j

in cr ea se s  l in e a r ly  w ith  th e frequency o f the propagated wave (G r illn e r  1975). ]
I

P ins may be used as s t a b i l i s e r s  ( e .g .  thunniform locom otion ), or have an ,|

a c t iv e  r o le  in  swimming (lab iform  locom otion ), although in  most s p e c ie s

they  are pressed  c lo s e  to  th e  body to  reduce drag (L indsey 1978; V/ebb 1978), J

-   ......



Both cen tra l o s c i l la t o r  and p er ip h era l r e f le x  mechanisms have been 

described  fo r  co -ord in a tion  o f  th e  propagated wave (G r illn e r  and Kashin 19?6j g

G r illn e r  and Wallen 1977; R oberts 1981 )• In eel,sw im m ing i s  determined 4

la r g e ly  by in t r in s ic  a c t iv i t y  o f  th e  sp in a l cord; th e in te g r i ty  o f  the I

p erip h era l nervous qystem (a s so c ia te d  w ith  sk in , m uscle and connective 'M
1

t is s u e )  i s  not e s s e n t ia l  to  conduct a  locomotory rhythm (Gray 1936). ,1

S im ila r ly , sev er in g  over 50% o f  sensory ro o ts  does nôt a b o lish  the phase- 

cou p lin g  o f  locomotory movements in  d o g fish  trunk (G r illn e r  1975); i . e .  both  

e e l  and d og fish  can m aintain in tersegm en ta l co -o rd in a tio n  without sp in a l 

cord a f fe r e n ts .  I n te r e s t in g ly ,  some p r im itiv e  s p e c ie s  can show co-ord in ated  %

swimming a f te r  sp in a l cord tr a n s e c t io n . This i s  not so w ith  most h i ^ e r  

t e l e o s t s ,  which req u ire a la r g e  degree o f  f a c i l i t a t io n  from the brain  stem, 

in  ad d ition  to  th e  sp in a l cord generator (G r illn e r  1975). E xteroceptive 4

s t im u li generated by movement m odify th e locomotory co -o rd in a tio n , s in ce  - i

the f i r in g  o f  sensory a f fe r e n ts  determ ines the rhythmn and i s  co rre la ted  w ith  

in creased  swimming speed, in  elasmobranchs (G r illn e r  1975; Roberts 1981); 

some sp in a l motoneurons cannot su sta in  in t r in s ic  a c t iv i t y  a t the co rrec t  

frequency, in  the absence o f  p rop riocep tor  feedback. T e r r e s tr ia l v e r te b r a te s  

p o sse ss  a range o f  complex p rop riocep tors; however, neuromuscular sp in d le s  

have not been observed in  f i s h  (R oberts 1969; Bone 1978) and other sensory |

organs may provide feedback during locom otion . Two s p e c ia l is e d  nerve /

term in ation s are Imown in  elasm obranchs; c o i le d  \hmdexer corp u sles in  th e U

derm is, and e lon gate  Poloumordwinoff endings in  f in  m uscles o f  sk ates and -

rays (se e  Roberts 1969). In a d d itio n  f in e ,  fr e e  nerve endings are found in  4

(or adjacent to )  th e myosepta o f  Petromyzon (Johnston 1908). % xine (Bone 1 9 6 5 ) | 

S cy liorh in u s (R oberts I 969) and P leu ron ectes (Kappers e t  a l  I967) .  T heir  

r e c e p tiv e  f i e l d  (sen sory  dermatome) overlap s h a lf  a myotome in  t e l e o s t s  6

(Roberts 1981 ) or ~  6 myotomes a t  the most hypaxia l p ortion  in  d o g fish  

(Roberts I969) .
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Innervation and Recruitment

In a l l  groups o f  f i s h  the s u p e r f ic ia l  slow f ib r e s  are innervated

by sm all diam eters (m yelin ated ) axons, forming a number o f  en grappe

term inations; ju n ction  p o te n t ia ls  are e l i c i t e d  in  response to  d e p o la r is in g

s t im u li,  c lo s e ly  resem b lin g  the tru e  slow  ( to n ic )  f ib r e s  o f  amphibians

(B arets I96I; Anderson e t  a l  1963; Hagiwara and Takahashi I967; S ta n fie ld

1972) .  From measurements o f  membrane space constant^,- endplate sep aration

i s  th ou ^ it to  be 150-200pm (d o g fish , S ta n fie ld  1972).  ̂ ’V/here more than one

slow f ib r e  type e x i s t s ,  a  s im ila r  in n erva tion  pattern  i s  present (Bone 1978).

H agfish slow f ib r e s  are in n ervated  by two axons, o r ig in a t in g  a t each myo se p ta l 4

end (Jansen e t  a l  I 963); o th er s p e c ie s  may have more ex ten s iv e  m u ltip le

innervation  (B arets I 96I; Bone I966) .  Slow f ib r e s  do n o t propagate a c tio n

p o te n t ia ls ,  although S ta n f ie ld  ( I 972) considered  some recorded inv/ard Na"̂

currents large enough to  su ggest the mechanism may e x is t ;  t h is  remains

la r g e ly  unsupported and req u ires  fu r th e r  in v e s t ig a t io n .  However, ju n ction

p o te n t ia ls  may be la r g e ;  Myxine slow  f ib r e s  produce a d ep o la r isa tio n  up to  3Q®V||

e le v a t in g  the membrane p o te n t ia l  near zero (Andersen e t  a l  I963) .  I t  has

been suggested  th a t th e Am dament a l  d if fe r e n c e s  between slow and f a s t  f ib r e s

r e s id e s  in  E~C cou p lin g , w ith  f a s t  tw itc h  c h a r a c te r is t ic s  depending on 
2+in a c t iv a t io n  o f  Ca - r e le a s in g  mechanisms by membrane d ep o la r isa tio n  

(Yamamoto 1972).

One o f  th e most im portant fa c to r s  determ ining c o n tr a c t i le  p r o p e r t ie s ,
V

metabolism  and d iv is io n  o f  labour o f  f i s h  muscle during swimming i s  thought 

to  be the type o f  f a s t  m uscle in n erva tion  (Bone 1978; Johnston 1981a). 

Elasmobranchs, Agnathans, Chondrosteans, H olosteans and. Bipnoans a l l  p o sse ss  

fa s t  muscle w ith  fo c a l (term in a l) in n erva tion  (Bone I964; Johnston 1981a).

This resem bles th e  s i tu a t io n  in  amphibia, r e p t i l e s ,  b ird s  and mammals.

J



a lth o ii^ i in  f i s h  the en plaque en d p la tes are s itu a te d  a t  the f ib r e  

e n d (s) . T ypical oversh ootin g , propagated a ction  p o te n t ia ls  (s im ila r  to  

other v er te b r a te  f a s t  tw itch  f ib r e s )  are produced by membrane d ep o la r isa tio n  

in  elasmobranchs (Hagiwara and Takahashi I967) .  Tlie f a s t  f ib r e s  appear 

to  be e n t ir e ly  dependant on anaerobic g ly c o ly s is  fo r  energy production  

during a c t iv i t y  (Kryvi 1977; Bone 1978; Johnston 1981a; Chapter 5 ) .  L i t t l e  

inform ation about th e e le c tr o p h y s io lo g y  or m echanical p ro p er tie s  o f f a s t
i'

muscle in  fo c a lly - in n e r v a te d  t e l e o s t s  i s  a v a ila b le .

Past muscle in  taxonom ica lly  advanced t e l e o s t s ,  in c lu d in g  th e  

P e r c iformes and C yprin iformes which to g e th er  account fo r  n early  o f  the  

Superorder, have a  m u ltip le  (d is tr ib u te d )  in n ervation  (Talieuchi 1959;

B arets I96I; Bone I964; Johnston 1981a). This p a ttern , unique among the  

v e r te b r a te s , c o n s is t s  o f  a d if fu s e  network o f  axons across the myotome, 

w ith each f ib r e  r e c e iv in g  up to  25 motor term in ation s. I t  i s  n ot c le a r  

i f  each endplate i s  derived  from a s in g le  axon (Hudson I969) ,  or whether 

p re-term in a l branching r e s u lt s  in  a number o f  d if fe r e n t  endings on in d iv id u a l 

and adjacent f ib r e s  (Altringham and Johnston 1981), as found in  slow m uscle g

(B arets I96I ) .  In scu lp in , My0x 0cephalus sco rp iu s . each f ib r e  r e c e iv e s  2-5  

axons from each o f  5-5 sp in a l n erv es , g iv in g  r i s e  to  a number o f  m orphologically^! 

v a ried  en d p la tes , around 700|J®i apart (Hudson I969) .  The d en sity  o f  neuro- %

muscular ju n ctio n s  i s  s im ila r  in  cod, Gadus morhua. w ith  9-25 e n d p la te s /f ib r e ,  

ir r e s p e c t iv e  o f  f ib r e  diam eter (A ltr in ^ a m  and Johnston 1981 ) .  However, 

s u p e r f ic ia l  f a s t  f ib r e s  have a la r g e r  number o f  en d p lates than deep f a s t  

f ib r e s .  M u ltip ly -in n ervated  f a s t  f ib r e s  e ith e r  f a i l  to  overshoot, or Ù

do so c lo se  to  zero p o te n t ia l  (Talceuchi 1959; B arets I 96I; Hidalca and Toida |

1969; Hudson 1969) w ith  rare sp ik e p o te n t ia ls  (Yamamoto 1972). S tim u lation  ' 

o f  sp in a l nerves in  My0x 0cephalus produces ju n ction  p o te n t ia ls  a s so c ia te d  

v/ith lo c a l ,  graded co n tra c tio n s  o r , on m anipulation o f  th e  Ringer ion  4

1



1 1;

com position , a propagated a c tio n  p o te n t ia l  (up to  a 20mV overshoot) g iv in g  

a f a s t  tw itch  (Hudson 196?). The p h y s io lo g ic a l re levan ce o f th e  la t t e r  

response i s  u n c lea r , as no in form ation  i s  a v a ila b le  concerning in  v iv o  

ion  con cen tration s or f lu x .  The presence o f  summated ju n ction  p o te n t ia ls  

i s  good evidence fo r  polyneuronal in n ervation  (Hudson I969) .  S e le c t iv e  

a c t iv a t io n  o f  d if f e r e n t  s iz e  f ib r e s  could  only occur i f  th e  membrane p ro p er tie s  

are d if fe r e n t  e .g .  a sm all f ib r e  w ith  a lower threshould fo r  actio n  p o te n t ia l  

generation  may be a c t iv a te d  a t a  stim ulus frequency producing only ju n ction  

p o te n t ia ls  in  la r g e  f ib r e s .  The g rea te r  d en sity  o f  en d p la tes in  cod super

f i c i a l  f a s t  m uscle th e r e fo r e  req u ir es  a lower stim ulus (from a la r g e r  number 

o f  axons) to  e l i c i t  c o n tr a c tio n , and may be r e c r u ite d  b efo re  the deep m uscle. 

This exten sion  o f  th e range o f  swimming speeds over which f a s t  muscle can be 

rec ru ited  i s  r e f le c t e d  in  th e emg records and m eta b o lite  a n a ly s is ;  sk ip jack  

tuna Katsuwonus pelam is ( B r i l l  and Bizon 1979)» rainbow tro u t (Hudson 1973) > 

carp (Johnston e t  a l  1977» Bone e t  a l  1978), s tr ip e d  b ass Morone s a x a t i l i s  

and b lu e f is h  Pomatomus s u lta tn ix  (Preadman 1979), brook tro u t S a lv e lin u s  

f o n t in a l is  and s a l th e  P o lla c h iu s  v ir e n s  (Johnston and Moon 1980a ,b ). At low  

speeds the slow f ib r e s  a lon e are a c t iv e ,  but as v e lo c i t y  in cr ea se s  a 

th resh o ld  i s  reached fo r  (su s ta in a b le )  f a s t  f ib r e  recru itm en t. T his v a r ie s ,

b ein g  0 .5  L. s  ̂ fo r  carp , 0 .8  -  0 .9  L-s  ̂ fo r  s a ith e , 1 .4  L.s  ̂ fo r  rainbow  
—1tro u t and 4*3 L.s fo r  b lu e f is h .  In g en era l, th e  g ly c o ly t ic  p o te n t ia l  i s  

augmented by a la r g e  aerob ic  c a p a c ity , 15 to  2QP/o o f  slow  m uscle (Johnston  

and Moon 1981 ) .  I n te r e s t in g ly ,  emg record in gs from f a s t  muscle a c t iv e  a t  

low speeds i s  s im ila r  to  th o se  o f  slow muscle (Johnston e t  a l  1977; Johnston  

and Moon 1980a), su g g e stin g  th a t ju n ction  p o te n t ia ls  may be re sp o n sib le  fo r  

f a s t  muscle a c t iv i t y  a t  low sp eed s.



i
Mechanical p ro p ertie s  ?

i
The complex arrangement o f  myotomal f ib r e s  makes preparation  fo r  «

1
mechanical experim ents extrem ely d i f f i c u l t ,  most s tu d ie s  u s in g  the more

d is c r e te  f in ,  jaw or opercular m uscles (Hidaka and Toida 19^9» Yamamoto

1972; P litn e y  and Johnston 1979)* I so la te d  f a s t  f ib r e  bundles from d o g fish

trunk muscle produce tw itch es  on supramaximal stim u la tio n  (h a lf  tim e to

maximum te n s io n , t^  = 20 m sec), slow f ib r e s  g iv in g  a prolonged con traction  #
2 / -if-

(t^  = 100msec, Johnston and Bone, unpublished); fused  te ta n i  are found >

8Hz in  both ty p es . S im ila r ly , cuckoo ray Raja naevus f a s t  p ec to ra l f in

muscle produces t e ta n i  around 5Hz, t% = 25. 6msec (Johnston I98O). In both
2

sp ec ie s  maximum ten sio n  i s  developed a t 20Hz. Maximum (unloaded) sh orten in g

v e lo c ity  Tor is o la t e d  d o g fish  f a s t  and slow f ib r e s  i s  I .64  and 0 ,7 5  4

sec \  r e s p e c t iv e ly  (Altringham and Johnston I98I ) ,  g iv in g  a fa s t :s lo w  r a t io

o f  2 .2 .  Amphibian slow f ib r e s  have a V 10-20^c th a t o f  tw itch  f ib r e smax

(Lannergren 1978). The in n ervation  p attern  i s  s im ila r  

in  amphibian and f i s h  slow  m uscle, but used e ith e r  fo r  m ain ta in ing  posture or 

locom otion, r e s p e c t iv e ly . The large  number o f  end p la te s /f ib r e  i s  m u lt ip ly -  

innervated  f a s t  muscle i s  r e f le c te d  in  a d if fe r e n t  range o f  te ta n ic  fu sio n  

freq u en c ie s. Adductor o p ercu li m uscle in  the cicWW T ila p ia  mossambica 

produce graded, fused  t e ta n i  in  both f a s t  and slow  f ib r e  bund les, w ith  

maximum ten sio n  developed up to  500 and 4OO Hz, r e s p e c t iv e ly .  fo r  f a s t

and slow f ib r e s  are 2 .6 L .sec   ̂ and 1 .5  L.sec ̂ (P litn e y  and Johnston 1979)»

g iv in g  a s l ig h t ly  reduced r a t io  o f  1 , 7 . Past m uscle responds to  s in g le  

s t im u li,  whereas slow  m uscle req u ires  5Hz. In cod te ta n ic  fu sio n

freq u en cies are around 40Hz, w ith  maximum ten sio n  developed around 200-300Hz;

t% = 15.4misec (Johnston 1980d), = loi onJ0-5,3A s e c ~ \  r e s p e c t iv e ly

(A ltringham ,and Johnston 1982). The ra te  o f  ten s io n  development i s  dependant 

on stim u la tion  frequency in  cod and T ila p ia .where t^  i s  6 .5  fo ld  g rea ter  in  

fa s t  than slow  f ib r e s ,  a c t iv a te d  a t 200Hz. The production  o f  a locomotory  

wave i s  th ere fo re  l ik e ly  to  be determined by both  in t r in s ic  (maximum)
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I
con traction  v e lo c i t y ,  and f ib r e  membrane p r o p e r tie s .

Neuromuscular tran sm ission

The stru ctu re o f  v er te b r a te  neuromuscular ju n ction s (nmj) i s  w e ll

documented (B irks e t  a l  I 96O; Heuser and Reese 197?). Nerve ju n ctio n s are

u su a lly  embedded in  the sarcolemma. The presynaptic  (nerve c e l l )  membrane

to  post synaptic (m uscle f ib r e )  membrane gap i s  around 20nra, w ith  an apparent

reduction  in  the com plexity  o f th e  su b -ju n ctio n a l apj^aratus from mammals >

am phibians> f i s h e s  (B est and Bone 1973; Heuser and Reese 1977» Kordylewski

1979) '  Low m olecular w e i^ t  (IOO-50O) m olecules are in vo lved  in  synaptic

tran sm ission , w ith  a s in g le  nerve c e l l  thought to  p o sse ss  the sy n th e tic

machinery for  on ly  one -  D a le’ s P r in c ip le .  Although the same tra n sm itter

may have d if fe r e n t  a c t io n s  on d if f e r e n t  p o st-sy n a p tic  c e l l s  ( e .g .  a c e ty lc h o lin e

on v erteb ra te  s k e le ta l  and heart m u sc le ), the e x is te n c e  o f  2 tra n sm itters  in

mature c e l l s  i s  c o n tr o v e r s ia l (Heuser and Reese 1977)» A ce ty lc h o lin e s te r a se

(AChe), i s  the only e s te r a se  to  be dem onstrated in  f i s h  muscle (Anderson e t  a l

1963) ,  although monoaminergic tran sm ission  has been suggested  fo r  slow f ib r e s

(K om eliussen  1973)* Glutamate and # -am ino-butyric acid  (GABA) m ediate

e x c ita t io n  and in h ib it io n  o f  crustacean  s k e le ta l  m uscle, r e s p e c t iv e ly  (Atwood

1972) ,  w ith g ly c in e  and GABA found in  in h ib ito r y  synapses o f mammalian and

f i s h  sp in a l cord (G r illn e r  and Wallen I98O),

Temperature acclim ation

The geographical d is tr ib u t io n  o f  many freshw ater ectotherm s i s

determined by t h e ir  p h y s io lo g ic a l to le r a n c e  to  temperature f lu c tu a t io n s ,

which may be up to  20°C (d iu rn a l) or 30°C (s e a so n a l) .  Temperature d ir e c t ly

a f f e c t s  enzyme k in e t ic s ,  w ith  most enzymes (under sa tu r a tin g  co n d itio n s)

doubling the c a ta ly t ic  r a te  (V ) over a 10°C r i s e  (Q.„ = 2 ) .  Many f i s h  ♦ ins-x I u

e x h ib it  m etabolic ra te  compensation to  reduce th ese  changes to  to le r a b le  

proportions; th ere  may a ls o  be a reduced osm oregulatory a b i l i t y  and



%

impaired CHS fu n ction  on co ld -a cc lim a tio n  (P rosser 1973)* The acclim atory  

response has been c l a s s i f i e d  as Type 1-5 by Precht; o v e r - , p e r fe c t - ,  p a r t ia l - ,  

z e r o - , or inverse-com pensation  (P rosser 1973)» Vdiole body metabolism (Vog) 

shows compensation in  rainbow tro u t (Evans e t  a l I962) ,  European e e l  

(jankowslty I966) ,  Japanese e e l (Chan and Woo 1978), id e  (Jankowsky and Korn 

1965) and g o ld f is h  (Smit e t  a l 1974); s im ila r  r e s u lt s  have been reported  for  

t is s u e  homo gen a t es  o f brain (Evans e t  a l  I962) ,  l i v e r  (Kanungo and P rosser  

1959) and s k e le ta l  m uscle (Evans e t  a l  I962) .  The mudminnow Umbra lim i  

which in h a b its  shallow , freshw ater h a b ita ts  show a v ir t u a l ly  p e r fe c t  

temperature compensation in  Vo^ between 5° and 20°0 (Hanson and Stan ley  I969) .  'i 

L ikew ise, th e  mummichog Eunchulus h e te r o c litu s  m aintains a r e la t iv e  thermal 

independence over the range o f  tem peratures found in  i t s  s a l t  water marsh 

h a b ita t during th e growth and b reed ing  seasons, 13° to  29°C (T argett 1978).

The compensation in  locomotory a c t iv i t y  i s  r e f le c te d  in  a p o s it iv e  c o r r e la tio n  

between maximum swimming speed and acclim ation  tem perature (G r if f ith s  and 

A lderdice 1972; Smit e t  a l  1974; B re tt 1979).

Some m etabolic pathways show alm ost p e r fe c t  thermal com pensation, w ith  

the response o f  o th ers r e f l e c t in g  th e ir  r e la t iv e  importance a t d if fe r e n t  

tem peratures; "metabolic reorgan isa tion "  has been thoroughly reviewed  

(Hazel and P rosser  1974). The pentose phosphate c y c le  may in crea se  (Kanungo 

and P rosser 1959; Hochachka and Hayes 1962; Hazel and P rosser  1970) or , more 

u n usu a lly , to  remain u n a ltered  (Moerland and S id e l l  1981) on co ld  a cc lim a tio n . 

There i s  a  gen era l in cr ea se  in  the enzymes o f  aerob ic (TCA c y c le )  metabolism  

(jankowsky and Korn 1965; M alessa I969; Wodtke 1974; S id e l l  1977, 1980), but 

the s p e c if ic  a c t iv i t y  o f  carp l i v e r  su ccin a te  oxidase is* u n a ltered  a t d if fe r e n t  

tem peratures (Wodtke I976) .  The enzymes o f  g ly c o ly s is  are more v a r ia b le  

(Hochachka and Somero I 968; Hazel and P rosser 1974); although a p o s it iv e

I
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compensation has been rep orted  fo r  muscle LDH a lack  o f ,  or in v e r se , 

compensation i s  noted in  many sp e c ie s  (Wilson 1977î Shaklee e t  a l  1977; I

S id e l l  I960; Jones and S id e l l  1981). S im ila r ly , in creased  a c t iv i t y  o f  I

muscle PMC i s  found in  co ld  acclim ated  w inter flounder (Longerich and I

Peltham 1978), g o ld f is h  (Freed 1971) and k i l l i f i s h  (Moerland and S id e l l  1981). S 

The len g th  o f  a cc lim a tio n  requ ired  r e f l e c t s  th e h a l f - l i f e  o f  p ro te in  

turnover, u su a lly  4 to  8 weeks fo r  aq u atic  ectotherm s, but t h is  (and the %
/  ' i

type o f  response) i s  dependant on many fa c to r s  in c lu d in g  photoperiod  

(P rosser 1973; Smit e t  a l  1974; Hazel and Prosser 1974; Johnston and M aitland

I 98O). Three primary enzyme c h a r a c te r is t ic s  are thought to  be preserved  

during acc lim ation  : reg u la to ry  s e n s i t i v i t y  (response to  modulator typ es  

and co n cen tra tio n s, and su b stra te  c o n c e n tr a tio n s ), c a ta ly t ic  cap acity  (support I 

o f  m etabolic demands), and s tr u c tu r a l s t a b i l i t y  (conform ational in t e g r i ty  

and reduced l a b i l i t y  a t c e l l  tem perature) (Somero 1975b). Observed m etabolic  

responses are t h o u ^ t  to  rep resen t a compromise between m axim isation o f  th ese  

in d iv id u a l p r o p e r tie s  (Hazel and P rosser  1970, 1974; Somero 1975, 1978).

Maximal enzym e-substrate a f f i n i t y  i s  m aintained a t normal (h a b ita t)  tem peratures, 

by a p a r a l le l  red u ction  in  M ich a e lis  con stan t (K^) w ith  tem perature. At 

p h y s io lo g ic a l su b stra te  co n cen tra tio n s  may be more im portant than c a t a ly t ic  -' 

a c t iv i t y  per se (Somero and Hochachka 1971), although in  some sp e c ie s  i t  i s  

not a ffe c te d  by tem perature a cc lim a tio n  (Wodtke I 976) .  Cold acclim ation  i s  

th o u ^ t  to  req u ire  an in crea sed  in corp oration  o f  unsaturated  fa t ty  a c id s  in to  

phospholip ids to  m aintain membrane f lu id i t y  ("homeoviscous" response,

Simenslty 1974). Function o f  membrane-bound enzymes i s  im paired below th e  

tr a n s it io n  tem perature; th e r e fo r e , ectotherm s must ad ju st the tem perature- ’

s e n s it iv e  membranes a ccord in g ly  (Johnston and Roots I964; Hochachka and Somero 

1973; C ossins 1977). The degree o f  modulation o f  p u r if ie d  enzyme a c i t i v i t y  

by crude l ip id  e x tr a c ts  has been.shovm to  depend on th e p r io r  thermal h is to r y  «

■'ii
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o f  the memhrane, not enzyme (Hazel 1972). However, th e  c o r r e la tio n  between 

membrane v i s c o s i t y  and unsatu rated  l ip id  content may n ot be presen t in  |

f i s h  (Knipparth and Mead I968) and, although a dovmward s h i f t  occurs in  th e |

Arrhenius p lo t s  o f  (m uscle) m itochondria l enzymes from co ld -a cc lim a ted  go ld fish ,H  

no co r r e la tio n  could  be found w ith  membrane com position (T h illa r t  and ^

Modderkolk 1978). The v a r ia b i l i t y  o f  r e s u lt s  may be exp la ined  ( in  p a rt) by 

the annulus model (M etcalfe 1975) whereby membrane p r o te in s  s e le c t  the  

s p e c if ic  l ip id s  requ ired  fo r  a c t iv a t io n ,  w ith in  the membrane; the therm otropic |

behaviour o f  t h i s  enzym e-lip id  complex may be d if fe r e n t  from the whole Ï

membrane,

V/ilson ( 1977) showed th a t g o ld f is h  DÏ4-LDE isozyme was more tem perature- i

s e n s it iv e  when pH v a r ie s  w ith  th e  p h y s io lo g ic a l tem perature c o e f f i c ie n t ,  ^

than under constant pH, In co n tra st  to  endotherms, th a t reg u la te  a r t e r ia l

blood to  s l ig h t ly  a lk a lin e  pH, ectotherm  blood pH v a r ie s  in v e r se ly  w ith  ' :

tem perature, m ain ta in ing  a con stan t r e la t iv e  a lk a l in i t y  w ith  resp ec t to  the r;|

n eu tra l p o in t o f  water (Howell e t  a l  I970) .  A s im ila r  con d ition  i s  found iî;

fo r  in tr a c e l lu la r  pH in  s k e le ta l  and card iac muscle o f  d o g fish  (H e is le r  e t

a l 1976) .  An a lte r n a t iv e  s tr a te g y  i s  to  reg u la te  a con stan t p ro te in  n et charge,'"
— +rath er than a constant OH : H r a t io ,  by means o f  d is s o c ia t io n  in  p e p tid e - |
in

lin k ed  h is t id in e  residues;^rainbow  tr o u t ,  the e f f e c t  o f  tem perature on pH t

optima i s  c o n s is te n t  vri.th t h i s  "im idazole a lp h a sta t h yp othesis"  (Hazel e t  a l  'f

1978) .  ■

The mechanisms u n d erly in g  adjustm ent in  m etabolic r a te  w ith seasona l *

changes in  tem perature are thought to  in v o lv e  a change in  gene ex p ressio n , ?;

p rotein  synthe s i  s /d e  gre d a tio n , and the micro environment- o f  key enzyme system s J

(S id e l l  1977; Shaklee e t  a l  1977; T h il la r t  and Modderkolk 1978; S id e l l  I98O). 

Synthesis o f  tem p era tu re -sp ec ific  isozym es may in cr ea se  enzyme a c t iv i t y  in  ;

th ese  sp e c ie s  w ith  d u p lica ted  gene l o c i  (p o ly p lo id  f i s h ,  Somero 1975a), such
I
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adjustm ents are absen t, or very  rare , in  d ip lo id  sp e c ie s  (Somero 19753-?

Shaklee e t  a l 1977). Many s k e le ta l  muscle enzymes have v a r ia tio n  a t an 

in d iv id u a l gene lo c u s , g iv in g  d if fe r e n t  a l l e l e s  (a llozym es, Johnston 1982d), 

which may provide some s e le c t iv e  advantage (Johnson 1977? P lace and Powers

1979) .  The most common allozym e o f  k i l l i f i s h  B-IDH in  northern la t i tu d e s  

i s  the most e f f i c i e n t  c a ta ly s t  a t  low tem peratures (P lace and Powers 1979)» 

However, th ere  i s  in s u f f ic ie n t  data to  determine th e ‘'in d iv id u a l advantage 

o f  such polymorphism (Johnston 1982*).

Morphometric a n a ly s is

S tereo logy  i s  a body o f  mathem atical methods r e la t in g  n-d im ensional 

parameters d e f in in g  a s tr u c tu r e , to  n-1 dim ensional measurements obtained  from 

probes ( s e c t io n s )  o f  th e s tr u c tu r e , u s in g  geom etric p r o b a b ility  theory  

(W eibel I98O). Hence, the 3-D volume o f  a m itochondrion i s  v i s ib l e  as a 

2-D p r o f i le ;  a  membrane, approxim ating a 2-D sh ee t, appears as a  l in e ;  and a

1-D myosin filam en t a s  a  p o in t .  Accurate inform ation i s  on ly  p o s s ib le  i f  

methodology i s  c a r e fu lly  c o n tr o lle d  a t each a n a ly t ic a l s ta g e , to  g iv e  

s t a t i s t i c a l l y  r e p r e se n ta tiv e  sam ples. Sampling regim es are a v a ila b le  fo r  

d if fe r e n t  le v e l s  o f  o rg a n isa tio n : animal (sam ples), organ (b lo c k s) , c e l l

( s e c t io n s ) ,  and o r g a n e lle /s tr u c tu r e  (micrographs) (Gundersen 1977; Cruz 1976). 

S im ila r ly , sample, s i t e  and s iz e  are very im portant, th o u ^  ra re ly  rep orted , 

lea d in g  to  v a r ia tio n  between authors e .g .  w ith re sp ec t to  muscle S.R. co n ten t.

In th eory , s e c t io n s  should be random w ith resp ec t to  both organ and c e l lu la r  

structure- ~ is o tr o p ic  uniform  random (IUR). M odelling is o tr o p ic  (randomly 

o r ien ta te d ) s tru ctu res  i s  r e la t iv e ly  easy sin ce  the o r ie n ta tio n  d is tr ib u t io n  

rea d ily  a llow s s t a t i s t i c a l l y  random samples (probes) to 'b e  obtained .

A nisotropic s tru ctu res  (th o se  showing a preferred  o r ie n ta t io n )  are correspondingly
' " 15 -S'

more d i f f i c u l t  to  analyse a c c u r a te ly , e s p e c ia l ly  b io lo g ic a l  m ateria l whichj^often % 

p a r t ia l ly  a n iso tro p ic  e .g .  SH, m itochondria. This req u ir es  some compromise, 

such as u s in g  ob lique s e c t io n s  or a non-optim al ( th o u ^  d efin ed ) method 

(W eibel 1979? Cruz-Orive 1982).
> J I'

. . i'lV  ■■'I:-. . . r - . i ' . . ; .  - . Ü ' ' r _ . ' ï  - " ‘ - - i - i '
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A n alysis  i s  broadly based on th e  P r in c ip le  o f D e le s se , form ulated  

in  1847 Î th e  volume d e n s ity  o f  a component equals th e a rea l d en sity  o f  

i t s  p r o f i le  on a s e c t io n . P r o f i le  dim ensions are q u a n tified  u s in g  a t e s t  

system o f  p o in ts  and l in e s  o v er la id  on th e image, and counting  the co incid en ce  

o f  p o in ts  and p r o f i le  im age, and o f l in e s  and p r o f i le  boundary. T herefore, 

n-1 dim ensional measurements are made w ith  s-d im ensional probes, where s=0,

1 or 2 ( i . e .  p o in t , l i n e  or c i r c l e ) .  The terms "secj;±on" and "probe" have f

p r e c ise  m athem atical meaning (se e  W eibel 1980), b io lo g ic a l  in te r p r e ta tio n  o f  4

th ese  terms i s  part o f  th e  op tim isa tio n  p rocess mentioned (above). The A

b a s ic  (q u a n t it ia t iv e )  d e sc r ip to r  i s  th e  d en sity  o f  components w ith in  a 

con ta in in g  space or s tru ctu re  (p h a se ) , i . e .  th e  q u an tity  per u n it  volume, 

area or le n g th . D if fe r e n t  in d ic e s ,  symbols and n o ta tio n s  are in  use (se e

Underwood 1970; James 1977? and W eibel 1979)? fo r  c la r i t y  the double symbol ^
i

form o f  W eibel i s  adopted. The f i r s t  l e t t e r  d e fin e s  th e  component parameter j

and the second (su b sc r ip t)  th e  re fe ren ce  phase e .g .  th e  (num erical) c a p il la r y  »

d en sity  i s  g iven  by N ^ (c ,f ) :  th e  number (n ) o f  c a p i l la r ie s  (c )  per u n it

area (a ) o f  m uscle f ib r e  ( f ) .  A system atic  2-D p o in t count (u sin g  a non-random 

l a t t i c e  t e s t  system ) i s  th e  most e f f i c i e n t  method o f  volume d en sity  a n a ly s is  

(Mathieu e t  a l  1981 ); fo r  maximum e f f ic ie n c y  the number o f  occupied p o in ts  

should be zS:the number o f  fe a tu r e s  analysed  (james 1977)»



CHATTER 2

INTRODUCTION

The most common c l a s s i f i c a t io n  scheme fo r  muscle ty p es separates  

f ib r e s  on the b a s is  o f  t h e ir  con traction  v e lo c i t y  (C lose 1972)* I t  i s  

w idely  accepted th a t the speed o f  co n traction  i s  c o r r e la te d  w ith the a c t iv i t y  

and pH s t a b i l i t y  o f  the C a^^-activated m y o fib r illa r  ATPase (barany I967»

Bone 1978; F litn e y  & Johnston 1979')* T his scheme may be extended to  in clu d e  

referen ce  to  the enzyme and m etab o lite  p r o f i le  (Nemeth e t  a l  1979)» in  order 

to  d is t in g u ish  between m uscles o f  a s im ila r  speed o f  co n tra c tio n , but 

d if f e r in g  p a ttern s o f  enzyme a c t iv i t y  (C lose 1972; Bone e t  a l  1978; A kster and 

Osse 1978) .

H eterogeneity  in  the h is t o lo g ic a l  appearance o f  t e l e o s t  s k e le ta l  

muscle has been known fo r  some tim e (Creepe, 1913), but th ere  has been no 

attem pt to  an alyse th e  v a r ia t io n  in  f ib r e  stru ctu re  or d is tr ib u t io n  o f  f ib r e  

ty p es , w ith  re sp e c t to  p o s it io n  in  the myotome. F revious s tu d ie s  on f i s h  

m uscle h is to ch em istry  and f in e  stru ctu re  have u su a lly  in vo lved  random, or 

semi-random, sam pling o f  d if f e r e n t  m uscle r e g io n s . 14any workers ex tra p o la te  

th e data from sm all sample s iz e s  to  im ply a  homogeneity o f  f ib r e  iype th r o u ^ -  

out the myotome. In e e l s ,  the e lon gate  body and a n g u illifo rm  mode o f  

swimming i s  r e f le c t e d  in  a r e la t iv e ly  s ta b le  red :w h ite  m uscle r a t io  a lon g  the  

len g th  o f  the trunk, in  co n tra st to  the ^ub-carapgiform locom otion shown by 

cod, which demands a dramatic in cr ea se  ip  the proportion  o f  red muscle towards 

the caudal peduncle (s e e  a lso  Mosse and Hudson 1977)* T his i s  o f  con sid erab le  

advantage fo r  rep rod u cib le  sam pling o f  tl^e m uscle.

The sm all s iz e  o f  the e lv e r  in troduqes d i f f i c u l t i e s  in  studying the  

d if fe r e n t ia t io n  o f  m uscle f ib r e  typ es u s in g  b iochem ical c r i t e r ia  a lon e . 

Q u a lita tiv e  h is to ch em istry , on the o th er  hand, a llo w s th e  id e n t i f ic a t io n  o f  

enzyme system s w ithout m icr o d issec tio n  apd g iv e s  d ir e c t ly  comparable r e s u lt s  

fo r  d if fe r e n t  anatom ical reg io n s o f  the in ta c t  specim en. With such a sm all 

animal a more d e ta ile d  exam ination o f  r eg io n a l d if fe r e n c e s  in  f in e  s tru c tu re ,
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f ib r e  ty p es, and v a sc u la r isa t io n  w ith in  the myotome i s  p o s s ib le ,  than can 

be made w ith la r g er  f i s h .  Such d e ta ile d  d escr ip tio n  i s  e s s e n t ia l  to  an 

understanding o f  the developm ental p ro cesses  ( f ib r e  p r o life r a t io n  and 

d if fe r e n t ia t io n )  un derly in g  metamorphosis and post-em bryonic muscle growth 

in  t h is  type o f  f i s h .

There have been few h is t o lo g ic a l  s tu d ie s  concerning p r im itiv e  t e l e o s t s ,  

although some q u a lita t iv e  and sem i-q u a n tita tiv e  data i s  a v a ila b le  fo r  sub

ad u lt e e l s  (Bostrom and Johansson 1972; V/illemse and de R uiter 1979;

H ulbert and Moon 1978a^ S im ila r ly , th ere  i s  l i t t l e  inform ation a v a ila b le  

about the c a p il la r y  supply and blood flow  to  f i s h  muscle (S teven s, 19&8; 

Boddeke e t  a l  1959)» The r e s u lt s  in d ic a te  a c o r r e la t io n  between muscle 

a c t iv i t y ,  as a fu n ctio n  o f  aerobic c a p a c ity , and the development o f  the  

c a p il la r y  network (Bone 1978; Mosse 1978). This study provides the f i r s t  

q u a lita t iv e  d esc r ip tio n  o f  muscle f ib r e  type h e tero g en e ity  w ith in  the myotome 

and th e  f i r s t  q u a n tita t iv e  d escr ip tio n  o f  o a p il la r is a t io n ,  in  a t e le o s t  

■with f o c a l ly  innervated  f a s t  f ib r e s .

. . .   .
. ____ — i
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Oa t 20 -  1 C fo r  s ix  months p r io r  to  sam pling, Freshwater l i f e  was

MATERIALS AND METHODS 

F ish

E lvers were trapped on t h e ir  upstream m igration in  th e  lower 

reaches o f  th e  R iver Severn, Avon, U .K ., during February and March 1979» 

transported  on i c e  and m aintained in  r e c ir c u la te d , f i l t e r e d  tapwater ir|

th ere fo re  10-11 months and age around 2& -  3& y ears (B o etiu s  197&); =|
i

and corresponded to  Stage IVA o f  S trubberg's (1913) m orphological 

c l a s s i f i c a t io n .

1

•i

W e i^ t and len g th  were, r e s p e c t iv e ly ,  0 ,1 4  -  O.IOg; 7*3 ~ 0,35cm i

(mean -  S .D ., n = l6 ) , L yop h ilised  tu b ife x  was fed  to  s a t ia t io n  2-3  tim es  

per week and fe e d in g  was stopped two days b efore sam pling. H iotoperiod |

was m aintained a t  approxim ately 12L Î 12D.

Q u a lita t iv e  changes were in v e s t ig a te d  in  samples c a u ^ t  throughout 

th e  m igratory p er iod  (e a r ly  February -  mid A pril; see  a ls o  Chapter 6 ) ,  

and in  laboratory-m ainta ined  anim als up to  a period  o f  12 months.

Hi stochem i s tr y

F ish  were p ith ed  and the sample reg ion  lo c a te d  (F ig . 2 .1 a ) ,  th is  

in c lu d es th e  p o in t o f  maximum f le x u r e  and a r e la t iv e ly  con stan t r a t io  o f  

red :w h ite m uscle. The r ig h t  s id e  was c a r e fu lly  e x c ise d  b efo re  sev er in g  |

the backbone and, in  ro u tin e  exam ination, d orsa l and v e n tr a l f in  masses |

removed to  a s s i s t  s e c t io n in g . T issu e  b lo ck s ( <5mm^) were mounted on 

c h il le d  c r y o s ta t  chucks, w ith  a  th ic k  f i l t e r  paper in te r fa c e ,  in  an in e r t  

embedding medium (OCT Compound) and im m ediately immersed in  sem i-so lid  

iso -p en  tan e ( 2-m ethylbutane ) ,  co o led  in  liq u id  m itrogen , (-159°C ) fo r  50 s e c s .  4 

The degree o f  f r e e z in g  damage was a s se sse d  by Normosky in te r fe r e n c e  micro

scopy, and c o n d itio n s  ad ju sted  fo r  optim al t i s s u e  p reserv a tio n . Use o f  

talcum powder (W illem se and de R u iter , 1979) gave on ly  minimal improvement

V.? J, .1 V # A. -I -i - • 1 - . . r > i  ’ Ê. .. oV ' V '!Ï- J a,i I. '
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i n  s e c t i o n  q u a l i t y .  B l o c k s  w e r e  a l l o w e d  t o  e q u i l i b r a t e  t o  t h e  c u t t i n g  

t e m p e r a t u r e  o f  - 2 2  t o  - 1 8 ° C  f o r  3 0  m i n s . ,  a n d  s e r i a l  s e c t i o n s  c u t  a t  8 - 1 0 p m  

o n  a  S l e e  c y r o s t a t  m i c r o t o m e .  S e c t i o n s  w e r e  s u p p o r t e d  o n  d r y  c o v e r s l i p s  

a n d  i n c u b a t i o n  b e g a n  w i t h i n  a  f e w  m i n u t e s  o f  c u t t i n g .  U p  t o  3  s e t s  o f  

c o v e r s l i p s  w e r e  i n c u b a t e d  s i m u l t a n e o u s l y ,  u n d e r  d i f f e r i n g  c o n d i t i o n s  ( s e e  

b e l o w ) ,  i n  o r d e r  t o  d e t e r m i n e  t h e  s t a i n i n g  c h a r a c t e r i s t i c s  o f  i n d i v i d u a l  

f i b r e s .  A l l  i n c u b a t i o n s  w e r e  p e r f o r m e d  o n  u n f i x e d  s e c t i o n s  a t  r o o m  4

t e m p e r a t u r e  ( 2 0 ° C ) ;  f i x a t i o n  ( 1 0 %  f o r m a l i n ,  n e u t r a l  G a ^  - f o r m o l )  o r  |

l o w e r  t e m p e r a t u r e s  ( 4 ° 0 )  g a v e  n o  i m p r o v e m e n t  i n  s e c t i o n  q u a l i t y .  S e c t i o n s  

w e r e  m o u n t e d  ( w i t h o u t  d e h y d r a t i o n )  i n  g l y c e r o l  j e l l y  o n  g l a s s  s l i d e s ,  a n d  

p h o t o g r a p h e d  u s i n g  F P 4  ( A S A  1 2 5 )  w i t h  m o n o c h r o m a t i c  g r e e n  l i ^ t  o r  

E k t a c h r o m e  64 t u n g s t e n - b a l a n c e d  f i l m ,  p r i n t e d  o n  C i b a c h r o m e .

( i )  I f y o f i b r i l l a r  A T P a s e  ( m . A T P a s e ) :

S e c t i o n s  w e r e  s t a i n e d  u s i n g  a  m o d i f i c a t i o n  o f  t h e  m e t h o d  o f  G u t h

a n d  S a m a h a  . ( I 969 ) .  P r e i n c u b a t i o n  w a s  c a r r i e d  o u t  i n  18m M  C a C l g ,  lO Q m M

2 - a m i n o - 2 - m e t h y  1 - 1 - p r o p a n o l  ( 2 2 1  b u f f e r )  a t  p H  1 0 . 0  -  1 0 . 6 ,  O p t i m a l  

d i f f e r e n t i a t i o n  o f  f i b r e  t y p e s  w a s  o b t a i n e d  a t  7 m i n s . ,  p H  1 0 . 2 .  C o n t r o l  

i n c u b a t i o n s  l a c k e d  A T P ,  o r  i n c l u d e d  s o d i u m  a z i d e  ( 5 0 m M )  t o  i n h i b i t  m i t o 

c h o n d r i a l  A T P a s e  a c t i v i t y .  A c i d  p r e - i n c u b a t i o n  ( O .  I N  s o d i u m  a c e  t a t e / a c e  t i c  

a c i d  b u f f e r ,  p H  4 * 0  -  5 * 0 »  30 s e c .  -  2  m i n s . )  f a i l e d  t o  g i v e  a  s t a i n i n g  

r e v e r s a l .

( i i )  S u c c i n i c  d e h y d r o g e n a s e  ( S H E ) :

I n c u b a t i o n  w a s  c a r r i e d  o u t  u s i n g  8 0m M  s o d i u m  s u c c i n a t e ,  50m M  p o t a s s i u m

phosphate b u ffe r , pH 7*4, and Img ml  ̂ n itr o b lu e  té tra zo liu m  ( N B T )  as the  

e lec tro n  acceptor (N achlas e t  a l  1956).

L o n g  i n c u b a t i o n  t i m e s ,  2  t o  3  h o u r s ,  w e r e  r e q u i r e d  t o  g i v e  a  

s i g n i f i c a n t  s t a i n i n g  r e a c t i o n .  C o n t r o l s  e i t h e r  i n c l u d e d  s o d i u m  a z i d e  

( 5 0 m M ) ,  o r  r e p l a c e d  s u c c i n a t e  w i t h  m a l o n a t e ,  i n  t h e  i n c u b a t i o n  m e d i u m .



231

T h e  p r e s e n c e  o f  p h e n a z i n e  m e t h o s u l p h a t e  ( P M S ) ,  w h i c h  d e m o n s t r a t e s  

c o e n z y m e - l i n k e d ,  e x t r a m i t o c h o n d r i a l  d e h y d r o g e n a s e  a c t i v i t y  ( P e a r s e ,  1 9 7 2 )  

f a i l e d  t o  i m p r o v e  t h e  d e g r e e  o f  s t a i n i n g  ( c f .  M e l l g r e n  a n d  M a t h i s e n  1 9 6 6 ) .

( i i i )  C y t o c h r o m e  o x i d a s e  ( C O X ) :

S e c t i o n s  w e r e  i n c u b a t e d  i n  f r e s h l y - p r e p a r e d  i n c u b a t i o n  m e d i u m  ( l O m l )  

c o n t a i n i n g ;  c y t o c h r o m e - c  ( l O m g ) ,  c a t a l a s e  ( 5 0 | i g ) ,  s u c r o s e  ( l O O m g ) ,  a n d  

3 *  J ’ - d i a m i n o b e n z i d i n e  ( l 3 m g )  i n  0 . 1 5 M  p h o s p h a t e  b u f f e r ,  p H  7 * 4 ,  f o r  1 5 - 3 0  

m i n u t e s .  C o n t r o l  i n c u b a t i o n s  l a c k e d  c y t o c h r o m e - c .

( i v )  L i p i d :

S t a i n i n g  w a s  c a r r i e d  o u t  u s i n g  S u d a n  B l a c k  B  ( s a t u r a t e d  s o l u t i o n  i n  

p r o p y l e n e  g l y c o l )  f o r  3 0 - 6 0  m i n u t e s .  C o n t r o l  s e c t i o n s  w e r e  r i n s e d  i n  

a c e t o n e  p r i o r  t o  s t a i n i n g .

( v )  G l y c o g e n :

S e c t i o n s  w e r e  i n c u b a t e d  f o r  3 0 - 9 0  m i n s .  i n  1% p e r i o d i c  a c i d ,  w a s h e d

t h o r o u g h l y  w i t h  t a p  w a t e r  a n d  s t a i n e d  w i t h  S c h i f f  r e a g e n t  f o r  u p  t o  6 0  m i n s .

( p a s  r e a c t i o n ;  M c M a n u s  1 9 4 6 ,  s e e  B a n c r o f t  a n d  S t e v e n s ,  1 9 7 7 ) *  C o n t r o l

s e c t i o n s  w e r e  i n c u b a t e d  w i t h  1%  a m y l a s e  i n  lOOmM  p h o s p h a t e  b u f f e r ,  p H  6 . 3 ,

f o r  60 m i n s .  p r i o r  t o  i n c u b a t i o n ,  o r  h a d  t h e  p e r i o d i c  a c i d  i n c u b a t i o n

o m i t t e d .

( v i )  A c e t y l c h o l i n e s t e r a s e :

P r e t e r m i n a l  a x o n s  a n d  e n d p l a t e s  w e r e  s t a i n e d  u s i n g  t h e  m e t h o d  o f

N a i k  ( 1963) *  S t r i p s  o f  m u s c l e  w e r e  p i n n e d  o n  c o r k  s t r i p s  a n d  f i x e d  u s i n g

1 0 %  n e u t r a l  f o r m a l i n  i n  0 . 1 N  s o d i u m  a c e t a t e - a c e t i c  a c i d  b u f f e r ,  p H  5 * 2 ,

f o r  3  h o u r s  a t  4 ° C .  I n c u b a t i o n  ( 1 2  h o u r s ,  2 0 ° C )  w a s  i n  a  f r e s h l y - p r e p a r e d

s o l u t i o n  c o n t a i n i n g :  2 .5 %  ( 0 . 2 m l ) ;  3 » 1 %  g l y c i n e  ( 0 . 2 m l ) ;

0 . 1 N  b u f f e r  ( 8 , 8 m l ) ;  a n d  t h e  s u p e r n a t a n t  f r o m  1 5 m g  a c e t y l t h i o c h o l i n e  i o d i d e ,

0 . 3 m l  c o p p e r  s u l p h a t e  ( a d d e d  d r o p w i s e )  a n d  0 . 7 m l  w a t e r .  C o n t r o l  i n c u b a t i o n s

i n c l u d e d  e s e r i n e  s u l p h a t e  ( 0 . 0 5 m M )  t o  i n h i b i t  n o n - s p e c i f i c  e s t e r a s e s

( P e a r s e  1 9 7 2 ) .  M u s c l e  w a s  c l e a r e d ,  a n d  s m a l l  f i b r e  b u n d l e s  m o u n t e d ,  i n  

g l y c e r o l .
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S e m i - t h i n  s e c t i o n s

A r a l d i t e - e m b e d d e d  t i s s u e  ( s e e  C h a p t e r  3 )  w a s  s e c t i o n e d  a t  0 . 5  -  1 . 0 p m ,  

f l a t t e n e d  o n  w a r m  s l i d e s ,  d r i e d  o v e m i ^ t  a n d  s t a i n e d  w i t h  0 . 5% t o l u i d i n e  

b l u e  i n  0 . 5 %  s o d i u m  t e t r a b o r a t e  a t  6 0 - 7 0 ° C ,  o r  p - p h e n y l e n e d i a m i n e  ( P P M ;  

K o m e l i u s s e n  1 9 7 2 )  i n  1 : 1  i s o p r o p a n o l : m e t h a n o l  a t  r o o m  t e m p e r a t u r e .  A f t e r  

w a s h i n g ,  s e c t i o n s  w e r e  d r i e d  a n d  m o u n t e d  i n  D P X .

A n a t o m i c a l  p a r a m e t e r s  *

F i b r e  a r e a s  w e r e  d e t e r m i n e d  f r o m  p h o t o m i c r o g r a p h s  ( X 50 )  o f  P A S - s t a i n e d  

c y o s t a t  s e c t i o n s  p r o j e c t e d  ( X I 7 . 5 )  o n t o  p a p e r  a n d  q u a n t i f i e d  b y  p l a n i m e t r y :  

S u m m a g r a p h i0s  d i g i t i s e r ,  i n t e r f a c e d  w i t h  a n  O l i v e t t i  P 6O6O m i n i c o m p u t e r ,  

u s i n g  a n  i n c r e m e n t s  s t r e a m  r a t e  o f  > 1 0  c o - o r d i n a t e  p a i r s / s e c .  f r o m  a  

s e n s i t i s e d  b i t  p a d  o f  c . 0 . 1 m m  r e s o l u t i o n .  W i t h  s e t  m a g n i f i c a t i o n s ,  a l l  

m u s c l e  f i b r e s  a r o u n d  t h e  l a t e r a l  l i n e  t r i a n g l e  w e r e  s a m p l e d  w i t h i n  a  

s t a n d a r d  a r e a ;  t h i s  d i f f e r s  f r o m  t h e  u s u a l  c o u n t  o f  a  s t a n d a r d  n u m b e r  o f  

f i b r e s ,  a n d  w a s  t h o u ^ t  t o  g i v e  a  m o r e  r e p r e s e n t a t i v e  s a m p l e  t o  a c c o u n t  

f o r  r e g i o n a l  v a r i a t i o n .  T h e  p e r c e n t a g e  o f  e x t r a c e l l u l a r  l i p i d ,  r e d  a n d  

w h i t e  m u s c l e  w a s  d e t e r m i n e d  i n  a  s i m i l a r  m a n n e r  f r o m  p r o j e c t i o n s  o f  w h o l e -  

b o d y  c r y o s t a t  o r  s e m i - t h i n  s e c t i o n s .

C a p i l l a r i  s a t i o n

T i s s u e  w a s  p r e p a r e d  a s  f o r  t h e  u l t r a - s t r u c t u r e  s t u d y  ( C h a p t e r  3 ) .

M y o t o m a l  r e g i o n s  s u i t a b l e  f o r  a n a l y s i s  w e r e  c h o s e n  a f t e r  a  p r e l i m i n a r y  

s t u d y ,  u s i n g  s e m i - t h i n  s e c t i o n s  i n  c o n j u n c t i o n  w i t h  h i s t o c h e m i s t r y .

T r a c i n g s  o f  l o w  p o w e r  e l e c t r o n  m i c r o g r a p h s  ( X 3 3 0 0  -  X 48OO f i n a l  m a g n i f i c a t i o n ) ,  

w e r e  u s e d  t o  q u a n t i f y  m e a n  f i b r e  a r e a ,  a ( f ) ,  m e a n  f i b r e  c i r c u m f e r e n c e ,  b ( f ) ,  

m e a n  n u m b e r  o f  c a p i l l a r i e s  p e r  f i b r e ,  N ( c , f ) ,  m e a n  c a p i l l a r y  a r e a ,  a ( c ) ,  

m e a n  c a p i l l a r y  c i r c u m f e r e n c e ,  b ( c ) ,  a n d  m e a n  c a p i l l a r y  c o n t a c t  l e n g t h  p e r  

f i b r e ,  l ( c , f ) .  O t h e r  i n d i c e s  w e r e  d e r i v e d  b y  s i m p l e  m a n i p u l a t i o n  o f  

m e a s u r e d  d a t a  ( s e e  T a b l e  2 . 2 ) .

-vï  ..... .  ...A: . .
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S c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( S E M )

G r o s s  o r g a n i s a t i o n  o f  t h e  t r u n k  w a s  s t u d i e d  u s i n g  a  C a m b r i d g e  S E M .

E l v e r s  w e r e  f i x e d  a t  r e s t i n g  l e n g t h  a s  f o r  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  

(T E M ) a n d  s t e a k s  d e h y d r a t e d  i n  e i t h e r  a l c o h o l  o r  a c e t o n e ,  t o  p r e s e r v e  

a n d  r e m o v e  t h e  l i p i d  s t o r e s ,  r e s p e c t i v e l y .  S o m e  s a m p l e s  w e r e  s u b j e c t e d  

t o  c r y o - f r a c t u r e  ( s n a p p i n g  i n  a b s o l u t e  e t h a n o l  c o o l e d  i n  l i q u i d  n i t r o g e n )  

i n  o r d e r  t o  l o o k  m o r e  c l o s e l y  a t  t h e  n y o s e p t a  a n d  a d i p o c y t e  s t r u c t u r e .

T i s s u e  w a s  s t a b i l i s e d  w i t h  a m y l a c e t a t e ,  c r i t i c a l - p o i n t ,  d r i e d  u s i n g  C O g ,  

a n d  s p l u t t e r  c o a t e d  w i t h  g o l d .  S p e c i m e n s  w e r e  v i e w e d  o n  a  C a m b r i d g e  

S t e r e o  s c  a n  6 0 0 ,  E H T  1 5 “ 2 5 k 7  a n d  s p o t  s i z e  0 . 3 m m , a n d  p h o t o g r a p h s  r e c o r d e d  f

o n  F P 4 .

C h e m i c a l s

G l y c e r o l  J e l l y ,  2 2 1  b u f f e r ,  N B T ,  c y t o c h r o m e  c  a n d  c a t a l a s e  w e r e  

o b t a i n e d  f r o m  S i g m a ,  P o o l e ;  O C T e m b e d d i n g  c o m p o u n d  f r o m  R a y m o n d  L a m b  L t d . ,

L o n d o n ;  a l l  o t h e r  r e a g e n t s ,  a n a l a r  g r a d e  w h e r e  a p p r o p r i a t e ,  w e r e  o b t a i n e d  

f r o m  B B H  C h e m i c a l s ,  P o o l e .

1

I
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M a c r o s c o p i c  a p p e a r a n c e

T h e  d i s t i n c t  d i f f e r e n c e  i n  c o l o u r  u s u a l l y  f o u n d  b e t w e e n  f a s t  a n d  

s l o w  f i b r e s  i n  t e l e o s t s  i s  a b s e n t .  S l o w  f i b r e s  i n  t h e  j u v e n i l e  e e l  h a v e  

a  p a l e  y e l l o w  a p p e a r a n c e ;  t h i s  h a s  l e d  s o m e  w o r k e r s  t o  s a m p l e  e l v e r  m u s c l e  

a s  a  w h o l e ,  h a v i n g  f a i l e d  t o  r e c o g n i s e  t h e  e x i s t e n c e  o f  d i f f e r e n t  m u s c l e  

t y p e s  ( B o s t r o m  a n d  J o h a n s s o n ,  1 9 7 2 ) .  S l o w  f i b r e s  o c q u r  a l l  t h e  w a y  a r o u n d  

t h e  t r u n k  c i r c u m f e r e n c e  a s  a  t w o - f i b r e  d e e p  l a y e r ,  i n v a g i n a t i n g  a l o n g  t h e  

h o s i z o n t a l  s e p t u m  a n d  f i n  i n s e r t i o n s  ( F i g .  2 . 1 b ) ,  a n d  r e p r e s e n t s  a r o u n d  lOÇ'o 

o f  t h e  m u s c l e  m a s s ;  s l o w  a n d  f a s t  m u s c l e  c o m p r i s i n g  7 * 5  -  0 . 950% a n d  6 6 . 3  -  

0 .5 0 9 9 ' o  o f  b o d y  c r o s s - s e c t i o n a l  a r e a  ( x  -  8 . B . ,  n = s ) ,  r e s p e c t i v e l y .  T h e  

m y o s e p t a  a r e  c l e a r l y  d e f i n e d  ( F i g s .  2 . 2 2 ,  2 . 2 8 ,  2 . 2 9 ) ,  a s  i s  t h e  l a t e r a l  

l i n e  n e r v e  l o c a t e d  c . l / 3  a l o n g  t h e  h o r i z o n t a l  s e p t u m  f r o m  t h e  s k i n  ( F i g .  2 . 2 7 ) .  

T h e  d i s t i n c t  s e p a r a t i o n  o f  t h e  " r e d ”  a n d  w h i t e  m u s c l e  m a s s e s  i s  e v i d e n c e d  

b y  a  s m a l l  s p a c e  a p p e a r i n g  b e t w e e n  t h e  t w o  l a y e r s ,  e s p e c i a l l y  i n  a r a l d i t e  

s e c t i o n s  ( F i g s .  2 . 2 2 - 2 3 ) ,  a n d  i s  c l e a r l y  e v i d e n t  u n d e r  t h e  S E M . S u c h  a  

c o n n e c t i v e  t i s s u e  f a s c i a  i s  m o r e  d i s t i n c t  i n  t h e  a d u l t  ( W i l l e m s e  a n d  d e  R u i t e r  

1979) .  B o t h  m u s c l e  t y p e s  s t a i n e d  o n l y  w e a k l y  w i t h  P P B A ,  i n  c o n t r a s t  t o  t h e  

a d u l t  ( W i l l e m s e  a n d  d e  R u i t e r ,  1 9 7 9 )  a n d  m u s c l e  f r o m  o t h e r  s p e c i e s  ( t r o u t )  

s t a i n e d  a t  t h e  s a m e  t i m e .

T h e r e  a r e  e x t e n s i v e  l i p i d  d e p o s i t s ,  1 2 . 9  -  0 - 3 9 8 %  o f  b o d y  c r o s s -

s e c t i o n a l  a r e a  ( x  -  S . B . ,  n = S ) ,  w i t h  t h e  e x t e n s i v e  s u b c u t a n e o u s  d e p o s i t s

( F i g ,  2 . 2 2  a n d  2 . 3I )  o f t e n  s e e n  c l o s e  t o  t h e  m y o s e p t a l  i n s e r t i o n s  w i t h  t h e

s k i n  ( F i g .  2 . 2 9 ) .  T h e  l a r g e s t  e x t r a c e l l u l a r  a c c u m u l a t i o n s  a r e  f o u n d  

a d j a c e n t  t o  t h e  v e r t e b r a l  c o l u m n  ( F i g .  2 . 2 2 ) ,  c h i e f l y  a l o n g  t h e  h o r n s  o f  t h e  

h a e m a l  a r c h ,  a t  t h e  h e a d  o f  t h e  l a t e r a l  l i n e  t r i a n g l e ,  a n d  a r o u n d  t h e  a p e x  

o f  v e r t e b r a e  ( n e u r a l  a r c h ) ,  a n d  a t  t h e  b a s e  o f  t h e  f i n s  ( F i g .  2 , 1 b ) .

H o w e v e r ,  t h i s  p a t t e r n  i s  n o t  u n i f o r m  a l o n g  t h e  b o d y .  F o r  e x a m p l e ,  t h e

' '  - I - Ï* • i-t . i   ̂ . j.; ... J,. i !' j ..1.
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a p i c a l  d e p o s i t s  a r e  e l o n g a t e  a n d  h e a r t - s h a p e d ,  a s  s e e n  i n  L S ,  ,  w i t h  t h e  J

b r o a d e s t  p o r t i o n  l o c a t e d  i n  t h e  i n t e r - v e r t e b r a l  r e g i o n s .  U s i n g  t h e s e  i

a n a t o m i c a l  f e a t u r e s  a s  r e f e r e n c e  p o i n t s ,  s p e c i f i c  r e g i o n s  o f  t h e  t r a n s e c t  

c a n  b e  d e s c r i b e d  a n d  i n d i v i d u a l  f i b r e s  l o c a t e d  o n  d i f f e r e n t  s e c t i o n s  

( F i g .  2 . 1 b ) .

A  q u a l i t a t i v e l y  s i m i l a r  p i c t u r e  i s  s e e n  i n  e l v e r s  f r o m  t h e  e a r l i e s t  

a v a i l a b l e  s p e c i m e n s ,  a n d  t h o s e  m a i n t a i n e d  i n  t h e  l a b o r a t o r y  f o r  u p  t o  

1 2  m o n t h s .  T h e r e  i s ,  h o w e v e r ,  a  g r a d u a l  p r o l i f e r a t i o n  o f  f i b r e s  w i t h i n  

t h e  " r e d "  m u s c l e ,  g i v i n g  a  t h r e e - f i b r e  d e e p  l a y e r ;  a  w i d e s p r e a d  f i b r e  

h y p e r t r o p h y  l e a d s  t o  a n  i n c r e a s e  i n  t r u n k  g i r t h  a n d  b o d y  w e i ^ t  ( s e e  

C h a p t e r  6 ) .  T h i s  i s  i n  c o n t r a s t  t o  t h e  r e p o r t e d  g r o w t h  b y  f i b r e  h y p e r t r o p h y  

a l o n e ,  i n  r e d  m u s c l e  o f  e e l s  <  1 0 c m  ( W i l l e m s e  a n d  v a n  d e n  B e r g  1 9 7 8 ) .

F i b r e  s i z e

S l o w  f i b r e s  s h o w  a n  e v e n  s p r e a d  o f  s i z e  a r o u n d  a  m o d a l  c a t e g o r y  o f  

2 4 0 - 3 6 0 } i m ^ ,  w i t h  f e w  f i b r e s  f o u n d  > 8 0 0 | j m ^  ( F i g .  2 . 1 6 a ) .  F a s t  f i b r e s  s h o w  

a  b i - m o d a l  d i s t r i b u t i o n  o f  s i z e s  ( F i g .  2 . 1 8 c )  w i t h  t h o s e  f i b r e s  < 1 2 0 j i m ^  

a l l  b e i n g  o f  i n t e r m e d i a t e  s t a i n i n g  i n t e n s i t y  f o r  t h e  a e r o b i c  e n z y m e s  

( F i g .  2 . 1 8 e ,  T a b l e  2 . l ) ;  o n l y  t h r e e  p r o f i l e s  o f  t h i s  t y p e  a p p e a r e d  o u t s i d e  9
a

1

t h i s  s i z e  c a t e g o r y .  T h e  r e s t  o f  t h e  f a s t  m u s c l e  s h o w s  a n  e v e n  s p r e a d  

a c r o s s  a  l a r g e  s i z e  r a n g e ,  w i t h  c . 5 %  o f  f i b r e s  b e i n g  > 1 4 0 0 p m ^  ( F i g .  2 . 1 8 c ) .  |

3
T h e  c o n t r i b u t i o n  o f  f i b r e s  s e c t i o n e d  a t  a n g l e s  o t h e r  t h a n  T S  t o  t h e  ^

d i s t r i b u t i o n  i s  u n k n o w n .  H o w e v e r ,  t h e s e  e r r o n e o u s l y  h i g h  v a l u e s  a r e  l i k e l y  

o n l y  t o  s p r e a d  t h e  r ^ g e  o f  v a l u e s ,  r a t h e r  t h a n  s u b s t a n t i a l l y  a l t e r  t h e  

m o d a l  v a l u e s  ( s e e  C h a p t e r  3 ) .

H i  s t o c h e m i  s t r y

I n  c o m m o n  w i t h  o t h e r  t e l e o s t s ,  e e l  s l o w  f i b r e s  h a v e  a  p o l y - a x o n a l ,  

m u l t i - t e r m i n a l  p a t t e r n  o f  i n n e r v a t i o n  ( B o n e  I 964) ;  v d x e r e a s  f a s t  f i b r e s  

a r e  i n n e r v a t e d  b y  a  s i n g l e  " e n - p l a q u e "  e n d p l a t e ,  d e m o n s t r a b l e  o n l y  a t  o n e  -j

m y o s e p t a l  e n d  ( F i g s .  2 . 2 5 - 2 6 ) .  T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  s i t u a t i o n
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1
d e s c r i b e d  f o r  e l a s m o b r a n c h s  ( B o n e  1 9 7 8 )  b u t  n o t  w i t h  t h e  s c h e m e  p r o p o s e d  

b y  B a r e 1 8  ( 1 9 & 1 ) ,  w h o  e n v i s a g e d  i n n e r v a t i o n  f r o m  b o t h  e n d s  o f  t h e  f i b r e  !

( s e e  a l s o  C h a p t e r  7 ) .  F i s h  m u s c l e  c o n t r a c t i o n  v e l o c i t y  h a s  b e e n  s h o w n  t o  %

b e  r e l a t e d  t o  b i o c h e m i c a l  m e a s u r e m e n t s  o f  m y o f i b r i l l a r  A T P a s e  a c t i v i t y  *1

( J o h n s t o n  e t  a l  1 9 7 2 ?  F l i t n e y  a n d  J o h n s t o n ,  1 9 7 9 )  a n d  t h e  h i s t o c h e m i c a l  

s t a i n i n g  r e a c t i o n  f o l l o w i n g  a l k a l i n e  ( p H  1 0 . 4 )  p r e - i n c u b a t i o n  ( J o h n s t o n  ^

e t  a l  1974) .  E l v e r  s l o w  f i b r e s  a r e  a l k a l i n e  l a b i l e  a n d  f a s t  f i b r e s  a r e  

a l k a l i n e  s t a b l e  ( p H  1 0 . 2 ) .  B o t h  t y p e s  o f  f i b r e  s h o w  h o m o g e n e o u s  s t a i n i n g  ' 

f o r  A T P a s e ,  i r r e s p e c t i v e  o f  p o s i t i o n  o r  f i b r e  s i z e  ( F i g s .  2 . 2  a n d  2 . 3 ) .

N o  t r u e  i n t e r m e d i a t e ,  o r  " p i n k "  f i b r e s  c o u l d  b e  d e t e c t e d  ( J o h n s t o n  e t  a l  1 9 7 4 ) .  #  

T h e  s l o w  m u s c l e  l a y e r  a l s o  s h o w s  a n  e v e n  d i s t r i b u t i o n  o f  s t a i n i n g  

f o r  t h e  a e r o b i c  e n z y m e s  a n d  m e t a b o l i t e s  s t u d i e d  ( F i g s .  2 . 4- 9 ) .  I n  a l l  4

c a s e s ,  t h e  i n t e n s i t y  o f  s t a i n i n g  i s  g r e a t e r  t h a n  a n y  o f  t h e  f a s t  f i b r e s  

( T a b l e  2 . 1 ) ,  b u t  r e q u i r e d  c o n s i d e r a b l y  l o n g e r  t o  d e v e l o p  a  s i g n i f i c a n t  |

r e a c t i o n  p r o d u c t  t h a n  o t h e r  s p e c i e s  s i m i l a r l y  t r e a t e d .  T h e  h o m o g e n e o u s  

r e a c t i o n  a l o n g  t h e  l e n g t h  o f  f i b r e s  ( F i g .  2 . I 9 )  i s  i n  a p p a r e n t  a g r e e m e n t  %

w i t h  t h e  q u a n t i t a t i v e  r e s u l t s  f o u n d  i n  m a m m a l i a n  m u s c l e  ( P e t t e  e t  a l  I 98O ) ,  Û

b u t  c o n t r a r y  t o  t h e  d i s t r i b u t i o n  o f  m i t o c h o n d r i a  ( s e e  C h a p t e r  3 ) *  T h i s  

m a y  b e  d u e  t o  t i s s u e  d a m a g e  c a u s i n g  i n a c t i v a t i o n  o f  t h e  m i t o c h o n d r i a  o r ,  

m o r e  l i k e l y ,  d u e  t o  a  l a c k  o f  s t r i c t  c o r r e l a t i o n  b e t w e e n  S D H  a c t i v i i y  a n d  

m i t o c h o n d r i a l  l o c a t i o n ?  i t  i s  k n o w n  t h a t  t h e  N B T —f o r m a z a n  c o m p l e x  h a s  a  

h i ^ i  a f f i n i t y  f o r  p r o t e i n ,  a n d  t e n d s  t o  p r e c i p i t a t e  o n  l i p i d —w a t e r  i n t e r f a c e s  

( M e l l g r e n  a n d  M a t h i s e n  I 966 ) .

F a s t  m u s c l e  f i b r e s  s h o w  a  s t a i n i n g  p r o f i l e  f o r  e n z y m e s  a n d  m e t a b o l i t e s  

w h i c h  i s  d e p e n d e n t  o n  b o t h  p o s i t i o n  a n d  s i z e  ( F i g s .  2 . 2 /  4 ,  6 ,  8 ,  I O ) .  

l a r g e  f i b r e s  s h o w  a  h o m o g e n e o u s  l o w  r e a c t i v i t y  w i t h  a l l  s t a i n i n g  p r o c e d u r e s  

t e s t e d ,  w h e r é a s  t h e  s m a l l e s t  f i b r e s  i n  t h e  d e e p  r e g i o n s ,  a n d  t h e  m o s t  

s u p e r f i c i a l  l a y e r  o f  f a s t  m u s c l e ,  s h o w  s o m e  S D H  a n d  COX a c t i v i t i e s  a n d  a



m o d e r a t e l y  h i ^  P A S  s t a i n i n g  r e a c t i o n  ( P i g s .  2 . 4 ~ 1 0 ) .  T h e  o c c u r r e n c e  o f  

s m a l l  f a s t  f i b r e s  a p p e a r s  t o  b e  r a n d o m  w i t h i n  t h e  d e e p e r  r e g i o n s  o f  t h e  î |

m y o t o m e  ( P i g .  2 . 2 8 )  a l t h o u ^  c l o s e l y  a s s o c i a t e d  w i t h  a  l a r g e r  f i b r e  ( s e e  4

a l s o  C h a p t e r  4 ) *  T h e  f r e q u e n c y  p r o g r e s s i v e l y  d e c r e a s e s  t o w a r d s  t h e  s u p e r 

f i c i a l  r e g i o n s ,  w h e r e  n o  P A S  4 v e  f i b r e s  c a n  b e  s e e n .

C a p i l l a r i  s a t i o n

I n  c o m m o n  w i t h  m a n y  f i s h  s p e c i e s ,  h i s t o c h e m i c a l  ^ i d e n t i f i c a t i o n  o f  *4̂

c a p i l l a r i e s  i s  u n s a t i s f a c t o r y .  T h e  c l e a r e s t  r e a c t i o n  f o u n d  i s  t h e  

l o c a l i s a t i o n  o f  c a r b o n i c  a n h y d r a s e  a c t i v i t y  ( M d d e r s t a l e  1 9 7 9 ) ,  b u t  t h i s  ^

p a l e  r e a c t i o n  i s  l e s s  s u i t a b l e  t h a n  m o r p h o l o g i c a l  i d e n t i f i c a t i o n  f r o m  i f

s e m i - t h i n  s e c t i o n s ,  w h i c h  w a s  a d o p t e d  f o r  s u b s e q u e n t  a n a l y s e s .  F i g .  2 . 2 1  Ï

s h o w s  a  c a m e r a  l u c i d a  t r a c i n g  o f  f i b r e s  a n d  a s s o c i a t e d  c a p i l l a r i e s  

a l o n g  a  t r a n s e c t  f r o m  t h e  s k i n  t o  t h e  v e r t e b r a l  c o l u m n  ( s e e  F i g .  2 . 1 b ) .

T h e  v a r i o u s  i n d i c e s  o f  v a s c u l a r i s a t i o n  s h o w  a n  i n c r e a s e  i n  c a p i l l a r y  s u p p l y  

f r o m  t h e  f a s t  t o  s l o w  s y s t e m s :  d e e p  v d x i t e  <  s u p e r f i c i a l  w h i t e  <  " r e d "

m u s c l e  ( T a b l e  2 . 2 ) .  T h e r e  a r e  n o  d e t e c t a b l e  d i f f e r e n c e s  i n  t h e  c a p i l l a r y  rl

s u p p l y  t o  f i b r e s  o f  d i f f e r e n t  s i z e s  w i t h i n  a n y  g r o u p .  D e e p  w h i t e  f i b r e s  

h a v e  a  v e r y  a n a e r o b i c  c h a r a c t e r  w i t h  8 8 %  h a v i n g  n o  c a p i l l a r y  c o n t a c t ?  #

h o w e v e r ,  t h e  s u p e r f i c i a l  \ d i i t e  m u s c l e  i s  b e t t e r  s u p p l i e d ,  w i t h  s o m e  f i b r e s  |

h a v i n g  c o n t a c t  w i t h  t w o  c a p i l l a r i e s  ( F i g .  2 . 30) .  I n t e r e s t i n g l y ,  t h e r e  i s  

a  l a r g e  p o r t i o n  o f  t h e  s l o w  ( " a e r o b i c " )  m u s c l e  w i t h o u t  a n y  d i r e c t  

c a p i l l a r y  c o n t a c t  ( F i g .  2 . 30) .
1

i
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Discussion

In order to  lo c a te  more p r e c is e ly  the various m etabolic sub-popu lations, 

and as an a id  to  p a r a l le l  u ltr a s tr u c tu r e  s tu d ie s  (Chapter 3) ,  the c h a r a c te r is 

t i c  morphology o f  each c r o s s -s e c t io n  was noted , and used as a frame o f  

referen ce  (F ig . 2 .1 b ) . This enabled assum ptions about f ib r e -ty p e  h etero 

g en e ity  to  be t e s te d ,  and le d  to  th e reco g n itio n  o f  a p o s s ib le  s ix  d if fe r e n t  

c a te g o r ie s  o f  f ib r e  (-Table 2.1 ) ,
i

M ethodological

I t  i s  Imown th a t there are l im ita t io n s  to  the s p e c i f i c i t y  o f  h is to 

chem ical r e a c tio n s  (M ellgren and M athisen I966) .  B iochem ical an a lyses have 

shov/n th a t s in g le ,  m icro d issec ted  f ib r e s ,  from h i stochem ically-hom ogeneous 

p op u la tion s, may have a heterogeneous d is tr ib u t io n  o f  enzyme a c t iv i t i e s ;  

a lth o u ^  q u a n tita t iv e  h isto ch em istry  su ggests  enzymatic homogeneity w ith in  

f ib r e s  o f  a s in g le  motor u n it  (Nemeth e t a l  1979). The ( fo c a l)  in n erv a tio n s  

pattern  o f  e lv e r  f a s t  muscle would appear to  make a m orphological d is t in c t io n  

between motor u n it s  very  d i f f i c u l t ,  and i t  i s  th ere fo re  n ecessary  to  r e ly  

on gross d if fe r e n c e s  in  the h isto ch em ica l p r o f i le  to  o u t lin e  fu n ctio n a l  

su bu n its,

P rev in u sly , f ib r e  typ in g  in  th e  e e l  has been ca rr ied  out m ainly on a d u lts ,  

and has r e l ie d  on th e  h istoch em ica l dem onstration o f  m.ATPase a c t iv i t y  

(European e e l;  W illem se and de R u iter  1979), or in  conjunction  vdth SDH and IDH 

a c t i v i t i e s  (American e e l ;  Hulbert and Moon 1978a). Care has to  be taicen in
c

in te r p r e tin g  r e s u lts 'b a se d  on m. ATPase a c t iv i t y  a lo n e , s in c e  c la s s i f i c a t io n  ‘

o f  f ib r e  ty p e s  may be based purely  on pH s t a b i l i t y ,  ra th er  than true d if fe r e n c e s  ' 

in  s p e c if ic  a c t iv i t y  (Guth and Samaha 1972). I t  has been shovm th a t c l a s s i f i c a -  

t io n s  based on m.ATPase a c t iv i t y  v s .  m,ATPase and m etab olic enzyme a c t i v i t i e s ,  

are not eq u iva len t (Nemeth e t  a l  1979; Nemeth and P e tte  1981 ); the former groups 

(" fa s t" , " interm ediate" , ’blow") can be d iv id ed  in to  many d if fe r e n t  subgroups :



I

( B a s s  e t  a l  I 969 ; K h a n  1 9 7 7 ) »  I n d e e d ,  t h e  c o r r e l a t i o n  b e t w e e n  s p e e d  o f  

c o n t r a c t i o n  a n d  m . A T P a s e  a c t i v i t y  m a y  n o t  b e  a s  s t r a i ^ t f o r w a r d  a s  f i r s t  |

t h o u g h t ,  s i n c e  t h i s  e n z y m e  m a y  n o t  b e  r a t e - l i m i t i n g  f o r  t h e  i n  v i v o  

v e l o c i t y  ( G u t h  a n d  S a m a h a  1 9 7 2 ) .  H i s t o c h e m i c a l l y ,  b o t h  m a m m a l i a n  t o n i c  

( t r u e  s l o w )  a n d  f a s t - t w i t c h  m u s c l e  m a y  p o s s e s s  a  h i g h  m . A T P a s e  a c t i v i t y ,  

w i t h  t h e  s l o w - t w i t c h  ( " i n t e r m e d i a t e " )  m u s c l e  h a v i n g  a  l o w  a c t i v i t y  ( G u t h  

a n d  S a m a h a  I 969 ) .  M u s c l e  w i t h  h i g h  c o n t r a c t i o n  v e l o c i t i e s  m a y  h a v e  a  c o n 

s i d e r a b l e  a e r o b i c  p o t e n t i a l  ( R e v e l  I 962 ) ;  i n  a d d i t i o n ,  b i o c h e m i c a l  a s s a y s  

h a v e  s h o w n  t h a t  r e d  m u s c l e  f r o m  r a b b i t  h a s  a n  m . A T P a s e  a c t i v i t y  2 5 - 5 5 %  

h i g h e r  t h a n  w h i t e  m u s c l e  ( S y r o v y  a n d  G u t m a n  1 9 7 1 ) •  A  s i m i l a r  r e l a t i o n s h i p  

b e t w e e n  r e d  a n d  w h i t e  m u s c l e  a c t i v i t y  i s  a l s o  d e s c r i b e d  f o r  t h e  a g n a t h a n  ' |

M y x i n e  ( h a g f i s h ;  D a h l  a n d  N i c o l a y s e n  1 9 7 1 ) ,  a n d  a n u r a n  t a i l  m u s c l e s  f

( W a t a n a b e  e t  a l  1 9 7 8 ) .  H o w e v e r ,  s u c h  c o m p a r i s o n s  t a k e  n o  a c c o u n t  o f  s p e c i f i c  

o r  p h y l o g e n t i c ,  d i f f e r e n c e s  a n d  s u c h  r e d  f i b r e s  a r e  t h o u g h t  n o t  t o  b e  I

e q u i v a l e n t  t o  t h e  t y p e  I  f i b r e s  d e s c r i b e d  f o r  m a m m a ls  o r  b i r d s  ( A n d e r s e n  

\  e t  a l  1963; T e r a v a i n e n  1 9 7 1 »  D a h l  a n d  N i c o l a y s e n  1 9 7 1 ;  W a t a n a b e  e t  a l  1 9 7 8 ) .

I n  e l a s m o b r a n c h s  a n d  t e l e o s t s ,  h o w e v e r ,  t h e  m . A T P a s e  a c t i v i t y  w o u l d  a p p e a r  v|

t o  p a r a l l e l  t h e  c o n t r a c t i o n  v e l o c i t y  ( B o n e  e t  a l  1 9 7 8 ;  F l i t n e y  a n d  J o h n s t o n

1979) .

E x p e r i m e n t a l

O n t h i s  b a s i s ,  t w o  f i b r e  t y p e s  h a v e  b e e n  d e s c r i b e d  i n  t h e  B r o o k  t r o u t  

( J o h n s t o n  & M o o n  1 9 8 0 a ) ,  t h r e e  i n  c a r p  ( j o h n s t o n  a n d  M a i t l a n d  1 9 8 0 = )  a n d  |

f i v e  i n  d o g f i s h  ( B o n e  & C h u b b  1 9 7 8 ) .  S i m i l a r l y ,  h i s t o c h e m i c a l  s t a i n i n g  f o r  

m . A T P a s e  a c t i v i t y  r e v e a l s  t w o  d i s t i n c t  c l a s s e s  o f  f i b r e  i n  t h e  e l v e r  t r u n k ,  

b o t h  h a v i n g  a  h o m o g e n e o u s  r e a c t i o n  t h r o u ^ i o u t  t h e i r  s i z e  r a n g e  a n d  p o s i t i o n  

w i t h i n  t h e  m y o t o m e  ( F i g s .  2 . 2 ,  2 . 3 ) .  N o  f i b r e s  w i t h  a n  i n t e r m e d i a t e  m . A T P a s e  ?| 

a c t i v i t y  o r  p H  s t a b i l i t y  w e r e  f o u n d ,  a s  h a s  b e e n  r e p o r t e d  f o r  a  n u m b e r  o f  

o t h e r  s p e c i e s  ( J o h n s t o n  e t  a l  1 9 7 4 »  . P a t t e r s o n  e t  a l  1 9 7 5 »  B o n e  a n d  4
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C h u b b  197s ) *  I n  c o n t r a s t ,  a  s m a l l  p o p u l a t i o n  o f  i n t e r m e d i a t e  f i b r e s  a r e  

r e p o r t e d  w i t h i n  t h e  f a s t  m u s c l e  o f  t h e  A m e r i c a n  e e l  ( H u l b e r t  a n d  M o o n  1 9 7 8 3 , ) ,  

b u t  a r e  t h o u g h t  n o t  t o  o c c u r  i n  a d u l t  E u r o p e a n  e e l  ( W i l l e m s e  a n d  d e  R u i t e r

1979) ;  w h e r e a s  " d i s p l a c e d "  f i b r e s  a r e  r e p o r t e d  f o r  b o t h  A t l a n t i c  s p e c i e s  

( H u l b e r t  a n d  M o o n  1 9 7 8 a , W i l l e m s e  a n d  d e  R u i t e r  1 9 7 9 ) .  T h e s e  o c c u r  a s  a  

d i s c o n t i n u o u s  l a y e r  o f  f a s t  f i b r e s  l o c a t e d  a m o n g  t h e  s l o w  m u s c l e ,  a n d  

v i c e  v e r s a .  I t  i s  p o s s i b l e  t h a t  t h e  s u p e r f i c i a l  w h i t e  m u s c l e  d e s c r i b e d  i n  

t h i s  s t u d y ,  f o r  t h e  y o u n g  e e l ,  g i v e s  r i s e  t o  s u c h  p o p u l a t i o n s .  I t  s h o u l d  

b e  p o s s i b l e  t o  r e s o l v e  t h e  o r i g i n  o f  s u c h  f i b r e s  b y  m e a n s  o f  i m m u n o h i s t o 

c h e m i  o a l  r e a c t i v i t y  t o  t h e  d i f f e r e n t  m y o s i n s  ( R a a m s d o n k  e t  a l  I98O).

E l v e r  f a s t  m u s c l e  c a n  b e  f u r t h e r  s u b - d i v i d e d  i n t o  3  m e t a b o l i c  s u b 

g r o u p s  o n  t h e  b a s i s  o f  s t a i n i n g  f o r  a e r o b i c  e n z y m e  a c t i v i t i e s  ( S D H , C O X ) a n d  

m e t a b o l i t e s  ( g l y c o g e n ,  l i p i d )  ( T a b l e  2 . l )  i . e .  SW , (SM W  +  S H W ), (MV/ +  D W ).

S u c h  a  m i x t u r e  o f  f i b r e  s i z e s  h a s  b e e n  k n o w n  i n  s a l m o n i d  " m o s a i c "  m u s c l e  

f o r  s o m e  t i m e  ( G r e e n e  1 9 1 3 »  B o d d e k e  e t  a l  1 9 5 9 )  a n d  g i v e s  a  s i m i l a r  d i s 

c o n t i n u o u s  P A S  r e a c t i v i t y  ( J o h n s t o n  e t  a l  1 9 7 5 ) .  I n  c a r p  ( J o h n s t o n  e t  a l  

1977)  a n d  f l a t h e a d  ( M o s s e  a n d  H u d s o n  1 9 7 7 ) »  t h e  s m a l l  P A S + v e  f a s t  f i b r e s  

m a y  b e  f u r t h e r  d i f f e r e n t i a t e d  o n  t h e  b a s i s  o f  t h e i r  s t a b i l i t y  t o  a l k a l i n e  

( p H  10. 4 ) p r e - i n c u b a t i o n  p r i o r  t o  s t a i n i n g  f o r  m . A T P a s e  a c t i v i t y  ( P a t t e r s o n  

e t  a l  1975) .  I t  h a s  b e e n  s u g g e s t e d  ( H u l b e r t  a n d  M o o n  1 9 7 8 a )  t h a t  t h e  

s m a l l  f a s t  f i b r e s  m a y  r e p r e s e n t  a  f u n c t i o n a l l y  s e p a r a t e  f i b r e  t y p e  i n  e e l .

S i n c e  t h e y  c a n n o t  b e  c l a s s i f i e d  a s  " p i n k "  o r  t r u e  i n t e r m e d i a t e  f i b r e s  ( s e e  

a l s o  W i l l e m s e  & d e  h u i t e r  1 9 7 9 »  H u l b e r t  a n d  M o o n  1 9 7 8 a )  o n  t h e  b a s i s  o f  t h e  

m . A T P a s e  a c t i v i t y ,  i t  i s  p o s s i b l e  t h a t  t h e y  c o n s t i t u t e  a  f a s t  o x i d a t i v e  

f i b r e  g r o u p .  O n  t h e  o t h e r  h a n d ,  t h e  r e l a t i v e l y  h i g h  g l y c o g e n  c o n t e n t  a n d  

a e r o b i c  e n z y m e  a c t i v i t i e s  a r e  c o n s i s t e n t  w i t h  t h e  s i t u a t i o n  f o u n d  i n  n e w l y  

d i f f e r e n t i a t e d  f i b r e s  i n  b o t h  m a m m a l s  a n d  f i s h  ( W a t e r m a n  1 9 6 9 »  G o l d s p i n k  1 9 7 2 ) .  

I n  t r o u t ,  t h e s e  s m a l l  P A S  + v e  f i b r e s  a r e  t h o u ^ t  t o  p r o v i d e  a  s i t e  f o r  t h e
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a e r o b i c  c a t a b o l i s m  o f  l a c t a t e ,  f o r m e d  d u r i n g  f a s t  m u s c l e  a n a e r o b i c  4;

g l y c o g e n o l y s i s  ( J o h n s t o n  a n d  M o o n  1 9 8 0 a ) .  T h e  s m a l l  p r o p o r t i o n  o f  t h e  w h i t e  ,4

m u s c l e  m a s s  f o r m e d  b y  t h e s e  f i b r e s  i n  e l v e r  (^^^5% ) a n d  t h e  l a c k  o f  a  

s i g n i f i c a n t  g l y c o n e o g e n i c  p o t e n t i a l  i n  e e l  w h i t e  m u s c l e  ( H u l b e r t  & M o o n  1 9 7 8 b )  t

s u g g e s t s  t h a t  t h i s  c a n  o n l y  b e  o f  m i n o r  s i g n i f i c a n c e  i n  e l v e r s .

T h e  h i s t o c h e m i c a l  p r o f i l e  o f  s l o w  m u s c l e  f i b r e s  i n d i c a t e s  a  m o r e  

a e r o b i c  m e t a b o l i s m  t h a n  t h a t  o f  t h e  a d j a c e n t  f a s t  f i b r e s ;  h o w e v e r ,  t h e  

l o n g  i n c u b a t i o n  t i m e  r e q u i r e d  s u g g e s t s  a  l o w ,  a b s o l u t e ,  a e r o b i c  p o t e n t i a l ;  

l e s s  t h a n  u s u a l l y  a s s o c i a t e d  w i t h  f i s h  s l o w  f i b r e s  ( B o n e  1 9 7 8 ;  J o h n s t o n  1 9 8 1 a ) .  , 

T h i s  w a s  c o n f i r m e d  b y  p a r a l l e l  i n c u b a t i o n s  f o r  S D H , w h i c h  g a v e  t h e  o r d e r  o f . 

s t a i n i n g  i n t e n s i t y  t r o u t  > c o d  > e l v e r .  T h e  p a l e  y e l l o w  c o l o u r  o f  t h e  s l o w  4

m u s c l e  i s  a l s o  i n d i c a t i v e  o f  a  l o w  a e r o b i c  p o t e n t i a l ,  s i n c e  t h e  r e d  4

a p p e a r a n c e  o f  f i s h  s l o w  m u s c l e  r e f l e c t s  t h e  a m o u n t  o f  m y o g l o b i n  a n d  e x t e n t  

o f  c a p i l l a r y  b l o o d  p r e s e n t .  D i f f e r e n t i a t i o n  o f  t h e  s m a l l  a n d  l a r g e  f i b r e s  /

w a s  d i f f i c u l t  d u e  t o  t h e  f a i r l y  e v e n  s t a i n i n g  o f  a l l  f i b r e s .  T h e  p r o l i f e r a t i o n  

o f  s l o w  f i b r e s  d u r i n g  8 - 1 0  m o n t h s  o f  t a n k  l i f e ,  f r o m  a  2 -  t o  a  3  o r  4 - f i b r e  -4

l a y e r ,  i s  a t  o d d s  w i t h  t h e  s t u d y  o f .  W i l l e m s e  & v a n  d e n  B e r g  ( 1 9 7 8 )  t h a t  

s u g g e s t s  g r o w t h - b y  p r o l i f e r a t i o n  o n l y  o c c u r s  a f t e r  e e l s  a t t a i n  1 0 c m .  ;

D i f f e r e n c e s  i n  t h e  g r o w t h  r a t e  o f  t h e  t w o  a n i m a l  g r o u p s  m a y  a c c o u n t  f o r  t h i s  ■

d i s c r e p a n c y ,  b u t  m o r e  e x p e r i m e n t a t i o n  i s  r e q u i r e d  t o  r e s o l v e  t h e  i m p o r t a n t  

q u e s t i o n  o f  g r o w t h  p a t t e r n  ( s e e  C h a p t e r  4 ) *

P a s t  f i b r e s  a r e  f o c a l l y  i n n e r v a t e d  b y  a  s i n g l e  " e n - p l a q u e "  t y p e  e n d p l a t e  

( P i g s .  2 . 2 5 ,  2 . 2 6 ) ;  t h i s  t y p e  o f  f a s t  f i b r e  i n n e r v a t i o n  a p p e a r s  t o  b e  

t y p i c a l  o f  p r i m i t i v e  t e l e o s t s  ( B o n e  I 964 ,  1 9 7 8 ) ,  o f  w h i c h  e e l s  a r e  a  c o m m o n  

e x a m p l e .  T h e  l o w  a e r o b i c  c a p a c i t y  a n d  c a p i l l a r y  s u p p l y  t o  d e e p  f a s t  f i b r e s  *

i n  t h e  e e l  i s  c o m p a t i b l e  w i t h  a  s i m i l a r  p a t t e r n  o f  f i b r e  r e c r u i t m e n t  t o  t h a t  

f o u n d  i n  o t h e r  p r i m i t i v e  f i s h  ( C h a p t e r  5 ) .  I n t e r e s t i n g l y ,  G r i l l n e r  a n d  

K a s h i n  ( 1 9 7 6 )  h a v e  r e p o r t e d  e l e c t r i c a l  a c t i v i t y  i n  t h e  w h i t e  m u s c l e  o f  a d u l t
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e e l s ,  e v e n  a t  l o w  s w i m m i n g  s p e e d s .  T h i s  r e s e m b l e s  t h e  p a t t e r n  o f  f i b r e  

r e c r u i t m e n t  f o u n d  i n  h i g h e r  t e l e o s t s ,  w i t h  m u l t i p l y  i n n e r v a t e d  f a s t  f i b r e s ,  

w h e r e  i t  i s  o f t e n  p o s s i b l e  t o  r e c o r d  e l e c t r o m y o g r a m s  o v e r  a  w i d e  r a n g e  o f  

s w i m m i n g  s p e e d s  ( H u d s o n  1 9 7 3 ;  J o h n s t o n  a n d  M o o n  1 9 8 0 b ) .  T h e  s u p e r f i c i a l  

w h i t e  m u s c l e  i n  t h e  e l v e r  s h o w s  a  m o r e  a e r o b i c  c h a r a c t e r  t h a n  t h e  d e e p  w h i t e  

f i b r e s ,  a n d  m a y  r e p r e s e n t  a  f u n c t i o n a l  s u b - t y p e  o f  t h e  f a s t  f i b r e  s y s t e m .

T h e r e  i s  s o m e  e v i d e n c e ,  i n  t h e  c o a l f i s h ,  t h a t  t h e  s u p e r f i c i a l  f a s t  f i b r e s  

c a n  b e  r e c r u i t e d  a t  l o w e r  s w i m m i n g  s p e e d s  t h a n  d e e p e r -  f a s t  f i b r e s  ( J o h n s t o n  

a n d  M o o n  1 9 8 0 b ) ;  a n d  s o m e  d i f f e r e n c e s  i n  t h e  i n n e r v a t i o n  o f  t h e s e  t w o  r e g i o n s  

h a s  b e e n  s h o w n  i n  t h e  c o d  ( A l t r i n g h a m  a n d  J o h n s t o n  1 9 8 1  ) .  E l e c t r o m y o g r a p h i c a l  

s t u d i e s  i n  t h e  c a r p  h a v e  s h o w n  t h e  o r d e r  o f  r e c r u i t m e n t  o f  f i b r e  t y p e s  w i t h  

i n c r e a s i n g  s w i m m i n g  s p e e d s  t o  b e  s l o w  > f a s t  a e r o b i c  ( i n t e r m e d i a t e )  > f a s t  

g l y c o l y t i c  ( J o h n s t o n  e t  a l .  1 9 7 7 ) .  F u r t h e r  e . m . g .  s t u d i e s  w o u l d  b e  r e q u i r e d  

t o  d i s c o v e r  w h e t h e r  t h e  p a t t e r n  o f  f i b r e  r e c r u i t m e n t  i n  e e l s  d i f f e r  f r o m  

t h a t  r e p o r t e d  f o r  d o g f i s h  ( B o n e  I 966)  a n d  h e r r i n g  ( B o n e  e t  a l  1 9 7 8 ) ,  a s  t h e  

p o s s i b i l i t y  r e m a i n s  t h a t  e l e c t r i c a l  a c t i v i t y  r e c o r d e d  i n  e e l s  a t  l o w  

s w i m m i n g  s p e e d s  o r i g i n a t e s  f r o m  t h e s e  s u p e r f i c i a l  a e r o b i c  f i b r e s .

C o m p a r a t i v e  d a t a  f o r  t h e  v a s c u l a r i s a t i o n  o f  f i s h  m u s c l e  i s  l i m i t e d  t o

a  f e w  t e l e o s t s  a n d  e l a s m o b r a n c h s  ( M o s s e  1 9 7 9 ;  F l o o d  1 9 7 9 )  a n d  f o r  a

c h o n d r o s t e a n .  A c i p e n s e r  s t e l l a t u s  ( K r y v i  e t  a l  1 9 8 0  ) ,  m a n y  o f  t h e  i n d i c e s

b e i n g  b o r r o w e d  d i r e c t l y  f r o m  m a m m a l i a n  s t u d i e s .  S u c h  q u a n t i f i c a t i o n

( T o t l a n d  e t  a l  I 98I ,  J o h n s t o n  1 9 8 2 a ,  1 9 8 2 b )  m a y  b e  c o r r e l a t e d  t o  t h e

s
m e t a b o l i s m  o f  h i g h l y  a e r o b i c ,  h o m o g e n e o u s  m u s c l e  t y p e s ,  b u t  s e e m  t o  b e  

i n a p p r o p r i a t e  f o r  m u s c l e  w i t h  a  s p a r s e ,  a n d  h e t e r o g e n e o u s ,  c a p i l l a r y  s u p p l y  

( s e e  C h a p t e r  5 ) .  I n  t h e  e l v e r ,  t h e  p r o p o r t i o n  o f  f i b r e s  i n  d i r e c t  c o n t a c t  

w i t h  t h e  c a p i l l a r i e s  w i t h i n  t h e  r e d ,  s u p e r f i c i a l  w h i t e ,  a n d  d e e p  w h i t e  

r e g i o n s  a r e ,  r e s p e c t i v e l y ,  7 2 . 5 % ,  2 6 . 5 % ,  a n d  1 2 ,4 %  ( T a b l e  2 . 2 ) .  T h e  a v e r a g e  

n u m b e r  o f  c a p i l l a r i e s  p e r  f i b r e  f o r  t h e  t h r e e  c a t e g o r i e s  a r e  0 . 9 8 ,  0 . 3 3 ,  0 . 1 2



( R P ,  SW , D W ) . T h e  w h i t e  m u s c l e  a p p e a r s  t o  h a v e  o n l y  s l i g h t l y  f e w e r  

c a p i l l a r i e s / f i b r e  t h a n  t h a t  o f  o t h e r  s p e c i e s :  A c i p e n s e r .  0 . 2  ( K r y v i  e t  a l

I 98O ) ;  A u s t r a l i a n  s a l m o n ,  O . I 4 -  0 . 2?  ( M o s s e  1 9 7 9 ) ;  M y x i n e  a n d  t h e  f l a t h e a d  

h a v i n g  s i m i l a r  v a l u e s ,  a r o u n d  0 , 6  -  O .7  ( F l o o d  1 9 7 9 ;  M o s s e  1 9 7 9 ) .  H o w e v e r ,  

t h e  s l o w  f i b r e s ,  w i t h  0.98  c a p i l l a r i e s / f i b r e ,  h a s  s i g n i f i c a n t l y  l e s s  t h a n  

t h a t  f o u n d  i n  t h e  a b o v e  s p e c i e s :  2 . 3 ,  I .9  -  4 . 2 ,  2 . 76 ,  a n d  5 .3  -  6 . 6 ,

r e s p e c t i v e l y .  R e g i o n a l  d i f f e r e n c e s  i n  t h e  s l o w  m u s c l e  c a p i l l a r y  s u p p l y  

m a y  d i f f e r  b y  a  f a c t o r  o f  2  i n  s o m e  l a r g e  s p e c i e s  ( M o s s e  1 9 7 9 ;  s e e  a l s o  

C h a p t e r  5 ) ,  b u t  t h i s  i s  d i f f i c u l t  t o  i n v e s t i g a t e  i n  e l v e r s  w i t h  s u c h  a  n a r r o w  

l a y e r  o f  r e d  f i b r e s .  R e g i o n a l  d i f f e r e n c e s  i n  t h e  f i n e  s t r u c t u r e  o f  e l v e r  

m u s c l e  i s  e v i d e n t  ( C h a p t e r  3) ,  a z id  t h i s  w o u l d  i n d i c a t e  t h a t  a  s i m i l a r  

v a r i a b i l i t y  i s  p r o b a b l y  p r e s e n t .  T h e  r a n g e  o f  v a l u e s  f o u n d  i n  f i s h  i s  

i l l u s t r a t e d  b y  c o m p a r i n g  t h e  e l v e r  t o  t h e  p e l a g i c  A n c h o v y ,  w h i c h  h a s  1 2 . 9  

c a p i l l a r i e s  p e r  s l o w  f i b r e ,  r e s u l t i n g  i n  o v e r  50% o f  t h e  f i b r e  s u r f a c e  

b e i n g  v a s c u l a r i s e d  ( J o h n s t o n  1 9 8 1 b ) .  O n l y  7 0 %  o f  e l v e r  s l o w  f i b r e s  a r e  i n  4 
d i r e c t  c o n t a c t  w i t h  c a p i l l a r i e s .  I t  w o u l d  a p p e a r ,  t h e r e f o r e ,  t h a t  e l v e r  

s l o w  m u s c l e  h a s  a  l o w e r  a e r o b i c  c a p a c i t y  t h a n  f o u n d  i n  m a n y  o t h e r  f i s h e s ,

u s i n g  s i m i l a r  c r i t e r i a  ( B o n e  1 9 7 8 ;  J o h n s t o n  1 9 8 1 a ) .  T h e  s u p e r f i c i a l  w h i t e  4 l

. I
f i b r e s  h a v e  a  c a p i l l a r y  d e n s i t y  b e t w e e n  t h a t  o f  r e d  a n d  d e e p  w h i t e  f i b r e s ,  §

I
a n d  i s  i n  a g r e e m e n t  w i t h  t h e  s i t u a t i o n  r e p o r t e d  f o r  t h e  i n t e r m e d i a t e  f i b r e  4

l a y e r  i n  A c i p e n s e r  a n d  M y x i n e .  T h i s  c o r r e l a t e s  w e l l  w i t h  t h e  r e l a t i v e  

a e r o b i c  c a p a c i t y ,  a s  s h o w n  b y  h i s t o c h e m i s t r y .  T h e  p o o r  v a s c u l a r i s a t i o n  î |

o f  t h e  f a s t  m u s c l e  i s  i n  a g r e e m e n t  w i t h  t h e  l o w  i n t r a m u s c u l a r  o x y g e n  t e n s i o n  4

f o u n d  i n  y e l l o w  e e l s ,  P o g  =  1-"3nim  H g  ( J a n k o w s k y  I 966 ) .

T h e  d o w n s t r e a m ,  s e x u a l ,  m i g r a t i o n  o f  t h e  s i l v e r  e e l  i s  a s s o c i a t e d  w i t h  

i n c r e a s e s  i n  a c t i v i t y  o f  m u s c l e  a e r o b i c  e n z y m e s  a n d  i n t r a c e l l u l a r  l i p i d  

c o n t e n t  ( B o s t r o m  a n d  J o h a n s s o n  1 9 7 2 ;  L e w a n d e r  e t  a l  1 9 7 4 ;  P a n k h u r s t  1 9 8 2 ) .

4
T h e  i n c r e a s e  i n  r e d  m u s c l e  v o l u m e  w i t h  s e x u a l  m a t u r i t y  r a n g e s  f r o m  a r o u n d  5%



i n  i m m a t u r e  ( y e l l o w )  e e l s  u p  t o  i n  a d u l t  ( s i l v e r )  e e l s  ( P a n k h u r s t  1 9 8 2 ) .

O t h e r  e s t i m a t e s  g i v e  s i m i l a r  r e s u l t s ,  r a n g i n g  f r o m  8 . 8 ^  i n  y e l l o w  e e l s  

( O r e e r - W a l k e r  & P u l l  1 9 7 5 )  t o  16%  i n  b r o n z e  e e l s  ( H u l b e r t  & M o o n  1 9 7 8 )  • T h i s  

p a t t e r n  o f  i n c r e a s e d  a e r o b i c  m e t a b o l i s m  w o u l d  a p p e a r  t o  b e  a  c o m m o n  f e a t u r e  

o f  m i g r a t i o n  ( P o n t a i n e  1 9 7 5 ) »  I n  t h e  y e l l o w  e e l ,  t h e  l o w  r e s p i r a t i o n  r a t e  

( B e r g  a n d  S t e e n  I 969)  a n d  m o d e r a t e  g i l l  s u r f a c e  a r e a  ( B y c z k o w s k a - S m y c k  1 9 5 8 )  

a r e  r e f l e c t e d  i n  i t s  s l o w  s w i m m i n g  a n d  b o t t o m - d w e l l i m g  h a b i t s  ( D e e l d e r  1 9 7 0 ) *  

T h e  s m a l l  d i a m e t e r  r e d  f i b r e s ,  a n d  l a c k  o f  a  w e l l - d e v e l o p e d  l a t e r a l  l i n e  

w e d g e ,  l e d  B o d d e k e  e t  a l  ( l 9 5 9 )  t o  c l a s s i f y  t h e  e e l  a s  a  " s n e a k e r "  i . e .  

s h o r i n g  n e i t h e r  t h e  c h a r a c t e r i s t i c s  o f  a  h i g h - p o w e r e d  b u r s t  s w i m m e r ,  n o r  

t h o s e  o f  a  s u s t a i n e d  s w i m m e r .  W i t h  r e s p e c t  t o  m i g r a t i o n ,  t h e n ,  t h e  p r e s e n t  

s t u d y  s u g g e s t s  t h a t  t h e  e l v e r  r e a c t s  s o m e w h a t  d i f f e r e n t l y  t o  o t h e r  s p e c i e s .  

M i g r a t i o n  i n v o l v e s  p e r i o d s  o f  p r o l o n g e d  a c t i v e  s w i m m i n g  a n d  e v e n  u n d e r  

l a b o r a t o r y  c o n d i t i o n s  e l v e r s  a r e  u s u a l l y  a c t i v e ,  e s p e c i a l l y  i f  f l o w i n g  w a t e r  

i s  p r e s e n t  ( s e e  a l s o  D e e l d e r  1 9 5 9 ) .  A l t h o u g h  t h e  s l o w  m u s c l e  s y s t e m  i s  

m o d e r a t e l y  w e l l  d e v e l o p e d ,  t h e  h i s t o c h e m i c a l  a n d  c a p i l l a r y  d a t a  i n d i c a t e s  

a  s u r p r i s i n g l y  l o w  a e r o b i c  c a p a c i t y .  T h i s  i s  s u p p o r t e d  b y  t h e  l o w  o x y g e n  

c o n s u m p t i o n  o f  e l v e r s ,  d u r i n g  b o t h  b a s a l  a n d  a c t i v e  m e t a b o l i s m ,  r e l a t i v e  

t o  t h e  y o u n g  o f  o t h e r  M e d i t e r r a n e a n  s p e c i e s  ( A l e k s e y e v a  1 9 7 5 ) .  A s s u m i n g  

t h a t  a  g o o d  c o r r e l a t i o n  e x i s t s  b e t w e e n  a c t i v i t y  p a t t e r n  a n d  m e t a b o l i s m ,  a s  

i s  f o u n d  i n  o t h e r  f i s h  ( J o h n s t o n  & M o w  1 9 8 0 a , b ;  1 9 8 1 a ) ,  t h e n  t h e  c o n t r a s t  

b e t w e e n  a e r o b i c  s c o p e  a n d  m i g r a t i o n  r e q u i r e s  s o m e  e x p l a n a t i o n .

This apparent d iscrepancy would be removed i f  the en e r g e tic  c o s t  o f  the  

upstream m igration  i s  l e s s  than a t f i r s t  supposed, e i th e r  as a r e s u lt  o f  

behavioural and/or fu n c tio n a l ad ap tation . I t  i s  known, th a t some sp e c ie s  o f  

f i s h ,  e .g .  cod and p la ic e ,  on ly  swim w ith  favourable t id e s  and s h e lte r  on 

the sea  bed a g a in st opposing t id e s  (Bar den-Jon e s  1977)* Such a  mechanism 

has been suggested  fo r  th e  seaw ater-freshw ater o r ie n ta t io n  o f  g la s s  e e l s

-I

: , f t . ' V- 1'.:.



( C r e u t z b e r g  1 9 5 8 ) ,  a n d  " s e l e c t i v e  t i d a l  t r a n s p o r t "  h a s  b e e n  s h o w n  i n  

t h e  A m e r i c a n  e l v e r  w h i c h  a c h i e v e s  u p s t r e a m  m i g r a t i o n  o n  f l o o d  t i d e s ,  

s e e k i n g  r e f u g e  i n  s l a c k  w a t e r  d u r i n g  t h e  e b b  ( M c C l e a v e  a n d  K l e c k n e r  1 9 8 2 ) a n d  t h e j

t i m e  e l v e r s  m o v e  o u t  o f  t h e  t i d a l  r e a c h e s  o f  a  r i v e r  s o m e  c o n s i d e r a b l e  

g r o w t h  h a s  t a k e n  p l a c e  ( T e s c h 1977)  a n d ,  p o s s i b l y ,  a n  i n c r e a s e d  a n a e r o b i c  1

e n e r g y  p o t e n t i a l  w h i c h  w o u l d  b e  n e e d e d  f o r  t h e  m o r e  d r a m a t i c  m o v e m e n t  i n t o  

s t r e a m s  ( T e s c h  1 9 7 7 ) *  I n  a d d i t i o n ,  t h e  p r o p a g a t e d  I p c o m o t o r y  w a v e  i n  

a n g u i l l i f o r m  l o c o m o t i o n  i s  c h a r a c t e r i s t i c a l l y  o f  h i g h  a m p l i t u d e  a n d  l o w  «

v e l o c i t y  ( G r a y  1 9 3 5 ) *  I t  w o u l d  a p p e a r  t h a t  t h i s  f o r m  o f  s w i m m i n g  i s  

e n e r g e t i c a l l y  m o s t  e f f i c i e n t  a t  l o w  s p e e d s  ( V e b b  1 9 7 8 ) ,  a n d  t h e  r a n g e  o f  

e f f i c i e n t  s u s t a i n e d  s w i m m i n g  s p e e d s  w i l l  t h e r e f o r e  b e  r e s t r i c t e d ,  r e l a t i v e  |

t o  c a r a n g i f o r m  a n d  s u b - c a r a n g i f o r m  l o c o m o t i o n .  T h i s  w o u l d  s u g g e s t  a  l i m i t e d  

a n d  r a t h e r  i n f l e x i b l e  a e r o b i c  s c o p e  f o r  a c t i v i t y ,  w h i c h  i s  c o n s i s t e n t  w i t h  

t h e  o b s e r v e d  l o w  a e r o b i c  p o t e n t i a l  o f  t h e  s l o w  m u s c l e .  1

I
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F i g .  2 . 1 .  a )  O u t l i n e  o f  a n  e l v e r  u s e d  i n  t h i s  s t u d y ;  s a m p l e s  

w e r e  t a k e n  a t  a  p o s i t i o n  b e t w e e n  t h e  t w o  a r r o w s ,  l o c a t e d  p o s t e r i o r  

t o  t h e  c l o a c a  a n d  w i t h i n  t h e  a n t e r i o r  p o r t i o n  o f  t h e  v e n t r a l  f i n .

b )  D i a g r a m m a t i c  c r o s s - s e c t i o n  o f  a n  e l v e r  t r u n k  a t  

t h e  p o i n t  o f  s a m p l i n g ,  s h o w i n g  t h e  a n a t o m i c a l  d e t a i l s  u s e d  i n  

m a p p i n g  e a c h  s e c t i o n .  T h e  n u m b e r s  a l o n g  t h e  t r a n s e c t  r e f e r  t o  t h e  

n u m b e r  o f  f i b r e s  d e e p  f r o m  t h e  s k i n ,  a n d  a r e  u s e d  i n  « t h e  d e l i n e a t i o n  

o f  t h e  m u s c l e  r e g i o n s  u n d e r  s t u d y .  M a j o r  b l o o d  v e s s e l s  a r e  f o u n d  

a d j a c e n t  t o  t h e  n y o s p e t a ,  w i t h  t h e  l a r g e s t  o c c u r r i n g  w i t h i n  t h e  

f a s c i a  d i v i d i n g  R  a n d  S  l a y e r s ,  a n d  a t  t h e  b a s e  o f  I T  ( t h e  l a t e r a l  

c u t a n e o u s  v e i n ) .  M u s c l e  m a k e s  u p  7 3 * 8  -  5 * 0 5 %  ( x  -  S . D j  n  =  8 )  o f  

t h e  b o d y  c r o s s - s e c t i o n a l  a r e a  a t  t h i s  p o i n t ,  a n d  v a r i e s  l i t t l e  

a l o n g  t h e  b o d y  ( a n t e r i o r l y  o r  p o s t e r i o r l y )  f o r  a t  l e a s t  a  s i m i l a r  

d i s t a n c e  t o  t h a t  u s e d  i n  s a m p l i n g .
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F i g s .  2 . 2 .  -  2 . 1 1 .  H i s t o c h e m i c a l  s t a i n i n g ,  f r o z e n  s e c t i o n s :

F i g .  2 . 2 .  M y o f i b r i l l a r  A T P a s e ;  s h o w i n g  t h e  r e g i o n  a r o u n d  t h e  l a t e r a l  

l i n e  t r i a n g e  ( I T ) .  H o m o g e n e o u s  s t a i n i n g  c a n  b e  s e e n  i n  b o t h  t h e  s l o w  
( p a l e )  a n d  f a s t  ( d a r k )  f i b r e s .  S k i n  a n d  m e l a n o p h o r e s  a r e  v i s i b l e  o n  

t h e  l e f t ,  w i t h  m y o s p e t a  a n d  t h e  l a t e r a l  l i n e  n e r v e  ( i f f )  t o w a r d s  t h e  

c e n t r e .  lO fim  s e c t i o n .  S c a l e  b a r  =  1 0 0 p m .

F i g .  2 . 3 .  M y o f i b r i l l a r  A T P a s e ;  d e t a i l  s h o w i n g  t h e  d i s t i n c t  s e g r e g a t i o n  

o f  t h e  s l o w  a n d  f a s t  f i b r e s .  A d j a c a a t ,  e p a x i a l ,  n y o t o m e  t o  t h a t  s h o w n  
i n  F i g .  2 . 2 .  8 p m  s e c t i o n .  S c a l e  b a r  =  2 0 p m .

F i g .  2 . 4 .  S D H ; a r e a  a r o u n d  L T ,  s h o w i n g  t h e  m o d e r a t e  s t a i n i n g  f o r  

s l o w  ( d ^ k )  f i b r e s  a n d  t h e  s l i ^ t  r e a c t i o n  f o u n d  i n  t h e  s u p e r f i c i a l  

w h i t e  f i b r e s  ( S W 1 ,  s e e  T a b l e  2 . l ) ,  1 0 p m  s e c t i o n .  S c a l e  b a r  =  1 0 0 p m .

F i g .  2 . 5 .  S D H ; d e t a i l  o f  a d j a c e n t  m y o t o m e  s h o w i n g  t h e  i n t e r m e d i a t e  

r e a c t i v i t y  o f  t h e  s u p e r f i c i a l  w h i t e  f i b r e s  ( S W 2 ,  s e e  T a b l e  2 . 1 )  

r e l a t i v e  t o  t h e  s l o w  ( d a r k )  a n d  f a s t  ( p a l e )  f i b r e s .  8 p m  s e c t i o n .
S c a l e  b a r  =  2 0 p m .

F i g .  2 . 6 .  C O X ; a r e a  a r o u n d  I T  s h o w i n g  i n t e r m e d i a t e  s t a i n i n g  o f  

t h e  SW1 f i b r e s .  1 0 p m  s e c t i o n .  S c a l e  b a r  =  1 0 0 p m .

F i g .  2 . 7 .  C O X ; p e r i p h e r a l  m y o t o m e  s h o w i n g  t h e  m o r e  i n t e n s e  

s t a i n i n g  r e a c t i o n  o f  s l o w  t h a n  f a s t  f i b r e s .  N o t e  t h e  c l e a r e r  

d e l i n e a t i o n  o f  r e a c t i o n  p r o d u c t s ,  a n d  r e d u c e d  b a c k g r o u n d  s t a i n i n g ,  

c o m p a r e d  t o  t h e  S D H  s t a i n .  8 p m  s e c t i o n .  S c a l e  b a r  =  2 0 p m .

F i g .  2 . 8 .  P A S ;  a r e a  a r o u n d  L T  s h o w i n g  t h e  v a r i a b i l i t y  o f  g l y c o g e n  

d e p o s i t s  w i t h i n  t h e  f a s t  f i b r e s ,  r e l a t i v e  t o  t h e  s l o w  ( d a r k )  f i b r e s .  

S k i n ,  m y o s e p t a  a n d  l a t e r a l  l i n e  n e r v e  a r e  a l s o  s t a i n e d .  N o t e  t h e  

d e p t h  o f  t h e  SV/1 z o n e .  S t a i n i n g  o f  t h e  s k i n  i s  m a i n l y  r e s t r i c t e d  

t o  t h e  e p i d e r m i s .  1 0 p m  s e c t i o n .  S c a l e  b a r  =  1 0 0 p m .

F i g .  2 . 9 .  P A S ;  a d j a c e n t  m y o t o m e  s h o w i n g  t h e  p r o g r e s s i v e  r e d u c t i o n  

o f  s t a i n  f r o m  t h e  SW 1 t o  SW 2 r e g i o n s .  8 p m  s e c t i o n .  S c a l e  b a r  =
2 0 p m ..-

F i g .  2 . 1 0 .  P A S ;  d e t a i l  o f  SDW  s h o w i n g  t h e  h i g h e r  s t a i n i n g  t h a n  

t h e  a d j a c e n t  DW f i b r e s ,  w h i c h  a r e  d e l i n e a t e d  b y  s t a i n  i n  t h e  

v i c i n i t y  o f  t h e  s a r c o l e m m a .  8 p m  s e c t i o n .  S c a l e  b a r  =  1 0 p m .

F i g .  2 . 1 1 .  S u d a n  B l t y c k ;  d e t a i l  o f  p e r i p h e r a l  m y o t o m e  s h o w i n g  t h e  

r e l a t i v e  d i f f e r e n c e  i n  l i p i d  d e p o s i t s  b e t w e e n  t h e  s l o w  ( d a r k )  a n d  

f a s t  ( p a l e )  f i b r e s .  8 p m  s e c t i o n .  S c a l e  b a r  =  2 0 p m .
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F i g .  2 . 1 8 .  H i s t o g r a m s  s h o w i n g  t h e  f r e q u e n c y  d i s t r i b u t i o n  (% )  

o f  f i b r e  c r o s s - s e c t i o n a l  a r e a ,  a ( f ) ,  d e t e r m i n e d  b y  p l a n i m e n t r y  

o f  P A S - s t a l n e d  f r o z e n  s e c t i o n s .

a )  S l o w  m u s c l e  ( H F ,  n ~ 3 7 8 )

b )  S u p e r f i c i a l  w h i t e  m u s c l e  (S W I +  S W 2 )

c )  D e e p  w h i t e  m u s c l e  (MW +  DW +  SD W )

d )  C o m b i n e d  d a t a  f o r  a l l  f a s t  f i b r e s  ( n = 1 7 2 ? )

e )  E x p a n d e d  v i e w  o f  t h e  s m a l l  f a s t  f i b r e  d a t a  (S D W )

N o t e  t h e  c o n t r i b u t i o n  o f  t h e  SDW  t o  t h e  b i m o d a l  d i s t r i b u t i o n  

o f  t h e  f a s t  f i b r e  s i z e ,  e x t e n d i n g  t h e  l a r g e  r a n g e  s e e n  w i t h i n  

t h e  f a s t  s y s t e m .
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F i g .  2 . 1 9 .  H i s t o c h e m i c a l  s t a i n i n g  f o r  SD H  a c t i v i t y ;  f r o z e n  s e c t i o n  

o f  s l o w  f i b r e s  a t  t h e  l e v e l  o f  t h e  t r a n s e c t  ( s e e  F i g .  2 . 1 b )  s h o w i n g  

e v e n  s t a i n i n g  a l o n g  t h e  w h o l e  l e n g t h  o f  t h e  f i b r e s .  L . S . ,  1 0 p m  

s e c t i o n .  S c a l e  b a r  =  lO j im .

F i g .  2 . 2 0 .  S e m i - t h i n  s e c t i o n  o f  e p a x i a l  m y o t o m e s  i l l u s t r a t i n g  

t h e  t h i c k n e s s  o f  t h e  m y o s e p t a ,  r e l a t i v e  t o  m u s c l e  f i b r e  s i z e .  T h e  

p r e f e r e n t i a l  l o c a l i s a t i o n  o f  l i p i d  a n d  m a j o r  ( v e n o u s )  b l o o d  

v e s s e l s  a l o n g  t h e  m y o s p e t a  i s  a l s o  s h o w n .  C a p i l l a r y  - s u p p l y  t o  t h e  

r e d  m u s c l e  i s  e v i d e n t ;  n o t e  e s p e c i a l l y  t h e  l o c a t i o n  o f  a  n u m b e r  o f  

v e s s e l s  a d j a c e n t  t o  t h e  R F -S W  i n t e r f a c e .  T o l u i d i n e  B l u e  s t a i n ,

0 . 5 p m  s e c t i o n .  S c a l e  b a r  =  1 0 0 p m .

F i g .  2 . 2 1 .  T r a n s e c t  o f  e l v e r  m u s c l e  f r o m  t h e  s k i n  t o w a r d s  t h e  

v e r t e b r a l  c o l u m n ,  d i o w i n g  t h e  r e l a t i o n s h i p  o f  f i b r e  s i z e  w i t h i n  

t h e  v a r i o u s  r e g i o n s  u n d e r  s t u d y  a n d  r e l a t i v e  d i s t r i b u t i o n  o f  c a p i l 

l a r i e s .  S t i p p l e  =  R F ,  h a t c h i n g  =  SW f i b r e s .  C a m e r a  l u c i d a  t r a c i n g  

o f  s e m i - t h i n  s e c t i o n .

F i g .  2 . 2 2 .  S e m i - t h i n  s e c t i o n  ( T . S . )  o f  t h e  L T  r e g i o n .  N o t e  t h e  s l o w  

m u s c l e  l a y e r  ( d a r k e r  f i b r e s )  a n d  l a r g e  l i p i d  d e p o s i t s  a s s o c i a t e d  

w i t h  t h e  i n v a g i n a t i o n .  N u c l e i ,  c a p i l l a r i e s  a n d  l a t e r a l  l i n e  n e r v e  

a r e  a l s o  c l e a r l y  v i s i b l e ,  a s  i s  t h e  v e r t e b r a l  c o l u m n  o f  t h e  a p e x  

o f  t h e  I T .  S c a l e  b a r  =  1 0 0 p m .

F i g .  2 . 2 5 .  S e m i - t h i n  s e c t i o n  ( T . S . )  o f  s l o w  ( R F )  a n d  f a s t  ( S W )  m u s c l e  

i n t e r f a c e  ( f a s c i a ,  F )  s h o w i n g  t h e  r e l a t i v e  s i z e  o f  t h e  l i p i d  

d e p o s i t s  ( s e e  a l s o  F i g .  2 . 5 1 . ) .  S k i n  i s  v i s i b l e  a t  t h e  b o t t o m ,  a n d  

t h e  d i f f e r i n g  c a p i l l a r y  s u p p l y  i s  e v i d e n t .  M a t e r i a l  f r o m  a n  o l d e r  

e l v e r  t h a n  u s e d  i n  t h i s  s t u d y ,  a s  s h o w n  b y  t h e  p r o l i f e r a t i o n  o f  s l o w  

f i b r e s  i n t o  a  5  o r  4  f i b r e  d e e p  l a y e r .  N o t e  t h e  p r e s e n c e  o f  s m a l l  

f i b r e s  ( g r o w t h  s t a g e s )  w i t h i n  t h e  s l o w  m u s c l e ,  b u t  n o t  w i t h i n  t h e  

s u p e r f i c i a l  f a s t .  S c a l e  b a r  =

F i g .  2 . 2 4 .  S e m i - t h i n  s e c t i o n  ( L . S . )  o f  MW m u s c l e  s h o w i n g  t h e  i n 

s e r t i o n  o f  f i b r e s  i n t o  t h e  m y o  s e p t a l  s h e e t  ( M S ) .  N o t e  t h e  l a r g e  

l i p i d  d e p o s i t s  a n d  t h e  n u m e r o u s  d a r k l y  s t a i n i n g  n y o n u c l e i ,  u n d i f 

f e r e n t i a t e d  p e r i c y t e s  a n d  c o n n e c t i v e  t i s s u e  f i b r o b l a s t s .  T h i s  r e g i o n  

a l s o  c o n t a i n s  l a r g e  b l o o d  v e s s e l s ,  a f f e r e n t  a n d  e f f e r e n t ,  a n d  s m a l l  

n e r v e  b u n d l e s  r u n n i n g  n o r m a l  t o  t h e  p l a n e  o f  s e c t i o n ,  o n  b o t h  s i d e s  

o f  t h e  m y o s e p t u m .  S c a l e  b a r  =  4 0 p m .
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F i g .  2 . 2 5 » T e a s e d  f i b r e  b u n d l e ;  h i s t o c h e m i c a l  s t a i n i n g  f o r  

a c e t y l c h o l i n e s t e r a s e  a c t i v i t y .  G l y c e r o l - c l e a r e d  s a m p l e  f r o m  

f a s t  m u s c l e  s h o w i n g  t y p i c a l  s t r i a t i o n  p a t t e r n  a n d  a n  " e n - p l a q u e ”  

e n d p l a t e  ( d e t a c h e d  a n d  r e f l e x e d )  w i t h  m u l t i p l e  s i t e s  o f  s t a i n  

d e p o s i t .  MW r e g i o n .  S c a l e  b a r  =  2 0 p m .

F i g .  2 . 2 6 .  S i m i l a r  p r e p a r a t i o n  t o  F i g .  2 . 2 5 ,  b u t  s h o w i n g  a  

p r o m i n e n t  p r e - t e r m i n a l  a x o n .  S c a l e  b a r  =  2 0 p m .

F i g .  2 . 2 7 .  S a m i - t h i n  s e c t i o n  ( T . S . )  o f  t h e  L T  s l o w  m u s c l e  ( d a r k  

f i b r e s )  a n d  s u r r o u n d i n g  f a s t  f i b r e s .  N o t e  t h e  l a r g e  l i p i d  

d e p o s i t s  ( l )  a n d  p r o m i n a n t  l a t e r a l  l i n e  n e r v e  ( L N ) .  T h e  h o r i z o n t a l  

s e p t u m  ( t o p ,  c e n t r e )  i s  s e e n  t o  r u n  a l o n g  o n e  s i d e  o f  t h e  c e n t r a l  

p o r t i o n ,  u n e v e n l y  d i v i d i n g  t h e  l i p i d  d e p o s i t s .  C a p i l l a r i e s  a r e  

c l e a r l y  v i s i b l e  a s  o p e n  c i r c l e s  w i t h  d a r k l y  s t a i n i n g  e n d o t h e l i a l  

p e r i c y t e s .  T o l u i d i n e  B l u e  s t a i n ,  0 . 5 p m  s e c t i o n .  S c a l e  b a r  =  1 0 0 p m .

F L g .  2 . 2 8 .  S e m i - t h i n  s e c t i o n  ( T . S . )  o f  f a s t  m u s c l e ,  MW ( b o t t o m )  

a n d  DW ( t o p )  r e g i o n s .  N o t e  t h e  c l o s e  a s s o c i a t i o n  o f  s o m e  f i b r e s  

w i t h  t h e  m y o s e p t a ,  a n d  t h e  p r e s e n c e  o f  s m a l l  f i b r e s  a t  t h e  " a p i c e s "  

o f  l a r g e  f i b r e s .  T h e  s p a r s e  d i s t r i b u t i o n  o f  c a p i l l a r i e s  i s  a l s o  

e v i d e n t ,  a n d  a n  i n t r a m u s c u l a r  b o n e  ( b o t t o m ,  r i ^ t ) .  S c a l e  b a r  =  1 0 0 p m .

F i g .  2 . 2 9 .  S e m i - t h i n  s e c t i o n  ( T . S . )  o f  m y o t o m a l  a p e x  ( c e n t r e )  w i t h i n  

t h e  e p a x i a l  q u a d r a n t .  L T  a p e x  i s  v i s i b l e  ( t o p ,  l e f t )  a n d  v e r t e b r a l  

c o l u m n  ( b o t t o m ,  r i g h t ) .  T h e  c l o s e  a s s o c i a t i o n  o f  t h e  b l o o d  s u p p l y  

a n d  m y o s e p t a  i s  s e e n ,  b e i n g  e x a g g e r a t e d  i n  t h i s  s e c t i o n  o f  t h e  t i p  

o f  t h e  c o n e - s h a p e d  m y o t o m e .  S c a l e  b a r  =  5 0 p a *

F i g .  2 . 5 0 .  F r e q u e n c y  d i s t r i b u t i o n  o f  t h e  c a p i l l a r y  c o n t a c t  m a d e  b y  

f i b r e s  o f  t h e  t h r e e  m a i n  m u s c l e  t y p e s ,  R F ,  SW a n d  D W . N o t e  t h e  

s p r e a d  o f  v a l u e s  f o r  b o t h  R F  a n d  SW  f i b r e s ,  a n d  e s p e c i a l l y  t h e  

l a r g e  p e r c e n t a g e  o f  s l o w  f i b r e s  w i t h o u t  a n y  c a p i l l a r y  c o n t a c t .
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F i g .  2 . 3 1 .  S M ,  e l v e r  t r u n k ,  a l c o h o l  d e h y d r a t e d .  T h e  e x t e n t  

o f  s u b c u t a n e o u s  l i p i d  d e p o s i t s  i s  o b v i o u s ;  n o t e  t h e  r e l a t i v e  s i z e  

o f  s l o w  m u s c l e  f i b r e s  ( r i ^ t ) .  A d i p o c y t e s  a n d  a b u n d a n t  c o n n e c t i v e  

t i s s u e  a r e  a l s o  s h o w n .  I n t r a - f i b r e  l i p i d  c a n  b e  s e e n  ( r i ^ t ) ,  a s  

w e l l  a s  s m a l l  i n t e r - f i b r e  d e p o s i t s .  S a m p l e  t a k e n  e p a x i a l  t o  m y o -  

s e p t a l  i n s e r t i o n  t o  t h e  s k i n  ( b o t t o m ,  l e f t ) ;  s e c t i o n e d  m a t e r i a l  

S c a l e  b a r  =  5 p m .

F i g .  2 . 3 2 .  S E M , e l v e r  f a s t  m u s c l e .  - T h e  m o r e  e v e n  s e c t i o n i n g  i s  

e v i d e n t ,  a n d  t h e  r a n g e  o f  f i b r e  s i z e s  a p p a r e n t .  C a p i l l a r y  p r o f i l e s  

w e r e  d i f f i c u l t  t o  i d e n t i f y ,  a n d  r e s o l u t i o n  o f  s a t e l l i t e  c e l l s  w a s  

n o t  p o s s i b l e .  A l o c h o l - d e h y d r a t e d  m a t e r i a l .  S c a l e  b a r  =  1 0 p m .
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F i g ,  2 . 5 3 .  S E M , e l v e r  f a s t  m u s c l e ,  MW r e g i o n .  A c e t o n e -  

d e h y d r a t e d  m a t e r i a l .  R e m o v a l  o f  t h e  i n t e r - f i b r e  l i p i d  r e v e a l s  

t h e  e x t e n t  o f  t h e  c o n n e c t i v e s  l i n k i n g  i n d i v i d u a l  f i b r e s .  

R e l i e f - p a t t e m s  o f  f i b r e  s t r i a t i o n s  c a n  b e  s e e n .  S a t e l l i t e  

c e l l  p r o f i l e s  w e r e  v i s i b l e  a l o n g  t h e  l e n g t h  o f  s o m e  f i b r e s ,  

b u t  d e t a i l e d  r e s o l u t i o n  w a s  n o t  p o s s i b l e .  S e c t i o n e d  m a t e r i a l ,  

w i t h  t h e  s p l a y i n g  o f  m u s c l e  f i b r e s  b e i n g  d u e  t o  f i x a t i o n  

s h r i n k a g e .  S c a l e  b a r  =  1 0 p m .

F i g .  2 . 3 4 .  S M ,  c o n g e r  s l o w  m u s c l e ,  a l c o h o l  d e h y d r a t i o n ,

c r y o - f r a c t u r e d  s p e c i m e n .  T h e  a d i p o c y t e  n e t w o r k  c o v e r i n g  t h e  

l i p i d  d e p o s i t s  i s  c l e a r ;  q u a l i t a t i v e l y  v e r y  s i m i l a r  t o  h o m o 

l o g o u s  c e l l s  i n  e l v e r  m u s c l e .  T h e  a b s o l u t e  s i z e  o f  t h e  l i p i d  

g l o b u l e s  i s  g r e a t e r  t h a n  i n  t h e  e l v e r ,  g i v i n g  a  s i m i l a r  s i z e  

d i f f e r e n c e  b e t w e e n  t h e  l i p i d  d e p o s i t s  a n d  s l o w  m u s c l e  f i b r e s  

i n  b o t h  s p e c i e s .  S c a l e  b a r  1 0 p m .

F i g .  2 . 5 5 .  S E M , c o n g e r  s l o w  m u s c l e .  C r y o - f r a c t u r e  o f  a l c o h o l -

d e h y d r a t e d  m a t e r i a l  s h o w i n g  t h e  u n e v e n  f r a c t u r e  p l a n e s  w i t h i n  

t h e  f i b r e s ,  r e f l e c t i n g  t h e  h e t e r o g e n e o u s  c o m p o s i t i o n .

S c a l e  b a r  =  1 0 p m .

F i g .  2 . 3 6 .  S M ,  c o n g e r  f a s t  m u s c l e .  S i m i l a r  p r e p a r a t i o n  t o  

F i g .  2 . 3 5 #  b u t  d i s p l a y i n g  a  m u c h  m o r e  h o m o g e n e o u s  f r a c t u r e  

p a t t e r n .  T h e  d o s e - p a c k i n g  o f  t h e  f i b r e s  i s  c l e a r l y  s e e n ,  a s  

a r e  t h e  d i f f e r e n t  s i z e s  o f  f i b r e .  S c a l e  b a r  =  1 0 p m .
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CHAPTER

INTRODUCTION

Two d is t in c t  f ib r e  p op u lation s can be d is t in g u ish ed  in  the p a r ie ta l  

(trunk) muscle o f  e lv e r s  on the b a s is  o f  h istoch em ica l s ta in in g  fo r  m.ATPase 

a c t iv i t y  (Chapter 2 ) ,  Although f a s t  f ib r e s  show a uniform s ta in in g  rea c tio n  

fo r  m.ATPase, th e  apparent aerob ic p o te n t ia l i s  h ig h est  in  the most super

f i c i a l  f ib r e s ,  and the sm a lle st  o f  the deep f ib r e s .  Mammalian tw itch  muscle 

f in e  stru ctu re  i s  known to  c o r r e la te  w ith the h isto ch em ica l and c o n tr a c t i le  

p ro p ertie s  (C lose 1972) i . e .  f in e  stru ctu re r e f l e c t s  the p h y s io lo g ic a l  

fu n ction  o f  the m uscle. L i t t l e  inform ation i s  a v a ila b le ,  however, concerning  

the c o r r e la t io n  o f  such param eters in  f i s h  and, in  v iew  o f  the range o f  gross

stru ctu re  and fu n ctio n  (Bone 1978), t h i s  may be a s ig n if ic a n t  om ission . «
i

In the con tex t o f  the p resen t study, such an exam ination i s  necessary  b efore i

any attem pt can be made to  u t i l i s e  t h is  (apparently) sim ple ^ stem  fo r  

in v e s t ig a t in g  developm ental d if f e r e n t ia t io n ,  or environm ent-induced p la s t i c i t y ,  

o f  the muscle during the e lv e r s ’ v a r ied  l i f e  h is to r y .

No inform ation  i s  a v a ila b le  w ith  resp ec t to  the h e tero g e n e ity  o f  con- 

tra c tio n  v e l o c i t i e s ,  or b io ch em istiy , o f  m uscle f ib r e s  w ith in  the myotome.

Some genera l co n c lu sio n s can, however, be derived  from th e  degree o f  -I

s tru c tu ra l v a r ia t io n , s in c e  t h i s  must impose d ir e c t  p h y s ic a l and m etabolic  

l im ita t io n s  on th e  c e l l s .  The sm all number o f  q u a n tita t iv e  f in e  stru ctu re  

s tu d ie s  have a l l  d e a lt  w ith  advanced t e le o s t s  (s e e  Bone 1978 fo r  r e f s . ) ;  th is  

i s  the f i r s t  study o f  s k e le ta l  m uscle from a p r im itiv e  t e l e o s t .
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MATERIAL AND METHODS 

P i s h

S p e c i m e n s  w e r e  t a k e n  f r o m  t h e  s a m e  p o p u l a t i o n  o f  a n i m a l s  a s  i n  

C h a p t e r  2 ,  k i l l e d  a  f e w  w e e k s  l a t e r .  T h e s e  w e r e  s l i g h t l y  l a r g e r ,  w e i g h t  E

a n d  l e n g t h  b e i n g  0 * 3 1  -  0 . l 6 g  a n d  7 . 6  -  0 . 7 0 c m .  ( m e a n  -  S . D . ,  N  =  2 8 ) ,  

r e s p e c t i v e l y .

T i s s u e  p r e p a r a t i o n

P i s h  w e r e  p i t h e d  a n d  p i n n e d  o n  s t r e n g t h e n e d  c o r k  s t r i p s  w i t h  t h e  

b o d y  i n  a  s t r a i g h t  p o s i t i o n ,  a p p r o x i m a t i n g  r e s t i n g  l e n g t h .  T h e  m u s c l e  w a s  

c a r e f u l l y  d i s s e c t e d  f r o m  t h e  r i g h t  s i d e ,  e i t h e r  w i t h  o r  w i t h o u t  t h e  s k i n  *1

r e m a i n i n g  o n  t h e  l e f t  ( u n t o u c h e d )  s i d e ,  l e a v i n g  a  m a x im u m  d i f f u s i o n  d i s t a n c e  

f o r  t h e  f i x a t i v e  o f  2 - 3 m m . M u s c l e  w a s  f i x e d  i n  s i t u  u s i n g  3% g l u t e r a l d e h y d e  

i n  0 . 1 5 M  p h o s p h a t e  b u f f e r ,  p H  7 * 4 »  a . t  2 0 ^ 0  f o r  e i t h e r  4  ( s m a l l  s a m p l e s )  o r  |

2 4 h r s .  ( w h o l e  b o d y  s a m p l e s ) .  D i f f i c u l t y  w a s  e x p e r i e n c e d  i n  o b t a i n i n g  g o o d  

c o n t r a s t  i n  s e c t i o n s  o f  s l o w  m u s c l e .  T h i s  w a s  i m p r o v e d  b y  t h o r o u ^  r i n s i n g  

i n  b u f f e r  p r i o r  t o  c o m m e n c i n g  f i x a t i o n ,  a n d  f r e q u e n t  c h a n g e s  d u r i n g  f i x a t i o n ,  

p o s s i b l y  d u e  t o  t h e  e x t r a c t i o n  o f  m u c u s ,  s o l u b l e  p r o t e i n ,  a n d  l i p i d  f r o m  

t h e  c u t  s u r f a c e s  o f  t h e  b o d y .  S m a l l  p i e c e s  o f  m u s c l e  f r o m  t h e  s a m p l e  r e g i o n  

( e p a x i a l  m y o t o m e  a d j a c e n t  t o  t h e  l a t e r a l  l i n e  t r i a n g l e ,  p o s t e r i o r  t o  t h e  

c l o a c a ;  s e e  P i g .  2 . 1 )  w e r e  f u r t h e r  r i n s e d  a n d  p o s t - f i x e d  i n  1%  O s O ^ ,  p H  7 * 4 »  

f o r  6 0 - 9 0  m i n u t e s .  S a m p l e s  w e r e  t h e n  r i n s e d ,  d e h y d r a t e d  i n  a  s e r i e s  o f  

a l c o h o l s  u p  t o  a b s o l u t e ,  c l e a r e d  i n  p r o p y l e n e  o x i d e  ( 1 , 2 - e p o x y p r o p a n e )  a n d  

e m b e d d e d  i n  A r a l d i t e  C Y 2 1 2 .  V a r i o u s  a t t e m p t s  w e r e  m a d e  t o  i m p r o v e  s e c t i o n  

c o n t r a s t  a n d  r e s o l u t i o n ,  i n c l u d i n g  a l t e r i n g  f i x a t i v e  c o n c e n t r a t i o n s  b y  a  

f a c t o r  o f  4 »  a n d  u s i n g  e i t h e r  o f  t h e  f i x a t i v e s  s i n g l y ,  f o r  v a r y i n g  t i m e s .

T i s s u e  p r e s e r v a t i o n  w a s  c h e c k e d  f o r  t e m p e r a t u r e  e f f e c t s ;  r o o m  t e m p e r a t u r e  

( 2 0 - 2 2 ° C )  w a s  s u p e r i o r  t o  t h e  l o w  t e m p e r a t u r e  ( 4 ° C )  f i x a t i o n  o f t e n  p r e f e r r e d



i n  e c  t o  t h e r m  s t u d i e s .  T h i s  w a s  a s s u m e d  t o  b e  d u e  t o  a n  i n c r e a s e  i n  

f i x a t i v e  p e n e t r a t i o n ,  r e l a t i v e  t o  e l e v a t i o n  o f  a u t o l y t i c  r a t e  ( P l i t n e y  I 965) .  

R e d u c t i o n  i n  s e c t i o n  q u a l i t y  d u e  t o  a u t o l y s i s  w a s  d i s c o u n t e d  i n  a  s e r i e s  

o f  e x p e r i m e n t s  u s i n g  K a m o v s k y - t y p e  f i x a t i o n  ( 4% p a r a f o r m a l d e h y d e ,  f /o  

g l u t e r a l d e h y d e  ;  f r e s h l y  p r e p a r e d  b e f o r e  u s e )  a s  a  m o r e  r a p i d l y  p e n e t r a t i n g  

f i x a t i v e  ( K a m o v s k y  I 965 ) .  L e a c h i n g  o f  s o l u b l e  m a t e r i a l  b y  r i n s i n g  w a s  

c o n f i r m e d .  R a p i d  d e h y d r a t i o n ,  c o m m e n c i n g  a t  "JOf/o s t r e n g t h ,  i n c r e a s e d  c o n t r a s t  

a p p r e c i a b l y ,  a l t h o u g h  t o  a  l e s s e r  e x t e n t  t h a n  d e m o n s t r a t e d  i n  i n s e c t  

s k e l e t a l  m u s c l e  ( C o l q u h o u i n  e t  a l  I98O).

S e c t i o n i n g

S a m p l e s  w e r e  p i c k e d  a t  r a n d o m  f r o m  a  p o o l  o f  3 ^  ( T S )  o r  2 0  ( L S )  b l o c k s  

f r o m  1 8  a n d  1 0  f i s h ,  r e s p e c t i v e l y .  S e c t i o n s  w e r e  c u t  o n  a n  u l t r a m i c r o t o m e  ?

( 0 M - U 2  ,  R e i c h e r t ,  A u s t r i a )  a n d  s e m i  t h i n  ( 0 . 5 p m )  s e c t i o n s  u s e d  t o  c h e c k  

o r i e n t a t i o n  a n d  p o s i t i o n  o f  s a m p l i n g .  I n  o r d e r  t o  s e c t i o n  a t  a  s i m i l a r  l e v e l  

f o r  t h a t  i n  t h e  T S  a n a l y s e s ,  t h e  L S  b l o c k s  w e r e  p a i r e d  d o w n  t h r o u ^  t h e  

v e r t e b r a l  a p i c e s  t o  t h e  l e v e l  o f  t h e  n e r v e  c o r d ,  b e f o r e  s e c t i o n s  w e r e  

c o l l e c t e d .  T h e  h e t e r o g e n e i t y  o f  t h e  m a t e r i a l  -  e x t e n s i v e  e x t r a c e l l u l a r  l i p i d  

d e p o s i t s ,  m u s c l e ,  b o n e  -  l i m i t e d  t h e  t h i c k n e s s  t o  w h i c h  s e c t i o n s  c o u l d  b e  

r e l i a b l y  c u t  w i t h o u t  s u p p o r t ,  e s p e c i a l l y  i n  v i e w  o f  t h e  l a r g e  b l o c k  f a c e s  

r e q u i r e d  t o  a s c e r t a i n  s p a t i a l  r e l a t i o n s h i p s  b e t w e e n  i n d i v i d u a l  f i b r e s  a n d  

t h e  r e f e r e n c e  f r a m e .

T h e  c o m p l e x  o r i e n t a t i o n  o f  m u s c l e  f i b r e s  w i t h i n  f i s h  m y o  t o m e s  i s  

t h o u g h t  t o  b e  r e l a t e d  t o  t h e  p r e s e n c e  o f  n e a r - i s o m e t r i c  c o n t r a c t i o n ,  g i v i n g  

l i t t l e  s a r c o m e r e  s h o r t e n i n g  ( c . 3 % )  e v e n  a t  m a x i m a l  b o d y  f l e x u r e  ( A l e x a n d e r  1 9 ^ 9 ) •  

T h i s  m e a n s  t h a t ,  i n  a n y  o n e  p l a n e  o f  s e c t i o n i n g ,  o n l y  a - m o d e r a t e  p e r c e n t a g e  

o f  f i b r e s  w i l l  b e  c u t  i n  t r u e  T S .  T h e  a n a l y s i s  o f  v o l u m e  d e n s i t i e s  i s  

r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  p l a n e  o f  s e c t i o n i n g  ( W e i b e l  I98O), b u t  p e r i m e t e r  

a n d  a r e a  e s t i m a t e s  a r e  h i ^ l y  d e p e n d e n t  o n  t h e  a n ^ e  b e t w e e n  f i b r e  a x i s  a n d
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s e c t i o n  p l a n e  ( T a b l e  3 . 1 ) .  I t  i s  p o s s i b l e ,  b y  e s t i m a t i n g  t h e  f i b r e

o r i e n t a t i o n  ( s e e  a l s o  Z u m s t e i n  e t  a l  1 9 8 2 ) ,  t o  s e l e c t  o n l y  t h o s e  f i b r e s

t h a t  a r e  s e c t i o n e d  c l o s e  t o  t r u e  T S ,  i . e .  (3 < 2 0 °  ( T a b l e  3 * l ) *  T h u s ,  t h e r e

i s  o n l y  a  r e l a t i v e l y  l o w  p r o b a b i l i t y  t h a t  a  r e p r e s e n t a t i v e  s a m p l e  o f  a  f i b r e

c a t e g o r y  w i l l  b e  a v a i l a b l e  f o r  v i e w i n g  i n  a n y  o n e  s e c t i o n .  T h i s  p r o b a b i l i t y

i s  i n c r e a s e d  a s  a  s q u a r e d  f u n c t i o n  o f  g r i d  a p e r t u r e  a n d  l a r g e  m e s h  s i z e s ,

—1
e . g .  5 0  o r  7 5  a p e r t u r e s  mm ,  a r e  n e c e s s a r y  f o r  t h e  ( L a r g e  f i e l d  o f  v i e w

r e q u i r e d  t o  s a m p l e  w h o l e  f i b r e  c a t e g o r i e s  i n  o n e  s e c t i o n .  T h o s e  s e c t i o n s

s h o w i n g  a  p a l e  g o l d  i n t e r f e r e n c e  p a t t e r n  ( 8 0 - 9 Q n m )  w e r e  p i c k e d  u p  e i t h e r

o n  u n c o a t e d  s m a l l ,  2 0 0  m e s h ,  c o p p e r  g r i d s ,  o r  o n  F o r r a v a r - c o a t e d  h e x a g o n a l

l a r g e ,  7 5  m e ^ ,  g r i d s  ( R a s m u s s e n  e t  a l  1 9 7 5 ) ;  t h e  l a t t e r  g i v i n g  a  m a x im u m

2
f i e l d  o f  v i e w  o f  c . 0 . 1 m m  .  S e c t i o n s  w e r e  d o u b l e - s t a i n e d  w i t h  u r a n y l -  

a c e t a t e  a n d  l e a d  c i t r a t e .  I m p r o v e m e n t  i n  s e c t i o n  c o n t r a s t  w a s  p o s s i b l e  b y  

b l o c k  s t a i n i n g  w i t h  u r a n y l . a c e t a t e ,  b u t  n o t  w i t h  p h o s p h o t u n g s t i c  a c i d  

( R o b i n s o n  1 9 7 7 )  w h i c h  s e l e c t i v e l y  s t a i n e d  m o n b r a n e s .  O p t i m a l  s t a i n i n g  w a s  

o b t a i n e d  u s i n g  0 .4 9 ^  u r a n y l  a c e t a t e  i n  50^  e t h a n o l  a n d  f r e s h l y - p r e p a r e d  l e a d  

c i t r a t e  ( R e y n o l d  I 963 )  f o r  2 - 3  h o u r s  a n d  3*“4  m i n s . ,  r e s p e c t i v e l y .  S e c t i o n s  

w e r e  v i e w e d  u n d e r  a  P h i l l i p s  3O I B  e l e c t r o n  m i c r o s c o p e  a t  4 0 k V ,  a n d  

e l  e c  t r e m o r o g r a p h s  p r o j e c t e d  a t  a p p r o p r i a t e  m a g n i f i c a t i o n s  ( s e e  b e l o w ) .

A n a l y s e s  o f  a n y  o n e  f i b r e  t y p e  w e r e  t a k e n  f r o m  a  s i n g l e  s e c t i o n ,  

a l t h o u ^  t h e  r a n d o m  o r i e n t a t i o n  o f  s e c t i o n s  a n d  g r i d  s u p p o r t s  o f t e n  r e q u i r e d  

a d j a c e n t  f i b r e  t y p e s  t o  b e  a n a l y s e d  f r o m  d i f f e r e n t  s e c t i o n s  i n  o r d e r  t o
V

o b t a i n  s u f f i c i e n t  n u m b e r  o f  w h o l e  f i b r e s .  I n  p r a c t i c e ,  < 1 0  s e c t i o n s  p e r  

b l o c k  w e r e  r e q u i r e d  f o r  c o m p l e t e  a n a l y s i s ,  g i v i n g  a  m a x im u m  s p a t i a l  s e p a r a t i o n  

o f  < 9 0 Q n m  b e t w e e n  s a m p l e s .

M a p p i n g  t h e  s a m p l e  a r e a

W i t h  s e m i  t h i n  s e c t i o n s  v i e w e d  u n d e r  l o w  p o w e r  ( X  50 ,  L M ) a  c o - o r d i n a t e  

s y s t e m  w a s  e s t a b l i s h e d  u s i n g  t h e  c h a r a c t e r i s t i c  f i b r e  p a t t e r n ,  v e r t e b r a l  

c o l u m n ,  m y o s e p t a ,  l i p i d  d e p o s i t s ,  l a t e r a l  l i n e  n e r v e  a n d  s k i n  a s  r e f e r e n c e  

p o i n t s .  I n d i v i d u a l  f i b r e s  v i e w e d  u n d e r  t h e  M  c o u l d  t h e n  b e  l o c a t e d  o n  t h i s
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map, and assign ed  to  a p a r tic u la r  ca tegory , dependant on i t s  s iz e  and 

p o s it io n  w ith in  the myotome (se e  Table 3 .2 ) .

S te r e o lo g ic a l a n a ly s is

A nalyses fo llo w ed  the th e o r e t ic a l  models o f  Weibel (1975» 1979) 

u sin g  a  sim p le, coherent quadratic t e s t  system (eq u iv a len t to  grid  A-100,

Weibel 1980). E lectrc^ cro g ra p h  n e g a tiv e s  (X1300-4300) o f  whole f ib r e s  

were p ro jec ted  onto a  1cm s q u a r e - la t t ic e  counting  gr^d a t  vary ing  

m agn ifica tion s (X 2 .3 -4 * 2 ) such th a t th e  g r id  spacing  was >1 < 1 .5  X the  

average m y o fib r illa r  diam eter:

(Eq. l )  d*>l^ where d = l a t t i c e  spacing

l a  =  a v e r a g e  l e n g t h  o f  c o m p o n e n t  a x i s  

( W e i b e l  1 9 7 5 ) *  T h e  m y o f i b r i l l a r  d i a m e t e r  w a s  c h o s e n  f o r  t h e  v a l u e  o f  l a  

a s  t h i s  i s  t h e  m a j o r  c o m p o n e n t  i n  a n y  o n e  f i b r e  g r o u p i n g .  V o l u m e  d e n s i t i e s

w e r e  d e t e r m i n e d  b y  p o i n t - c o u n t i n g  a t  l i n e  i n t e r c e p t s ,  s u c h  t h a t :

(Eq. 2) Vy -  3 -  where V  ̂= volume d en s ity
p

t  = number o f  p o in ts  f a l l i n g  on
a component

-  t o t a l  n u m b e r  o f  p o i n t s  f a l l i n g  

o n  a  p r o f i l e  ( f i b r e )

With components o f  va ry in g  s i z e s ,  a  d if fe r e n t  v a lu e  fo r  d i s  optim al and 

fo r  maximal accuracy m u ltip le  g r id  s iz e s  are required  (W eibel 1975)* U sing  

a s in g le  (average) v a lu e  fo r  d w i l l  cause th ose  components fo r  which d i s  > 

optim al to  be underestim ated , and th ose  components fo r  which d i s  <  optim al 

to  be overestim ated . However, w ith  components o f  s im ila r  s iz e  t h i s  error  

i s  sm all, r e la t iv e  to  experim ental erro r , and on ly  in  th e  case o f  the in t e r -  

m y o fib r illa r  space (th e  sm a lle st component analysed ) w i l l  i t  become s ig 

n i f ic a n t .  Although many f ib r e s  analysed  were n ot sec tio n ed  in  tru e  TS *

(se e  above), p o in t-co u n tin g  estim a tes  are r e la t iv e ly  in s e n s it iv e  to  the angle  

o f  s e c t io n in g , or th e degree o f  an iso trop y  o f  th e  components (W eibel 1975» 1980).
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Muscle f ib r e s  do n ot e a s i ly  f i t  in to  th e  id e a l is e d  c a te g o r ie s  on which

th ese  models are based , and so th ese  assum ptions were t e s te d  u s in g  a

group o f  10 SW f ib r e s ,  l in e a r ly  spread a cro ss  th e myotome. A n alysis  u s in g

4 d if fe r e n t  s iz e  g r id s  gave the most rep rod u cib le  r e s u l t s  when th e above

c r ite r io n  was f u l f i l l e d  (Eq. l ) .  O rien ta tion  o f  the g r id  to  6 d if fe r e n t

an g les (over a 180° range) showed no p r e fe r e n t ia l  o r ie n ta t io n , as revea led

by volume d en s ity  estim a tes  o f  m y o fib r ils  and n u c le i : /  v a r ia t io n  due to

g rid  o r ie n ta tio n  was whereas non—optim al grid  s i^ e  accounted fo r

up to  20^  v a r ia t io n . The r e s u l t s  ob ta in ed  agree w e ll w ith  th o se  found

by planim etry ( >95% agreement) ,  both methods g iv in g  s im ila r  v a lu es  fo r  

r e p r o d u c ib ility  ( >  97%).

Counting was ca rr ied  out b lin d , w ith  p r o f i le s  id e n t i f i e d  by p la te  

number o n ly , and s e le c t in g  n e g a tiv e s  a t  random to  reduce b ia s .  I n i t i a l l y ,  

r e p lic a te  counts were made, u t i l i s i n g  a  new o r ie n ta tio n  o f  th e g r id . The 

two s e t s  o f  data  were compared and th ose  showing >  5% v a r ia n ce  r e je c te d .

As t h is  r a r e ly  happened, th e procedure was abandoned fo r  subsequent a n a ly se s , 

s in ce  r e p r o d u c ib ility  was o b v iou sly  ^  experim ental error or n a tu ra l v a r ia n ce .

In th e case  o f  th e  sm a lle st  f ib r e s ,  where Pt i s  sm a ll, t r ip l e  counts were 

r o u tin e ly  made such th a t Pt was around 200. T his g iv e s  th e  method a  

r e s o lu t io n , d efin ed  as (1 /P t)  o f  0 .005 ; i . e .  a l l  components >0,5%  by 

volume may be q u a n tif ie d  (Table 5 . 3 . ) .  I f  t h i s  va lu e  o f  P t was approached, 

the r e s u lt s  were alwa^^s checked by p lan im etry (Chapter 2 ) .  The m itochondrial 

and sarcoplasm  con ten t o f  the subsarcolemmal ( 88) and in te r m y o fib r illa r  (iMP) 

zones were q u a n tif ied  se p a r a te ly . The 88 zone was taken to  extend from the  

sarcolemma to  th e envelope o f  th e  p er ip h era l m y o fib r il ed ges, and the IMP zone I

c o n s t itu t in g  th e r e s t  (c e n tr e )  o f  th e f ib r e .  As the ex ten t o f  th e 88 zone -

w i l l  c le a r ly  a f f e c t  the magnitude o f  (m it ,f ) ,  the t o t a l  m itochondria  

and sarcoplasm  volume d e n s it ie s  were c a lc u la te d  as w e ll .

ii
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U sing th e assumption th a t s e c t io n s  rep resen t a  random sample o f  #

f ib r e  com position , a r e la t io n sh ip  can be e s ta b lish e d  between and P  ̂ to  

g iv e  an estim ate  o f  m ethodological error:

( E d . 3 )  E y  =  0.6745
V

N

 ^  (W eibel I973)

where Ey = expected  r e la t iv e ‘s error in  
V volume d e n s ily  e stim a tio n

I t  fo llo w s  th a t as P. 00, or 1 .0 ,  then EL. 0 (P ig . 3 .1 ) .  On
4  4  4

t h i s  b a s is ,  rare components in  a  f ib r e  req u ire  a  p r o h ib it iv e ly  la rg e  number 

o f  p o in ts  to  be counted fo r  an a ccep tab le  error (P ig . 5»1)« I f  the in te r 

f ib r e  v a r ia n ce  i s  >  in tr a - f ib r e  v a r ia n c e , and th e  sample i s  s t a t i s t i c a l l y  

r e p r e se n ta tiv e  o f  the p op u la tion , th e  error  in  estim a tio n  o f  population  

mean i s  c< ^  P_̂ , and n ot the summed error  o f  in d iv id u a l p r o f i le  an a lyses;

i . e .  as n 00, then EL 0 , over a  g iven  (m oderate) range o f  v a lu es  fo r  P . , 

e .g .  ( l )  fo r  a f ib r e  w i3 i a  m itochondria l con ten t o f  5%» and a t o t a l  

number o f  counted p o in ts  o f  175, then

45 = 1 = 175 Ty = 0 .0 5 7  Ey = 0 .2 2

but fo r  twenty such f ib r e s ,  then

75 = 20 = 175 Ty = 0.057 Ey = 0.05

Such an o p tim isa tio n  approach fo r  b io lo g ic a l  q u a n tif ic a t io n  ( i . e .  accuracy  

per u n it  e f f o r t )  i s  ga in in g  widespread acceptance (Zumstein e t  a l  1982), 

e s p e c ia l ly  when th e in ter-sam p le  varian ce  is » in tr a r -s a m p le  variance  

(Gundersen & ^sterby I98I ) .
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E stim ates o f  f ib r e  c r o s s - s e c t io n a l area  were c a lc u la te d  from 

p o in t-cou n t data:

(Eq, 4 )  A = P^,d^ where A = p r o f i le  area
d = g r id  sp acin g

and compared to  d ir e c t  p lan im eter measurements over a  range o f  f ib r e  

s iz e s  (Pig* 5*2). (f
e .g .  (2 )  = 323

EM m agn ifica tio n  = X%00 

p r o je c tio n  m agn ifica tion  = X$.2

l a t t i c e  sp acin g  -  1cm.

1 x 1  

(3400x3 .2 )5 ( f )  = 323 ( ,'>2 ) X 10® = 212 .9m

2
plan im eter e stim a te  = 2Y4»0pm

The d e v ia t io n  was n o t s ig n if ic a n t  in  most c a s e s , and th e  method was 

subsequently  adopted fo r  a l l  experim ents which d id n 't  req u ire  p lan im etr ic  

estim ate  o f  p erim eter l^ g th s *

Form ally, th e  estim a tio n  o f  f ib r e  area  i s  g iven  by:

i=n /  i=n
5 ( f )  = <  a ( f ) i  /  < N ( f ) i

i=1 /  1=1
fo r  p lanim etry

a ( f )  =  ̂ £  P i . d^l H ( f ) iII

fo r  p o in t  counts

P rojected  LS p r o f i l e s  ( f in a l  m agn ifica tion  X 45000 -  X 60000, 30- 4O 

p r o f i l e s  per group, se e  P ig s . 5*19 and 5*20) were q u a n tif ie d  fo r  th e  sa rco -  

tubular system  u s in g  planim etry;

(Eq. 5 ) Ty = a. A.1

^ t ^ t

where a^ = in d iv id u a l component area

= summed component areas  

A  ̂ = p ro jec ted  (sam ple) area



A t  t h e s e  m a g n i f i c a t i o n s ,  a  g r o u p  o f  4-6  m y o f i b r i l s  w e r e  a n a l y s e d  i n  e a c h  

p r o f i l e ,  o v e r  a  d i s t a n c e  o f  3 “ 4  s a r c o m e r e s .  E r r o r s  i n  q u a n t i f i c a t i o n  a r e  

t h e  s u m m e d  e r r o r s  o f  i n d i v i d u a l  t r a c i n g s ,  b u t  r e p r o d u c i b i l i t y  r e m a i n e d  

a c c e p t a b l e  a t  > 9 5 % «  P r o f i l e s  w e r e  s e l e c t e d  a t  r a n d o m  w i t h i n  a  f i b r e ,  b u t  

e x c l u d e d  t h e  p e r i p h e r a l  m y o f i b r i l s  a n d  t h e  s u b s a r c o l e m m a l  z o n e  ( P i g .  5 * 3 0 ) «  

C h e m i c a l s

A l l  r e a g e n t s  f o r  e l e c t r o n m i c r o s c o p y  w e r e  s u p p l i e d  b y  M s c o p e ,  K e n t ,
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R E S U L T S

F o l l o w i n g  a  p r e v i o u s  d e s c r i p t i o n  o f  t h e  g r o s s  m o r p h o l o g y  a n d  

h i s t o c h e m i c a l  s t a i n i n g  c h a r a c t e r i s t i c s  ( C h a p t e r  2 ) ,  a n d  a  p r e l i m i n a r y  f

i n v e s t i g a t i o n  o f  f i n e  s t r u c t u r e  u s i n g  l i g h t  m i c r o s c o p e  ( s e m i - t h i n  

s e c t i o n s )  a n d  e l e c t r o n  m i c r o s c o p e  ( l o w  p o w e r )  m a t e r i a l ,  a  g r o u p  o f  

n i n e  f i b r e  c a t e g o r i e s  w i t h i n  t h e  e l v e r  t r u n k  w e r e  i d e n t i f i e d  f o r  f u r t h e r  

s t u d y  ( T a b l e  $ . 2 ) .  M e a n  m i n i m a l  r e s o l u t i o n s  f o r  t h e  c a t e g o r i e s  R F ,  SW ,

MW, D ¥ ,  a n d  SDW  w e r e  0 . 4 2 ,  0 . 5 2  ,  0 . 3 7  » 0 . 3 5  a n d  0 .5 4 % »  r e s p e c t i v e l y ,  

f o r  i n d i v i d u a l  f i b r e s ;  a n d  r e d u c e d  t o  O .O O 7 ,  0 . 0 1 ,  0 . 0 0 8 ,  a n d  0 , 0 0 8 % ,  

f o r  t h e  e x p e r i m e n t a l  g r o u p  ( T a b l e  3 * 5 ) «  T h e  e x p e c t e d  e r r o r ,  r e l a t i v e  t o  

t h e  m e a n ,  f o r  d i f f e r e n t  c o m p o n e n t  v o l u m e  d e n s i t i e s  a n d  c o u n t s  i s  

i l l u s t r a t e d  ( F i g .  3 * 1 ) .

I

A  t r a n s e c t  f r o m  t h e  s k i n  t o  v e r t e b r a l  c o l u m n ,  a s  o u t l i n e d  i n  

F i g .  2 . 1 b ,  s h o w s  a  d r a m a t i c  d e c r e a s e  i n  m i t o c h o n d r i a l  v o l u m e  d e n s i t y ,

^ V ( n i t  f )  w i t h  a  g r a d u a l  i n c r e a s e  i n  m y o f i b r i l l a r  c o n t e n t ,

^ V ( m f  f )  a r o u n d  60 t o  8 0 % , a n d  a  m a r k e d  i n c r e a s e  i n  a v e r a g e  f i b r e

c r o s s - s e c t i o n a l  a r e a ,  a ( f ) ;  s e e  F i g .  3 - 1 ^ *  ^

T h e  s l o w  f i b r e s  s h o w  a  m o d e r a t e  m i t o c h o n d r i a l  c o n t e n t  ( 2 1 . 4 % )  a n d  

c o r r e s p o n d i n g l y  l o w  m y o f i b r i l l a r  c o n t e n t  ( 6 1 , 0 % ) .  N o  s i g n i f i c a n t  d i f f e r e n c e  

i s  s e e n  b e t w e e n  t h e  o u t e r  a n d  i n n e r  l a y e r s  o f  s l o w  f i b r e s  i n  t h e  e p a x i a l  

m y o t o m e s  ( R F o  a n d  R F i ) ,  a n d  t h e  d a t a  w a s  c o m b i n e d  ( T a b l e s  3 * 4 »  3 « 5 ) «  T h e
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l a t e r a l  l i n e  s l o w  f i b r e s  ( R F l )  a r e  s i m i l a r ,  b u t  s h o w  a  s l i ^ t l y  l a r g e r  

s i z e  ( T a b l e  3 . 6 ) ,  a n d  a  s l i ^ t l y  l o w e r  m i t o c h o n d r i a l  c o n t e n t  f o r  a  g i v e n  

f i b r e  s i z e  ( F i g .  3 * 9 ) -

N o  s i g n i f i c a n t  d i f f e r e n c e  c o u l d  b e  f o u n d  b e t w e e n  t h e  t w o  c a t e g o r i e s

o f  s u p e r f i c i a l  f a s t  f i b r e s ,  SW 1 a n d  S W 2 , d e s p i t e  t h e  d i f f e r e n c e s  n o t e d  i n

a p p a r e n t  a e r o b i c  c a p a c i t y  ( C h a p t e r  2 ) .  T h e  d a t a  i s  c o m b i n e d ,  T a b l e s  3 , 4 $

3 . 5 $ a n d  r e v e a l s  a  p o s i t i o n  b e t w e e n  s l o w  a n d  d e e p  w h i t e  f i b r e s  w i t h  r e s p e c t

t o  a r e a ,  m i t o c h o n d r i a  a n d  m y o f i b r i l s  ( F i g .  3 * 1 6 ) .  T h e  d e e p e r  r e g i o n s ,

(M W , N W ) h a v e  t h e  c h a r a c t e r i s t i c  a p p e a r a n c e  o f  f i b r e s  w i t h  a  l o w  a e r o b i c

c a p a c i t y  ( C h a p t e r  2 )  w i t h  a  l a r g e  a r e a  a n d  m y o f i b r i l  c o n t e n t ,  b u t  v e r y  l o w

m i t o c h o n d r i a l  c o n t e n t  ( T a b l e s  3 * 4 $  5 * 5 ) *  A l t h o u g h  t h e  r e g i o n s  a r e  v e r y

s i m i l a r ,  s o m e  d i f f e r e n c e  i s  e v i d e n t  ( F i g .  3 * 1 7 ) *

2
T h e  s m a l l ,  P A S  + v e  f i b r e s ,  < C .1 2 0 (m  d e s c r i b e d  i n  C h a p t e r  2  a r e  p r e s e n t  

a s  a  m o r p h o l o g i c a l l y  d i s t i n c t  p o p u l a t i o n .  A  s i m i l a r  a r b i t a r y  l i m i t  t o  

t h e  s i z e  r a n g e  w a s  a l l o c a t e d  t o  t h i s  f i b r e  t y p e ,  < 1 0 0 p m ^ ,  a n d  t h i s  f i t s  

w e l l  i n t o  t h e  d i s t r i b u t i o n  o f  f i b r e s  a t  t h e  a p i c e s  o f  l a r g e r  f i b r e s .  T h i s  

i s  t h e  e x p e c t e d  s i z e  w h e n  f i x a t i o n  s h r i n k a g e  i s  t a k e n  i n t o  a c c o u n t ,  o v e r  

t h e  f r o z e n - s e c t i o n . e s t i m a t e s  g i v e n  i n  C h a p t e r  2  ( G o l d s p i n k  I 96I ) .

I n  t h e  m a j o r i t y  o f  c a s e s ,  t h e  f i b r e  w a s  e i t h e r  e n t i r e l y  e n c l o s e d  b y  t h e

o f  t h e  a d j a c e n t  l a r g e  f i b r e ,  o r  h a d  r e m n a n t s  a s s o c i a t e d  w i t h  i t s  

p e r i p h e r y  ( F i g s .  3 * 8 $  3 * 1 0 ) *  S o m e  d i f f e r e n c e  b e t w e e n  s m a l l  f i b r e s  f r o m  MW 

a n d  DW r e g i o n s  a r e  e v i d e n t .  F i g .  3 * 1 7 $  b u t  t h e s e  a r e  r e l a t i v e l y  m i n o r .  T h e  

e l e v a t e d  m i t o c h o n d r i a l  c o n t e n t ,  c o m p a r e d  t o  o t h e r  f a s t  m u s c l e ,  i s  s u r p r i s i n g l y  

l o w  f o r  a  p r e s u m p t i v e  g r o w t h  s t a g e ,  a n d  i s  l e s s  t h a n  f o u n d  i n  SW f i b r e s  

( T a b l e  3 * 4 ) *  T h e  n u c l e a r  c o n t e n t  o f  t h e s e  f i b r e s  a r e  a r o u n d  t h a t  f o u n d  

f o r  a l l  o t h e r  c a t e g o r i e s ,  w h i c h  s h o w  v e r y  s i m i l a r  r e s u l t s ,  a r o u n d  2%

( T a b l e  3 . 4 ) .
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The r e la t io n sh ip  between f ib r e  area and m itochondrial volume shows i

a s l i ^ t  p o s it iv e  c o r r e la t io n  w ith in  the slow  f ib r e s ,  but no c o r r e la tio n  ^

w ith in  the s u p e r f ic ia l  f a s t  f ib r e s  (F ig s . 3 .9 a  and b, r e s p e c t iv e ly ) .  The i

deeper f a s t  f ib r e s  show an i n i t i a l  s l i ^ t  n eg a tiv e  c o r r e la t io n  up to  ^

around 600(im^, a f te r  which no c o r r e la t io n  e x i s t s  (F ig . 3»9o). The m ito

chondria o f  slow f ib r e s  have poorly  developed c r is ta e  (F ig s . 3*12-13), 

and are more abundant a t the f ib r e  ends (F ig s . 3*14 and 3*15)* This :

accumulation o f  m itochondria a t th e  f ib r e  ends i s  in  c o n f l i c t  w ith  a i

q u a lita t iv e ly  homogeneous h isto ch em ica l r e a c tio n  fo r  aerob ic enzyme system s 

(Chapter 2 ) , and q u a n tita t iv e  h isto ch em ica l ev idence fo r  homogeneous enzyme I

a c t iv i t y  a long in d iv id u a l mammalian f ib r e s  (P e tte  e t  a l  I98O). îîitoch on d ria  U

in  th e f a s t  f ib r e s  are more sp h e r ic a l and show a marked decrease in  c r is ta e  Ê

number from s u p e r f ic ia l  to  deeper f ib r e s  (F ig s . 3*5, 3*7) snd are u su a lly  |

r e s tr ic te d  to  a narrow subsarcolemmal zone. The in tr a - f ib r e  d is tr ib u t io n  ^

o f  m itochondria shows an in t e r e s t in g  p a ttern , w ith  RF, SMf and SBW having ^

th e m ajority lo c a te d  in  th e SS zone; whereas S\>J, I#T and I)¥ have most m ito - 9

chondria lo c a te d  w ith in  the in te r m y o f ib r illa r  ( I î-îF) zone (Table 3*5)* A j

fu rth er  in d ic a tio n  o f  th e  importance o f  the SS zone i s  found in  the d is tr ib u t io n   ̂

o f  unstructured  sarcoplasm , both RF and S¥ have f a ir l y  equal SS and IMF 1

sarcoplasm conten t ( sarcotubular system  + ground su b sta n ce), whereas the 88 4

zone i s  more e x te n s iv e  in  the sm all f a s t  f ib r e s ,  and the rev erse  i s  tru e  fo r  .f'!

the large f a s t  f ib r e s  (Table 3*5)*

L it t l e  v a r ia t io n  i s  seen in  T-system  volume between th e groups analysed , 

0.003 to  0 ,004  (F ig .^ 3 *27) ,  in d ic a t in g  t h i s  as a n o n -lim it in g  stage in  

e x c ita t io n -c o n tr a c t io n  cou p lin g  (E-C ), The volume o f  SR, however, shows la rg e  

d iffe r e n c e s  between slow  and f a s t  muscle (F ig , 3*28), c o r r e la t in g  w e ll w ith  4

th e p h y s io lo g ic a l fu n c tio n . The s l ig h t ly  h i ^ e r  v a lu e  fo r  S¥ compared to  LW, 

V y(SR ,f) -  0 .068  v s  0 ,0 6 0 , req u ir es  fu rth er  exp lan ation .
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DISCUSSION

S tu d ies on the u ltr a s tr u c tu r e , and b ioch em istry , o f  f i s h  muscle have 

often  employed random sam pling o f  d if f e r e n t  f ib r e  t ’̂̂ es ( e .g .  "red”, 

"interm ediate" , or "white"); no attem pt b ein g  made to  q u antify  reg io n a l 

d iffe r e n c e s  in  f in e  s tru c tu re . This study shows th a t the stru ctu re  o f  f a s t  

f ib r e s  v a r ie s  according to  both s iz e  and p o s it io n  w ith in  th e  mj^otome (Table 3 -4 )•  

Sim ilar q u a lita t iv e  co n c lu sio n s have been reached in  elasmobranchs (Kryvi and 

Totland 1977) and some t e l e o s t s  (Johnston and Lucking 1978) u s in g  h is to 

chem ical tech n iq u es.

The moderate V ^ (ra it,f), 0 .2 1 4 , o f  e lv e r  slow  f ib r e s  i s  in  co n tra st  

to  the poor c r is ta e  development (F ig s , 3*13-13) and low SDH a c t iv i t y  

(Chapter 2 ) .  The trend o f  in c r e a s in g  m itochondrial con ten t w ith f ib r e  area  

(F ig , 3'9&) in d ic a te s  an e lev a ted  m etabolic  r a te  in  la r g e , r e la t iv e  to  '' 

sm all f ib r e s .  L im itation s in  th e  u se  o f  SDH as a marker fo r  aerobic a c t iv i t y  

have been mentioned, but even when a more s p e c i f i c ,  non-drop let lo c a l is a t io n  

o f  COX i s  used (Seligman e t  a l  I 968) ,  a s im ila r  low aerob ic p o te n t ia l i s  

in d ica te d  (Chapter 2 ) ,  The s p e c i f i c  a c t iv i t y  o f  e lv e r  m itochondria would, 

th ere fo re , appear low in  comparison to  o th er  f i s h  (se e  Johnston 1981a),

A correspondingly  reduced t i s s u e  oxygen demand may exp la in  the low f ib r e -  

capillarj^ con tact ( < 1 .0  c a p , / f ib r e .  Chapter 2 ) , The in tr a c e l lu la r  l i p i d  

content i s  lik e w ise  in d ic a t iv e  o f  a low aerob ic  m etabolism , V y ( l ip , f ) = 0 .002  

w ith a maximum recorded v a lu e  o f  on ly  0 ,0 2 , This i s  in  marked co n tra st to  

th e la rg e  amount o f  i lp id  found w ith in  the slow f ib r e s  o f  th e  migratoz^r 

bronze and s i lv e r  e e l s  (H ulbert and Moon 1978a; Pankhurst 1982), r e f l e c t in g  

t h e ir  in creased  aerobic ca p a c ity  (Bostrom and Johansson 1972), I n te r e s t in g ly ,  

the conger e e l  has s im ila r  mode o f  swimming to  th ese  anim als (a n g u illifo rm



locom otion) and a r e la t iv e ly  h i ^  l i p i d  content (V ^ ( l ip ,f )  = 0 .179;

Chapter 5); the behaviour o f  the anim al, on the other hand, i s  more l ik e  

the sedentary ye llow  e e l .  I t  would be in te r e s t in g  to  determine whether 

such a d iffe r e n c e  i s  due m erely to  th e power requirem ents o f  a la rg er  

animal (a llo m e tr ic  r e la t io n s h ip ) ,  or to  more su b tle  d iffe r e n c e s  in  the  

h a b ita t environment. In e lv e r s ,  the homogeneous SDH a c t iv i t y  would appear 

to  show an even d is tr ib u t io n  o f  m itochondria a long the f ib r e  len g th  

(chapter 2 ) ,  although the slow f ib r e s  show an accum ulation o f  m itochondria  

a t  the ends (F ig s . 3*14 and 3*15)* T his may be a d ir e c t  response to  the  

poorly  developed c a p il la r y  network, s in ce  the major blood v e s s e ls  en ter  

th e myotome a t  th e  myosepta, and d iv id e s  to  form the c a p il la r y  bed. A Pog 

grad ien t w i l l  be e s ta b lish e d  from myoseptum to  myotome, and t h is  i s  mirrored  

by the lo n g itu d in a l d is tr ib u t io n  o f  m itochondria w ith in  the f ib r e s .  The 

venous return in  e e l s  has a r e la t iv e ly  h igh  Pog (around 60mm Hg), t h is  

b ein g  -^lOX the f a s t  m uscle Pog (jankowsky 1966) ,  in d ic a t in g  a r e la t iv e ly  

low oxygen e x tr a c tio n . T his d is tr ib u t io n ,  o f  both b lood v e s s e ls  and m ito

chondria, may be found in  a number o f  f i s h  e .g .  Conger slow  and cod f a s t  

f ib r e s .

The h igher m itochondrial volume ( 7 *6%) in  s u p e r f ic ia l  f a s t  f ib r e s  (3 -4  

f ib r e s  deep) i s  in  agreement w ith  the h isto ch em ica l evidence fo r  an in te r 

m ediate aerob ic cap a c ity  to  th a t found in  the red , and deep w h ite , reg io n s  

o f  the trunk (Chapter 2 ) .  T his may r e f l e c t  the p r e fe r e n t ia l recruitm ent o f
V

th ese  f ib r e s  w ith  in c r e a s in g  speed. Such "interm ediate" zones have been 

reported  fo r  a number o f  sp e c ie s  e .g .  d o g fish  (Bone and Chubb 1978) and 

rainbow tro u t (Johnston e t  a l  1975)» although th ere i s . i n s u f f i c i e n t  evidence  

to  determ ine whether or not t h i s  rep resen ts  a zone o f  p r e fe r e n t ia l  

recru itm en t'w ith in  th e f a s t  m uscle (C r illn e r  and Kashin 1976)*
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The mechanism o f  f ib r e  p r o life r a t io n  in  f i s h  would appear to  be 

s im ila r  to  th a t during mammalian embrjro gene s i s  (Pischman 1972; Chapter 4 ) ,  

a lth o u ^  f ib r e  number may in crea se  throughout l i f e  (Creer-W alker 1970; 

Willemse and van den Berg 1978, Chapter 1 ) .  Small f a s t  f ib r e s  are assumed 

to  be the aerob ic growth s ta g es  (Greer-V/alker 1970), and e lv e r  muscle 

appears to  show a s im ila r  p a ttern . SM¥ and SBW f ib r e s  have a high glycogen  

content (Chapter 2 )’, e x te n s iv e  ribosom es and endoplasmic reticu lum  (ER;

P ig s . 3 -8 , 10 and I I ) ,  and a la r g e  n u cleu s volume d e n s ity  in  comparison 

w ith th e surrounding f a s t  m uscle -  O.O65 v s  0 .0 2 1 . The m itochondrial volume 

d en sity  (O.O4 3 ) c lo s e ly  p a r a l le ls  th e  h isto ch em ica l p a tte r n , but would 

appear f a ir l y  low fo r  a presum ptive a erob ic  metabolism; indeed , i t  i s  only  

h a lf  th a t found in  th e  s u p e r f ic ia l  f a s t  muscle (0 , 076; see  Table 3*4)•

The h ig h ly  p o la r ise d  d is tr ib u t io n  o f  m itochondria between th e SS and IMP 

zones (Table 5*5) su g g ests  th a t the p r o life r a t io n  o f  in te r -m y o f ib r illa r  

m itochondria occurs a t  a reduced r a t e ,  when compared to  th ose  in  the SS zone 

( c f  slow  m uscle d is tr ib u t io n  o f  m itochondria , Table 3»5)» I t  i s  l ik e ly  

th a t the low ( m it , f )  i s  co r r e la te d  w ith  the anim als' slow  growth r a te ,  

and the p o s t -d i f f e r e n t ia t io n  s ta te  o f  the f ib r e s  (see  Chapter 4)» The 

occurrence o f  such f ib r e s  i s  s im ila r  in  both the mid- and deep w hite m uscle, 

but appears to  be r e la t iv e ly  sparse in  the s u p e r f ic ia l  la y e r s .  A lso , sm all 

f ib r e s  ( <75^m^; a ( f )  = 4 8 .1 , n = l6 ) are freq u en tly  found w ith in  the red  

m uscle. The m orphological d is t in c t io n  between th ese  f ib r e s  and th e ir  

neighbours i s  much l e s s  than found w ith in  the f a s t  m uscle, and become 

u n clear a t  a  sm aller s iz e  ( /^  80(im^), due to  the moderate s iz e  and more 

aerob ic nature o f  th e  f u l ly  d if f e r e n t ia te d  f ib r e s .  N ucleus, cytoplasm , 

m itochondria and m y o fib r il volume d e n s it ie s  are 0 .0 9 3 , O .I64 , 0 .173  and 

0 , 576, r e s p e c t iv e ly .  The d iscon tin u o u s d is tr ib u t io n  o f  growth sta g es  poses  

an in te r e s t in g  q u estion  as to  the p a ttern  o f  f ib r e  p r o l i f e r a t io n ,  e s p e c ia l ly
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1

w ith in  the f a s t  m uscle: i t  i s  l i k e ly  th a t those f a s t  f ib r e s  adjacent %

to ,  and in  in tim ate con tact w ith , th e nyosepta (Pigs* 3*6, 3» 18) make a 

s ig n if ic a n t  con trib u tion  to  growth w ith in  th is  zone, as they presumably 

must grow in  step  w ith  the myosepta. This w i l l  be considered  fu rth er  g

(Chapter 4)« I t  would seem l i k e l y ,  however, th a t the sm all (SI#T, SDV) 

f ib r e s  rep resent d if fe r e n t  growth and m aturation phases o f  the f a s t  m uscle, 

rath er than a fu n ctio n a l sub-population  as suggested  e a r l ie r  (H ulbert and 

Moon 1978a; see a lso  Chapter 2 ) .  The d e lin e a tio n  o f  such sta g es  w ith in  the  

p r o life r a t io n  o f  mature (d if f e r e n t ia te d )  muscle has n ot been e s ta b lish e d  ï|

fo r  any f i s h  sp ec ie s  (se e  Chapter 4)*

The m itochondrial con ten t o f  deep f a s t  f ib r e s  ( l .^ O  i s  probably on ly  €

s u f f ic ie n t  to  support r e s t in g  m etabolism  ( e .g .  maintenance o f  ion  g ra d ie n ts , 

p rotein  turnover e t c . ) ;  s im ila r  r e s u l t s  have been obtained  fo r  v ariou s  

sharks (Kryvi 1977)» However, the m itochondrial fr a c t io n  i s  s ig n if ic a n t ly  

h igh er in  many t e le o s t s  ( e .g .  rainbow tro u t and carp) which have m u ltip ly  

innervated  f a s t  m uscle (Johnston and Moon 1981 a ) .  In t h is  pattern  o f  

innervation  a remarkable degree o f  co n tro l over the p attern  o f  f ib r e  r e c r u it -  

ment during a c t iv i t y  i s  p o s s ib le  (Chapter 7)* I n te r e s t in g ly ,  electrcm yo- 

graph ical s tu d ie s  have shown th a t some o f  th ese  sp e c ie s  r e c r u it  f a s t  f ib r e s  ;i

a t r e la t iv e ly  low swimming speeds. Por example, the th resh o ld  speed fo r  

the recruitm ent o f  f a s t  f ib r e s  in  brook tro u t and carp i s  1 .8  and 2 .1  body 

len g th s /seco n d , r e ^ a c t iv e ly  (Johnston e t  a l  1977» Johnston and Moon 1980a).

Thus, in  co n trast to  the e e l ,  the aerob ic cap acity  o f  tr o u t fa s t  m uscle i s  

h igh er , and the m etabolic  d if f e r e n t ia t io n  between f a s t  and slow  m uscles  

l e s s  d i s t in c t .  F ast f ib r e s  o f  both  sharks and e e l  are f o c a l ly  innervated  

by a s in g le  b a s k e t- l ik e  endplate (Bone 1964; P ig . 2 .13 ; Chapter 7)* 

Electrom yographical evidence from d o g fish , S cy liorh in u s ca n ic u la  (Bone 1966), 

and the P a c if ic  h err in g , Clupea p a lle n s ia  (Bone e t  a l  1978) show th a t slow  

f ib r e s  are alone re sp o n sib le  fo r  su sta in ed  a c t iv i t y  in  th ese  s p e c ie s , and

I

AI

v i
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th a t f a s t  f ib r e s  are only used during p eriods o f  b urst swimming. The low 

aerob ic ca p a c ity  o f  e lv e r  (deep) f a s t  muscle i s  c o n s is te n t  w ith  th is  pattern  

o f  f ib r e  recruitm ent* D irec t confirm ation o f  t h is  would requ ire e .m .g , 

record in gs, which would be d i f f i c u l t  to  obtain  from such sm all f i s h .

However, a study o f  f a s t  m uscles from h igh er t e l e o s t s  (m u ltip ly  innervated )  

has shown a wide range o f  enzyme a c t i v i t i e s  and m itochondria l content 

(Johnston and Moon 1981a) such th a t some sp e c ie s  have aerob ic  c a p a c it ie s  

l i t t l e  d if f e r e n t  from th a t found in  the e e l .  U n til more data  i s  a v a ila b le  

i t  i s  not p o s s ib le  to  say whether a good co rr e la tio n  e x i s t s  between p attern  

o f  f ib r e  recru itm ent and f ib r e  in n erv a tio n , in  view  o f  th e  large  range o f  

p o ss ib le  recru itm ent p a tte r n s . Por example, some h igh er t e l e o s t s  only  

r e c r u it  f a s t  f ib r e s  a t  near maximal swimming speeds (Preadman 1979) and the  

e e l  ( f o c a l ly  innervated ) has been rep orted  to  r e c r u it  the f a s t  m uscle even 

a t the low est swimming speeds (G r illn e r  and Kashin 1976). The low aerob ic  

p o te n t ia l o f  th e  f a s t  m uscle i s  in  agreement w ith the a v a ila b le  oxygen 

supply (a s  determ ined by c a p il la r y  co n ten t, see Chapter 2) and the measured 

t is s u e  Pog (jankowsky I 966) in  e e l  .fa s t  m uscle. There i s ,  th e r e fo r e , a  

su rp r is in g  amount o f  e x tr a c e llu la r  l i p i d  d ep o sits  (Chapter 2) w ith in  the  

f a s t  m uscle, s in c e  t h i s  reserv e  i s  u su a lly  a sso c ia te d  w ith  aerob ic m etabolism . 

U nlike la t e r  s ta g e s  o f  the l i f e  h is to r y ,  where l i p i d  g lo b u le s  are found 

between most f a s t  f ib r e s  (Chapter 7 ) ,  the l i p i d  d e p o s its  in  e lv e r s  are 

u su a lly  r e s t r ic t e d  to  d is c r e te  storage reg ion s; t h is  in d ic a te s  th a t i t  i s  

not a c o n sta n tly  u t i l i s e d  source o f  energy. The ex ce ss  a c t iv i t y  o f  l ip o -  

gen ic enzymes, over l i p o l y t i c  enzymes, in  y e llo w  e e l  h ep atocy tes  (Renaud and 

Moon 1980 ) su g g ests  th a t th ese  r e ser v es  are probably r e la te d  to  the  

e e l ' s  marked r e s is ta n c e  to  s ta r v a tio n , and i t s  annual p er iod  o f  torpor  

(B ertin  1956), ra th er  than ro u tin e  m etabolism .
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The appearance o f  the T-system  and sarcoplasm ic reticu lum  (S .R .)  i s  

s im ila r  to  o th er t e l e o s t  s t r ia t e d  m uscle, w ith  a w e ll-d e f in e d  tr ia d  lo c a te d  

a t the Z -lin e  and u su a lly  an accum ulation o f  S,R, around the d is t in c t  M -line  

(P ig s . 3*19, 3*20) .  In any study o f  myotomal h e te r o g e n e ity , the sarcotubular  

system  must form an im portant p a r t, s in c e  no q u a n tita t iv e  inform ation in  

a v a ila b le  concerning i t s  v a r i a b i l i t y .  The T-system  com prises a s im ila r  

volume in  each o f  the f ib r e  groups stu d ied  (RP, SW, DW, SDW) and v a r ie s  

only between 0 .3 3  and 0.44% (F ig . 3*28; Table 3*7)* E lver slow muscle 

has a s im ila r  con ten t to  th a t found in  elasmobranchs (0 .3 3 ,  0,^f/o, Kryvi 1977) 

but h igher than salm onid t e l e o s t s  (O.IC^o; Nag 1972) and mammalian slow  

tw itch  or amphibian to n ic  f ib r e s  (Johnston 1981a). The f a s t  muscle i s  

s im ila r  to  o th er s p e c ie s  rep o rted , th o u ^  con sid erab ly  l e s s  than found in  

Galeus (o.89%; Kryvi 1977)* As a consequence, th e  d i f f e r e n t ia l  T-system  

volume in  f a s t ,  r e la t iv e  to  slow , m uscle th a t i s  found in  most anim als i s  

much reduced (Table 3 * 7 ), and may r e f l e c t  the reduced p h y s ic a l l im ita t io n s  

o f  e x c ita t io n -c o n tr a c t io n  cou p lin g  found in  the r e l a t iv e ly  sm all f ib r e s  o f  

the ju v e n ile  e e l .

The SR con ten t o f  e lv e r  slow  f ib r e s  (2.10%, Table 3 *67) i s  on ly  h a lf  

th a t fo r  homologous m uscle in  some elasmobranchs (4 . 6- 4 . 9 ô, Kryvi 1977) and 

rainbow tro u t (3.1%, Nag 1972), but i s  s im ila r  to  th a t found in  the slow  

muscle o f  the p e la g ic  anchovy (2.7?^, Johnston 1981b) which has markedly 

d if fe r e n t  locom otory h a b its .  The f a s t  m uscle ''̂ y {SR f )  ’ the other hand, 

i s  s im ila r  to  elasmobranch f a s t  f ib r e s  (0 .0 5  -  O.O6 v s  O.O6 -  O.O7 ) .

In tr o u t f a s t  and slow  m uscle, the r a t io  o f  Ca^^ -a c t iv a te d  ATPase (th e  Oâ *** 

pump) a c t iv i t y  in  i s o la t e d  S .R . v e s i c l e s  i s  c .2 : 1 ,  w ith  a s im ila r  r a t io  fo r  

t o t a l  Ga^  ̂ -uptalce by 10pm frozen  s e c t io n s  (McArdle and Johnston 1981 ) ,  

a lth o u ^  the volume d e n s ity  o f  SR i s  c .3 :1  (Nag 1972). In gen era l, the % SR 

in  f i s h  f a s t  m uscle i s  much h i ^ e r  than th a t found in  mammalian f a s t  f ib r e s .
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2+and t h is  c o r r e la te s  w ith  the a b so lu te  r a te s  o f  Ca -uptake by frozen  

s e c t io n s . Por example, guinea p ig  v a stu s  has 4*6% SR, compared w ith  13*7^  ̂

fo r  tro u t f a s t  f ib r e s  (P isen b erg  and Kuda 1973; Nag 1972). D esp ite low er  

body tem peratures (10°C v s  37°C) th e r a te  o f  Câ *̂  -uptalce by tro u t SB i s  

c . 2.8X h igh er  than th a t found in  r a t  E.D.L. (McArdle and Johnston 1981 ) .

The h igher v a lu e  fo r  in  SW, compared to  DW, f ib r e s  i s  anomalous

(Table 3*6) s in ce  a  low er v a lu e  would be expected i f  they  do indeed form 

a population  o f  e a r l ie r -r e c r u ite d  f ib r e s .  The d is tr ib u t io n  o f  in d iv id u a l 

estim ates (P ig . 5»27) su g g ests  th a t t h i s  may be a  sam pling a r te fa c t ,  but 

a very  la rg e  sample would be req u ired  to  r e so lv e  t h i s  problem .

The rap id  c y c le s  o f  co n tra ctio n  and r e la x a tio n  found in  f i s h ,  e s p e c ia l ly
2+at h i ^  swimming sp eed s, n e c e s s ita t e s  a very  e f f i c i e n t  Ca -se q u e ste r in g  

system . Por example, in  ju v e n ile  salmon (23-28 cm), a c c e le r a t in g  to  10 

body le n g th s /seco n d , each t a i l  b eat c y c le  i s  com plete w ith in  60msec.

(Wardle 1973)* T his req u ires  the m uscle on e ith e r  s id e  o f  the body to  

con tract every 30msec. As a consequence, fr e e  Ca^  ̂ needs to  be sequestered  

extrem ely ra p id ly  to  f a c i l i t a t e  f u l l  r e la x a tio n  o f  th e  m uscle b efore  the  

next co n tra ctio n  i s  in i t i a t e d .  T his n e c e s s ity  fo r  rap id  r e la x a tio n  in  

carangiform swimming i s  shown in  th e  presence o f  an e x te n s iv e  SR and h igh  

parvalbumin co n cen tra tio n s . Although n o th in g  i s  known about the parvalbumin 

conten t o f  e lv e r  m uscle, i t  i s  c le a r  th a t th ere  i s  on ly  a  moderate 

development o f  the f a s t  m uscle SR. However, not a l l  forms o f  f i s h  locom otion  

requ ire such h igh  t a i l  b eat freq u en c ie s  as found in  carangiform  or sub

car an g i form swimming where sm all am plitude, h igh  frequency waves o f  con traction  

are passed down the caudal part o f  th e  body (L indsey 1978). The a n g u illifo rm  

type o f  locom otion u t i l i s e s  h igh  am plitude, low frequency waves o f  propagated  

co n traction  a lon g  a much la r g e r  p ortion  o f  the body le n g th , g iv in g  r i s e  to  a 

slow er, more rhythm ic, p attern  o f  swimming (Gray 1933). In creased  swimming 

speed i s  ach ieved  by a m ixture o f  in crea sed  am plitude and on ly  sm all
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in cr ea se s  in  frequency (Gray 1933; G r illn er  and Kashin 19?6). Hence, 

the range o f  con tra ctio n  tim es fo r  each body segment in  t h is  form o f  

locom otion i s  l e s s  than th a t found fo r  carangiform and sub-car an giform  

swimming. T his agrees q u ite  w e ll w ith  the observed f )  e lv e r

f a s t  m uscle b e in g  s im ila r  to  sharks, but only h a lf  th a t o f  rainbow tr o u t.

I t  a lso  c o r r e la te s  w e ll w ith  the frequency o f  wave p ropagation , and maximal 

swimming speed, o f  e e l  (p r im itiv e  t e l e o s t )  < shark (elasm obranch) < tro u t  

(h igher t e l e o s t ) ;  corresponding to  a n g u illifo rm , thunniform , and sub

car an giform  locom otion , r e s p e c t iv e ly  (Lindsey 1978)* U n fortu n ately , th is  

study p rov id es the only  a v a ila b le  data  fo r  a p r im itiv e  t e l e o s t  and th e  

c o r r e la tio n  o f  such data  w ith  th e p attern  o f  f a s t  m uscle motor in n ervation  

req u ires a  l o t  more data b efore i t  can be reasonably t e s t e d  (se e  a lso  

Chapter 7)*
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TABLE 3.1 Error o f  c r o s s - s e c t io n a l area measurement due to  se c tio n
angle

Angle ((3) Error

5°
10°

1

0.9962
0.9846
0.9659
0.9357
0 .9063
0 .8660
O.8I 92
0 .7660

Error i s  c a lc u la te d , u s in g  th e  r e la t io n s h ip  a ^ (f)  = a ( f ) .  cos(3 
where a 1 ( f )  i s  th e  a c tu a l f ib r e  area  and a ( f )  i s  th e  measured 
area; p i s  th e  angle formed between th e  f ib r e -  and body 
lo n g itu d in a l a x es . I t  can be seen th a t f ib r e s  s e c t io n  <20°  
o f f - a x is  w i l l  have <6% error  in  th e  estim a te  o f  a ( f ) .

TABLE 3*2 F ibre c a te g o r ie s  examined w ith in  th e trunk m uscle o f  
th e e lv e r

Symbol D escr ip tio n P o s it io n

Eîb Outer red  f ib r e s 1 f ib r e  deep, adjacent 
sk in

RFi Inner red  f ib r e s 2 f ib r e s  deep from the

RFl L atera l l i n e  f ib r e s 1-4  "

SW1 S u p e r f ic ia l w hite f ib r e s 3-6 •'

SW2 S u p e r f ic ia l w hite f ib r e s 3-4 "

MW Mid w hite f ib r e s 6-8  "

BW Deep w hite f ib r e s 10-12 »'

SMW Small mid w hite f ib r e s 6-8  ”

SDW Small deep w hite f ib r e s 10-12 "

Note: SW1 and SW2 r e f e r  to  th e  s u p e r f ic ia l  w hite f ib r e s  adjacent to
the la t e r a l  l i n e  t r ia n g le ,  and ad jacent to  th e  p er ip h era l myotomes, 
r e s p e c t iv e ly  ( s e e  F ig . 2 .1 ) .
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T A B L E  3.6  M o r p h o m e t r i c  a n a l y s i s  o f  f i b r e s  l o c a t e d  w i t ÿ i n  t h e

r e g i o n  o f  t h e  l a t e r a l  l i n e  t r i a n g l e .  M e a n  -  S . E . M .  ( n ) .

SW1

N u m b e r  o f  f i b r e s  d e e p  f r o m  

t h e  s k i n
1 — 4 3 - 7

5 ( f )  ( m b 594.8  i  34.0  
( 23 )

534.3  i  47.9  
( 10)

W ( m t , f )
0.217  -  0.0170  

( 22 )

0.089  -  0.0076 
( 10)

W ( m f , f )
0.610  i  0.0257  

( 20 )
0.536  -  0.0457 

( 10)

W ( m o , f )
0.027  -  0.0052  

( 22)

0.010  i  0.0036  
( 10)

W ( # , f ) 0.170  -  0.0189  
( 22 )

0 . 1 8 8  i  0.0087  
( 10)

T A B L E  3.7  S a r c o t u b u l a r  ^ ^ t e m .  V o l u m e  d e n s i t i e s  o f  d i f f e r e n t  f i b r e  

r e g i o n s .  M e a n  -  S . E . M .  ( n ) .

S a r c o p l a s m i c  R e t i c u l u m T - % - s t e m

R e d  F i b r e s 0.0210  Î  0.0093  
( 34)

0.0031  i  0.0014  
( 34)

S u p e r f i c i a l  W h i t e 0.0681  i  0.0155  
( 30)

0.0037  i  0.0007  
( 30)

M i d  W h i t e 0.0474  i  0.0139  
( 30)

0.0030  -  0.0014  
( 30)

D e e p  W h i t e 0.0595  -  0.0166  
. ( 50)

0.0038  i  0.0010  
( 30)

S m a l l  D e e p  W h i t e 0.0557  -  0.0168  
( 32)

0.0044  -  0 . 0 0 1 6  
( 32)

6 3  1



F i e .  5 . 1 .  D o u b l e - l o g  p l o t  o f  e x p e c t e d  e r r o r  i n  v o l u m e  d e n s i t y  

e s t i m a t e s  v s  t o t a l  n u m b e r  o f  p o i n t s  c o u n t e d  d u r i n g  t h e  

s t e r e o l o g i c a l  a n a l y s i s .  C a l c u l a t e d  r e s u l t s  a r e  s h o w n  f o r  t h r e e  

m a g n i t u d e s  o f  c o m p o n e n t  v o l u m e s ,  O . 5 ,  5  a n d  5C%  o f  f i b r e  a r e a .

F i g .  5 . 2 .  E s t i m a t e s  o f  f i b r e  c r o s s - s e c t i o n a l  a r e a  c a l c u l a t e d  

f r o m  p o i n t - c o u n t  a n a l y s i s ,  a n d  m e a s u r e d  b y  p l a n i m e t r y ,

a ( f ) p ^ ^  f r o m  e l v e r  s l o w  m u s c l e .  T h e  g o o d  a g r e e m e n t  

( c o r r e l a t i o n  c o e f f i c i e n t  =  0 . 9940)  i s  e x p e c t e d  t o  i n c r e a s e  w i t h  

a ( f ) ,  i . e .  P ^ ,  a n d  i s  m i n i m a l  f o r  m o s t  c a t e g o r i e s .  T h i s  t i m e -  

s a v i n g  r o u t i n e  w a s  a d o p t e d  f o r  a l l  p r e l i m i n a r y  s t u d i e s  a n d  

w h e n  p e r i m e t e r  r e a d i n g s  w e r e  n o t  r e q u i r e d .  I t  i s  l e s s  u s e f u l  

w h e n  a ( f )  i s  s m a l l  ( e . g .  SMW, S D W ) o r  w i t h  i r r e g u l a r l y - s h a p e d  

p r o f i l e s ,  s i n c e  r a n d o m  a l i g n m e n t  o f  t h e  f i b r e  a n d  c o u n t i n g  g r i d  

m a y  c a u s e  s i g n i f i c a n t  d e v i a t i o n  f r o m  t h e  p l o t t e d  l i n e ,  r  =  1 . 0  

( e . g .  m y o s e p t a l  f i b r e s .  C h a p t e r  4 ) *
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F i g s .  5 » 3 *  -  3 . 8 .  E l e c t r o n m i c r o g r a p h s  o f  e l v e r  s k e l e t a l
m u s c l e .

F i g .  3 . 5 .  T . S . ,  l o w  p o w e r  v i e w  o f  l a t e r a l  r e d  f i b r e s ,  R P ^  a n d

R F ^ .  N o t e  t h e  s k i n  ( s t r a t u m  c o m p a c t u m ,  u p p e r  l e f t ) ,  p r o m i n e n t  

n u c l e i  a n d  m i t o c h o n d r i a .  ' A n  u n d i f f e r e n t i a t e d  " p e r i c y t e "  ( u p p e r  

r i ^ t ) ,  c a p i l l a r y  ( b o t t o m  c e n t r e )  a n d  s p a r s e  i n t r a ^ f i b r e  l i p i d  

d e p o s i t s  a r e  a l s o  v i s i b l e .  S c a l e  b a r  =  5 |w i .

F i g .  3 * 4 .  T . S . ,  l o w  p o w e r  v i e w  o f  d e e p  w h i t e  m u s c l e  ( b W )  s h o w i n g

t h e  r a n g e  o f  f i b r e  s i z e .  N o t e  t h e  a b s e n c e  o f  l i p i d ,  t h e  s p a r s e  

d i s t r i b u t i o n  o f  m i t o c h o n d r i a ,  a n d  t h e  v e r y  h e t e r o c h r o m a t i c  

n u c l e u s ,  T h e  p e r i o d i c  s t r i a t i o n s ,  s e e n  i n  a l l  b u t  t h e  s m a l l e s t  

f i b r e s ,  i l l u s t r a t e s  t h e  d i f f i c u l t y  o f  o b t a i n i n g  " t r u e "  T . 8 .  

s e c t i o n s  f r o m  m u s c l e  w i t h  l a r g e ,  v a r i a b l y  o r i e n t e d  f i b r e s .

S c a l e  b a r  =  1 0 ( im .

F i g .  3 . 5 .  T . S . ,  f a s t  f i b r e  ( b W )  s h o w i n g  t h e  p a l l i s a d e  a p p e a r a n c e

o f  t h e  p e r i p h e r a l  m y o f i b r i l s  a n d  t h e  m o r e  i r r e g u l a r  s h a p e  o f  

c e n t r a l  m y o f i b r i l s .  N o t e  t h e  s m a l l  m i t o c h o n d r i o n  ( m )  a n d  c l o s e  

m y o f i b r i l  p a c k i n g .  E l e m e n t s  o f  t h e  s a r c o t u b u l a r  s y s t e m  a r e  a l s o  

v i s i b l e ,  t o g e t h e r  w i t h  t h e  b a s a l  l a m i n a ,  s a r c o l e m m a  a n d  s u b s a r c o 

l e m m a l  v e s i c l e s .  S c a l e  b a r  =  0 . 5 p m .

F i g .  3 . 6 .  T . S . ,  p e r i p h e r y  o f  f a s t  f i b r e  (M W ) i n  i n t i m a t e  c o n t a c t

w i t h  t h e  m y o s e p t u m  ( M S ) .  N o t e  t h e  i n c r e a s e d  s u b s a r c o l e m m a l  s p a c e ,  

t h e  d i s r u p t i o n  o f  p e r i p h e r a l  m y o f i b r i l s ,  a n d  t h e  i n t e r n a l i s e d  

a s p e c t  o f  s o m e  c o n n e c t i v e  t i s s u e .  S c a l e  b a r  =  0 . 5 p m .

F i g .  3 . 7 .  T . S . ,  c e n t r a l  m y o f i b r i l s  o f  f a s t  f i b r e  ( b W )  s h o w i n g

t h e  r o u n d e d  a p p e a r a n b e ,  a n d  s m a l l  n u m b e r  o f  c r i s t a e  f o u n d  i n  t h e  

i n t e r m y o f i b r i l l a r  m i t o c h o n d r i a .  E l e m e n t s  o f  t h e  s a r c o t u b u l a r  

s y s t e m  ( l a t e r a l  c i s t e m a e )  a r e  e v i d e n t .  S c a l e  b a r  =  0 . 2 5 p m .

F i g .  3 . 8 .  T . S . ,  s m a l l  f i b r e  ( S b V )  s t i l l  e n c l o s e d  w i t h i n  t h e

b a s e m e n t  m e m b r a n e  ( b a s a l  l a m i n a ,  B L )  o f  t h e  l a r g e r  f i b r e ,  l e f t .

A t  t h i s  s t a g e ,  f o u r  m y o f i b r i l s  a r e  p r e s e n t  a n d  a  p r o m i n e n t  

n u c l e u s ,  b u t  w i t h  f e w  s u b s a r c o l e m m a l  m i t o c h o n d r i a .  N o t e  t h e  

a b u n d a n c e  o f  s u b s a r c o l e m m a l  v e s i c l e s .  S c a l e  b a r  =  1 0 p m .
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F ig . 3 .9 . P lo ts  o f  m itoch on d ria l con ten t v s  f ib r e  area , 

fo r  seven f ib r e  c a te g o r ie s ,
a) Slow f ib r e s :  O  = RP  ̂ 0 = RP  ̂ □  = RP^

b) S u p e r f ic ia l f a s t  f ib r e s ;  X = SW1 + SW2

c) Deep f a s t  f ib r e s :  n  = SDW O = MW O  = DW



P ig s . 5«10» -  3 . 15* Electronm icrographs o f  e lv e r  s k e le t a l
m u s c l e .

P i g .  5 . 1 0 .  T . 8 . ,  y o u n g  f a s t  f i b r e  (S D W ) s h o w i n g  a  d o u b l e  l a y e r

o f  " p e r i p h e r a l "  m y o f i b r i l s ,  l a r g e  n u c l e u s ,  a n d  h i ^  m i t o c h o n d r i a l  

v o l u m e  d e n s i t y .  D i s r u p t i o n  o f  t h e  b a s a l  l a m i n a  c o v e r i n g  b o t h  

l a r g e  a n d  s m a l l  f i b r e s  h a s  c o m m e n c e d .  S u b s a r c o l e m m a l  g l y c o g e n  

d e p o s i t s  a r e  s e e n  a s  b l a c k  d o t s .  S c a l e  b a r  =  0 . 5 | m .

P i g .  5 . 1 1 .  T . S . ,  l a t e r  g r o w t h  s t a g e  (S D W ) s h o w i n g  t h e  p a r a l l e l

d e v e l o p m e n t  o f  c e n t r a l  m y o f i b r i l s  a n d  m i t o c h o n d r i a ,  ^ e  s t r i a t i o n s  

t y p i c a l  o f  MW a n d  DW f i b r e s  a r e  p r e s e n t ,  a n d  t h e  g l y c o g e n  c o n t e n t  

m u c h  r e d u c e d .  S c a l e  b a r  =  5 p i .

P i g .  3 . 1 2 .  T . S . ,  i n t e r f a c e  o f  R P  ( l e f t )  a n d  SW ( r i ^ t )  l a y e r s ,

s h o w i n g  t h e  f a s c i a  ( P )  a n d  s o m e  d i f f e r e n c e  i n  s e c t i o n  c o n t r a s t  

b e t w e e n  t h e  t w o  r e g i o n s .  T h e  c a p i l l a r y  ( c e n t r e ) ,  w i t h  a n  e r y t h r o 

c y t e  i n  t h e  l u m e n ,  i s  s e e n  t o  b e  i n  c o n t a c t  w i t h  5  d i f f e r e n t  

f i b r e s ,  o f  2  d i f f e r e n t  t y p e s .  S u c h  " s h a r e d "  c a p i l l a r i e s  a r e  c o m m o n  

a l o n g  t h e  f a s c i a .  T h e  c a p i l l a r y  h a s  t h e  u s u a l  v i l l i  p r o j e c t i n g  i n t o  

t h e  l u m e n ,  a n d  a  n u c l e a t e d  e p i d e r m a l  c e l l  p r e s e n t .  L a r g e  s u b s a r c o 

l e m m a l  p o p u l a t i o n s  o f  m i t o c h o n d r i a  a r e  v i s i b l e  i n  t h e  s l o w  f i b r e s .

S c a l e  b a r  =  2 p m .

P i g .  3 . 1 5 » L . S . ,  s l o w  f i b r e  (R P^. )  s u b s a r c o l e m m a l  m i t o c h o n d r i a ,

s h o w i n g  c r i s t a e  d e v e l o p m e n t .  A l s o  s h o w n  a r e  t h e  s m a l l  t r i a d s ,  

s p a r s e  S R  v e s i c l e s  a n d  r e l a t i v e l y  p o o r  m y o f i b r i l  c o n t r a s t .  G l y c o g e n  

g r a n u l e s  a r e  v i s i b l e  i n  t h e  i n t e r m y o f i b r i l l a r  s p a c e s .  S c a l e  b a r  =  0 . 5 p m .

P i g .  5 . 1 4 .  L . S . ,  S l o w  f i b r e  ( R P ^ )  s h o w i n g  t h e  a c c u m u l a t i o n  o f  m i t o 

c h o n d r i a  a t  t h e  e n d  o f  a  f i b r e .  E d g e s  o f  t h e  s t a g g e r e d  m y o f i b r i l s  

a r e  v i s i b l e  ( M P )  a s  i s  o n e  o f  t h e  n u c l e i  ( n )  a n d  s n a i l  l i p i d  d r o p l e t s  

( L ) .  S c a l e  b a r  =  2 p m .

P i g .  5 . 1 5 .  T . S . ,  s l o w  f i b r e  ( R P ^ )  s e c t i o n e d  i n  a  s i m i l a r  r e g i o n  t o

P i g .  3 . 14 .  T h e  m i t o c h o n d r i a l  c o n t e n t  i s  s e e n  t o  b e  o v e r  SC f/o  o f  t h e  

c r o s s - s e c t i o n a l  a r e a .  N u c l e a t e  e r y t h r o c y t e  i s  s e e n  i n  a d j a c e n t  

c a p i l l a r y  ( t o p  r i g h t )  w i t h  u n d i f f e r e n t i a t e d  p e r i c y t e s  ( d e n t r e  r i g h t )  

b e t w e e n  f i b r e s .  T h e  l a t t e r  c e l l  t y p e  i s  p a r t i c u l a r l y  c o m m o n  i n  t h i s  

r e g i o n  o f  t h e  s l o w  m u s c l e .  S c a l e  b a r  =  2 p m .

J





F i e .  5 . 1 6 .  H i s t o g r a m s  s h o w i n g  t h e  r e l a t i v e  c h a n g e  i n  c o m p o n e n t s  

a l o n g  t h e  t r a n s e c t  f r o m  s k i n  ( l e f t )  t o  v e r t e b r a l  c o l u m n  ( r i g h t ) .  

S t i p p l e d  b a r s  =  s l o w  f i b r e s  ( R F ) ;  S W , MW a n d  DW a r e  s h o w n  f r o m  

l e f t  t o  r i ^ t .  T h e  v a l u e s  f o r  MW a n d  DW i n c l u d e  SMW a n d  SDW  

m e a n  v a l u e s ,  c o m b i n e d  i n  p r o p o r t i o n  t o  t h e i r  o c c u r r e n c e  ( a r e a /  

a r e a ) .  N o t e  t h e  r e g u l a r  r i s e  i n  f i b r e  a r e a ,  a ( f ) ,  w i t h  a  

c o r r e s p o n d i n g  d e c r e a s e  i n  m i t o c h o n d r i a l  c o n t e n t ,  a n d  r e l a t i v e l y  

l a r g e  s a r c o p l a s m  c o m p o n e n t .

F i g .  3 . 1 7 .  H i s t o g r a m s  s h o w i n g  t h e  d i f f e r e n c e  i n  c o m p o n e n t  v a l u e s  

w i t h  f i b r e  s i z e  a n d  p o s i t i o n  w i t h i n  t h e  f a s t  m u s c l e ;  SMW +  MW o n  

t h e  l e f t ,  SDW  +  DW o n  t h e  r i g h t .  N o t e  t h e  l a r g e  v a r i a n c e  o f  m i t o 

c h o n d r i a l  c o n t e n t s  f o r  b o t h  t h e  s m a l l  f i b r e  c a t e g o r i e s .
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F i g s .  3 . 1 8 ,  -  5 . 2 2 .  K L e c t r o n m i c r o g r a p h s  o f  e l v e r  f a s t  m u s c l e  ( D W ) .

F i g .  3 . 1 8 .  L . S . ,  t a p e r i n g  e n d  o f  f i b r e  s h o w i n g  t h e  s a r c o l e m m a l

i n v a g i n a t i o n s  i n t e r - d i g i t a t i n g  w i t h  t h e  m y o s e p t u m  ( M S ) ;  c o m p a r e  

t h i s  t o  t h e  T . S ,  p r o f i l e s  s e e n  i n  P i g .  $ . 6 .  T h e  s a r c o l e m m a  

a p p e a r s  t o  b e  t h i c k e n e d ,  s h o w n  d a r k e r ,  w i t h  a  l e s s  d i s t i n c t ,  

b r o a d e r ,  b a s a l  l a m i n a  t h a n  i s  u s u a l l y  p r e s e n t .  T h e  i n v a g i n a t i o n s  

e x t e n d  u p  t o  2  s a r c o m e r e s  d e e p  i n t o  t h e  f i b r e .  T h e  s t r i a t i o n  

p a t t e r n  ( i n t e g r i t y )  o f  t h e  m y o f i b r i l s  i s  c o m p l e t e  a n d  u s u a l l y  e n d s  

a t  a  Z - d i s o .  N u m e r o u s  s u b s a r c o l e m m a l  v e s i c l e s  a n d  f i l a m e n t s  a r e  

p r e s e n t ,  t h e s e  f i l a m e n t s  b e i n g  s e e n  e n d - o n  i n  t h e  T . S ,  s e c t i o n s .  

S c a l e  b a r  =  1 p m .

F i g .  3 . 1 9 .  L . S . ,  s a r c o t u b u l a r  s y s t e m  s e c t i o n e d  a t  t h e  l e v e l  o f

t h e  T - s y s t e m  s h o w i n g  t h e  t r i a d  c o m p o s i t i o n ,  a  t r a n s v e r s e  t u b u l e  

( a t  t h e  l e v e l  o f  t h e  Z - d i s c )  f l a n k e d  b y  t e r m i n a l  c i s t e m a e  ( T O ) .

T h e  l a t e r a l  c i s t e m a e  ( L C )  a r e  b r o a d  a n d  e x t e n d  o v e r  a  l a r g e  

p o r t i o n  o f  t h e  s a r c o m e r e ,  w i t h  s o m e  o v e r l a p  o f  t h e  LC o r i g i n a t i n g  

f r o m  d i f f e r e n t  TO  a t  t h e  M - l i n e .  S c a l e  b a r  =  0 . 5 p m .

F i g .  3 . 2 0 .  L . S . ,  s h o w i n g  t h e  h i g h l y  o r g a n i s e d  s a r c o m e r e  s t r u c t u r e

w i t h  n e a r  p e r f e c t  r e g i s t e r  o f  I -  a n d  A - b a n d s  ( l .  A ) ,  w e l l - d e f i n e d  

t r i a d s  ( t )  a n d  Z - d i s c s  (z), a n d  a  d i s t i n c t  M - l i n e  ( m ) .  S c a l e  b a r  =  

0 . 5 p m .

F i g .  3 * 2 1 .  L . S . ,  s h o w i n g  t h e  t a p e r i n g  o f  a  m o d e r a t e - s i z e d  f i b r e

t o w a r d s  t h e  m y o s e p t a l  i n s e r t i o n .  N o t e  t h e  c l o s e  r e g i s t e r  o f  s a r c o 

m e r e s  a n d  t h e  g r a d u a l  r e d u c t i o n  i n  m y o f i b r i l  w i d i j i  a t  t h e  f i b r e  

p e r i p h e r y .  S c a l e  b a r  =  2 p m .

F i g .  3 . 2 2 .  L . 8 . ,  p e r i p h e r a l  v i e w  o f  SW f i b r e ,  s h o w i n g  a  h e t e r o -

c h r o m a t i c ,  e l o n g a t e  n u c l e u s .  S c a l e  b a r  =  1 p m .





F i g s .  3 . 2 5 .  -  5 . 2 6 .  H i ^  p o w e r  e l e c t r o n m i c r o g r a p h s  o f  e l v e r  f a s t

m u s c l e  ( L W ) ,

F i g .  3 . 2 3 .  T . 8 . ,  s h o w i n g  t h e  s a r c o t u b u l a r  a n d  s u b s a r c o l e m m a l

v e s i c l e s .  S s t r c o l e m m a  a n d  b a s a l  l a m i n a  a r e  c l e a r l y  v i s i b l e  ( b o t t o m ) .

T h e  s m a l l  c h a n g e  i n  s e c t i o n  p l a n e  c a u s e s  a  s t r i k i n g  d i f f e r e n c e  i n  

t h e  p a t t e r n  o f  c o n t r a c t i l e  p r o t e i n s ,  w i t h i n  t h e  A - b a n d  r e g i o n .

S c a l e  b a r  =  0 . 2 p m .

F i g .  3 . 2 4 .  O b l i q u e  s e c t i o n ,  s h o w i n g  t h e  i n v a s i o n  o f  T - t u b u l e s  

b e t w e e n  m y o f i b r i l s .  T h e  c h a r a c t e r i s t i c  A -  a n d  I - b a n d  p a t t e r n s  o f  

t h e  m y o f i l a m e n t s  a r e  v i s i b l e ,  a s  w e l l  a s  t h e  b a s k e t - w e a v e  a p p e a r a n c e  

o f  t h e  Z - d i s o  (z),  i n  t h e  n e a r - T . S .  p r o f i l e .  S c a l e  b a r  =  0 . 2 5 p m .

F i g .  5 . 2 5 .  T . S , ,  t h e  A - b a n d  r e g i o n  o f  a  f i b r e ,  s h o w i n g  t h e  s t r u c t u r e

o f  t h e  f i b r e  p e r i m e t e r ,  i n c l u d i n g  t h e  b a s a l  l a m i n a ,  s a r c o l e m m a  a n d  

s u b s a r c o l e m m a l  v e s i c l e s .  T h e s e  v e s i c l e s  a r e  a s s u m e d  t o  b e  p i n o c y t o t i c ,  

s i n c e  p r o f i l e s  o f  " o p e n " v e s i c l e s  a r e  o f t e n  s e e n ,  b o t h  i n  T . S .  a n d  L . S .  

T h e  s i m i l a r i t y ,  a n d  c l o s e  p r o x i m i t y ,  o f  t h e  s a r c o t u b u l a r  a n d  s u b s a r c o 

l e m m a l  v e s i c l e s  i s  c l e a r l y  s h o w n .  S c a l e  b a r  =  0 . 2 p m .

F i g .  3 . 2 6 .  T . S , ,  c e n t r a l  m y o f i b r i l  s e c t i o n e d  i n  t h e  A - b a n d  ( r e g i o n  o f

a c t i n - m y o s i n  o v e r l a p )  s h o w i n g  t h e  c h a n g e  i n  t h e  d o u b l e - h e x a g o n a l  

p a t t e r n  ( u p p e r  r i g h t )  o n  t h e  f o r m a t i o n  o f  c r o s s b r i d g e s  ( c e n t r e ) .

S c a l e  b a r  =  0 . 1 p m .



&



F i g .  5 . 2 7 .  H i s t o g r a m  s h o w i n g  t h e  d i s t r i b u t i o n  o f  v a l u e s  f o r  

T - s y s t e m  c o n t e n t  w i t h i n  t h e  d i f f e r e n t  f i b r e  g r o u p s .  P l o t  o f  

f r e q u e n c y  (% )  v s  f r a c t i o n a l  v o l u m e  (%  f i b r e  a r e a ) .  A r r o w s  d e n o t e  

m e a n  v a l u e  o f  e a c h  s a m p l e .

F i g .  5 . 2 8 .  S i m i l a r  t o  F i g ,  5 . 2 ? ,  f o r  t h e  S . R .

F i g .  3 . 2 9 .  F L o t s  o f  t h e  t o t a l  s a r c o t u b u l a r  s y s t e m  ( S . R ,  +  T - s y s t e m )  

f o r  t h e  d i f f e r e n t  f i b r e  g r o u p s .

F i g .  3 . 3 0 .  D i s t r i b u t i o n  o f  v a l u e s  w h e n  c a l c u l a t e d  w i t h  r e f e r e n c e  

t o  e i t h e r  w h o l e - f i b r e  ( F )  o r  m y o f i b r i l l a r  (M F )  a r e a .  C l e a r l y ,  

a  t r a n s e c t  a c r o s s  a  f i b r e  w i t h  a  l a r g e  s u b s a r c o l e m m a l  o r  i n t e r -  

m y o f i b r i l l a r  s p a c e  ( c y t o p l a s m )  w i l l  g i v e  a n  e r r o n e o u s l y  l o w  v a l u e  

f o r  t h e  s a r c o t u b u l a r  c o n t e n t ,  r e l a t i v e  t o  a n y  a n a l y s i s  t h a t  r e l a t e s  

t h e  v o l u m e  o f  t h e  s a r c o t u b u l a r  s y s t e m  t o  t h e  m y o f i b r i l  a r e a  t h a t  i t  

s e r v e s .  T h e  p l o t t e d  v a r i a b l e s  w e r e  a n a l y s e d  i n  s l o w  f i b r e s  a n d  o n l y  

s m a l l  d i f f e r e n c e s  i n  t h e  c a l c u l a t e d  m e a n s  w e r e  f o u n d .  H o w e v e r ,  t h e  

d i s t r i b u t i o n  o f  v a l u e s  r e p r e s e n t e d  i n  t h e  a n a l y s i s  o f  t h e  m y o f i b r i l l a r  

c o m p a r t m e n t  w a s  a s s u m e d  t o  b e  a  b e t t e r  e s t i m a t e  o f  p h y s i o l o g i c a l  

v a r i a t i o n  b e t w e e n  t h e  s a m p l e s .  C a l c u l a t e d  m e a n s  ( F  v s  JMP e s t i m a t e s )  

f o r  T - s y s t e m ,  S . R ,  a n d  t o t a l  s a r c o t u b u l a r  s y s t e m  w e r e  0 . 2 8  v s  O . 5I ;  

1 . 8 9  v s  2 . 1 0 ;  a n d  2.17  v s  2 . 41%  r e s p e c t i v e l y .
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CHAPTER 4

INTRODUCTION

The growth o f  f i s h  s k e le ta l  muscle p resen ts an in te r e s t in g  model 

fo r  the study o f  f ib r e  d if f e r e n t ia t io n ,  s in ce  most s ta g es  o f  myogenesis 

can be found in  mature myotomes. The anatom ical separation  o f  the two 

major f ib r e  ty p es , and t h e ir  seq u en tia l appearance during development, has 

proved u s e fu l in  a number o f  s tu d ie s  concerning c e l lu la r  d if fe r e n t ia t io n  in  

embryonic and ea r ly  p o s t-n a ta l f i s h  (Nag and N u rsa ll 1972; Raamsdonk e t a l  

1978 ) .  L i t t l e  a tte n t io n  has been paid  to  the r e g u la tio n  o f  myotomal growth 

w ith in  mature, f u l ly  d if fe r e n t ia te d  m uscle; th is  e s s e n t ia l ly  rep resen ts an 

exten sion  o f  the mammalian neonatal con d ition  in to  a d u lt l i f e ,  w ith  muscle 

growth bein g  the r e s u lt  o f  f ib r e  h yp erp lasia  and hypertrophy.

I t  i s  n ot known whether the fa c to r s  c o n tr o ll in g  the recruitm ent o f  stem  

c e l l s  in to  develop ing  f ib r e s ,  w ith in  a muscle o f  a d u lt phenotype, are the  

same as th ose which in i t ia t e d  embryonic m yogenesis. The d iscontinuous growth 

pattern  in  f i s h  m uscle su ggests  th a t t h i s  may not be th e c a se . In a d d itio n , 

the growth o f  f ib re -p re cu rso r  c e l l s  w ith in  a mature m uscle i s  u n lik e ly  to  

p a r a lle l  the a cce lera te d  development o f  embryonic m yogenesis, vdiere f ib r e  

d if fe r e n t ia t io n  may be com plete between $0 and 90 days p o s t - f e r t i l i z a t io n  

(Nag and N u rsa ll 1972; Raamsdonk e t  a l  1978» P roctor e t  a l  I98O). P r o life r a tio n  

o f  f ib r e s  may be ach ieved  by two d if fe r e n t  mechanisms. The o r ig in a l myogenic 

stem c e l l  stock  may remain dormant fo r  a  v a r ia b le  period  o f  tim e, g iv in g  r i s e  

to  an apparent h yp erp lasia ; a lt e r n a t iv e ly ,  there may be a continuous pro

d u c t io n /r e p lic a t io n  o f  stem c e l l s ,  or true h y p erp la sia . The proximate 

fa c to r s  c o n tr o ll in g  th ese  p ro cesses  may be q u ite  d if f e r e n t ,  and the e x is te n c e  

o f  two or more p op u la tion s o f  myogenic stem c e l l s  cannot be ru led  ou t. There 

i s  on ly  in d ir e c t  evidence fo r  th e development o f  m y o s a te llite  c e l l s  (mSC) 

in to  young f ib r e s ,  a l t h o u ^  the passage o f  MSC d a u ^ te r  n u c le i in to  mature 

f ib r e s  has been observed, fo llo w in g  a temporal sequence o f  "^H-thymidine uptake 

in  ra t muscle (Moss and Leblond 1971)• Such a p rocess i s  supported by
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m orphological evidence (A n astasi e t  a l  1979)> However, the relevance o f

MSC to  hypertrophying f ib r e s  has been questioned  (James 197&; Schultz 1978)$

and in  mature muscle t h e ir  r o le  may be th a t o f  a  reserve  stem c e l l  p op u la tion , 

used on ly  in  the regen eration  o f  damaged t is s u e  (Mauro I96I; Shafiq e t  a l  1967; 

Schu ltz 1978; Snow 1978). The term " m y o sa te llite  c e l l"  to  d escrib e both  

c e l l  l i n e s ,  th e r e fo r e , may be a misnomer; f i s h  muscle should provide a u s e fu l l|

preparation  to  study t h e ir  proposed dual fu n ctio n . /

In r e s t r ic t in g  t h is  study to  the deeper reg io n s o f  th e  nyotome, a I

major lim ita t io n  o f  embryonic s tu d ie s  i s  overcome s in ce  th e f in a l  phenotype |

o f  a  c e l l  i s  known in  advance. I t  has been suggested  th a t part o f  the  

h etero g en e ity  o f  myotomal m uscle may be due to  the occurrence o f  two -A

d if fe r e n t  growth p a ttern s (Chapters 2 and $ ) .  The p o s s ib le  e x iste n c e  o f  

reg io n a l growth nodes i s  examined a t  two s i t e s  w ith in  the myotome, u s in g  

u ltr a s tr u c tu r a l c r i t e r ia  to  determ ine the developm ental sequence. Small A

(SDW) f a s t  f ib r e s  w ith in  th e  main body o f  the nyotome are considered  as 

e ith e r  a growth s ta g e , or a fu n c tio n a l sub-type o f  f a s t  m uscle. Those f ib r e s  J

th a t show evidence o f  an e x te n s iv e  m yoseptal connection  are examined w ith  

regard to  th e  p attern  o f  hypertrophy, and the presence o f  a c t iv e  h y p erp la s ia . ?!

-I

-I



MATERIALS AND METHODS 

P ish

Specimens were caught, tran sported  and m aintained under s im ila r  

co n d itio n s to  th ose d escribed  p rev io u sly  (Chapter 2 ) ,  but rep resen t the  

fo llo w in g  y e a r ’ s m igration . As far  as could  be a scer ta in ed  the age, and 

developm ental s ta g e , were the same as the anim als used in  Chapter 3.

and !f/igfk  were 0.2175 -  0 .0175g  and 6 .8  -  0 . 175cni (Mean -  S .D .) ,

t . ( f ) env

where " len g th  o f  cren u la ted  perim eter (se e  P ig . 4» 15)*

6 6  '

r e s p e c t iv e ly  (n=6). , -%

E lectron  m icroscopy %

The t is s u e  sample s i t e  was the same as describ ed  in  Chapter 2 , and 

preparation  as described  in  Chapter 3* Morpheme t r ie  a n a ly s is  was performed 

on f ib r e s  from deep fa s t  (DW) m uscle. F ibre c r o s s - s e c t io n a l area , a ( f ) ,  

and perim eter, b ( f ) ,  were determ ined by planim etry o f  p r o f i le s  from TS 

s e c t io n s  (Chapter 2 ) .

The in crea se  in  surface area due to  m yoseptal in vag in a tion  was 

ca lcu la ted ;

( % .  4 . 1 . )  I  =  I

where b(f)^^^ = t o t a l  perim eter len g th

b ( f )  = perim eter len g th  o f  the f ib r e  envelope (see
P ig . 4.!4)

The proportion o f  f ib r e  perim eter in  con tact w ith  th e  myoseptum was :i

ca lcu la ted :
b ( f )

(Eq. 4 . 2 . )  Ï  (m s ,f)  =

■ !
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1

RESUI/rS

Q u a lita t iv e ly , th ere was no d iffe r e n c e  in  the morphology o f  the SMV/ 

and SDW f ib r e s  described  e a r l ie r  (Chapter 3) and th e p resen t group o f  sm all 

f a s t  f ib r e s  ( "myotomal" f ib r e s ;  Table 4*1» P ig . 4 .4 )»  The h istoch em ica l 

p r o f i le  i s  c o n s is te n t  w ith  growth sta g es  described  fo r  other sp e c ie s ,  having  

a more aerobic ch aracter than the la rg e  DW f ib r e s  and a much h igher glycogen  

conten t (Chapter 3 ) . ' The f in e  stru ctu re  m irrors t h is  .s itu a tio n  w ith  re sp ec t  

to  m itochondrial con ten t and glycogen granules (P ig . 4 * 4 ). S cattered  through

out the muscle are numerous m y o s a te llite  c e l l s  (Mauro I961) and 

v a r io u s fib re -p recu rso r  s ta g e s  th a t correspond q u ite  c lo s e ly  to  the scheme 

proposed fo r  salmonid m yogenesis (Nag and N u rsa ll 1972; K ila rsk i and 

Kozlowska 1979).

In t h is  study th e term " m y o sa te llite  c e l l"  (MSC) i s  r e s t r ic t e d  to  the  

mononucleate c e l l s  lo c a te d  a t  the periphery o f  a  mature muscle f ib r e ,  b e in g  

ex tern a l to  th e sarcolemma but in te r n a l to  the b a sa l lamina (P ig . 4 . I ) .  These 

sp indle-shaped  c e l l s  have a  prom inent, heterochrom atic nu cleu s surrounded by 

a narrow band o f  v e s i c l e - f i l l e d  cytoplasm . This morphology resem bles  

mammalian m y o s a te llite  c e l l s  (Pischraan 1972) and i s  broadly s im ila r  to  both  

anuran (Maruenda and Armstrong 1978) and elasmobranch MSC’ s (Xryvi 1975).

The appearance o f  th e  m yoblast i s  s im ila r  (P ig . 4 * 2 ), but con ta in s a la r g er  

proportion o f  p o o r ly -stru ctu red  or empty cytoplasm , and an e lev a ted  m ito

chondria l co n ten t. The c o n tr a c t i le  f ila m en ts  (a c t in  and n y o sin ) and -%

sarcotubular elem ents (S .R , and T -system ) are h ig h ly  organised  even in  the  

very  ea r ly  s ta g es  o f  sarcomere form ation, and are a lig n e d  in  a s im ila r  manner 

to  th ose in  the adjacent mature m uscle f ib r e s  (P ig . 4 . 8 ) .  When the 2-4  

m y o fib r il s tage  i s  reached, sarcom eres are s tr u c tu r a lly  in d is t in g u ish a b le  ' 

from th ose  in  mature f ib r e s  (P ig . 4 * 7 ). I n s u f f ic ie n t  evidence was a v a ila b le  

to  p r e c is e ly  determ ine th e tim e o f  m yoblast fu s io n , although i t  i s  c le a r  from 

LS s e c t io n s  th a t i t  occurs b efore  th e  p r o life r a t io n  o f  c e n tr a l m y o fib r ils .
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Development o f  myotubes in to  immature f ib r e s  i s  a continuum o f  form, and
2 'appears to  be v ir t u a l ly  com plete in  a l l  f ib r e s  ^  25|im . The young f ib r e  >

then resem bles la rg e  f a s t  f ib r e s ,  having around 'JQP/o m y o fib r ils  (P ig . 4*26), k

although the m itochondria l con ten t (V ^(m it,f)':£ ir O.O5 ) remains e lev a ted  j

(P ig , 4 *27)• In a l l  s ta g e s  the subsarcolemmal zone predominates (Table 4 « 2 ). is

The b asa l lam ina, or rem nants, i s  v i s i b l e  around a l l  young nyotomal f ib r e s  4

K  20pm  ̂ and o c c a s io n a lly  up to  40pm^ (P ig . 4 . 3 );  i t  i s  seen to  r e s e a l  i
p I

around the la r g e  neighbour b efore  the growing f ib r e  reaches 100pm (P ig s . 4 . 3 . %

and 4 . 4 ) .  The presence o f  p e r ic y te s  (m ononucleate, u n d iffe r e n tia te d  c e l l s ,  I

4- 6pm ) in  the i n t e r s t i t i a l  space may i n i t i a l l y  cause some con fu sion , but Ï

there can be m orp h olog ica lly  d is t in g u ish e d  from tru e MSO’ s which are always l|
■■I

lo ca ted  a t  the apex o f  a  f ib r e  in  TS s e c t io n s .  (P ig s . 4 .I  and 4 . 6 ) .  ;3

O ccasion a lly , a  MSC can be found ad jacen t to  a develop ing  young f ib r e  (P ig . 4#5 )» 4  

The f ib r e s  th a t are seen to  have ex te n s iv e  and in tim ate con tact w ith  the  

myoseptum alon g  p a r t, or a l l ,  o f  th e ir  len g th  are re ferred  to  as "myoseptal" 4S;

f ib r e s .  In TS se c t io n s  ^  95% o f  a l l  f a s t  f ib r e s  adjacent to  a myosepta are 

o f  t h is  type (P ig . 4*24 and 2 .1 7 ) ,  a lthough  they are h isto ch em ica lly  #

in d is t in g u ish a b le  from f ib r e s  w ith in  th e  r e s t  o f  the myotomal bulk . In 3

g en era l, they are much la r g e r  than the sm all nyotomal f ib r e s  (P ig . 4*15) and |

show a la rg er  varian ce of. component volume d e n s it ie s  (P ig s . 4*4, 11, 27; j

Table 4*1)* The c e l l s  and f ib r e s  ly in g  ad jacen t to  the myosepta show a wide si|
1

v a r ie ty  o f  form; numerous f ib r o b la s t s  and p e r ic y te s  are v i s i b l e  w ith in , and 

around, th e  myoseptum. The sm all number o f  MSC; p resen t are in v a r ia b ly  on the  

m yoseptal edge o f  a  f ib r e ,  but have a  s im ila r  appearance to  those from deeper 

w ith in  the myotome. S tr u c tu r a lly , th e  major d iffe r e n c e  between m yoseptal and 

myotomal f ib r e s  becomes c le a r  a t  the myotube s ta g e , i ( f )  <^15|im ,̂ when the  

ex ten siv e  sarcoplasm ic space f i r s t  d ev e lo p s. T his la r g e , u n d iffe r e n t ia te d  |

space remains a d is t in g u is h in g  fea tu re  u n t i l  th e f ib r e s  are q u ite  la r g e ,
O I

a ( f ) Ü  500(im (P ig . 4*2b ). At t h i s  p o in t the m yoseptal f ib r e s  resem ble the ^

....................................................................... ,  . .  ............................................................................
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myotomal f ib r e s  in  a l l  but the m yoseptal connection . These in v a g in a tio n s  

can be seen in  a l l  m yoblast-type c e l l s ,  and in  many ca ses  b efore the ij

appearance o f  m yofilam ents, up to  f ib r e s  o f  q u ite  la rg e  dim ensions ( a ( f )  = 

1000-1200|im^). In c r o s s - s e c t io n , th ere  i s  a  seq u en tia l reduction  in  m yoseptal 

con tact w ith  in cr ea sin g  f ib r e  s i z e ,  r e s u lt in g  from th e maintenance o f  a  

r e la t iv e ly  constant len g th  o f  th e  f ib r e  envelope in  con tact w ith  th e  myoseptum
'5

(P ig s . 4*9 and 4«10).- In l in e  w ith  t h i s  p rogression , th e  m itochondria and y

n u clear volumes decrease w ith  in c r e a s in g  f ib r e  area (P ig . 4*27)*
2

Morphometric a n a ly s is  was lim ite d  to  f ib r e s  900pm , a l th o u ^  p r o f i le s

la ck in g  m yoseptal con tact are on ly  seen fo r  la r g e  f ib r e s ,  a ( f )  = 1000 to  
21200pm . The ex ten t o f  th e  con tact can be a sse ssed  by th e  in crea se  in  f ib r e

su rface area , which may alm ost double (P ig . 4*15î Table 4 * 2 ). The v a r ia b i l i t y

in  the depth o f  in v ag in a tion  i s  r e f le c t e d  in  the poor c o r r e la t io n  between

in crea se  in  surface area  and th e  proportion  o f  f ib r e  periphery in  co n ta ct

w ith th e myoseptum (P ig . 4* 15)* Those f ib r e s  th a t show on ly  a sm all in crea se

in  su rface area when a  la r g e  p ortion  o f  th e perim eter i s  in va g in a ted , u su a lly

have a  much reduced subsarcolemmal sp ace. D eveloping m yoblasts are found in
2a p o s it io n  between th e myoseptum and f ib r e s  > 800pm . A developm ental |

•|
sequence i s  found th e r e a fte r , w ith  sm all f ib r e s  b e in g  found adjacent to  the

2la rg er  mature f ib r e s ,  ^  1000pm • Some "myoseptal f ib re"  p r o f i le s  are l i k e ly  #
■"I

to  rep resen t se c t io n s  o f  the normal (myotomal) f ib re -e n d  in s e r t io n  in to  the #
^

connective t is s u e  sheath (P ig . 4 « 20). However, in  TS se c t io n s  i t  i s  d i f f i c u l t  if

to  d is t in g u ish  betwebn th ese  f ib r e s  and those in  which th e  m yoseptal con tact  

i s  extended a long the f ib r e  le n g th  (P ig . 4*21).
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DISCUSSION 

Myogenic c e l l s
1

M y o s a t e l l i t e  c e l l s  (MSC; a r e  c o n s id e r e d  t o  b e  m y o g e n ic  stem  c e l l s ,

or r e s t in g  m yoblasts (Mauro I96I; Shafiq  e t  a l  I967) ,  s in ce  they are the J
'■t

only m ito t ic  m yonuclei. Although th ere  i s  l i t t l e  question  th a t the t o t a l

number o f  myonuclei in c r e a se s  w ith  age, th ere i s  c o n f l ic t  as to  whether the  

number o f  MSC remains con stan t (Pischraan 1972) or d ecreases (S ch u ltz  1978; |

Schmalbruch and Hellhammer1977); however, t h is  i s  probably co rre la ted  w ith  'if

the developm ental sta g e  o f  the anim al. Incorporation  o f  (m ito t ic )  n u c le i  

in to  mature m uscle f ib r e s  has not been observed in  f i s h ,  a lth o u ^  th e  

su c c e ss fu l la b e l l in g  o f  elasmobranch MSC (Kryvi and P i de 1977) i s  in d ic a t iv e  C#

o f  s im ila r  fu n ctio n s to  th e  mammalian and anuran cou n terp arts. This i s  

supported by a  number o f  u ltr a s tr u c tu r a l s im i la r i t i e s  (Pischman 1972; ff

Kryvi 1975; Maruenda and Armstrong 1978). E lver MSC n u c le i vary from 4
A

smooth to  lob u lar  (P ig . 4 - l )  but appear q u ite  s im ila r  to  those d escrib ed  if

fo r  anuran8 (Maruenda and Armstrong 1978). The stem c e l l s  do n o t , however, #

show the marked d if fe r e n c e  in  d e n s ity  o f  subsarcolemmal, p in o c y to t ic  v e s i c l e s  j

found'between th e MSC and m uscle f ib r e s  in  elasmobranchs (Kryvi 1975; P ig . 4 * 8 ).

A xia l asymmetry i s  found throughout the sample range, as observed u s in g  

both transm ission  -  and scanning electronm icroscopy, w ith  resp ec t to  both  

c e l l  bod ies and th e alignm ent o f  in t r a c e l lu la r  o rg a n e lle s  (P ig s . 4*2 and 4 * 8 ).

The o r ien ta tio n  o f  m yoblasts in  v e r te b r a te s , both in  v i t r o  and in  v iv o , i s  

mediated by a cytop lasm ic m icrotubular array ( Pischman 1972) and i s  thought 

to  be c o n tr o lle d , a t l e a s t  in  p a r t, by endogenous e le c t r ic  f i e l d s  (H inkle e t  a l  

I 98I ) .  A s im ila r  m icrotubular system  has been d escrib ed  in  tro u t (K ila r sk i and 

Kozlowska 1979) ,  and i t  i s  l i k e ly  a lso  to  be presen t in  e lv er  m yob lasts. The 

temporal sequence o f  m yofilam ent production  i s  s im ila r  to  th a t in  tro u t (a c t in  

appearing before m yosin) where production  i s  known to  occur in  d is c r e te  reg io n s  I
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o f  the c e l l  (K ila r sk i and Kozlowska 1979)* Assembly o f  sarcomeres begins  

as soon as Z -d isc  m ateria l i s  p resen t (P ig . 4*8) and the c h a r a c te r is t ic  

s tr ia t io n  p attern  appears a t an ea r ly  stage  o f  developm ent, when only  1 or 2 

m y o fib r ils  are p r e se n t. The m ono-axia l, s in g le  MSC p r o f i l e / f ib r e  found in  

e lv e r  fa s t  m uscle c o n tr a s ts  sharply w ith  the m u lt i-a x ia l (many c e l lu la r  

ex ten sio n s) MSC envisaged  fo r  elasmobranch muscle (Kryvi 1975). In a d d itio n , 

elasmobranch m uscle i s  assumed to  p o sse ss  more than one MSC/fibre (Kryvi 1975)* 

I t  i s  not know whether t h i s  d iffe r e n c e  merely r e f l e c t s  .the d if fe r e n t  f ib r e  

s iz e  between th e  an im als, thereby m ain tain ing a s im ila r  MSC d e n s ity , or 

in d ic a te s  a tru e  d if fe r e n c e  in  growth p o te n t ia l .  E lver slow  f ib r e s ,  on the  

other hand, may have two m y o s a te ll ite  c e l l s  per f ib r e ,  u su a lly  on op p osite  

s id e s .  This p a r a l le ls  the more frequent occurrence o f  MSC in  mammalian slow , 

r e la t iv e  to  f a s t  m uscle (Schmalbruch and Hellhammer 1977)* This g iv e s  r i s e  

to  an apparent d if fe r e n c e  in  growth p o te n t ia l ,  w ith th e  number o f  MSC/unit 

f ib r e  area in  slow m uscle b e in g  approxim ately tw ice  th a t in  f a s t  m uscle.

On the b a s is  o f  f ib r e  s iz e  d is tr ib u t io n  and number, however, i t  has been 

suggested  th a t f a s t  m uscle grows by both hypertrophy and h y p erp la s ia , whereas 

slow muscle grows by hypertrophy a lon e in  e e ls  <10cm (W illem se and van den 

Berg 1978). There i s  some evidence to  suggest th a t t h is  d e lin e a tio n  may be 

inaccurate (Chapter 2 ) .  I t  i s  a ls o  p o s s ib le  th a t th e a c t iv i t y  o f  MSC’ s in  

the two muscle typ es i s  d i f f e r e n t .  T his i s  d i f f i c u l t  to  e s ta b lis h  on u lt r a -  

s tru c tu ra l c r i t e r ia  a lo n e , a lth o u ^  the wide v a r ia tio n  in  SDW f ib r e  s iz e
V.

around some la r g e  f a s t  f ib r e s  (F ig . 2 .2 8 ) su ggests  th a t continuous h yp erp lasia  

may occur in  f a s t  m uscle, w ith  a d iscon tin u ou s p r o life r a t io n  o f  MSC bein g  

found w ith in  slow  m uscle.

The range o f  growth p a ttern s d escrib ed  fo r  d if f e r e n t  sp e c ie s  o f  f i s h  may 

a lso  r e f l e c t  in t e r - ,  as w e ll as in t r a s p e c i f ic  d if fe r e n c e s  in  MSC a c t iv i t y .

In t h is  way i t  has been shown th a t the shark, Etmopterus spinax mainly u t i l i s e s
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fib r e  hypertrophy (Kryvi and Eide 197?) whereas cod, Gadus morhua, appears 

to  in crea se  f ib r e  number throughout l i f e  (Greer-Walker 1970). S im ila r ly  the  

e e l ,  A ngu illa  a n g u illa , i s  known to  add new f ib r e s  up to  30cm (W illem se and 

van den Berg 197®) although sm all PAS +ve f ib r e s  are v i s ib l e  in  specimens 

o f  around h a lf  the maximum len g th  ( 0 .5 L  , p ers . o b s .) .  The rainbow tr o u t .max'

I

Salmo g a ir d n er i, red wee's f ib r e  p r o life r a t io n  a t about 0 ,2  U. and r e l i e s  onmax i
f ib r e  hypertrophy th e r e a fte r  (Weatherlqy e t  a l 1979). ^he determ ining fa c to r s  

o f  the growth p attern  are not known; growth ra te  per s e ' seems n ot to  be 

im portant, although the f in a l  s iz e  a tta in ed  in  each s p e c ie s  does (Johnston 1982a). 

These p a ttern s do, however, r e f l e c t  a  d if fe r e n t  emphasis b e in g  p laced  on the  

two p o ss ib le  r o le s  fo r  the MSC, and deserve fu rth er  in v e s t ig a t io n ,

Myotomal f ib r e s

The use o f  u ltr a s tr u c tu r a l c r i t e r ia  alone cannot determ ine the fu n c tio n a l #

d iffe r e n c e s  between c e l l  l i n e s ,  but can i s o la t e  f ib r e  typ es on m orphological f

grounds th a t are in d ic a t iv e  o f  p o te n t ia l  fu n ction . Early myotomes found 

during p o st-n a ta l development have a h i ^  volume d en sity  o f  n u c le i ,  m itochondria, 3. 

endoplasmic reticu lum  (ER) and fr e e  ribosom es; t h is  i s  assumed to  be a s so c ia te d  

w ith  the a c t iv e  sy n th e s is  o f  c o n tr a c t i le  p ro te in s (Pischman 1972). A s im ila r  

morphology, w ith the a d d ition  o f  an ex ten siv e  cytoplasm  volume and glycogen  

d e p o s its , would seem to  p la ce  th e SDW f ib r e s  w ith in  t h is  scheme. However, th e  ' #

r e la t iv e ly  low volume d en s ity  o f  m itochondria (0 .0 5 6 , Table 4*1) in d ic a te s  .4

th a t any phase o f  a c c e le r a te d  growth ( c f  embryonic development) must be 

r e s tr ic te d  to  th ose  c e l l s  < 20pm̂  (P ig s . 4 . 7 , 4 . 8 ); th e r e a fte r  the apparent 

aerobic cap acity  d e c lin e s  w ith  in c r e a s in g  f ib r e  s iz e ,  although i t  remains above 

th a t o f  the surrounding, la r g e  diam eter f ib r e s  (P ig . 4 .2 b ) .  This would agree  

w ith  the rep orts o f  " red -lik e"  myosin in  f i s h  nyotubes (Raamsdonk e t  a l  1977,

1978, I 98O) in d ic a t in g  an i n i t i a l  s lo w -ty p e , aerob ic m etabolism  th a t i s  q u ick ly  

rep laced  by the a d u lt ( f a s t )  phenotype during the ea r ly  myotube s ta g e s .

-h:±:

■j

■ iâ
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D iffe r e n t ia t io n  would appear to  begin  before the estab lishm ent o f  any 

neuromuscular con tact in  e lv e r  m uscle; although i t  i s  p o s s ib le  th a t such  

ju n ction s could  have been m issed , the sm all s iz e  o f  th ese  c e l l s  makes t h i s

u n lik e ly  w ith  LS s e c t io n s .  A s im ila r  p re-in n ervation  change in  f ib r e  type
1

has been noted during m yogenesis in  f i s h  embryos, u s in g  both u ltr a s tr u c tu r a l  

(K ila rsk i and Kozlowska 1979) and immunohistochemical c r i t e r ia  (Raamsdonk e t  a l  j

1978, 1980).

The ty p ic a l  f a s t  f ib r e  " P ib r illen stru k ter"  p attern  (p a llisa d e  p erip h era l 

m y o fib r ils  and ir r e g u la r  ce n tr a l m y o fib r ils )  a lso  appears ea r ly  in  f ib r e  

development, and su g g ests  th a t the p erip h era l growth p a ttern  noted fo r  la rg e  

f ib r e s  (P atterson  and Goldspink 1976) o r ig in a te s  in  th e ea r ly  myotube (F ig s .

4 -4  and 4*5)* In v iew  o f  the low growth r a te  o f  th e  anim al, i t  i s  to  be i

expected th a t th e d i f f e r e n t ia l  between growth and mature f ib r e s  w i l l  be sm all. |

The v ir tu a l  absence o f  c a p il la r y  con tact (Table 4*1) in d ic a te s  th a t oxygen
■K

d eliv ery  i s  not a  l im it in g  fa c to r  in  f ib r e  p r o li f e r a t io n , and t h is  i s  "

supported by th e presence o f  a h igh  m itochondrial content in  only the sm a lle st  

f ib r e s .  The la ck  o f  d if f e r e n t ia t io n  between SDW and DW f ib r e s  on the b a s is  

o f  M’.ATPase su g g ests  th a t d if f e r e n t ia t io n  i s  complete and th a t the s tr u c tu r a l  

d iffe r e n c e s  m erely r e f l e c t  the im m aturity o f  a growing f a s t  f ib r e .  A decrease  

in  f ib r e  V y (m it,f)  would occur in  l in e  w ith  in cr ea s in g  a ( f ) ,  u n le ss  th ere  was 

a compensatory p r o life r a t io n  o f  m itochondria. As the b a sa l requirem ents o f  =

e lv e r  f a s t  muscle appears to  be around 1-2% m itochondria (F ig . 3*13c), th e  ?

e lev a ted  V .^(m it,f) in' SDW may provide an aerob ic ca p a c ity  in  ex ce ss  o f  th e  

requirem ents fo r  growth. Although th ese  f ib r e s  only form a  sm all percentage  

o f  the muscle (5%, Chapter 2 ) ,  a s im ila r  portion  i s  found in  much la r g e r  

anim als (ye llow  e e l  and conger e e l ) .  T his su ggests  th a t i t  i s  not m erely a  

ju v e n ile  c h a r a c te r is t ic ,  but th a t they  serve a co n sta n t, i f  sm all, r o le  in  

muscle fu n ctio n .

Iy:

s
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In mammalian m uscle, f ib r e  d if fe r e n t ia t io n  has been assumed to  be 3!
'1

under e x tr in s ic  (neuronal) c o n tro l w ith  a common embryonic, slow f ib r e  type J#
4

which assumes an ad u lt phenotype, dependent on the in n erv a tin g  motoneuron - i

(Dubrowitz 1970; Perry 1979)» T his dependence o f  phenotype on motor 

innervation  p a ttern  i s  w e ll  documented fo r  adu lt muscle (D u ller  e t  a l  I960;

Vrbova .1980 • Iijz(mo 197&), as i s  the development o f  r ec ip ro ca l

mechanical p ro p er tie s  by cro ss-re in n er v a tio n  experim ents (D u ller  e t  a l  I96O;

Bagust e t  a l  1981 ) .  Although th e a c t iv i t y  o f  the in n erv a tin g  m otomeurones
:

has a d ir e c t  e f f e c t  on th e  m uscle phenotype ( J o le sz  . and S reter  1981 ) ,  i t  i s
,

known th a t m uscle can have a r e c ip r o c a l e f f e c t  on th e p ro p er tie s  o f  the nerve i

(Lewis e t  a l  1978) and m uscles o f  d if fe r e n t  m etabolic ty p es  can show a m odified  #
4

response to  dual in n erva tion  by f a s t  and slow n erves (G oldring e t  a l  1981 )•  S

In t h is  way, th e  a c t iv i t y  p a ttern  o f  muscle per se  can have a marked e f f e c t

on the stru ctu re  o f  th e  myotome (Raamsdonk e t  a l  1978), th e  d if fe r e n t ia t io n  

o f  m etabolic f ib r e  typ es (Govind and Kent 1982), and m echanical p ro p ertie s  

(Salmons and Vrbova I 969) .

Some workers co n sid er  th a t " w h ite -lik e"  f ib r e s  are th e o r ig in a l c e l l  ii;

l in e ,  r e f l e c t in g  the spontaneous and apparently uncoordinated a c t iv i t y  o f  

f i s h  embryos; t h i s  then d evelop s in to  a " red -like"  f ib r e ,  c o in c id in g  w ith  the  

development o f  su sta in e d , co -o rd in a ted  swimming movements (Nag and N u rsa ll 

1972; Proctor e t  a l  I98O). A gain, t h is  su ggests  d ir e c t ,  neuronal determ ination
I

o f  the ad u lt phenotype. In c o n tr a s t , th ere  i s  evidence th a t  an d d u lt , 4
Jl

d if fe r e n t ia te d  m y o fib r il p a ttern  i s  found in  myotubes, p reced ing  the |

development o f  neuromuscular co n ta ct (S re ter  e t  a l  1972; Obinata e t  a l  1976). J

In f i s h ,  slow -type myosin has been demonstrated to  be p resen t in  myotomes 

(Raamsdonk e t a l  1978) where m o r p h o lo g ic a lly -d iffe r e n tia te d  f ib r e s  are p resen t  

b efore any en d p la tes are formed (K ila r sk i and Kozlowska 1979)* I t  would appear, S

then, th a t f ib r e  d if f e r e n t ia t io n  i s  i n i t i a l l y  c o n tr o lle d  by in t r in s ic  fa c to r s .

 ̂ ■ ■■ ■< '  i..' ;
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but may subsequently be m odified  by i t s  pattern  o f  in n erv a tio n . The f in d in g s  

o f  the p resen t study supports the scheme o f  p re-in n erva tion  (m orphological) ^

d if f e r e n t ia t io n ,  a s t h is  i s  com plete w ith in  very sm all f ib r e s .  I t  would 

appear, th e r e fo r e , th a t th e sm all PAS +ve f ib r e s  have been erroneously  

described  as "growth" f ib r e s ;  in  g en era l, they do n ot rep resen t myogenic c e l l s ,  

but rath er a  p o s t -d if f e r e n t ia t io n  c e l l  l in e  th a t i s  undergoing hypertrophy.

I t  i s  l ik e ly  th a t t h is  a lso  a p p lie s  to  s im ila r  f ib r e s 'd e scr ib ed  in  o th er  

sp e c ie s . T his id e n t i f ic a t io n  o f  a s im ila r ly  w e ll-d e f in e d  myogenic progression  

in  mature m uscle, to  th a t found in  embryos, o f f e r s  an a lte r n a t iv e  model system  

fo r  the study o f  the in t r in s ic  fa c to r s  un derly in g  f ib r e  d if f e r e n t ia t io n .  The 

p o s s ib i l i t y  e x is t s  th a t th e i n i t i a l  m etabolic f ib r e  type i s  not m odified  by 

th e ir  subsequent in n erv a tio n .

The apparently con trad ictory  s tu d ie s  regarding th e i n i t i a l  myogenic 

f ib r e  type in  f i s h  m uscle may be a r e s u lt  o f  u s in g  d if f e r e n t  c r i t e r ia .  In 

brown tr o u t , the (h is to c h e m ic a lly )  embryonic form con tin u es to  be expressed  * 

a fte r  the u ltr a s tr u c tu r a l d if f e r e n t ia t io n  o f  th e  f ib r e  has begun (P roctor e t  a l  

I98O). In t h i s  c a se , th e r e fo r e , the h istoch em ica l p r o f i l e  does not seem to  

r e f l e c t  the m orphological development; the p attern  o f  embryonic and a d u lt  

myogenesis would seem to  req u ire  confirm ation  by a number o f  tech n iq u es, 

lyjyo sep ta l _ f ib r e s

The p o s s ib le  e x is te n c e  o f  r e g io n a l growth nodes, as found in  th e in i t i a t io n  

o f  muscle development in  both  mammalian lim bs (Pischman 1972) and f i s h  embryos 

. (Raamsdonk e t  a l  1977 » K ila rk i and Kozlowska 1979) has not p rev io u sly  been 

considered fo r  a mature, growing m uscle. At f i r s t  i t  was considered  th a t  

myoseptal f ib r e s  form part o f  a s t a t i c  p op u la tion , w ith  growth b e in g  the  

r e s u lt  o f  hypertro^Èiy in -s te p  w ith  the spreading o f  the myoseptum (Chapter 3 ) .

The p ro gressive  development o f  th ese  f ib r e s  w ith  in c r e a s in g  c r o s s - s e c t io n a l  area , 

and the appearance o f  young f ib r e s  a t th e ir  m yoseptal p erim eter, su g g ests
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in s te a d  th a t t h i s  may rep resen t an ad d ition  to  th e  myotomal bulk by a 

seq u en tia l "budding-off" o f  mature f ib r e s  from th e  myoseptum. Such a 

progression  i s  l e s s  ev id en t w ith in  th e slow m uscle, where a lovrer frequency
%

J

4

o f  m yoseptal f ib r e s  occu rs. Any c r o s s -s e c t io n  o f  a  f i s h  trunk i s  l ik e ly  to  4
■fS

in clud e a number o f  f ib r e  ends, in s e r t in g  in to  the m yoseptal sh eath s, due to  4

th e ir  pattern  o f  o r ie n ta t io n  w ith in  the myotomes (P ig s . 4*17 and 4*19) .  In 

most sp e c ie s , e .g .  cod, t h i s  in s e r t io n  (eq u iv a len t to'^mammalian tendons) i s  4

very sh o rt, in  the m ajority  o f  e lv e r  f ib r e s  seen in  LS,’ i t  l a s t s  fo r  on ly  2-3  

sarcomeres and occurs even ly  around th e f ib r e  end (P ig s . 3*15 and 3*18)* In  

f ib r e s  running a lo n g sid e  th e myoseptum, however, t h i s  in vag in a tio n  can be 

seen to  run down one s id e  o f  th e f ib r e  fo r  p a rt, or a l l ,  o f  the len g th  

(P ig , 4*21)* Por most f ib r e s ,  th e  subsarcolemmal space i s  very  narrow a t  the 4
I

n yosep ta l in se r t io n  and, in  some c a s e s , t h is  in v a g in a tio n  may d isru p t th e  A

periph era l m y o fib r ils  (P ig . 3*6)* I t  would appear, th e r e fo r e , th a t in  t h is

region  c o n tr a c t i le  e f f ic ie n c y  i s  s a c r if ic e d  fo r  a m echan ically  stronger

anchorage. In m yoseptal f ib r e s  the SS space i s  s ig n i f ic a n t ly  extended, in  

a l l  but very  la rg e  f ib r e s .  I t  i s  u n lik e ly ,  th e r e fo r e , th a t random TS se c t io n s

would cut through a l l  ten d o n -lik e  in s e r t io n s ,  and a t  such an angle to  produce

an erroneously h ig i  sarcoplasm ic space. In e e l s ,  th e  myosepta are sev ere ly  

swept backwards (both  la t e r a l ly  and v e r t i c a l ly )  such th a t many o f  the p r o f i le s  

are l ik e ly  to  r e s u lt  from an extended m yoseptal c o n ta c t , due to  th e  

o r ie n ta tio n  o f  th e f ib r e s  (P ig s . 4*18 and 4*21). In e lv e r s ,  where the myotomes 

are narrow, t h is  may r e s u lt  in  on ly  a sm all p ortion  o f  a  f ib r e  b ein g  fr e e  o f  4

such connections (P ig . 4 * 21 ).

The e le v a te d  m itochondria l co n ten t, r e la t iv e  to  s im ila r ly -s iz e d  myotomal 

f ib r e s ,  i s  p resen t up to  q u ite  la rg e  s iz e s ,  a ( f )  >  500|im^ (P ig . 4*27), a lth o u ^  

the low n u clear volume d e n s ity  (0 . 04) i s  not in d ic a t iv e  o f  an e lev a ted  growth
I

r a te . The la rg e  amount o f  u n d iffe r e n t ia te d  sarcoplasm  ( ^ 42%; Table 4*2) if
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may be presen t as a  p h y sic a l b u ffe r  zone, in  order to  a llow  a cer ta in  amount 

o f  con traction  o f  the m y o fib r ils  w ith  the sarcolemma attached  to  a r e la t iv e ly  

s t a t ic  b a r r ie r . The s im ila r  r a t io  o f  SS to  IMP space between m yoseptal and 

sm all myotomal f ib r e s  su g g ests  th a t t h is  compensation i s  not com plete, and 

the v a lu es  only approach th ose  fo r  la rg e  myotomal f ib r e s  a t a ( f )  >800|im^. The 

aerob ic cap a c ity  i s  s im ila r  to  th a t found in  SDW f ib r e s  (y ^ (m it ,f )  = 0 .0 5 9 )  

and i s  su pp lied  w ith  a  g rea ter  c a p il la r y  con tact (Table 4 * 1 ), although t h is  

i s  s t i l l  low in  comparison w ith  f a s t  muscle o f  o th er sp e c ie s  (Johnston 1981a; 

Chapter 5) and i s  probably due e n t ir e ly  to  th e in creased  v a scu la r  d en s ity  o f  

the m yoseptal region  (Chapter 3)*

Two forms o f  m yogenesis have been d escrib ed  in  amphibians, w ith e ith e r  

sarcomeres b e in g  p resen t in  the mononucleate m yoblasts (during hindlim b  

development) or a delayed  production ( in  the myotomal m usculature) u n t i l  the  

m u ltin u clea te  myotube sta g e  (Kielbowna and K o sc ie lsk i 1979)* The d i f f e r e n t ia l  

sarcoplasm content between sm all myotomal and m yoseptal f ib r e s  may su ggest  

an anatom ical p a r a l le l  w ith  amphibia^ m uscle, where th ere  i s  an in crea se  in  

cytoplasm  volume d e n s ity  during m yoblast iyp ertroph y , p r io r  to  m y o fib r illo g e n e s is .
/ \  • iThe large  V ^ (sp ,f;  found in  e lv e r  m yoseptal f ib r e s ,  r e la t iv e  to  myotomal f ib r e s ,  4 

may be a  remnant o f  a  s im ila r  p ro cess; however, such a d if fe r e n t  in  growth 

p attern  would have to  be dem onstrated by more d ir e c t  means, fo r  example by 

in corporation  o f  r a d io - la b e lle d  amino a c id s . As th ere appears to  be l i t t l e  

or no d iffe r e n c e  in  th e  myogenic stem c e l l  morphology from th e  two reg io n s o f  

the m uscle, th e e x is te n c e  o f  sep arate MSC p op u lation s seems u n lik ely*  In 

a d d itio n , the low frequency o f  MSC occurrence in  th e  m yoseptal reg ion s would 

in d ic a te  an emphasis on growth by hypertrophy; th ere  i s  l i t t l e  evidence to  

support th e  e x is te n c e  o f  a  myogenic node.
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P ig , 4 , 1 ,  % o s a t e l l i t e  c e l l  a t the apex o f  a la rg e  DW fib r e  

(bottom ), showing the h eterochrom atic, lob u lar n u cleu s and the 

c lo se  a sso c ia t io n  w ith  the "parent" f ib r e ,  A d is t in c t  separation  

between the two sarcolemmas i s  ev id e n t, but th e MSC i s  seen to  be
enclosed  by the in ta c t  b a sa l lam ina. Scale  bar = o s  |im.

P ig , 4*2. Late myoblast stage showing the presence o f  a f u l ly  

developed m y o fib r il and aggregations o f  m yofilam ents. The r e la 
t iv e  volume o f  m itochondria i s  e v id e n t, as are the  

v e s ic l e s ,  one o f  which i s  seen opening to  the in ter-sarcolem m al 
space. The v e s ic l e  d e n s ity  i s  seen to  be s im ila r  in  both the  

myoblast and la r g e  f ib r e .  The prominent b a sa l lam ina, BL, i s  seen 
to en c lo se  the c e l l .  S ca le  bar = o-S |im.

P ig . 4 , 3 . Late myotube showing remnants o f  the BL, which i s  r e 
s e a lin g  around the large  f ib r e .  The ex ten sion  o f  th e " pallisad e"  

m y o fib r ils  c a r r ie s  them across the c e l l ,  although the sarcotubular  

system shows a f u l ly  fu n c t io n a l, f a s t  f ib r e  morphology. The ad ju st
ment o f  the la rg e  f ib r e  to  accommodate the growing myotube, i s

seen to  le a v e  a depression  a t  the f ib r e  apex ( l e f t ) .  Scale  bar =
i'O pm.

P ig . 4*4* Late myotube, s t i l l  shov/ing a h igh  n u clear  and m ito
chondrial co n ten t. The b a sa l lam ina has s t i l l  not ruptured. The 

development o f  cen tra l m y o fib r ils  i s  beginn ing, w ith  an in vag in ation  

o f  the sarcotubular system in to  s p l i t s  th a t have appeared a t  the  

a p ices  o f  the la r g e s t  m y o fib r ils .  S ca le  bar = ho pm.

P ig . 4»5* Late nyotube, showing th e unusual occurrence o f  both the  

young f ib r e  and an MSC, both en closed  w ith in  th e la r g e  f ib r e s  basa l 
lamina. S ca le  bar = / o pm.

P ig . 4*6. U n d ifferen tia ted  p e r ic y te ,  showing th e  u su a l e longate  

pear-shape, w ith  the th in  cytop lasm ic " ta il"  wedged between the two 
large DW f ib r e s .  Scale bar = / o  pm.





P ig , 4»7* Past muscle nQrotube, showing the very  la rg e  nucleus  

volume d e n s ity , and four developed m y o fib r ils .  The b a sa l lamina 

i s  s t i l l  in t a c t ,  although a p ro jec tio n  i s  seen to  be p rogressin g  

w ith in  the in ter-sarcolem m al sp ace. In t h i s  way, th e la rg e  f ib r e  

r e - s e a ls  the BL around i t s e l f ,  b efore the myotube i s  f u l ly  

separated by BL rupture. S ca le  bar = pm.

P ig . 4*8. Late m yob la st/ea r ly  myotube. An u n usu ally  empty, 

somewhat expanded p r o f i l e .  The m yofilam ent assem bly i s  c le a r ly  

seen to  commence w ith  a c t in  c o a le sc in g  onto Z -d isc  m a te r ia l, and 

proceed in  a staggered  manner acro ss  the c e l l .  The sarcotubular  

system i s  seen to  be assem bled in  advance o f  the sarcom eres i t  

w il l  serv e . E xtensive p op u la tion s o f  r o u ^  endoplasmic reticu lum  

(RER) and ribosom es ^ e  ev id en t w ith in  th e sarcoplasm .

Scale bar = /  o |im.





P ig , 4»9* Young m yoseptal f ib r e  showing the common, f la tte n e d  

appearance o f  many o f  th ese  f ib r e s .  The crenu lated  f ib r e  edge 

in  con tact w ith the myoseptum (MS) i s  seen to  have r e la t iv e ly  

poorly developed in te r d ig ita t io n s  w ith  th e  con n ective  t is s u e  

sheath. Scale  bar = 2  pm.

P ig , 4*10' S im ilar f ib r e  to  P ig . 4*9, in  LS v iew , showing the 

extension  o f  both th e f ib r e  and attachm ents. Note th a t the  

s tr ia t io n s  are in  good r e g is t e r  w ith  the la r g e , myotomal f ib r e  

(top , righ'fc) and appear to  be fu n c t io n a lly  competent.

Scale bar = S  ;m.

P ig , 4*11* F ibres adjacent to  th e myoseptum, on both s id e s ,  

d isp la y  ex ten s iv e  con n ection s. An extreme case i s  seen (top , 

l e f t )  where a h ig h ly  crenu lated  f ib r e  i s  seen p erip h era l to  the  

myoseptum. Such f ib r e s  are norm ally seen to  be surrounded by 

the con n ective t i s s u e .  S ca le  bar ~ A! f  pm.

F ig . 4*12. F ibre n early  surrounded by th e  myoseptum, shovnng
V

an e x te n s iv e ly  invaginated  p eriph ery . Note th e presence o f  a 

f ib r o b la s t  (cen tre , r ig h t )  and nerve axons running vdthin the  

connective t is s u e  m atrix . S ca le  bar = Upm.
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F ig , 4»13* S ize  d is tr ib u t io n  o f  myotomal (A) and m yoseptal (b ) 
f ib r e s  used in  th e  morpheme t r io  a n a ly se s , taken a t random from 

the sample s i t e s  d escrib ed  in  th e t e x t .  Note th e  la r g er  range 

o f  f ib r e  s iz e  seen in  th e m yoseptal f ib r e s .  The freq u en cies  

r e f l e c t  th e  num erical d e n s ity  o f  d if f e r e n t  s iz e  c a te g o r ie s  
w ith in  the f a s t  m uscle, w ith  th e la r g e s t  p ortion  o f  sm all 

myotomal f ib r e s  b e in g  < (A) and a model category o f
100-200p%^ fo r  the m yoseptal f ib r e s  (b ) .

4



P ig , 4»14* Diagrammatic o u t lin e  o f  a medium-sized m yoseptal 

f ib r e  showing the method used to  quantify  th e amount o f  saroo- 

lemmal in v a g in a tio n . The con tact w ith the con n ective  t is s u e  i s  

taken to  be between the two arrows. A p lan im etr ic  estim ate  o f  

the t o t a l  f ib r e  perim eter i s  made, b (f)^ ^ ^ , fo llow ed  by an estim ate  

o f  the f ib r e  perim eter o f  an eq u iv a len t, th o u ^  "smooth", f ib r e  by 

tr a c in g  the envelope o f  th e  sarcolemmal p r o je c tio n s  (se e  enlarged  

p o rtion ) to  g iv e  Iii the example, t h i s  amounts to  an

in crea se  o f  45% in  th e f ib r e  surface area . By ex p ressin g  the  

len gth  o f  the f ib r e  envelope between the arrows as a  percentage  

o f  t o t a l  f ib r e  envelope ( i . e .  the f ib r e  p erim eter), an estim ate  

o f  the ex ten t o f  in vag in a tio n  i s  g iven; in  t h i s  c a se , 4 ^  o f  the  

f ib r e  periphery i s  in  co n ta c t w ith  the myoseptum.

P ig , 4» 15 Graph o f  th e  two es tim a tes , showing the v a r ia b i l i t y  

o f  the parameters and th e  d if fe r e n t  com plexity o f  in v a g in a tio n s  

fo r  a s im ila r  len g th  o f  m yoseptal c o n ta c t. Those f ib r e s  shovnng 

a large  proportion  o f  th e ir  perim eter in  con tact w ith th e myoseptum, 

but having on ly  a sm all in cr ea se  in  su rface area , u su a lly  had a  

much reduced sub-sarcolemmal space and on ly  shallow  in v a g in a tio n s .
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F ig , 4»‘16. S im p lified  o u t lin e  o f  myotomes in  the two main groups 

o f  f is h e s ,  elasmobranchs (to p ) and t e le o s t s  (bottom ). The 3-  

dim ensional myotome i s  shown s l ic e d  around i t s  mid p o in t, w ith  

the s lo p in g  p r o je c tio n s  d ir e c te d  r o s tr a l  and caudal to  the mid 

l in e ,

a) d ogfish  a n ter io r  myotome, showing the "1-gW” shape; caudal 

myotomes are s im ila r , though more com pressed. y ■

b) cod a n ter io r  myotome, d isp la y in g  a shallow  "W" shape; the  

caudal myotome (c )  i s  more s te e p ly  sw ept. In e e l ,  the lo n g i

tu d in a l p ro cesses  may be more pronounced such th a t the a n ter io r  

myotomes would resem ble the p attern  o u tlin e d  in  ( c ) .  The caudal 

myotomes, then , would be s t i l l  more exaggerated . Note th a t the  

myotomes are f u l ly  in te r lo c k in g , such th a t a  TS se c tio n  o f  the  

body w i l l  pass through a  number o f  myotomes, some more than once, 

(Myotome shape a f te r  N u r sa ll, 1956).

P ig , 4*17' Diagrammatic o u t lin e  o f  th e course taken by myotomal 

muscle f ib r e s  in  a ty p ic a l  t e l e o s t ,  fo llow ed  through su ccess iv e  

myotomes. The h e l ic e s  a r e , th e r e fo r e , composed from the  

o r ien ta tio n  o f  many f ib r e s  in s e r t in g  in to  myosepta in  a l in e a r  

sequence (from Alexander, I969) .  D orsal (to p ) and la t e r a l  

(bottom) view s are shown; se = su b sid ia ry  ep a x ia l bundle 

ine= main ep a x ia l bundle oe ~ obliquuus externus

oi= obliquus in tern u s

Note th a t t h is  h ierarchy o f  f ib r e  o r ie n ta t io n  i s  p resen t w ith in  

the complex myotomal shapes o u t lin e  in  F ig . 4*16.
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F ig . 4»18. In the steep ly -sw ep t myotomes o f  the e e l ,  the h e l ic a l  

arrangement o f  f ib r e s  w i l l  r e s u lt  in  a d if fe r e n t  angle o f  m yoseptal 

in se r t io n , dependant on the angle th e muscle f ib r e  makes w ith the  

body a x is .  In t h is  way, the ex ten t o f  the m yoseptal in v a ^ n a tio n  

w il l  depend on the p lane o f  s e c t io n in g , x and y . Fast muscle 

f ib r e s  may form la rg e  an g les w ith the lo n g itu d in a l a x is  o f  th e  f i s h  

(v e r t ic a l  l in e )  up to  40° (Alexander I969) .  T his s itu a t io n  i s  

fu rth er com plicated , as a  s im ila r  v iew  can be o b ta in ed ,a t 90^ to  

th is  p lan . R = r o s t r a l ,  L = la t e r a l ,  ms = myoseptum.

F ig , 4» 19» When one combines the convoluted  myotome shape (F ig . 

4 . 16) w ith the suprar-myotomal organ isa tion  o f  f ib r e s  in to  h e l ic e s  

(F ig . 4» 17)» and the v a r ia b i l i t y  o f  an in d iv id u a l f ib r e ’ s angle o f  

in se r t io n  in to  the myoseptum (F ig , 4*18), the com plexity o f  trunk  

structure i s  apparent. As many myotomes are viewed in  any TS 

se c t io n , the v a r ied  o r ie n ta t io n  o f  f ib r e s  r e s u lt s  in  a wide range o f  

se c tio n in g  a n g les , TS se c t io n s  are i l lu s t r a t e d  fo r  elasmobranch (a)  

and t e le o s t  (b) trunk m usculature, view ed from the caudal a sp ec t, 

t  = tendon, pc = p o s te r io r  cone, ac = a n te r io r  cone (from Alexander 

1969) .  Note th a t th o se  f ib r e s ,  in  the t e le o s t  trunk, th a t run a t  

large an gles to  the p lane o f  s e c t io n in g  run c lo s e  to  the m yoseptal
■V.

sheaths (se e  F ig , 4 .10  ) .
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F ig . 4»20. Normal, ten d o n -lik e  in se r t io n  o f  myotomal muscle 

f ib r e s  in to  th e m yoseptal sh eets  (m s). Fibre a) rep resen ts the  

p r o f i le  seen when the o r ien ta tio n  i s  approxim ately normal to  the  

myosepta; f ib r e  b) shows the la t e r a l  exten sion  o f  the p r o f i le  

when the f ib r e  o r ie n ta tio n  i s  ob liq u e to  the myoseptum.

F ig , 4*21, Scheme to  show the v a ry in g  p attern s o f  m yoseptal 

co n ta c t, u s in g  the exaggerated s itu a t io n  found a t  a  myotome apex. 

Fibre a) has an extended m yoseptal in vag in a tion  a long part o f  i t s  

len g th  (hatched p o rtio n ) u n t i l  the o r ie n ta t io n  o f  f ib r e  a x is  and 

myoseptum d iv erg e . F ibre b) rep resen ts  a  f ib r e  considered  to  be 

in  con tact w ith  the myoseptum a lon g  a l l  i t s  len gth ; c le a r ly ,  t h i s  

could only occur i f  th e  f ib r e  ran part way across a myotome. I h is  

rep resen ts the s itu a t io n  shown in  electronm icrographs o f  sm all 

f ib r e s ,  w ith one edge e x te n s iv e ly  in vag in a ted . Fibre c )  c r o sse s  

the myotome a t  an angle to  the m yosepta, forming an extended myo

sep ta l con tact a t  both ends o f  the f ib r e .  As the myotome w idth , 

d, i s  reduced ( in  caudal myotomes or young f i s h ) ,  the proportion  

o f  the f ib r e  w ithout m yoseptal con tact i s  reduced (c le a r  a r e a ).  

Note th a t such a f ib r e  w i l l  form an angle to  both the h o r iz o n ta l 

and v e r t ic a l  a x es .
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CHAPTER 5

8 0 ' :

INTRODUCTION

The v a sc u la r isa t io n  o f  s k e le ta l  muscle i s  known to  co-vary w ith  f ib r e  ^
4

m itochondrial con ten t in  a wide v a r ie ty  o f  mammals (W eibel e t  a l  1981 ) .  I t  :%

i s  c le a r  th a t oxygen supply i s  dependent on many fa c to r s ,  in c lu d in g  the  

d en s ity  and su rface  area  o f  c a p i l la r i e s ,  b lood flo w , p erfu sion  d is tr ib u t io n ,  

myoglobin con ten t and o th er v a r ia b le s  a f f e c t in g  th e oxygen-haemoglobin 

equ ilibrium  and r a te  o f  m itochondria l r e sp ir a t io n . iMuscle c a p il la r is a t io n  

has been co rr e la ted  w ith  m etabolic f ib r e  type (Roraanul ,1965» Hudlicka e t  a l  

1978) ,  body s iz e  (Krogh 1919; Schm idt-N ielsen  and Pennycuik I96I; Weibel e t  a l  

I98I ) ,  whole animal VÔ  (Hoppeler e t  a l  1981b), and the e f f e c t s  o f  experim ental 

hypertrophy (Rakusan e t  a l  1980; James 1981 ) .  A lth o u ^  many d if fe r e n t  in d ic e s  

o f  c a p il la r y  supply are in  u se , i t  i s  c le a r  th a t none provide an adequate 

d escr ip tio n  o f  the p h y sic a l dim ensions o f  the c a p il la r y  bed.

In mammalian limb m u scles, th e  a n a ly s is  i s  com plicated  s in ce  a m ixture 

o f  f ib r e  typ es are p resen t, and a c a p il la r y  may supply 3 or more m eta b o lica lly  

d is t in c t  f ib r e s .  In c o n tr a s t , th e  segm ental trunk m uscle o f  f is h e s  i s  separated  

in to  d is t in c t  la y e r s  o f  d if f e r e n t  f ib r e  ty p es . T his would seem to  o f fe r  a 

u s e fu l model fo r  determ ining the q u a n tita t iv e  r e la t io n s h ip s  between the  

c a p il la r y  supply and m etabolism  o f  s p e c i f ic  f ib r e  ty p e s .

S everal th e o r e t ic a l ,  and p r a c t ic a l ,  l im ita t io n s  a f f e c t  the rep resen ta tiv e  -4
fsam pling o f  th e  c a p il la r y  supply to  f i s h  m uscles. Slow m uscle i s  composed M

o f  a mixed s iz e  range o f  sm all d iam eter, aerob ic f ib r e s  w ith  a r e la t iv e ly  

homogeneous c a p il la r y  d is tr ib u t io n .  In a l l  but very  la r g e  f i s h ,  the sample 

area i s  r e s t r ic t e d  to  a  narrow, s u p e r f ic ia l  la y e r  o f  m uscle. No such 

l im ita t io n  on th e  sample area  i s  found w ith in  th e f a s t  g ly c o ly t ic  f ib r e s ,  which ■ 

make up 90 -  95% o f  th e  nyotome; however, the sparse d is tr ib u t io n  o f  

c a p i l la r ie s  makes q u a n tif ic a t io n  d i f f i c u l t .  The sam pling p ro toco l must a lso  

take in to  co n sid era tio n  th e  h e tero g e n e ity  o f  the c a p il la r y  network, and any
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adjustm ent th a t r e f l e c t s  the s tr u c tu r a l v a r ia tio n  w ith in  a nyotome. In 

a d d itio n , many o f  the in d ic e s  used to  d escrib ed  the c a p il la r y  supply to  f i s h  

m uscle(K ryvi and Totland 1977 ; Flood 1979) were o r ig in a lly  derived  fo r  

use w ith  the more r eg u la r ly -o rg a n ised  mammalian limb m uscles, and comparison 

o f  s t r ia t e d  m uscles from th ese  two ty p es  o f  anim als g iv e s  w idely d if f e r in g  

r e s u l t s  (Mosse 1978). T his demands a more th o r o u ^  a n a ly s is  than has so 

fa r  been attem pted, i f  anyth ing o th er  than a gross d escr ip tio n  i s  req u ired .

The m athem atical m odelling  o f  a n iso tr o p ic  s tr u c tu r e s , such as c a p i l la r ie s ,  

i s  com plicated and req u ires  in form ation  derived  from is o t r o p ic a l ly ,  uniform , «4

random se c t io n s  (W eibel 1980; Mathieu e t  a l  1982; Cruz-Orive 1982), These 

are te c h n ic a l ly  d i f f i c u l t  to  ob ta in  from muscle samples and a compromise 

methodology has been developed (M athieu e t  a l  1982), a llo w in g  the estim ation  

o f  th e performance l im it s  in  th e  gas exchange and b lood  p erfu sion  system s.

In the p resen t study, a  su ita b le  methodology was developed fo r  an 

accurate estim a te  o f  th e  c a p il la r y  oxygen supply to  p oorly  v a scu la r ise d  1

m uscle, such as found in  p r im it iv e  t e l e o s t s .  The v a r io u s  in d ic e s  are  

c r i t i c a l l y  appraised  in  order to  adopt th ose  which b e s t  d escr ib e  the p h y sio lo 

g ic a l  requirem ents o f  the m uscle. A la r g e  s p e c ie s ,  the conger e e l ,  was used  

in  order to  m inim ise th e sam pling erro rs  found in  sm all f i s h  (Chapter 2 );  

morphometric a n a ly s is  o f  f ib r e  ty p es  was a lso  performed in  order to  a s se s s  

the co -varian ce  o f  c a p il la r y  supply and muscle f in e  s tru c tu re .

!

1
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MATERIALS AND METHODS 1
:l

F ish

Conger e e l s  (Conger conger, L ,) were trapped in  S t . Andrews hay; 

w e i^ t  and le n g th  were 2444 ~ 945»5g> and 112.6 -  30. 03cm ., r e s p e c t iv e ly  

(x -  8 .D ., n = 3 ) '  Specimens were m aintained fo r  1-3 weeks before sampling  

a t ambient (North Sea) tem peratures o f  8-10°C.

T issu e preparation  /’ '

F ish  were stunned and d ecap ita ted ; sm all bundles (.2-3mm diam eter) 

o f  f a s t  and slow  muscle f ib r e s  were ra p id ly  e x c ise d  from ep a x ia l myotomes, 

im m ediately p o s te r io r  to  the c lo a c a , and prepared fo r  e lec tro n  microscopy as 

d escribed  p rev io u sly  (Chapter 3) * No attem pt was made to  f i x  the v a scu la r  

bed by p er fu s io n . In t h i s  way, the samples were analogous to  the RF and DW 

f ib r e s  d escrib ed  fo r  th e e lv e r , from a s im ila r  reg ion  o f  the body (F ig . 2 .1 ) .

Ten b lock s o f  tr a n sv e r se ly -o r ie n ta te d , and f iv e  b lock s o f  lo n g itu d in a lly -  

o r ien ta te d  f ib r e  bundles were prepared from each sample s i t e ,  in  each o f  the  

f iv e  f i s h .  A n a lysis  u t i l i s e d  data from two r e s o lu t io n  le v e ls ;  sem i-th in  

s e c t io n s  and electronm icrographs.

C ap illary  d is tr ib u t io n

Sem i-thin se c t io n s  (o.3pm) were cu t from 6 f a s t  and 5 slow muscle b lock s  

s e le c te d  a t random, but in c lu d in g  a t  l e a s t  1 from each anim al. Measurements 

o f  f ib r e  c r o s s - s e c t io n a l  area , a ( f ) ,  number o f  c a p i l la r i e s ,  N (c ) , and number 

o f  f ib r e s ,  N ( f ) ,  were made d ir e c t ly  from to lu id in e  b lu e -s ta in e d  se c t io n s  

(m agn ifica tion  x400) u s in g  a m icroscope drawing arm in  conjunction  w ith the  

planim eter system  d escribed  e a r l ie r  (Chapter 2 ) .  Measurements were made to  

a l l  f ib r e s  in  d is c r e te  bundles on each s e c t io n , amounting to  230-300 slow or  

200-250 f a s t  f ib r e s  per s e c t io n . A n a lysis  was performed a t  regu lar increm ents 

o f  sample s i z e ,  N (f)  = 20 or 100, to  obta in  both cum ulative and sub-sample 

means, c a lc u la te d  fo r  both  in d iv id u a l f i s h  and grouped d ata . The change in  

estim ate  o f  th e  population  mean was p lo t te d  a g a in s t  the sample s iz e ,  i . e .
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number o f  f ib r e s  included  in  the a n a ly s is ,  N ( f ) ,  An op tim al, minimum, 

sample s iz e  may then be d ir e c t ly  read o f f  the graph, corresponding to  the  

p o in t a t  which the population  mean b eg in s to  p la teau  (F ig s . ').

( i )  C apillary  d e n s ity , th e  number o f  c a p i l la r ie s  per u n it  area o f  

muscle f ib r e ,  was d erived  from th e equation;

( E q .  5. 1) V o . f )  = H(C)^ /  ^  a ( f )

i=1 i=*1

( i i )  C ap illary  to  f ib r e  r a t io  was determined u sin g ;

( E q .  5 . 2 ) N  ( c . f )  = ^  K ( o )  /  N ( f )

s ,  &
( i i i )  Average number o f  c a p i l la r ie s  in  con tact w ith  a f ib r e  was ca lcu la ted ;  

( E g .  5.3) H (o ,f )  = ^

i= i  ;

1'

where f^ = in d iv id u a l f ib r e  p r o f i le  #

( iv )  Sharing fa c to r , th e  average number o f  f ib r e s  in  con tact w ith  a c a p il la r y ,  

has been confused w ith  the r e c ip r o c a l o f  ( c , f ) .  However, th is  i s  only  

tru e  fo r  the s p e c ia l  case o f  a  homogeneous c a p il la r y  and f ib r e  d is tr ib u t io n  4

p a ttern . The error caused by t h is  erroneous assumption w i l l  in crease  as  

N ^ (c ,f)  d e c l in e s ,  and the co rr ec t  v a lu e  has to  be erapiracally determ ined, u sin g ;

(Eg. 5 . 4 ) N ( f ,o )  = ^

"=■' ■ ;
s

where C = in d iv id u a l c a p il la r y  p r o f i le .

Note th a t t h is  i s  n ot the same as  the average number o f  muscle f ib r e s  per  

c a p il la r y , which i s  m erely the r e c ip r o c a l o f  N ^ (c ,f ) ,  as. used in  o ther s tu d ie s  

(Boddeke e t  a l  1959» Mosse 1978)•

. L "I cl
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C ap illary  an isotropy

The o r ie n ta tio n  o f  c a p i l la r ie s  was determined in  conger slow m uscle, 

u s in g  the same TS s e c t io n s  as used  in  th e  c a lc u la t io n  o f  Nj^(c,f) and 10 LS ?

se c t io n s  from b lock s chosen a t  random, w ith 2 b lock s from each f i s h .  The LS 

se c t io n s  contained  p r o f i le s  o f  7-12  f ib r e s .  The num erical d en sity  o f  

c a p i l la r ie s ,  vàth referen ce  to  m uscle f ib r e  area , was determined u s in g  the  

"forbidden lin e "  ru le  (Gundersen 1977) in  conjunction /W ith  a quadratic 

counting  g r id  (AIOG, W eibel 1980), such th at: . |
4

(Eq. 5 .5 )  Q ^ (o .f) = /  (<i . P i)  ;S

i=1 i=1

V C< *̂ A I

where d = l a t t i c e  spacing

Pi = number o f  l in e  in te r c e p ts  .3

f a l l i n g  on m uscle f ib r e  p r o f i l e s .  (W eibel 1980; Mathieu e t  a l  1982).

The len g th  d en sity  o f  a  component i s  r e la te d  to  i t s  num erical d en sity  %

by;

J.

where i s  the num erical d e n s ity -d e r iv e d  from a se c t io n  whose normal

(a  p ro jec tio n  a t  90° to  the s e c t io n )  forms an a n g le , ©  , w ith the a x is  o f  i
_  I

an iso trop y . For T .S . s e c t io n s ,©  = 0 and fo r  L .S, s e c t io n s ,  Ô  =  “/2

For p e r fe c t  a n iso tro p y , = Q,^(o)
%

For p e r fe c t  iso tr o p y , ' 2.Q^ (Vei.hel I98O) |

As the muscle c a p il là r y  bed has a h igh  (a lth o u ^  unknown) degree o f  an iso trop y , 

and as i t  i s  t e c h n ic a l ly  very  d i f f i c u l t  to determ ine ©  in  section ed  m ateria l 

i t  i s  n ecessary  to  eva lu a te  the con cen tration  parameter (k ) u sing:

Jy = c(K, e ) .  ( e )

u sin g  the assumption o f  a  sp h e r ic a l—normal d is tr ib u t io n  o f  component o r ie n ta t io n ,iï 

i t  has been shorn (Mathieu e t  a l  1982; Cruz-O rive 1982) th a t:
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K = 0 fo r  an is o tr o p ic  (random) d is tr ib u t io n  

K=s+00 fo r  a component o r ien ted  p a r a lle l  to  the a x is  o f  j

an isotropy ( e .g .  m u lti-co re  w ires)

K =-00  fo r  a component o r ien ted  p a r a lle l  to  th e p lane o f  

an istrop y  ( e .g .  cartw heel spokes)

A s im p lif ie d  method o f  e s t im a tin g  K u se s  the r a t io  o f  num erical d e n s it ie s  

from TS and LS se c t io n s ;  / '

yp ) =  ̂ g

\ ( V s .)  C(K,0)

from which c(K ,o) can be c a lc u la te d  (Table 1, Mathieu e t  a l  1$82; see  

F ig . 3 . 19) .  Once t h is  p r o p o r tio n a lity  constant i s  known, the c a p il la r y  

len g th  d en sity  can be c a lc u la te d  from any TS se c t io n ;  u sin g :

Jy ( c , f )  = c (K ,0 ) . Q^(o) i . e .

( E q .  5 . 6 )  J y  ( c , f )  =  c ( K , 0 ) .  N ^ ( c , f )  j

T his a llow s the c a lc u la t io n  o f  the c a p il la r y  volume, and surface d e n s it ie s ;

( E g .  5 . 7 )  V y ( o , f )  =  5 ( c ) .  J y ( o , f )

( E g .  5 . 8 )  S y ( c , f )  =  b ( o ) .  J y ( o , f )

where the c a p il la r y  d e n s ity  i s  an estim ate o f  4

the volume o f  blood w ith in  th e c a p il la r y  network, rep re se n tin g  the maximal 3

oxygen d e liv ery  to  the m uscle; a (c )  i s  the mean c a p il la r y  c r o s s - s e c t io n a l 4

area . The c a p il la r y  su rface  d e n s ity  i s  an estim a te  o f  the t o t a l  c a p il la r y  

surface area a v a ila b le  fo r  b lo o d -t is s u e  gas exchange, and rep resen ts  the  

s tru c tu ra l l im ita t io n s  to  m uscle oxygen flu x ;  b (c )  i s  the mean c a p il la r y  

circum ference,

Morphometric a n a ly s is

U ltra th in  s e c t io n s  were taken from the TS b lock s used  fo r  a n a ly s is  o f  

c a p il la r y  d en sity ; a n a ly s is  o f  f ib r e  com position , and c a p il la r y  d im ensions, 

were performed as d escribed  e a r l ie r  (Chapter 3) .  The la rg e  s iz e  o f  the f a s t

J
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f ib r e s  prevented a r e p r e se n ta tiv e  proportion  o f  the la r g e s t  f ib r e s  (y-IOOOOpm ) #

bein g  included  in  the a n a ly s is ,  u s in g  electronm icrographs o f  whole p r o f i l e s ,  

s in ce  part o f  the f ib r e  was u su a lly  obscured by a g r id  support. A group o f  

10 f ib r e s ,  a ( f )  •£!= 2000pm^, were an alysed  w ith  and w ithout a s tr ip  o f  b lack  

card , eq u iva len t in  s iz e  to  a g r id  support, la id  a cross the image. Comparison' 

o f  the two s e t s  o f  data  revea led  <2% d if fe r e n c e , in d ic a t in g  a very  uniform  

in tr a - f ib r e  d is tr ib u t io n  o f  components. Large f ib res 'w er e  subsequently  

included  in  the a n a ly s is ,  u s in g  data  from electronm icrographs o f  f ib r e s  w ith  

regu lar  p r o f i l e s ,  tra n sec ted  by a g r id  support in  the mid region  (n=8, see

Table 5 .5 ) .

.1

1
I
1

;|

j

.4

j. . * • -'î . ■ ■ . 'iV " ' -
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RESüI/rS

The elongated  body o f  th e conger e e l  shows a p ro g ress iv e , th o u ^  

shallow , in crea se  in  th e  proportion  o f  slow  m uscle, r o s tr a l  to  caudal

and d isp la y s  a s im ila r  type o f  locom otion to  th a t described  

fo r  the freshw ater e e l  (Chapter 2 ) .  The stru ctu re  and organ isa tion  o f  the  

trunk m uscles are s im ila r  to  th ose  in  th e  e lv e r  (Chapters 2 and 5) and other  

t e le o s t s  (Johnston 1981a), excep t th a t th e slow m uscle .layer i s  bounded ont
both s id e s  by an ex ten s iv e  ad ip ocyte  population  (F ig , 2 , 34 ; 3 .1 a ) . There 

i s  a  m oderately w e ll developed c a p il la r y  network in  th ese  reg io n s (F ig . 5 .1 c ) ,  

which may con tr ib u te  to  th e  m uscle oxygen supply. The m ajority  o f  la t e r a l  

anastom oses, seen in  LS s e c t io n s  o f  th e  m uscle, appear to  be a sso c ia te d  w ith  

in t e r - f ib r e  l ip id  d e p o s its .

Only th ose b lood v e s s e l s  th a t c o n s is te d  o f  endothelium  and p e r ic y te s  were 

considered  to  be c a p i l la r i e s ,  fo llo w in g  the approach adopted by workers on . 

mammalian m uscles (C asley-Sm ith  e t  a l  1975» Mathieu e t  a l  1982; see F ig . 5 . 6 ) .  

As the accuracy o f  derived  param eters req u ires  a  good estim ate  o f  c a p il la r y  

dim ensions, p a r tic u la r  a tte n t io n  was pa id  to  the errors in vo lved  in  sim ply  

measuring a l l  sm all b lood  v e s s e l s .  The d is tr ib u t io n  o f  c a p il la r y  s iz e  in  slow  

m uscle i s  c le a r ly  asymmetric (F ig . 3. H )  » on ly  a  sm all proportion  o f  la rg er  

blood v e s s e ls  are found w ith in  th e myotome, u su a lly  b ein g  r e s tr ic te d  to  the  

region  o f  the m yosepta. T h is d is tr ib u t io n  i s  a lso  seen in  e lv e r  (Chapter 2) 

and tench  (F ig . 5 .9 )  slow  m u sc les, and approximates a  log-norm al d is tr ib u t io n  

p a ttern . In c lu s io n  o f  a l l  " c a p illa r y - lik e "  v e s s e l s  in  the a n a ly s is  in trod u ces  

only a sm all error in  the c a lc u la t io n  o f  a (c )  fo r  slow  m uscle (F ig , 5 .I Z ) .

Fast m uscle, however, co n ta in s  a s ig n if ic a n t  proportion  o f  very  la r g e  b lood  

v e s s e ls  (v en u les) and a broader d is tr ib u t io n  o f  sm aller  v e s s e l s  th a t cou ld , 

erroneously , be in cluded  in  any c a lc u la t io n  o f  c a p il la r y  supply (se e  F ig . 5.1%).

Slow m uscle shows a h i ^ l y  skewed d is tr ib u t io n  o f  f ib r e  c r o s s - s e c t io n a l  

a reas, w ith  on ly  12̂ o b e in g  >2000jjun^ (F ig . 5 .3 ) .  The f a s t  muscle d isp la y s  a 

much la r g e r  range o f  f ib r e  s iz e  w ith  12.5% o f  the f ib r e s  > 9000pm2. ^  s im ila r
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concentration  o f  sm all diam eter f ib r e s  as described  fo r  th e e lv e r  i s  p resen t, 

in  co n trast to  the even d is tr ib u t io n  found in  slow  muscle (F ig , 5 .3 ) .  Slow 

f ib r e s  have a h i ^  m itochondrial and in tr a c e l lu la r  l ip id  con ten t, 25 and 18%, 

r e s p e c t iv e ly  (Table 5 .4» F ig  5 .1 4 ) ,  r e s t r ic t in g  the c o n tr a c t i le

apparatus to  l e s s  than 50% o f  the f ib r e  area . In common w ith  A n g u illa , 

the la rg e  in te r c e l lu la r  l i p i d  d ep o s its  (F ig s . 2. and 5 « l)  may be p resen t as  

a preadaptation fo r  w in ter  torp or, or as an additional-buoyancy mechanism.

The m itochondria show a  moderate c r is ta e  development (F ig . 5 .1 4 ) and, w ith  li

the proxim ity o f  a  reg u la r  c a p il la r y  network, t h is  g iv e s  th e  f ib r e s  an 

appearance u su a lly  found in  muscle w ith  a w e ll developed aerob ic m etabolism  

(Bone 1970» Johnston 1981a). F ast f ib r e s  have very  l i t t l e  in t r a c e l lu la r  l ip id ,  

a sm all m itochondrial compartment (around 5%, Table 5«5> F ig . 5.1 6 ) and a 

r e s tr ic te d  c a p il la r y  co n ta ct (Table 5. 5 ) .  In co n tra st to  th e s itu a t io n  in  

slow  m uscle, the m itochondria and l i p i d  d ep o s its  are even ly  d is tr ib u te d  

between the sub sarcolemmal and in te r -m y o f ib r il la r  zones (T ables 5 .4  and 5 .5 ) .  

In c lu sio n  o f  data from very  la r g e  f a s t  f ib r e s  in  the morphometric a n a ly s is  has 

only a  sm all e f f e c t  o f  component v a lu e s  (Table 5 .5 ) .  The morphology, th e r e fo r e , M

i s  in d ic a t iv e  o f  a very  anaerobic m etabolism . 1

Sharing fa c to r , N ( f , c ) ,  v a r ie s  l i t t l e  between e ith e r  sub-sam ples or  

muscle types (F ig . 5.4 ) and i s  c le a r ly  o f  lim ite d  u se fu ln e ss  as a d e sc r ip to r  S

o f  the aerob ic scope o f  a  m uscle (Table 5. 2 ) ,  although care must be taken to  |

avoid ambiguous p resen ta tio n  o f  num erical d en sity  e stim a tes  (Table 5 .5 ) .  I

The c a p illa r y  d en sity^  N ^ (c ,f ) ,  i s  seen to  co-vary w ith mean f ib r e  c r o s s -  

se c t io n a l area , a ( f )  (F ig s .  5 .1& and '5 .17), and th e  c a p il la r y  to  f ib r e  r a t io ,  

H ^ (c ,f ) .  N ^ (c ,f)  was 615 and 21.3mm  ̂ fo r  slow  and f a s t  m uscle, r e s p e c t iv e ly ;  '-i

th ese  v a lu es  are low, r e la t iv e  to  homologous m uscles in  o th er  t e l e o s t s  (Table 5 .5 )  

and mammals (Table 5. 6 ) .  T his i s  r e f le c t e d  in  the sm all proportion  o f  f ib r e  |

periphery th a t i s  in  co n ta c t w ith c a p i l la r i e s ,  l ( c , f ) ,  which i s  on ly  13 and I.O^o %

i--- ■
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in  slow and f a s t  m uscle, r e s p e c t iv e ly  (T ables 5.4 and 5 .5 ) .  In both e lv e r  

and conger m u scles, no c o r r e la t io n  could  be found between the apparent oxygen 

demand o f  an in d iv id u a l f ib r e ,  and th e c a p il la r y  supply. For each m uscle 

type the number o f  c a p i l la r ie s  around a  f ib r e ,  N ( c , f ) ,  and th e v a scu la r ise d  

p erim eter, l ( c , f ) ,  show no c o n s is te n t  r e la t io n sh ip  w ith  e i th e r  f ib r e  c r o s s -  

s e c t io n a l area , surface;volum e r a t io ,  or m itochondrial co n ten t. In a d d itio n , 

although the in tra -su b -sam p le varian ce i s  always la rg e  ( fo r  a l l  in d ic e s ) ,  the  

in t e r  sub-sample varian ce  i s  u su a lly  q u ite  sm all ( e s p e c ia l ly  fo r  num erical 

d en sity  e s t im a te s ) . T h is would su ggest th a t the c a p il la r y  supply to  an 

in d iv id u a l f ib r e  i s  random, but th a t the apparently heterogeneous d is tr ib u t io n  

o f  c a p i l la r ie s  r e s u l t s  in  a f a ir l y  even t is s u e  c a p il la r y  supply.

The v a r ia b i l i t y  o f  a ( f ) ,  estim ated  as sample m ean/extrapolated  population  

mean, f a l l s  to  below 10% a f te r  N (f)  -  400 fo r  both f ib r e  ty p e s , ir r e s p e c t iv e  

o f  the sample increm ent used (F ig s . 5 .jer  ̂ ) ,  D esp ite  th e d if fe r e n c e s  in

magnitude o f  N ^ (c ,f)  a  s im ila r , su r p r is in g ly  la r g e , sample s iz e  i s  requ ired  

fo r  a reproducib le  e stim a te  in  both f ib r e  ty p es . Slow m uscle shows a 10% 

v a r ia tio n  in  mean v a lu e s  between N (f) = 200 and 500 (F ig . 5 ,1 7 ) .  In ad d itio n  

to  N ( f ) ,  the v a r ia t io n  in  population  mean i s  determined by in d iv id u a l v a r ia tio n  

o f  the samples (an im als) used in  the a n a ly ses . In the p resen t study, i t  was 

found th a t N (f)  = 100 i s  s u f f i c ie n t  to  obtain  a rep rod u cib le  estim ate  o f  both  

a ( f )  and Nj^(c,f) p op u lation  means fo r  an in d iv id u a l f i s h  (F ig . 5. 11) ,  although  

4-5  tim es t h is  f ig u r e  i s  n ecessary  to  obta in  a rep r e se n ta tiv e  v a lu e  fo r  the

• sp e c ie s  mean (F ig s . 5.1% and 5 .1 7 ) . For conger e e l ,  then , a sample o f  75-100
1

f ib r e s  from each o f  5 f i s h  i s  d e s ir a b le  fo r  any a n a ly s is  o f  th e  muscle c a p il la r y  J

supply. I t  should be s tr e s se d  th a t t h is  minimum sample s iz e  i s  not an ab so lu te  

f ig u r e , as th ere  i s  a su b je c t iv e  elem ent in  the procedure s in c e  the ch o ice  o f  |

the p lo tte d  sample increm ent w i l l  a f f e c t  the f in a l  r e s u l t .  However, t h i s  i s  -I

n ot s u f f ic ie n t  to  reduce the a d d it io n a l accuracy such a step  g iv e s  to th e  j

a n a ly s is  (F ig s . 5.1% and 5 . I ? ) .  ^
I



A remarkable degree o f  an iso trop y  i s  seen in  th e  slow  muscle c a p il la r y  

network; only around 5% o f  the c a p il la r y  p r o f i le s  seen in  TS se c t io n s  o f  

muscle are cut lo n g itu d in a lly .  In LS se c t io n s  th ese  la t e r a l  ananastomoses 

are seen to  account fo r  n ea r ly  10% o f  th e c a p il la r y  p r o f i l e s ,  and t h is  i s  

r e f le c te d  in  the h igh  v a lu e  o f  the con cen tration  param eter, K = 16.80  

(Table 5*7)* V alues fo r  th e d erived  param eters, c a p il la r y  volume and su rface  

d e n s ity , are p resen ted  (Table 5 .8 )  and th e ir  s ig n if ic a n c e  d iscu ssed .

II

I

j
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D I S C U S S I O N

Methodology

The most w idely  accepted  model fo r  oxygen supply i s  based on a 

cy lin d e r  o f  t i s s u e  served  by a s t r a i ^ t ,  unbranched c a p il la r y  a t  the  

cen tre (Krogh 1919)» T his req u ires assum ptions about th e  un iform ity  o f  

c a p il la r y  supply, b lood flo w , oxygen d if fu s io n  and t i s s u e  r e sp ir a tio n  r a te s  

th a t are r a r e ly  found in  v iv o  (Longmuir 1978)• in  s p ite  o f  t h i s ,  most 

authors have used the r e la t iv e  d e n s it ie s  o f  muscle f ib r e s  and c a p i l la r ie s ,  

estim ated  in  tr a n sv e r se ly -se c t io n e d  m a ter ia l, and a hexiagonal model o f  the  

c a p illa o ^  bed has been shown to  g iv e  good p r e d ic tio n s  o f  mammalian muscle 

Pog (Akmal e t  a l  1978). T his regu lar  p attern  was noted  in  a survey o f  

d if fe r e n t  mammals, where slow muscle has c a p i l la r ie s  in  a l l  the large  

i n t e r s t i t i a l  sp aces, and the f a s t  m uscle has c a p i l la r ie s  in  a lte r n a te  

sp aces, g iv in g  a c a p il la r y  to  f ib r e  r a t io  o f  2:1 and 1:1 r e s p e c t iv e ly .*

Before any corresponding model can be derived  fo r  f i s h ,  more data i s  

required  concerning th e  arrangement o f  c a p i l la r i e s ,  s in c e  a regu lar array  

i s  probably on ly  appropriate to  m uscle w ith  a f a ir ly  uniform  f ib r e  s iz e .

The in cr ea se  in  g ir th  o f  a f i s h  myotome, by recruitm ent o f  new f ib r e s ,  

provides an ir r e g u la r  array o f  i n t e r s t i t i a l  sp aces. C a p illa r ie s  may be 

expected  to  p r e fe r e n t ia l ly  grow along pathways o f  l e a s t  r e s is ta n c e ,  r e s u lt in g  

in  an ir r e g u la r  d is tr ib u t io n  p attern .- Evidence fo r  such a mechanism i s  

found in  the lo n g itu d in a l o r ie n ta tio n  o f  new c a p i l la r ie s  o f  exp erim en ta lly -  

hypertrophied mouse EDL (ex ten sor  digitorum  longus; James I 98I ) ,  and the  

lo c a tio n  o f  la t e r a l  anastom oses adjacent to  in t e r - f ib r e  l i p i d  d ep o s its  

in  conger slow  m uscle,

A w id ely  used supply index fo r  the regu lar mammalian c a p il la r y  network 

i s  the sh arin g  fa c to r , or number o f  m uscle f ib r e s  surrounding a c a p il la r y ,  

N ( f ,c ) .  I t  i s  r e la t iv e ly  in s e n s i t iv e ,  w ith  a range o f  on ly  1.99 (r a t  so le u s )

•^(Schm idt-M elsen and Pennycuik I96I ) .



9 2

to  3» 22 (dog tongue) ( P ly  le y  and Groom 1975)» The use o f  such an index  

fo r  f i s h  m uscle (Kryvi e t  a l  1980) i s  ra th er  su rp r is in g , s in ce  i t  takes  

no account o f  the f ib r e  packing; although the range o f  v a lu es  in  f i s h  

muscle i s  la r g e r , 2 -6 , i t  does not r e f l e c t  d iffe r e n c e s  in  c a p illa r y  d en sity  

and an average o f  5 i s  found in  a l l  m uscle types o f  e e ls  (Table 5 .2 ) .

An averaged estim a te  o f  oxygen supply i s  the c a p il la r y  to  f ib r e  r a t io ,  

N ^ (o ,f ) ,  but t h i s  a lso  shows l i t t l e  v a r ia t io n  among /mammalian m uscles (x = 1*49f{ 

P ly le y  and Groom 1975). I t  d oes, however, r e f l e c t  some adaptive changes 

e .g .  r e p e t i t iv e  s t im u la tio n  o f  f a s t  m uscle motor nerves a t slow muscle 

frequency, r e s u l t s  in  a 1 .5 - fo ld  in cr ea se  (to  2 .1 8 ) in  ra b b it PEL ( f le x o r  

h a llu c is  longus; Brown e t  a l  197&). The 100-fo ld  range o f  reported  v a lu es  

fo r  f i s h  m uscle (Table 5*5) g iv e s  t h i s  index a large  d e sc r ip t iv e  p o te n t ia l ,  

although i t s  s e n s i t i v i t y  to  change in  muscle aerob ic ca p a c ity  remains 

u n tested .

The mean number o f  c a p i l la r ie s  in  con tact w ith  a f ib r e ,  B ( c , f ) ,  i s  

thought by many workers to  r e f l e c t  th e  oxygen demand o f  the muscle f ib r e s .  

Although not synonymous w ith  N ^ ( c ,f ) , both in d ic e s  have been la b e l le d  

" c a p illa r ie s  per f ib r e "  in  th e l i t e r a t u r e ,  cau sin g  some confusion  (Table 5*5). 

Again, th e range o f  v a lu e s  found in  mammalian m uscles i s  sm all, 3 .0  to  3*8 

across a 23- f o ld  range o f  f ib r e  s i z e ,  but shows a good co r r e la tio n  w ith  

N jj(c ,f) (r  = 0 . 746, n = 16; P ly le y  and Groom 1975)* T his would su ggest 

th a t the c a p il la r y  supply to  whole m uscles and in d iv id u a l f ib r e s  are matched,
V

w ith  one g iv in g  a  good estim a te  o f  th e o th er . In f i s h  m uscle, across a 

s im ila r  range o f  f ib r e  s i z e ,  v a lu e s  are found < 1 .0  and > 1 2 .0  (Table 5*3)*

The lack  o f  c o r r e la t io n  found between N (c ,f )  and a ( f )  (P ig . 3*13 ) may be 

exp lained  in  terms o f  th e  m uscle com position , s in ce  th e magnitude i s  l ik e ly  

to  depend on both  f ib r e  geom etry, and s iz e  d is tr ib u t io n . I n te r e s t in g ly ,  

th e in creased  oxygen uptake e f f ic ie n c y  a sso c ia te d  w ith  the g rea ter  surface
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area: volume r a t io  in  the f la t te n e d  slow muscle f ib r e s  o f  Anchovy

(Johnston, 1982), i s  a lso  accompanied by an e lev a ted  N (c ,f )  (Table 5*3)»

This in d ic a te s  th a t c a p il la r y  supply may be a l im it in g  fa c to r  in  muscle 

r e sp ir a tio n ; correspondingly , th ere  i s  a 2 - fo ld  in crea se  in  carp slow  muscle 

during acclim ation  to  a 26^0 d if fe r e n c e  in  temperature ( to  4*8 a t 2°C;

Johnston 1982b). L i t t le  improvement in  d e sc r ip t iv e  power i s  afforded  by 

measuring c a p il la r y - f ib r e  co n ta ct le n g th , l ( c , f ) j  which v a r ie s  in  a 

q u a lita t iv e  manner much th e  same as N ( c ,f )  (T ables 5*4 and 5«5> see  a lso  

Table 2 .2 ,  Kryvi e t  a l  1980 and Johnston 1981a). The in te r -c a p i l la r y  

d ista n ce  shows a log-norm al d is tr ib u t io n  in  some muscle (Rakusan e t  a l  1980), 

and r e f l e c t s  the proportion o f  p aten t c a p i l la r ie s  in  response to  v ary in g  

Pog (Hamilton and Low 1965)* U n fortun ately , i t  i s  d i f f i c u l t  to  in te r p r e t  

s im ila r  r e s u lt s  obtained from f a s t  muscle in  f i s h ,  where th e d is ta n c e s  are  

very  la rg e  and th e c a p il la r y  d is tr ib u t io n  apparently heterogeneous.

C ap illary  d e n s ity , on th e  o th er hand, i s  considered  to  be a good index ||

o f  t is s u e  oxygen consumption in  a  wide range o f  anim als (Anderson and Henriksson^ 

1977; Mosse 1979; Wiebel e t  a l  1981), r e f l e c t in g  th e ex ten t o f  c a p il la r y
‘I

supply. The co-variance o f  c a p il la r y  d en s ity  and m itochondrial con ten t %
‘i

i s  w e ll documented fo r  mammalian m uscle, w ith  re sp ec t to  m etabolic f ib r e  i

type d is tr ib u t io n  (Brown e t  a l  1976; Hoppeler e t  a l  1981 ); th e ir  ' 1

experim ental m od ifica tion  (C otter  e t  a l  1973)» where an in crea se  in  c a p il la r y  

d en sity  i s  due to  the growth o f  new c a p i l la r ie s  (tyrhage and Hudlicka 1978); 

and th e change in  aerobic ca p a c ity  w ith  endurance tr a in in g  (Anderson and 

Henriksson 1977; In g jer  1979)* U nfortun ately , th ere  i s  con sid erab le  v a r ia t io n  

in  the estim a tes  among w orkers, in d ic a t in g  th e need to* stand ard ise the metho

d o lo g ic a l approach. For example, th e reported  v a lu es  fo r  ca t gastrocnem ius 

range from ’379 to  2341 c a p i l la r ie s  mm ^ (P ly ley  and Groom 1975)* The wide v a r ie ty



9 4

o f  methods used  to  lo c a l i s e  c a p i l la r ie s  in  muscle (se e  P ly ley  and Groom 

1975; Mosse 1978) undoubtedly cau ses a degree o f  v a r ia b i l i t y :  h is to ch em ica lly -

s ta in ed  or d y e -in je c te d  c ry o sta t  s e c t io n s ,  h is t o lo g ic a l  wax s e c t io n s , sem i- 

th in  s e c t io n s , and low-power electronm icrographs have a l l  been adopted by 

v ariou s authors as b e in g  th e  b e s t  a v a ila b le  method. In t h is  study, in d ian -in k  

in je c t io n  c o n s is t e n t ly  underestim ated th e  c a p il la r y  conten t o f  a m uscle, and 

a lk a lin e  phosphatase in cu b ation  o f  c r y o s ta t  section^ -proved  u n sa tis fa c to r y  

(se e  a lso  Mosse 1978). The on ly  c o n s is te n t  r e s u lt  obtained  in  t h is  manner 

was th a t o f  carbonic antydrase lo c a l i s a t io n  (R id d ersta le  1979), a lth o u ^  

the weak nature o f  the r ea c tio n  proved p rob lem atica l. Sampling large  numbers 

o f  f ib r e s  req u ir es  a r e la t iv e ly  low m a gn ifica tion  which may be obtained  w ith  

sem i-th in  s e c t io n s ,  w h ils t  r e ta in in g  a  s u f f i c ie n t ly  h igh  r e so lu tio n  fo r  the  

unequivocal, m orphological, id e n t i f ic a t io n  o f  c a p i l la r ie s .  The heterogeneous 

oxygen p erm eab ility  acro ss  a muscle (Longmuir 1978) i s  m ainly due to  the  

v a r ia b le  i n t e r s t i t i a l  space, and a n a ly s is  o f  c a p il la r y  supply may be further  

standard ised  by u s in g  f ib r e  area as th e s te r e o lo g ic a l  re feren ce  phase 

(Chapter l ) ; i . e .  c a lc u la te  N ^ (c ,f ) ,  th e  number o f  c a p i l la r ie s  per u n it  

c r o s s - s e c t io n a l area  o f  m uscle f ib r e  (Hoppeler e t  a l  1981 ) .

The inform ation  a v a ila b le  from tra n sv erse  s e c t io n s  i s  lim ite d , as i t  

g iv e s  no in d ic a t io n  o f  th e  5-D geometry o f  the c a p il la r y  bed. For example, 

any in crea se  in  to r tu o s ity  o f  the c a p i l la r ie s  w i l l  not be d etected  in  TS 

s e c t io n s , although i t  w i l l  r e s u lt  in  a  fu n c tio n a l in cr ea se  in  c a p il la r y  

d en sity  (A ppell and Hammer sen 1978). T herefore, any improvement over the  

methods so fa r  d iscu ssed  (above) must take account o f  th e  len gth  o f  c a p i l la r ie s ,!  

r e la t iv e  to  m uscle f ib r e  volume, in  th e q u a n t if ic a t io n , o f  c a p illa r y  supply.

Ecom t h i s ,  th e  c a p il la r y  volume d e n s ity , V y (c ,f ) ,  and su rface  d e n s ity , S ^ ( c ,f ) ,  1
may be c a lc u la te d ;  p rov id in g  an estim ate  o f  the volume o f  c a p illa r y  b lood  and j

a v a ila b le  su rface area  fo r  gas exchange, r e s p e c t iv e ly .  I t  has been assumed

_______
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th a t the h igher v a lu e  o f  many c a p il la r is a t io n  in d ic e s  in  f i s h  slow , 

r e la t iv e  to  mammalian red m uscle, r e f l e c t s  the h igh er V ^ (m it,f)

(Johnston 1982a). However, maximal oxygen d e liv e r y  to  a muscle w i l l  depend 

both on th e  number o f  c a p i l la r ie s  ad jacent to  a f ib r e ,  and the mean f ib r e  

area. The broad range o f  f ib r e  s iz e s  in  f i s h  m uscle, and shared oxygen 

d e liv ery  between d if f e r e n t  m etabolic f ib r e  typ es (F lood 1979), are a d d itio n a l 

problems. Furthermore, c a p il la r y  dim ensions are e i th e r  ignored , or 

assumed to  be r e la t iv e ly  co n sta n t, whereas con sid erab le  in t e r - s p e c i f ic  

v a r ia tio n  i s  found (Table 5 .9 )*  In the l ig h t  o f  more recen t work, then , i t  

i s  c le a r  th a t there i s  a  con sid erab le  degree o f  overlap  between mammalian 

and f i s h  slow  m uscles, w ith  re sp e c t to  both m itochondria l content and 

c a p il la r y  supply (Table 5* ); ’V-y-(c,f) or S ^ (c ,f )  may be b e t te r  d e sc r ip to r s ,

as they take account o f  both c a p il la r y  dim ensions and d e n s ity . Other 

in d ic e s  may s t i l l  be u s e fu l;  the magnitude o f  N (f)  requ ired  fo r  a s ta b le  

estim ate  o f  H ^ (c ,f)  v a r ie s  as a fu n ction  o f  N ( c , f ) ,  and t h is  inform ation  

i s  requ ired  fo r  maximal accuracy o f  derived  e s t im a te s . I t  can be shown 

th a t as H (f) in c r e a se s . Type 1 (sam pling) error ten ds to  zero and any 

v a r ia tio n  in  th e e stim a te  o f  population  mean w i l l  be due to  Type 2 

(m ethodological) error and n a tu ra l v a r ia b i l i t y ,  o n ly . Such a v a lu e  w i l l  

not then change w ith  any fu rth er  in cr ea se  in  N ( f ) .  The dépendance o f  th e  

optim al sample s iz e  on both  anatom ical and m etabolic fa c to r s  i s  i l lu s t r a t e d ,  

by carp slow  m uscle, which req u ires  a low er v a lu e  o f  N (f)  than conger slow  

m uscle, fo r  a  s ta b le  sample mean (F ig s . 5*H and 1'^). T his r e f l e c t s  both  

a h i ^ e r  N ^ (c ,f)  and low er a ( f ) .  I n te r - s p e c if ic  v a r ia t io n  can be m islea d in g , 

however, s in ce  tench  slow  muscle req u ires  N (f) > 1 0 0 , qven though N ^ (c ,f)  i s  

h i ^ e r  and a ( f )  i s  low er than carp slow  muscle (F ig . 5 .6 ) .
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Comparative P hysio logy

Any d escr ip tio n  o f  the v a scu la r  system o f  f is h e s  req u ires  a s u f f ic ie n t  

knowledge o f  card iovascu lar  and haemodynamic p ro p ertie s  (b lood  flow , 

pressure d i f f e r e n t ia l s ,  e n d -c a p illa r y  Pog), before u s in g  in d ic e s  based  

on a model mammalian system . Such inform ation  i s  extrem ely d i f f i c u l t  to  

obtain  from u n restra in ed  f is h ;  fo r  example, an e lev a ted  blood pressure (BP) 

i s  recorded from f i s h  in v er te d  during experim entation , whereas a n a esth e sia  

r e s u lt s  in  an in creased  g i l l  r e s is ta n c e  but a reduced BP (R andall 1970;

F a r r e ll and Smith 1981 ) .  I t  i s  understandable, then , th a t most workers |

attem pt the q u a n tif ic a t io n  o f  oxygen supply by in d ir e c t  a n a ly s is .

C ap illary  supply i s  l i k e ly  to  be a f fe c te d  by both gross r e sp ir a t io n  and %

c e l lu la r  metabolism;, i t  i s  th e r e fo r e  im portant to  con sid er  th e  major 

d iffe r e n c e s  in  fu n c tio n a l d es ig n , and maximum c a p a c it ie s  o f  th e  re sp ir a to r y  

system s, between f i s h e s  and mammals. There i s  a 10-15 fo ld  red u ction  in  I

maximum ra te  o f  oxygen consumption (Vog fo r  ectotherm s, r e la t iv e  to  '

homeotherms (B ennett 1978). T his i s  m irrored by a red u ction  in  oxygen- 

bind ing cap a c ity  o f  the b lood and a low ered system ic b lood p ressure (Table 5*1), 

which may be as low as 10mm Eg in  th e  venous return (R andall 197p). Blood  

p ressure i s  norm ally determ ined by p er ip h era l r e s is ta n c e ,  b lood  volum e, and 

the pressure d i f f e r e n t ia l  e s ta b lis h e d  by the h ea rt. T his r e la t io n s h ip  between 

pressure and volume i s  i l lu s t r a t e d  p h y lo g e n e tic a lly , w ith  O ste ich th yes (bony 

f i s h )  g en era lly  hav in g  a low er b lood  volume and h igher BP than the  

Chondrichthyes (elasm obranchs) (T able 5 . l ) ,  Within th e  O ste ich th y es , average  

blood volumes are estim ated  as 2 .2  -  5 .6 ,  5,1 and body w e i^ t  fo r

t e le o s t s ,  h o lo stea n s  and chondrosteans, r e s p e c t iv e ly  (P rosser  1973). The 

comparative anatomy o f  th e c ir c u la t io n  a lso  needs to  be con sid ered , s in c e  th ere  

i s  a la r g e  drop in  p ressure between th e v e n tr a l and d orsa l aorta s  due to  th e
J

b ranch ia l r e s is ta n c e .  This r e s is ta n c e ,  due to  the f in e  b lood v e s s e ls  p er fu s in g
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the g i l l s ,  may account fo r  20-50% o f  th e v e n tr a l a o r ta  BP i s  elasmobranchs, 

and 40“50̂ o in  t e l e o s t s  (P rosser  1975» Randall 1970; F a r r e ll and Smith 1981).

The low d orsa l aorta  BP, r e la t iv e  to  homeotherm a r t e r ia l  p ressu res , req u ires  

a decrease in  th e p er ip h era l (sy ste m ic )  r e s is ta n c e  to  m aintain e f f i c i e n t  %

p erfu sion  and oxygen supply to  th e  m uscle. T his may be achieved by an 

in crea se  in  a ( c ) ,  s in c e  flow  r e s is ta n c e  i s  in v e r se ly  p rop ortion a l to  the 4 th  

power o f  b lood  v e s s e l  r a d iu s , and /or an in crea se  in /N ^ ( c ,f ) .  These p ara- i

m eters are in te r -r e la te d  v ia  th e P o is e u i l le  equations, fo r  a  s in g le  cy lin d er:

(Eq. 5. 9 ) F = N 'T7- A  P

N 'IT ,4

where F = b lood  flow  ra te

N = number o f  c a p i l la r ie s  

r  = c a p il la r y  rad iu s  
A  P = p ressu re  d i f f e r e n t ia l  (d r iv in g  p ressure)  

rj = b lood  v is c o s i t y  

1 = c y lin d e r  len g th
R -  h y d r o s ta tic  r e s is ta n c e

I t  can be shown th a t a  dram atic in crea se  in  th e e f f ic ie n c y  o f  oxygen 

supply r e s u lt s  from th e  su b d iv is io n  o f  la rg e  v e s s e l s ,  in v o lv in g  on ly  a 

sm all in cr ea se  in  A P  (Schmid-Sch6nbein I98I ) .  From th e  lim ite d  data  

a v a ila b le ,  however, i t  seems l i k e ly  th a t c a p il la r y  dim ensions in  f i s h  are

s im ila r  to  th ose  found in  mammals o f  comparable body w eight e .g .  r a t  h eart =
2 2 40pm , c a t f is h  slow m uscle -  20pm • T his would su ggest th a t the r e g u la tio n

o f  oxygen supply i s  d erived  from v a r ia b i l i t y  in  the ex ten t o f  the c a p il la r y

network. Some degree o f  m orphological adjustment may be p o s s ib le ,  such as

in  the haem oglobin less f i s h  Chaenocephalus a cer a tu s , where a (c )  = 54pm^

(Table 5 .6 ) .  In v iew  o f  the p h y s io lo g ic a l response o f  th e  card iovascu lar

8 ql

(Eq. 5 . 10) R = 8r|{ 1

A
1
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system to  countersiot the lack  o f  haemoglobin in  t h i s  f i s h  (e le v a ted  blood  

volume and card iac ou tput, see Table 5 .1 ) ,  the co in c id en t adjustment o f  

the c a p il la r y  n e t work would emphasise t h i s  as b e in g  a  l im it in g  step  in
‘i

t i s s u e  r e s p ir a t io n . The r e la t iv e  importance o f  p h y s io lo g ic a l and anatom ical c| 

resp on ses to  muscle p la s t i c i t y  remains to  be determ ined. The s p e c ie s -  

s p e c if ic  response to  hypoxia a cc lim a tio n , where some f i s h  show an adjustment 

o f  c a p il la r y  supply (Johnston and Bernard 1982) may p ro v id e  a u s e fu l approach 

fo r  the e lu c id a tio n  o f  t h i s  problem. ' '

In h igh er t e l e o s t s ,  the c a p il la r y  supply m irrors th e  change in  m ito

chondria l co n ten t, under a v a r ie ty  o f  experim ental c o n d itio n s  (Johnston 1981a; 

Johnston and Bernard 1982), However, th e  c o r r e la t io n  between th ese  two 

param eters i s  more complex than g en era lly  r e a l is e d  (W eibel e t  a l  1981 ) ,  

w ith  some mammalian m uscles showing an in crea se  in  V y (m it ,f )  w ith  no a d ju st-  

ment in  th e  c a p il la r y  supply (M üller 1976). In a number o f  A frican mammals, 

m uscles having a s im ila r  V ^ (m it,f) may have a 4 - fo ld  d if fe r e n c e  in  E ^ (c ,f )

(Weibel e t  a l  1981 ) .  Such v a r ia b i l i t y  has le d  a number o f  workers to  d isp u te  û

the c o r r e la t io n  between c a p il la r y  supply and muscle o x id a tiv e  ca p acity  #

(Schm idt-W ielsen and Pennycuik 1961; Boats e t  a l  1978; Maxwell e t  a l  1980), 4 |

s in ce  "white" m uscles may have s im ila r  c a p il la r y  d e n s i t ie s  to  some "red" 

m uscles. During anaerobic m etabolism , fo r  example, a  f a s t  m uscle may 

req u ire  an e f f i c i e n t  b lood  supply fo r  the d e liv e r y  o f  g ly c o ly t ic  s u b s tr ia te s ,  q

or the removal o f  m eta b o lite s  such as la c ta te  (s e e  Gray and Renkin 1978). |

T his i s  p a r t ic u la r ly  im portant fo r  f i s h ,  e s p e c ia l ly  elasmobranchs such as i

d o g fish , th a t have an ab so lu te  dépendance on anaerobic g ly c o ly s is  fo r  f a s t  ^
I

m uscle m etabolism . The endurance i s  lim ite d  by th e  e x te n t o f  glycogen s to r e s  |

(Bone 1978; Bone and Chubb 1978), and the prolonged recovery  period  fo llo w in g  

exh au stive  e x e r c ise  i s  co r r e la te d  w ith  a low c a p il la r y  d e n s ity  (P ig . 5 .2 .0 ) .

vf ' __ - .. ; -’Mt'
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Althougii th e  a v a ila b le  data i s  incom plete, i t  would appear th a t elasmobranchs 

and t e le o s t s  are rep resen ted  by d if f e r e n t  s lo p es  o f  th e  V (m it ,f )  v s  ;

N ^ (c ,f)  graph (F ig . 5.%^ ) .  More im portantly  the p r im itiv e  t e le o s t s  and s

elasm obranchs, sh arin g  th e same in n ervation  p attern  and assumed to  show a |

s im ila r  recru itm ent p attern  o f  the m uscle, occupy d if f e r e n t  areas o f  the  

graph. This may r e f l e c t  a  broader range o f  swimming speeds fo r  th ese  'î

t e l e o s t s  th a t i s  u su a lly  assumed (G r illn e r  and Kashin 1976). Those sp e c ie s  i

w ith  p o ly n eu ra lly -in n erv a ted  f a s t  m uscle, the h i ^ e r  ' t e le o s t s ,  have a 

much h igh er c a p il la r y  d e n s ity , c o r r e la t in g  w e ll w ith  both  the p attern  o f  1

f ib r e  recruitm ent and th e  tr a n s ie n t  appearance o f  la c ta t e  during e x e r c ise  

(Johnston and . Moon 1981; Wokomo and Johnston 1 9 8 l) .

Such comparisons may be v a l id ,  although the sca tter  o f  data su ggests  

th a t N ^ (c ,f)  i s  not s u f f i c ie n t ly  f l e x i b le  to  adequately d escr ib e  the 

c a p il la r y  supply to  f i s h  m uscle. For example, the e lv e r  has been shown to  

have a r e la t iv e ly  low aerob ic  ca p a c ity  (Chapters 2 and 5 F ig . ) ,  whereas

the sm all f ib r e  area  r e s u l t s  in  a moderate N ^ (c ,f)  . (Table 5.% ) .  S im ila r ly , '

the la rg e  c a p il la r y  s iz e  in  Chaenocephalus w i l l  r e s u lt  in  a grea ter  b lood

volume than in d ic a te d  by th e low cap illam y d en sity  - (T able 5 .6 ) .  C lea r ly , an

index i s  req u ired  th a t d esc r ib e s  th e fu n c tio n a l p o te n t ia l  o f  muscle c a p il la r y  

supply. A prelim in ary  attem pt to  e stim a te  the len g th  d e n s ity , J y ( c , f ) , fo r  

mammalian m uscle used  an approxim ation o f  N ^ (c ,f)  x  1 .12  (Hoppeler e t  a l  1981 ) .  

A lth o u ^  t h i s  was subsequently  reduced to  c ( K , o )  = 1.034 (Mathieu e t  a l  1982), 

the estim ate  fo r  conger slow  m uscle i s  even low er, r e f l e c t in g  the h ig h ly  

a n iso tro p ic  arrangement o f  th e  c a p i l la r ie s  (Table 5*7)• In other f i s h e s ,  

d y e -in je c t io n  has rev ea led  a meandering p attern  fo r  in d iv id u a l c a p i l la r ie s  

(B erets I96I 5 Flood 1979); i t  i s  p o s s ib le  th a t t h is  i s  an a r te fa c t  o f  ;;

immersion f ix a t io n  a t l e s s  than r e s t in g  len g th  (Zummstein e t  a l  1982), a lthough^
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no comparative data i s  a v a ila b le  to  in d ic a te  vdiether or n ot e e ls  are  

rep re se n ta tiv e  o f  other s p e c ie s .  The d er iv a tio n  o f  a  sm all proportionality -  

co n sta n t, c(K ,0) = 1 ,016 , means th a t c a p il la r y  d en s ity  i s  a  reasonable  

estim ate o f  J ^ ( c , f ) ,  when determined from tru e TS s e c t io n s  and a s u f f i c ie n t ly  

la rg e  sample s iz e .  I t  i s  to  be expected  th a t the frequency o f  c a p il la r y  

branches would be l e s s  in  f i s h ,  r e la t iv e  to  mammalian m uscle s in ce  most 

branching occurs a t  the rayosepta (Chapter 3)* In ad 'd ition , the sm aller  

c o n tr a c t i le  u n it  (lim b m uscles v s  mytomes) i s  l i k e ly  to . be served by fewer  

la t e r a l  branches, th a t p r e fe r e n t ia l ly  fo llo w  the lo n g itu d in a l i n t e r s t i t i a l  

spaces (se e  above).

The p a le  y e llo w  appearance o f  th e  slow  m uscle, and th e  large proportion  

o f  f a s t  muscle, r e f l e c t s  th e  low blood volume o f  the s p e c ie s .

T his i s  r e f le c t e d  in  th e low V y (c ,f )  fo r  slow  m uscle which, d e sp ite  b e in g  

somewhat la r g e r  than su ggested  by th e estim ate  o f  c a p il la r y  d en sity  due to  a 

large  a ( c ) ,  i s  l e s s  than fo r  most s p e c ie s  (F ig . 5* 2. 5 Table 5*9)* More 

s ig n i f ic a n t ly ,  the low v a lu e  o f  S y ( c ,f )  in d ic a te s  th a t a  lim ite d  oxygen 

d e liv ery  i s  a v a ila b le  to  th e  working m uscle, supporting th e  con ten tion  th a t  

a r e s t r ic t e d  aerob ic scope i s  a  fu n ctio n  o f  a n q u illifo rm  locom otion  

(Chapter 2 ) .  The r e a l v a lu e  in  such an in d ex , however, w i l l  l i e  in  determ ining  

the l im it in g  s tep  in  c e l lu la r  r e sp ir a t io n  fo r  a muscle under exh au stive  

e x e r c ise  or endurance tr a in in g ;  such inform ation  i s  n o t a v a ila b le  fo r  f i s h e s .

In mammals, V y^m it,f) and J y ( c , f )  are sca led  to  the same power o f  body
0'9 — o 9

mass (Mb ) as , u s in g  r eg r ess io n  a n a ly s is  ( Weibel e t  a l  1981).

Such a llo m etr ic  r e la t io n s h ip s  are unknovm fo r  f i s h ,  and i s  d i f f i c u l t  to  

estim ate  from p u blished  r e s u l t s  as some workers f a i l  to  rep ort the s iz e  o f  

animal for  which data i s  p resen ted . As f i s h  employ a ccesso ry  buoyancy 

mechanisms (swimbladder, l i p i d  s to r e s )  to  co n tro l t h e ir  d e n s ity , the e f f e c t  

o f  s iz e  per se  i s  l i k e ly  to  be l e s s  o f  a  l im ita t io n  than fo r  t e r r e s t r ia l
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locom otion . There are many s im i la r i t i e s  between A n gu illa  and Conger, 

so th a t th e e f f e c t  o f  a large  s iz e  d iffe r e n c e  (0 . 25g v s  2500g) on ^

c a p i l la r is a t io n  in d ic e s  i s  probably in d ic a t iv e  o f  f i s h  in  gen era l, showing 

a shallow  a llo m e tr ic  r e la t io n sh ip  (Table 5»8). The d i f f e r e n t ia l  power 

requirement fo r  f a s t  and slow swimming (Chapter 1 ) w i l l  o f f s e t  some o f  the  

d en sity  advantage, and t h is  i s  shown by the la rg er  d iffe r e n c e  in  f a s t ,  

r e la t iv e  to  slow  muscle between th e two sp e c ie s  (Table 5 .8 ) .

C onclusions

A major u nresolved  problem i s  the lo n g itu d in a l v a r ia tio n  in  c a p illa r y  

supply w ith in  a mysbome. I t  has been suggested  th a t N ^ (c ,f )  w i l l  in crease  

along the len g th  o f  a m uscle, in  compensation fo r  th e  reduced blood Pog 

at the ven u le  end (W olff e t  a l  1975). T his agrees w ith  the suggestion  th a t  

t is s u e  hypoxia i s  a stim ulus fo r  new c a p il la r y  form ation (Hudlicka and 

Schroder 1978). However, the e f f e c t  o f  an unequal d is tr ib u t io n  o f  m ito

chondria, and hence Vog, a lon g  a f ib r e  len g th  on the p attern  o f  branching 

w ith in  f i s h  m uscle, i s  unknown. In both A ngu illa  and Conger sfow muscle 

f ib r e s  the volume o f  m itochondria in  the subsarco 1 emmal zone i s  approxim ately  

tw ice  th a t in  the in t e m y o f ib r i l la r  zone; in  f a s t  m uscle the d is tr ib u tio n  i s  

more even, and in  th e sm all f a s t  f ib r e s  o f  the e lv e r ,  more pronounced. This % 

agrees w ith the assumption th a t the subsarcolemmal m itochondrial supply the ~

energy fo r  a c t iv e  tran sport o f  m eta b o lite s  in  o x id a tiv e  f ib r e s ,  and provide !

a l im it in g  fa c to r  fo r  endurance performance in  mammals, where the c a p il la r y  

supply does .not c h ^ g e  (M üller 1976). In co n tra st to  mammals, where 

endurance tr a in in g  r e s u lt s  from r e p e t i t iv e  is o to n ic  e x e r c is e ,  f i s h  muscle 

endurance i s  a response to  iso m etr ic  co n tra c tio n s . The l im it in g  fa c to r s  in  

oxygen d e liv e r y  to  f i s h  muscle a re , th e r e fo r e , l ik e ly  to  be underlined  by 

an a n a ly s is  o f  endurance tr a in in g , ta k in g  in to  account the d is tr ib u tio n  o f  

m itochondria w ith in  a f ib r e ,  and th e geometry o f  th e  c a p il la r y  bed.
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In view  o f  the con sid erab le  h e tero g en e ity  now known to  e x i s t  w ith in  

the myotome, and the v ir tu a l  lack  o f  inform ation concerning c a p il la r y  s iz e  

and d is tr ib u t io n , i t  i s  c le a r  th a t much o f  the published  data on fty h  muscle 

needs to  be review ed. Both N ^ (c ,f ) and N (c ,f )  may g iv e  a reasonable  

estim ate  o f  the c a p il la r y  supply, although th e ir  u se  as comparative in d ic e s  

i s  lim ite d  to  the more rounded f ib r e s  o f  m uscle w ith  a h igh  c a p il la r y  

d e n s ity . They provide a u s e fu l b a se lin e  from which /the magnitude o f  sample 

s iz e  requ ired  for  an accurate estim a te  o f  N . ( c , f )  may,be in fe r r e d . U sing
I

data from two r e so lu tio n  le v e l s  would appear to  be optim al: the la rg e  sample .g 

s iz e  a v a ila b le  w ith sem i-th in  se c t io n s  to  c a lc u la te  N ^ (c ,f ) ,  and the grea ter  

m agn ifica tion  o f  electronm icrographs fo r  measurement o f  c a p il la r y  dim ensions. 

In d ices  ttiat d escrib ed  a h igh er o rg a n isa tio n  l e v e l ,  V ^ (c ,f )  and 8 y ( c , f ) ,  

are probably the most appropriate fo r  use w ith  heterogeneous m uscles, w ith  

resp ec t to  a ( f )  and a ( c ) .

1
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TABLE 5. 1 . C ardiovascular d if fe r e n c e s  between f i s h e s ,  
b ird s and mammals o f  s im ila r  body s i z e ,

S p ecies Blood V ol. 

(% B.W.)

Blood P ress, 

(mm Hg)

Heart Rate 

(b eats/m in )

Cardiac
Output

(m l/k g / rrr .n )

dog 8.3 90-100 -

ra t 8 .0 130/51 330 286

duck ( c^) ' 10.2 175/100 / ■ 175 287

chicken ( ^ ) 9 .0 149/43 , 178-460 262

h a g fish — 9 /0 *  5 / 5 * * 30-40 -

lamprey 8 .5 - — —

d o g fish 6 . 8 3 ° / 2 4 *  1 7 / 1 6 * * 3 9 - 4 8 22-25

seawater e e l 2.9 - 52 -

short f in  e e l - 5 9 / 2 3 53.5 7 .0

cod 2 9 / 1 8 * 30 9.5

lin gcod - 3 9 / 2 5  *** 29 .8 10.9

rainbow tro u t 2 . 8- 3 . 8 4 0 / 3 2 *  2 9 / 2 5 * * 46 1 6

Chaenocephalus 9.0 23 /15*  1 2 -2 /8 .1 * * 16-21 99-153

:S■:î
4

j
-J

I

j :

N ote: blood pressure in  mammals and b ird s  i s  s y s t o l i c / d i a s t o l i c  in  the

aorta , fo r  f i s h  in  the d orsa l a o rta  (* )  or v e n tr a l a o r ta  (* * ) , 
or s y s t o l ic  v e n tr a l a o r ta /d o r sa l a o rta  (* * * ). Sources o f  data: 

Handbook o f  P ly s io lo g y , C ircu la tio n  I I I ;  P rosser (1975)» Randall 

( 197.0) ;  For steer ( l9 8 l ) ;  F a r r e ll  and Smith ( I 98I ) ;  Hemmingsen e t  a l

( 1972) .

I
s
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TABLE 5 ,2 ,  L im itations in  the u se  o f  sh arin g  fa c to r , N ( f ,c ) ,
as d escr ip to r  o f  f i s h  m uscle c a p il la r y  supply. :i

Slow muscle S ( f ,o ) N ( f ,c ) R ef.

Galeus 2.91 1.16 1
Etmopterus — 3.78 2 .7 0 1
Chimaera - 2 .7 3 8 .9 0 1
A cipenser - 3 .29 1.43 2
A ngu illa 3 .5 2 .1 8 2 .22 3
Conger 3 .5 2 .7 0 1 .80 3

Interm ediate ( s u p e r f ic ia l  w h ite) 

Galeus - 2 .2 9 , 2 .8 8 1
Etmopterus — 2 .2 2 5 .56 1
Chimaera - 2 .0 0 .9 .5 6 1
A cipenser — 2.47 2 .75 2
A ngu illa 3.1 1 .93 6 ,67 3
Conger — — - 3

East muscle

Galeus _ 2 .8 6 7 .29 1
Etmopterus - 2 .0 0 52.25 1
Chimaera - 3 .33 11,10 1
A cipenser - 6 .4 5 32.73 2
A ngu illa 3 .2 1.71 14.29 3
Conger 2 .9 3 .55 10.80 3

Note: N ^^f,o) = f ib r e  to  c a p il la r y  r a t io ;  N (f ,c )^  = measured sharing
fa c to r ;  N ( f ,c )  = c a lc u la te d  sh arin g  fa c to r , u s in g :-

N ( f ,c )  = N ( c ,f )
N ^ (c ,f )  ( s e e  P ly le y  and Groom 1975» Mosse 1978),

u s in g  data presented  in  the r e fe r e n c e s . The very  sm all var ian ce  i s  
compared to  the la r g e  spread o f  v a lu e s  found u s in g  the c a lu la t io n . The 
l im ita t io n  o f  such an approach l i e s  in  th e presence o f  a  s ig n if ic a n t  
proportion o f  the m uscles which have no c a p il la r y  c o n ta c t. This i s  
r e f le c te d  in  th e w idely  d if f e r in g ,  o fte n  la r g e , v a lu e s  fo r  N „ ( f ,c ) .
The sp e c ie s  rep resen t f i s h  w ith  fo c a lly - in n e r v a te d  f a s t  m uscle 
( elasmo bran ch i omorphs, a  chondrostean and two p r im itiv e  t e l e o s t s )  th a t  
i s  assumed to  be m ain ly, or w h o lly , dependent on anaerobic g ly c o ly s is  
fo r  energy metabolism (Bone 1978). R eferen ces: 1, Totland e t  a l  1981;
2. Kryvi e t  a l  1980; 3» T his study (s e e  a ls o  Chapter 2 ) ,

I

!
I
a

V .



TABLE S',3« Comparison o f  the two num erical (count) e s tim a tes  
o f  c a p il la r y  supply in  f i s h  m uscle, re fe rred  to  as 
" cap s/fib re"  in  published  l i t e r a t u r e .

R ef.

Slow m uscle

Galeus
Etmopterus
S cy liorh in u s
Chimaera
A cipenser
A nguilla^

Conger
C laria s
E n grau lis.,
C arassius^
C arassius^

P ast muscle

Galeus
Etmopterus
S cy liorh in u s
himaera
c ip en ser
n g u i l la T̂

A ngu illa  
onger
la r iu s
a ra ssiu s'
a ra ss iu s

0 .8 6 2 .5 1
0 .37 1.4 1
1.76 3.75 1
0.11 0 .3 1
0 .70 2 .3 / •  2
0.45 0 .98 3

- 1.35 . 3
0 .56 1.71 3
1.07 1.90 4
— 12.9 3
— 4 .8 6

2 .2 6

0 .14 0 .4 1
0 .02 0.04 1
1,92 3.45 1
0.09 0 .3 1
0 .03 0 .2 2
0 .07 0 .12 5

1.00 3
0 .09 0 .22 3
0 .24 0 .30 4

— 2 .9 6
1.4 6

Note: The c a p il la r y  to  f ib r e  r a t io  i s  seen to  vary w id e ly  among
sp e c ie s  and c o -v a r ie s  w ith  c a p il la r y  d e n s ity , r ep re se n tin g  an 

average, t is s u e  supply. . The average number o f  c a p i l la r ie s  in  con
t a c t  w ith  a f ib r e  rep resen ts  a h igh er r e so lu t io n  o f  th e  p h y s io lo g ic a l  

supply, but f a i l s  to  take account o f  f ib r e  area or geometry; in  t h is  
way the slow  m uscle f ib r e s  o f  the Anchovy, E n grau lis, are f la t te n e d  

and enable a much g rea ter  c a p il la r y  co n ta c t than found w ith  the more 
rounded f ib r e s  o f  o th er s p e c ie s .

R eferences: 1) Totland e t  a l  1981; 2 ) Kryvi e t  a l  1980;. 3 ) t h is

study; 4 ) Johnston and Bernard, unpublished  data; 5 ) Johnston 1982a;

6 ) Johnston 1982b).

Note: 1) whole m uscle estim ate; 2) v a sc u la r ise d  p ortion  o f  the muscle

only; 3 ) 2^C-accliraated f is h ;  4 ) 28°C -acclim ated  f i s h .

1 0 5

-



1 0 6

s

H  

w  

+ 1

o

I
I
«H
0

09

1
0

1
4 *
lo

E4

«H

ü

IH

«H

O  
\_/
lîz;

«H

IrQ

«hcvi

ild M. 

'Îh

i

s
«H

•P

' g

«H

«H

o

g

I

CM
CM
T -

r r \ o
T ~  • 1 1

•  ,o tao +1 •H

OO
l> -

5.;
CVJ

+ ' f

00 ' î
1  °
O N  +T

v o c o
CM KN

ITv CM CM CM
T - O CO O

O o
d +? •  O

O  +1 d

VÛ
CM CM

o \  t — CM T -C- o rr\ o
T -  • T — # o• o •  Oo + 1 o + 1 d

'Sr— T- 
0 4  O

^  O O +1

(V  N 
o + i

iTv

IJ

I
Q

O

^  O

d +9

0)
rH

i
03 <D

II

K \

ro\

S S 
d + ?

g
I
O

03 0)

a i

1
0) 0) 
iH jd

0)i
■a
0

1
,Q

«H
o

â  I
h  , §

I
I

$ 
■a

« I
1
' d

I

i .
09 Q> 

03 gg

•P
•H

0

I
0)

■p

iS

I
J

a
0

1
I

I
g 6

OO 'd
CQ O  

G

I

03

I
J

O



I
r
§

I
h)

fi

I
CO

e-

I&
%
CD

I
g-

î s l
0 \  CD H00 a

i + P
°  2O  C7\
—jk ■ON

1+ o

i+ o o o\O (J\

ON CD 
CO

i +

I

? &
ON CD 
CD

Mj

I

i*" P

§ ro

1 +o 1 +oo oo -Ab -fa. b o
p _A o CD

•fa- —Jo

B &
VJ1 CD VD

1
1 +o 1 + Oo oo bo o b oo -f̂ o -f̂

• A - Ao _JL

JL+o 1 + Oo ob -co o ' b COfOV» tv> CD
ON VDo vn

6+ p 6 + P 6+ o
b • O bo -A O fO b vxO VM o -o o oro VN VM•A ro ON

1 + oo ob oo rooCO

6 + P
o

1 + ro 1 +vx -fa- ro —J
- f a _lL VO ONvx vx -fa

o _ A - o ro
CJN CD

I +-A ^  \J4 -A
VN -fa- VJl

1+ o 1 + Oo • o
O -0 b ON■fa. ON -fa. VOON VOCJN VX

8
•S

fO

B

i l
Hj

H)

fa-

H)

*9

cr  i/-s
H ,

izjl
Q

Ml
O
H j

1071

«H-



10S

NO

lO

I

«H

t

<H Çvi 
•» i

O  E

3  '

«H

Ü
1̂

«H CM

mS" :

g

CM

'vh o
V -  VO 
CM T—

ir\ ^  
CM irv O
CM KV

o  o  o  o  o

CTs m oVO cr\
CO VO 

CM T - I

CO o
ON ON

o o
ON ^  

CM CM

ir\ o  ifN
g o o
ON  VO ITN
t — VO ON

UN CM

:s
1 1 I - 1

CO CO

I

w A m
«H & Si ÎhP C o <D
CÔ o oo O H

• p

UN

VO

VO ON 
CJN CM 
KN  NN ON UN

-P
ON

CM

I—I

is: §.
CM CM

ON

m
03

g
^  ë
CO ci

3
00

- p
■p

hCN VOO
P .

P
s

p



TABLE 5. 7 . Determ ination o f  the degree o f  a n istrop y  in  the  
c a p il la r y  bed o f  Conger slow  m uscle.

Angle o f  s e c t io n in g

6 = 0  © ~ ’̂ /2

No. o f  g r id s  counted  
(area  = 0 . 017mm2)

^A -  8 .D .

n

1727

170 2^3

597.6 -  80 ,82

12
(s e c t io n s )

\  (0 )

59 .3  -  20 .58

10

C ^ /2 )

K

C(K,0)
(s e e  P ig , 6 . 19)

10.027

16.80

1.016

-2.*. J y ( c , f )  = 597.6  X 1 .016 = 607. 2mm'

Note: *̂ A “ in d iv id u a l c a p il la r y  count es tim a tes; n = number o f  sam ples, 

= quadrats in  lîa th ieu  e t  a l  (1 9 8 2 ). The o r ig in a l e stim a te  o f  

N ^ (c ,f)  = 615mm  ̂ was derived  from a la r g e r  sample s iz e  and i s  

assumed to  be a b e t te r  estim ate  o f  th e  tru e  p op u la tion  mean.

The sm all d iscrepancy between the two e s tim a tes  i s  taken to  be 

due to  the in tra -sam p le  v a r ia n ce , which i s  q u ite  h ig h .

1 0 9  .
}
i

j

1
i:

- j
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TABLE 5 .8 . The m itochondrial con ten t and c a p il la r y  supply o f  
s k e le ta l  muscle in  A nguilliform  t e le o s t s

A n g u illa  a n g u illa  C on^r conger
(young) (a d u lt)

Slow S u p e r fic ia l
P ast Past Slow Past

a ( f ) ;  jim̂ 204.4 332.7 775.0 950.5 4339

V ^ (m it,f) 0 .214 0.076 0.012 / ■ 0.227 0.027

NA(c>f); mm~̂  

J y ( c , f ) ;  cm~  ̂ X 10  ̂

â (c ) î  |om̂

2564

24 .0

13.5

529

5.37

12.4

229

2.33

10.9

. 615 

6 .25  

25.7

21 .3

0 .22

30.5

b (o ); pm 14.3 13.9 12.8 21.6 21.4

V y (o ,f) 0 .052 0.007 0.003 0 .016 0.0007

8 y ( c ,f ) ;  cm~^ 343.2 74.6 29.8 135.0 4 .7

Note: The le n g th  d e n s ity , J ^ ( c , f ) ,  i s  c a lc u la te d  from the c a p il la r y
d e n s ity , N ^ (c ,f ) ,  u s in g  a m u lt ip lic a t io n  fa c to r  o f  1 .016 (se e  

Table 5 ,7 ) .  Although the m itochondrial con ten t w ith in  
homologous m uscles from the two sp e c ie s  are q u ite  s im ila r , the  

la r g e r  s iz e  o f  Conger f ib r e s  i s  r e f le c t e d  in  th e  low er c a p il la r y  

d e n s ity  e s t im a te s . The la r g e r  s iz e  o f  c a p i l la r ie s  does l i t t l e  

to  o f f s e t  t h i s  d if fe r e n c e , le a v in g  both c a p il la r y  volume and 

su rface d e n s it ie s  to  be much lower than found in  o th er  s p e c ie s  
(se e  Table 5 ,9 ) .
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F ig , 5 ,1 .  Sem i-th in  se c t io n s  o f  conger slow and f a s t  m uscle. 

T olu idine b lu e  s ta in ,  s c a le  bar = 200|im.

a) Slow m uscle, showing the r e la t iv e ly  homogeneous d is tr ib u t io n  

o f  f ib r e  s iz e  and c a p il la r y  supply. The ad ip ocytes are seen to  

form a continuous la y e r  on e ith e r  s id e  o f th e  m uscle.

b) The c a p il la r y  supply to  ad ip ocytes v a r ie s  between d if f e r e n t  
reg io n s, and can be q u ite  dense. I f  th ese  c a p i l la r ie s  l i e  c lo s e  to  

the slow m uscle, as in  t h is  c a se , they w i l l  provide an a d d itio n a l 

oxygen source n o t accounted fo r  by the q u a n tif ic a t io n  'o f  muscle 

c a p illa r y  d e n s ity .

c )  A p ortion  o f  the ad ipocyte la y e r  between f a s t  and slow m uscle. 

Such an e x te n s iv e  population  must provide an e f f e c t iv e  b a rr ier  fo r  
m etab olite  d if fu s io n  between the two muscle ty p e s . Note a lso  the  

large s iz e  o f  th e  l i p i d  d e p o s its , r e la t iv e  to  the m uscle f ib r e s .

d) In te r fa ce  between slow f ib r e s  o f  the la t e r a l  l i n e  tr ia n g le  

(bottom) and th e  s u p e r f ic ia l  f a s t  m uscle. Note in  p a r t ic u la r  the  

reduction  o f  th e  ad ipocyte la y e r  to  is o la te d  l ip id  d r o p le ts , and 

the la rg er  spread o f  f ib r e  s iz e  in  the slow m uscle.

e) Deep f a s t  m uscle, showing the range in  c r o s s - s e c t io n a l  area , 

between ad jacen t f ib r e s .  A c a p il la r y  i s  seen , bottom r ig h t .

f )  Deep f a s t  m uscle, from th e same se c tio n  as e ) ,  showing the  

h etero g en e ity  o f  f ib r e  s iz e  d is tr ib u t io n  w ith in  a sample. The ex tra 
c e l lu la r  l i p i d  d e p o s it , top  f ig h t ,  i s  a rare occurrence. Note the  

number o f  f ib r e s  w ithout any c a p il la r y  co n ta c t.
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F ig , 5̂ 2. Sem i-thin  se c tio n  o f  conger slow m uscle, showing the  

v a r ia b i l i t y  o f  c a p il la r y  supply w ith in  th e t is s u e .  The dark areas  

are l ip id  d e p o s its . Note th e  v a r ia tio n  in  c a p il la r y  (c )  s iz e  and 

the presence o f  a  la r g e r , n o n -c a p illa r y , blood v e s s e l  ( v ) .

F ig , Histograms o f  f ib r e  s iz e  d is tr ib u t io n . The slow  muscle

(a ) shows a h e a v ily  skewed d is tr ib u t io n ,  w ith  most fibjres <2000|im^.

Fast muscle (b ) shows an extended d is tr ib u t io n  over a much la r g e r

range o f  f ib r e  s i z e s ,  w ith  a s ig n if ic a n t  p ortion  o f  th e  m uscle
2c o n s is t in g  o f  very  la rg e  f ib r e s ,  >9000}im . The presence o f  a
2

large population  o f  sm all f ib r e s ,  ^ 500pm , i s  s im ila r  to  th e

d is tr ib u tio n  p attern  noted fo r  e lv e r  f a s t  muscle (F ig . 2 .1 # ) .

In se r ts  show an expanded view  o f  the d is tr ib u t io n  over the f i r s t  
2

1000|im in te r v a l .

F ig . S'.*/- C ap illary  supply to  conger m uscle, a ) slow m uscle, 

showing an average o f  3*5 f ib r e s  surrounding each c a p il la r y ,  and a 

range o f  v a lu e s  fo r  c a p il la r y  c o n ta c t. Note th a t a  s ig n if ic a n t  p ortion  

o f  the f ib r e s  have no c a p il la r y  co n ta c t a t  a l l .

b) f a s t  m uscle, showing the d is tr ib u t io n  o f  measured v a lu e s  fo r  th e  

sharing fa c to r , N ( f ,c ) ,  from two d if f e r e n t  sam ples. A lth o u ^  the  

spread o f  v a lu e s  i s  s l i ^ t l y  d if f e r e n t ,  the model category  i s  the  

same.

F ig . S’-5 Sem i-th in  se c t io n  o f  conger f a s t  m uscle, i l lu s t r a t in g  the  

f u l l  range o f  f ib r e  s iz e .  The problems o f  c o r r e la t in g  the oxygen 

supply w ith  f ib r e  s iz e  i s  com plicated  by the low d e n s ity  o f  

c a p i l la r ie s  ( c )  and th e presence o f  a  number o f  la r g e r  b lood v e s s e ls  

(V), presumably v e n u le s .
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F ig , sr.ô. ELectronmicrographs o f  c a p i l la r ie s  from conger s k e le ta l  

m uscle. S ca le  bar = 2p.m.

a) Slow m uscle; ty p ic a l  appearance o f  a c a p il la r y ,  showing endo

t h e l ia l  p ro cesses  invad ing the lumen, and the presence o f  c e l lu la r  

fu n ctio n s .

b) Slow m uscle; c a p il la r y  sec tio n ed  through th e  endothelium  o f the  

branch, running between two f ib r e s ,  L = in t r a c e l lu la r " l ip id  d e p o s it , 

N (f ,c )  = 4 .

c ) Slow m uscle; a common p r o f i le  o f  slow  muscle c a p i l la r i e s ,  d isp la y in g  

a prominent e n d o th e lia l c e l l  nucleus (n ) ,  and d is t in c t  in t e r c e l lu la r  

fu n ction s; N ( f ,c )  = 5 .

d) Slow m uscle; large  c a p il la r y  sec tio n ed  through the lumen o f  an 

ob liq u ely -ru n n in g  branch. A prominent nu cleu s and p e r ic y te  p r o f i le  

i s  seen on the r i ^ t .

e) Past m uscle; showing the most common lo c a l i s a t io n  o f  a c a p il la r y ,  

in  the i n t e r s t i t i a l  space a t  the f ib r e  a p ic e s;  N (f  ,c )  = 5»
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F ig . S’.? S ize  d is tr ib u t io n  o f  f ib r e s  used in  the morphometric 

a n a ly s is  o f  conger slow  (A ) and f a s t  (b) m uscle. Note th a t the  

d is tr ib u t io n  o f  the slow  f ib r e s  i s  s im ila r  to  th a t determ ined from 
a much la r g er  sample s iz e  (F ig . 5 .3 )»  a lth o u ^  s l ig h t ly  truncated  

at the upper end. The f a s t  m uscle, on th e o ther hand, shows a
2

greater  proportion o f  f ib r e s  in  th e low est s iz e  ca tegory , < 500|im .



F ig , 5 ,8 ,  Graph showing the v a r ia tio n  in  estim ate  o f  population  

mean, r e la t iv e  to  the sampjesize used fo r  the a n a ly s is . The 

c a p illa r y  d e n s ity , N ^ (c ,f ) ,  i s  seen to  he dependent on N (f);  

whereas the f ib r e  area , a ( f ) ,  i s  r e la t iv e ly  independent. This 

in d ic a te s  a  heterogeneous c a p il la r y  supply in  a muscle o f  homo

geneous f ib r e  s iz e ,  and su g g ests  a  low c o r r e la t io n  between N (c ,f )  

and a ( f ) .  The example i s  taken from tench  slow  mus e ld  and i s  an 

extreme example o f  the cau tion  requ ired  in  estim a tin g  a" v a r ia b le  

parameter; th ere i s  no a p r io r i  reason why th e change in  population  

estim ate may not form a p o s it iv e  s lo p e . Parameters ca lcu la ted  from 

Johnston and Bernard (unpublished d a ta ).

F ig , 5 , 9* D is tr ib u tio n  o f  c a p il la r y  s iz e  w ith in  tench slow  m uscle.

Note the skew d is tr ib u t io n  and the presence o f  large  blood v e s s e l s ,
2

, which may n ot rep resen t part o f  the tru e c a p il la r y  supply. 

C alculated  from Johnston and Bernard (unpublished d a ta ).
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F ig . 5 .10 . Change in  estim ate  o f  population  mean w ith  sample s iz e ,  

showing the op p osite  r e la t io n s h ip  between N ^ (c ,f)  and N (f) to  th at  

seen in  tench . Data from a  s im ila r ly - s i  zed s p e c ie s ,  the Crucian 

carp (C arassius c a r a s s iu s ) o f  75g body w eigh t. Sub-sample means 

(c lo sed  c i r c le s )  show a wide s c a t te r  r e la t iv e  to  the cum ulative  

mean (open c i r c l e s ) .  Note a s im ila r  in s e n s i t iv i t y  o f  the f ib r e  

area, a ( f ) ,  to  the sample s i z e .  C alcu lated  from Johnston and 

Bernard (unpublished d a ta ).

F ig , 5 .1 1 ,  A n alysis  o f  data from one specimen sample ( s e c t io n )  

of conger f a s t  m uscle, showing the v a r ia t io n  in  the estim ate  

o f  f ib r e  area w ith  in c r e a s in g  sample s i z e .  Mean f ib r e  area  

(upper tra ce ) shows an i n i t i a l  d e c l in e , r e f l e c t in g  a more even 

sampling o f  sm aller f ib r e s ,  w hile  the median v a lu e  (bottom tr a c e )  

in d ic a te s  th a t the spread o f  v a lu e s  does n ot s ig n i f ic a n t ly  a l t e r .

The regu lar d e c lin e  o f  SEM (c lo se d  c i r c l e s ) ,  from n = 20 to  n = 180, 

r e f l e c t s  the s im ila r  varian ce  o f  th e  data  a t  a l l  sample increm ents. 

P lo ts  fo r  other in d iv id u a l f i s h ,  and in d ic e s ,  gave s im ila r  r e s u l t s ,
V.
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P ig . S'.12. Frequency d is tr ib u t io n  o f  th e  s iz e  o f  b lood v e s s e ls   ̂
in  conger slow  (topv and fa s t  (bottom ) m uscle. P r o f i le s  < 60pm 
were c le a r ly  id e n t i f ia b le  as c a p i l la r i e s ,  and were in clud ed  in  
the a n a ly se s . Blood v e s s e ls  < 100|im c o n s is te d  o f  smooth 
endothelium o n ly , and were considered  to  be v en u les; a  s ig n if ic a n t  
portion  o f  the f a s t  m uscle v a scu la r  supplv f a l l s  in to  t h i s  ca te 
gory. The range o f  v e s s e ls  > 6 0  < 100pm was u n clear; in  
g en era l, and could  not be d e f in i t e ly  c la s s i f i e d  as b ein g  
c a p i l la r ie s .  This i s  seen to  make l i t t l e  d iffe r e n c e  to  ex ten t  
o f  the v a scu la r  bed in  the slow m uscle, but would markedly 
a f f e c t  th e  mean v a lu e s  fo r  c a p il la r y  dim ensions when included  
in  any morphometric a n a ly s is  o f. th e  f a s t  m uscle. In v iew  o f  th e  
low c a p il la r y  d e n s ity , a n y  sm a ll-sc a le  morphometric a n a ly s is  
i s  l ik e ly  to  r e s u lt  in  an erroneous estim ate  o f  a ( c ) .
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Fig, 5T. /3 The r e la t io n s h ip  between the mean f ib r e  c a p il la r y  
supply, N ( c , f ) ,  and average f ib r e  area , a ( f ) .  fo r  
s k e le ta l  muscle in  a s e le c t io n  o f  f i s h e s ,  = 
e lv e r , 2) = conger; the o th er sp e c ie s  remain un
marked, fo r  c la r i t y ,  although t h e ir  v a lu e s  are 
given below:

Slow muscle Fast muscle
SPECIES S ( c , f ) â ( f ) B ( o , f ) S ( f )

REF.

Crucian carp (2°C) 1
" (28°C) 1
" (hypoxic)
" (normoxic) 4 .8 752 2 .9 1528

2
2

Tench (hypoxic)
2 .2 705 1.4 1258
1.9 594 0 .36 1040 2

" (normoxic) 1.5 564 0 .35 1267
0 .9 4 370 0 .2 . 846 2

C atfi sh (hypoxic )
" (normoxic)

1 .73
1.4

345
581

0 .8
0 .1 9

' 838 
809

2

1.9 660 0 .3 ' 1265 2
Anchovy 12.9 1115 3
Elver .98 191 0 .12 290
Caleus 2 .5 1778 0 .4 12217 4

1.4 2617 0 .04 6993 5
Etmopterus 0 .3 954 0 .3 11150 5
Rat f i s h 2 .3 470 0 .2 335 6

0 .9 300 0 .24 656 7
Sturgeon 1.2 274 0 .5 537
Hatchet f i s h 3.75 2148 3.45 11295 8
S ilv e r  D o llar 2 .36 3772 — — 9

2.76 1600 0 .6 9 4700 6
D ogfish 4 .2 2 613 - -

Chaenocephalus 2 .9 8 455 1 .10 2244 10
3.07 614 0 .27 2671 11

A ustralian  salmon (a)
3ê93 952 1.60 5387 12
3.07 894 1.53 7637

Mackeral 6 ,62 2044 0 .63 6596 12

A ustralian  salmon (b)
1.92 614 - — 12
2.95 3154 0 .9 9 6078
3.42 471 - M» 12

Pilchard 3 .80 907 - —

Y ello w ta il scad - - 0 .8 3 6020 12
Flathead 1.78 981 .176 2417 12
A ustralian  salm on(c) 12
Grass w h itin g 12
Brook trou t (con trol^ 13

’• ( tr a in e d ) 13
Leather Jacket 12
Conger e e l  ^ 4

Note: The p o s it iv e  c o r r e la t io n  i s  only p resen t in  slow  m uscle o f
r e la t iv e ly  sm all f ib r e s ,  a ( f )  <  1000pm , a f t e r  vdiich th e index would 
in d ica te  an in s u f f ic ie n c y  <5f supply. No c o r r e la t io n  i s  found in  
fa s t  m uscle, where o th er v a r ia b le s  would appear to  be l im it in g .  For 
A ustralian salmon a ) ,  b) and c )  r e fe r  to  the deep, average and la t e r a l  
slow m uscle, r e s p e c t iv e ly ,  showing a h e tero g e n e ity  o f  supply.
R eferences: a) Johnston 1982a; 2) Johnston and Bernard 1982; 3) Johnston
1981b; 4 ) t h is  study; 5 ) Kryvi and Totland 1977; 6 ) Totland e t  a l  1981;
7 ) Kr;^i e t  a l  1980; 8 ) Salamonski and Johnston 1982; 9 ) Johnston and 
Salamonski, unpublished data; IO) Johnston and Wood, unpublished data;
11) Flood 1977; 12) Mo8se 1979; 13) Johnston and Moon 1981a.

A ) ‘ S/dtaj WM̂Sclf
Û) -



12.0

NCc.f)

8.0

4 .0

1000 2000 3 0 0 0

B

3 .0

.0

2000 4 0 0 0 6 0 0 0 8 0 0 0 1200010000



F ig s . 5»14» ~ 5«17* Electronm icrographs o f  Conger s k e le ta l

im iscle. ......... ..

F ig , 5«14* T8 slow f ib r e s ,  showing the d is tr ib u t io n  and s iz e  

o f c a p i l la r ie s  around the large-d iam eter  f ib r e s .  I n tr a c e llu la r  
l ip id  d ep o s its  (b lack  c i r c le s )  are w idespread, p a r t ic u la r ly  in  

the sub sar CO 1 emmal -zone. M to  chon dr i  a fo llo w  a s im ila r
t

d is tr ib u t io n  p a ttern . M agnification  X1595*

F ig . 5» 15» T8 o f  p er ip h era l nerve bundle running ju s t  in s id e  

the slow  muscle reg io n , c lo se  to  the f a s t  m uscle in te r fa c e .
Note th e  com position o f  the bundle and compare w ith  th e  r e s u lt s  

from A n gu illa  in  Chapter 7» M agnification  X56IO,

F ig . 5»16. TS o f  a  q u ite  sm all f a s t  f ib r e ,  ad jacen t to  la rg er  

neighbour ( l e f t ) .  Note the v ir tu a l  absence o f  m itochondria. 

M agnification  XI547.

F ig . 5 •17» "FS o f  la r g e , deep f a s t  f ib r e  showing th e ir r e g u la r  

array o f  c e n tr a l m y o fib r ils . Note the p oorly  developed m ito

chondria, s itu a te d  c lo s e  to  th e Z -d isc band. SR forms a s e r ie s  

o f  sm all v e s ic le - ty p e  p r o f i le  around the m y o fib r il periphery , 

r-lagnification  X15 ,4 0 0 .
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P ig , S>\S V aria tion  in  estim ate  o f  mean f ib r e  area and c a p il la r y  

d en sity  fo r  conger slow  (A,c) and f a s t  (B,D) m uscle a g a in st sample 

s iz e .  Closed c i r c l e s  rep resen t the sub-sam ple mean and open c i r c le s  

the cum ulative mean. Sample increment was 20 f ib r e s  from each  

specimen (b lo c k ) , combined to  form a  sub-sam ple. L i t t l e  v a r ia t io n  

i s  seen in  th e e s tim a tes; however, s ig n if ic a n t  error can be introduced  

i f  the sampling i s  not reg u la r , as in  th e case  o f  slow m uscle a ( f )  

where only  4 f i s h  were analysed  a fte r  N (f)  = 4OO. D elin ea tio n  o f  the  

sample area  w i l l  cause an error in  any d en s ity  e s tim a te , such as N ^ (c ,f ) ,  

and a la r g er  increm ent i s  p referred .

P ig . 5T. 19 S im ilar  p lo t s  to  F ig . f  , but u s in g  a sample increm ent 

o f  100 f ib r e s .  In t h is  way, the sub-sample now rep resen ts  a mean 

valu e from an in d iv id u a l specimen. The la r g e  v a r ia t io n  o f  sub-sample 

means, r e la t iv e  to  the cum ulative mean, i s  r e p r e se n ta tiv e  o f  the  

in t r a - s p e c if ic  v a r ia t io n . This sample increm ent i s  knovm to  provide  

a r e l ia b le  estim a te  from any in d iv id u a l specimen (P ig . f ./ /  ) ,  and 

should th ere fo re  provide the b est  estim a te  o f  in t r a - s p e c i f ic  

v a rian ce .

â
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F ig . S'. îLO C orrelation  o f  s k e le ta l  muscle m itochondrial volume 
d e n s ity , V y (m it ,f ) ,  w ith  c a p il la r y  d e n s ity , N ^ (c ,f ) ,  
fo r  a range o f  f i s h  s p e c ie s .  l )  = e lv e r , 2 ) = conger,
For c la r i t y ,  th e  other s p e c ie s  are not la b e l le d ,  

t a lth o u ^  the v a lu es  are g iven  below .

Slow m uscle F ast muscle
S p ecies V y (m it,f) NA(c, f )  V y (m it,f)  N ^ (c ,f )  R ef.

Crucian carp (hypoxic) 0.25 1811 .030 260 1
Crucian carp (normoxic) 0.15 1639 0 .018 240 1
Tench (hypoxic) 0.15 1571 0.018 250 1
Tench (normoxic) 0 .23 2672 0.045 676 1
C a tfish  (hypoxic) 0 .19 1657 0.024 ' 156 1
C atfish  (normoxic) 0.16 1635 0.025 . 189
Anchovy 0.46 6000 - - 2
Elver 0.214 2364 0.012 229 3

! Galeus 0.341 484 0 .009 11 4
1 Etmopterus 0.304 141 0.005 3 4
[ R a t-fish 0.052 118 0 .003 8 4
i Sturgeon 0.300 1488 0.007 91 5
* Hatchet f i s h 0.443 3002 0 .084 366 6

S ilv e r  D ollar 0.277 4586 0.031 932 7
D ogfish 0.216 8O5 0.011 201 4
Chaenocephalus 0.304 625 - - 8

! Conger e e l 0.227 615 0.027 2 1 .3 3

Note; t e l e o s t s  (c lo se d  c i r c le s )  show a  p o s i t iv e  c o r r e la t io n  which 

d ev ia te s  somewhat from th e v a lu es  fo r  elasmohranch (open c i r c l e s )  

in  slow m uscle (A ), T his separation  i s  l e s s  d i s t in c t  in  f a s t  

muscle (b ) .  In both c a s e s , the s c a t te r  o f  data  su g g ests  th a t th e  

in te r -r e la t io n  o f  the two parameters i s  com plex, b e in g  a f fe c te d  
by other v a r ia b le s .

R eferences: 1) Johnston and Bernard 1982; 2 ) Johnston 1981b;
5) t h is  study; 4 ) Totland e t  a l  I 98I; 5 ) Kryvi e t  a l  1980;

6 ) Salamonski and Johnston 1982; 7 ) Johnston and Salam onski, 
unpublished data; s )  Johnston and Wood, unpublished d ata .
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Concentration parameter,K

F ig . €."X\ T h eo retica l r e la t io n s h ip  between the concentration  
parameter, K, and th e p r o p o r t io n a lity  con stan ts requ ired  to  
c a lc u la te  th e le n g th  d e n s ity , J ^ ( c , f ) ,  from the c a p il la r y  
d e n s ity , N ^ (c ,f ) .  Once K has been experim entally  determined for  
a m uscle, subsequent a n a ly s is  may r e ly  on a c a p illa r y  d en sity  
estim ate from e ith e r  TS or LS s e c t io n s .  Note th a t K may show 
con sid erab le  d if fe r e n c e s  between homologous m uscles in  d if fe r e n t  
sp e c ie s , and between d if f e r e n t  m uscles w ith in  a sp e c ie s .  For 
example, th e  complex o r ie n ta tio n  o f  muscle f ib r e s  in  f a s t  
muscle (ch ap ter 4 ) w i l l  r e s u lt  in  a p r e fe r e n tia l o r ie n ta tio n  o f  
c a p i l la r ie s  th a t i s  not p a r a l le l  to  the lo n g itu d in a l a x is  o f  
the f i s h .  The extrem ely low c a p il la r y  d en sity  for  conger fa s t  
muscle would req u ire  an extrem ely la r g e  number o f  samples to  
be analysed , in  order to  ob ta in  an accurate estim ate o f  K. The 
error in vo lved  in  ap p ly in g  th e v a lu e  o f  c (K,0)  derived  from slow  
muscle i s  unknown, but thought to  be r e la t iv e ly  sm all; t h is  was 
adopted as b e in g  th e  c lo s e s t  a v a ila b le  estim a te .
A fter  Mathieu e t  a l  (1982 ).

'  , -L- .
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CHAPTER 6

INTRODUCTION

A number o f  fa c to r s  are known to have a profound in flu e n c e  on muscle ^
Ï

phenotype ( P rosser 1973j Vrbo«%1980; J o le sz  and S reter  1981); although the <
I

mechanism o f  a c tio n  i s  not always known, many are c le a r ly  mediated by the
I

nervous system (C lose 1972; Lomo 1976). For ectoth en n s exp erien cin g  a large  «

diurnal or season a l perturbation  in  c lim a te , tem perature i s  o n e  o f  the most :*-f
■I

important e x tr in s ic  fa c to r s ,  e ith e r  through i t s  e f f e c t  on the nervous system , “|

or by d ir e c t  a c tio n  a t the c e l lu la r  le v e l  (Somero 1975%). <

During i t s  anadromous (upstream) m igration the ju v e n ile  e e l  (e lv e r )  i s  

subjected  to  a change in  s a l in i t y  and tem perature, and an in creased  v a r ia b i l i t y  

o f  a v a ila b le  oxygen and va r io u s p h y sica l o b stru c tio n s  to  locom otion , w ith in  

r iv e r  in l e t s  and stream s. Such fa c to r s  are a l l  known to  b e, d ir e c t ly  or %

in d ir e c t ly ,  modulators o f  muscle p la s t i c i t y  (Chapter 1 ) . The post-metamorphic 

nature o f  the e lv e r  i s  r e f le c t e d  in  the d i f f e r e n t ia l  exp ression  o f  haemoglobin H

isozym es (R iz z o t t i  e t  a l  1977)» development o f  p igm entation  and s c a le s  

(Strubberg 1915; Pankhurst 1982 ) ,  in crea se  in  swimbladder fu n ction  ( McCleave 

and Kleckner 1982), and r e v e r sa l o f  the p ro g ress iv e  d e c lin e  in  s iz e  fo llo w in g  

the s ta r t  o f  fe e d in g  (Tesch 1977; D eelder 1970). I t  i s  n ot known whether a  

wide p h y s io lo g ic a l to ler a n c e  to  changing co n d itio n s  i s  req u ired , in  ad d ition  

to  th ese  ad ap ta tion s.

A lth o u ^  the apparent aerobic ca p a c ity  o f  e lv e r  m uscle i s  low, compared 

to  other m igratory sp e c ie s  (Chapters 2 and 5)» th ere i s  l i t t l e  inform ation  

a v a ila b le  concerning the oxygen consumption (Vog) o f  th e  anim al. Few s tu d ie s  

have been made o f  th e  developm ental b io lo g y , making i t  d i f f i c u l t  to  a ssign  any 

p h y s io lo g ic a l c o r r e la te s  to  e ith e r  behavioural or m orphological c h a r a c te r is t ic s .  

However, the v a r ia tio n  in  the s ta r t  o f  upstream m igration  w ith  p h y sica l 

condition  o f  the e lv e r s  (P o etiu s  and B oetiu s 19&7)» and the p ro g ress iv e  change 

in  behaviour (B oetiu s 1976; Deelder 1970), would su ggest th a t the primary

Î
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1 1 3  [

su rv iv a l s tra teg y  i s  behavioural and th a t the animal i s  only capable *

o f  a lim ited  p h y s io lo g ic a l ad ap tation . In gen era l, l i t t l e  a tten tio n  i s  paid  

to  the p r io r  h is to r y  o f  f i s h  before temperature a cc lim a tio n , although the  

stage o f  development i s  l i k e ly  to  a f f e c t  the nature o f  the response; t h is  may 4

go some way to  ex p la in in g  the v a r ia b i l i t y  o f  published  r e s u l t s .  An attem pt :!

has been made to  improve on the use o f  m orphological c r i t e r ia  fo r  id e n t i f i c a t io n ,  -i

by d escr ib in g  more f u l ly  the p h ysio logy  o f  e lv e r s  u sed /in  t h is  study. Samples 

were taken throughout the m igration  and evidence sought fo r  the end o f  the 4

metamorphic in f lu e n c e . :

The tim e-course and f in a l  response to  d if fe r e n t  tem peratures, w ith i

resp ect to and s tr u c tu r a l reo rg a n isa tio n  o f  the m uscle, were used to 1

in d ic a te  th e thermal p la s t i c i t y  o f  the t i s s u e .  In a d d itio n , the development 4

o f  hypoxic to lera n ce  was used to  d e lin e a te  the s ta g es  a t which anaerobic %

metabolism i s  o f  most im portance. These r e s u lt s  suggest th a t a to ler a n c e , a

rath er than adaptive s tra teg y  i s  p resen t in  the m igratory e lv e r . î

-A}-,.-:. __ 1' ; ""d
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MATERIALS AND METHODS 

F ish

E lvers were n e tte d , and m aintained, a s described  p rev io u sly  (Chapter 2) 

and kept under a constant 12L:12D photoperiod fo r  4~7 days p r io r  to  any 

i n i t i a l  sam pling. A fter  2 or 5 days the m ajority  o f  weak or damaged f i s h  

had died; t h i s  " s e t t l in g  in" period  prevented in c lu s io n  o f  any unhealthy f is h  

in  experim ents. M orta lity  was between 1 and 2̂ u o f i n i t i a l  stock  . VAiere 

p r a c t ic a l ,  w eight and standard len g th  (snout to  caudal peduncle) were 

determined from M S222~anaesthetised f i s h ,  fo r  g r e a te s t  accuracy. Experimental 

p rotoco l was developed during prelim inary experim ents, u s in g  e lv e r s  from the  

1979-1980 m igration . F ish  were m aintained a t  ambient (r iv e r )  temperature 

o f  15°C on a r r iv a l u n t i l  feed in g  began, approxim ately 2 weeks la t e r .  I n i t i a l

s iz e  was 0 .210  -  0 . 054g and 7*27 -  0 , 31cm (n=13) ,  becoming 0 .259 -  0 . 035g
+

and 7*06 -  0.49cm (n=31; x -  S .D .) a f te r  a l l  e lv e r s  had begun feed in g , 3 weeks 

a fte r  capture. Subsequently, a  7 week a cclim ation  to  8*̂  and 30^0 was performed 

(Table 6.% ) .

The main experim ents used  e lv ers .fro m  the 1980-1981 m igration , c a u ^ t  

at th e same geographical lo c a t io n . Samples were taken between the e a r l ie s t  

mo d e r a te -s iz e  m igratory wave (Group 1 ) and th e end o f  the main m igration  

(Group 4)> a,t approxim ately 3 week in te r v a ls .  M orphologica lly , they represented  

ea r ly  to  la t e  Stage VIA, as d escrib ed  by Strubberg (l913 )«  The s l ig h t ly  h igher  

referen ce temperature (2 2 °) than used p r e v io u s ly , was adopted as the temperature
V

preferendum fo r  e e l s ,  u s in g  a number o f  c r i t e r ia ,  i s  thought to  l i e  between 

20 and 24°C (Nyman 1972; Tesch 1977; D eelder I970) .  As soon

as a l l  e lv e r s  were feed in g  (lOO^o fe e d in g  r a te )  two groups' (A/- 30 e lv e r s  in  each) 

were gradually  (5°C /day, maximum) in troduced  to  the acc lim ation  tem peratures 

o f  10 -  0.3°C  and 29 -  1.0°C . A range o f  tem peratures was attem pted, w ith  

e lv e r s  su rv iv in g  up to  32°C and down to  2°0; acclim ation  proved d i f f i c u l t  a t

-  +

.'j. *:j  .̂......................... .



• Jï îi»=r.'v.V- •••.  ̂.. i •- . ••• -j. , - ' A -t - -'r, »

115

'>30°C or <5^C due to  a p ro g ressiv e  m o r ta lity . As t h is  temperature range î|
ï

i s  w ith in  th a t reported  fo r  e e l s  in  the w ild  (Tesch 197?)» th is  may rep resen t |

e ith e r  an on togen etic  d iffe r e n c e  in  temperature to le r a n c e , or a laboratory

s tr e s s  re a c tio n . The la rg e  reduction  in  body w eight in  th e prelim inary (1980) 4!
1■‘i

experim ents in d ic a te  non-optim al co n d itio n s . Subsequently, an "W

attem pt was made to  m aintain s im ila r  body w eigh ts during acclim ation ; ly o p h il is e d  #

tu b ife x  was fed  2 or 3 tim es per week to  c o ld -  and h o t-acc lim ated  e lv e r s ,

r e s p e c t iv e ly . The 8°C e lv e r s  showed l i t t l e  in t e r e s t  in  th e food , however, and

appeared sem i-torp id .

Yellow e e l s  were a g i f t  from Dr. M.G. Poxton, Department o f  B io lo g ic a l

and Brewing S c ien ces , H eriot-W att U n iv e r s ity . A cclim ation fo llow ed  a s im ila r

regime to  th at fo r  e lv e r s .  S ilv e r  e e l s  were trapped ( fy k e -n e t)  on th e ir  seaward vlj

(downstream) m igration  from Lake • , southern Finland; the annual

+  o  ^temperature f lu c tu a tio n  in  t h is  h a b ita t  i s  remarkably low , m aintain ing 6 -  1 C .  

Oxygen consumption measurements were c a r r ie d  out a t the Department o f  

Zoophysiology, U n iv ers ity  o f  H e ls in k i a f t e r  6-8  weeks acc lim ation  in  con tin u ou sly  

cy c led , f i l t e r e d  tapwater m aintained a t 3 -  1°C and 25 -  0 .5°C . Photoperiod

was approximat e ly  12h: 12D.

Oxygen consumption

Water oxygen conten t (C.O^) was determ ined by a m o d ifica tio n  o f  the 1888 

Winkler t i t r im e t r ic  a ssa y , adapted from v a r io u s sources (van Dam 1955; Fox 

and W ingfield  1958):
!

( i )  Combine 0.5m l 5Ĉ o MnCl^. 4HgO

0.5m l a so lu tio n  co n ta in in g  50^ NaOH and KI 

prepared h o t, w ith  con stant s t ir r in g ,  and gradual ad d ition  o f  chem icals.

100ml water sample in  a g la ss-sto p p ere d  b o t t le

(volume 100ml)
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( i l )  Allow p r e c ip ita te  to  s e t t l e .  Add 2.0ml Ĥ PÔ  “

( i i i )  Allow p r e c ip ita te  to  d is s o lv e . T itr a te  aga in st fresh ly-p rep ared  4

0.01N Na^SO  ̂ u s in g  1% sta rch  as an end p o in t in d ic a to r . ?

-1  jThe method has a reported  accuracy o f  0.01ml Op 1 (van Dam 1955)? in  :|

t h is  study the r e p i t i t io n  error was <.2%. The major advantages are a h i# i  

accuracy, and r e la t iv e  indépendance o f  temperature and/pressure; th ese  fa c to r s  

are a source o f  error in  the more u sual resp ira to ry  a n a ly se s , u sin g  polarographic g

oxygen e le c tr o d e s . However, a n a ly s is  i s  very tim e-consum ing, l im it in g  the i

number o f  samples taken per day, p a r t ic u la r ly  when care i s  taken to  avoid
•  't

diurnal rhythms in  Vog. This in vo lved  lim it in g  the experim ents to  two p eriods 4

o f  4 to  5 hours (beginn ing O9OO and I5OO h r s ) ,  in c lu d in g  5 f i s h  from both 4

acclim ation  groups in  each batch . No s t a t i s t i c a l  d iffe r e n c e  could be seen |

between the r e s u lt s  from the two p er io d s .

Basal metabolism i s  extrem ely d i f f i c u l t  to  measure in  f i s h  (B rett 1972, -I

1979) ,  req u ir in g  continuous m onitoring o f  the d iffere n c e  in  oxygen ten sio n  4

( A  P O g ) or conten t (  A  C . O ^ )  between in l e t  and o u t le t  o f  a continuous through- |

put (open) resp irom eter. For la rg e  e e l s ,  stoppered (dark) tubes w ith a b a ff le d  -A

in flow  were u sed , c a lc u la t in g :

(Eq. 6 . 1) VOg (m g.g.hr ^) = AC.O^ (m g/l) x flow  ra te  (ml/min) x 60 î

weight (g ) X  100 ;

This was not p o s s ib le  ^yith e lv e r s ,  s in c e  the ra te  o f  flow  n ecessa iy  fo r  a 3

measurable A  C . Q ^  was too  low fo r  accurate measurement from anything oth er |

than a very sm all, s t r e s s f u l  resp irom eter . Hence, a c lo sed  resp irom eter system  

was adopted, u s in g  a p o in t-d eterm in ation  o f  C.O  ̂ a t d if f e r e n t  tim es: -

(Eq. 6 . 2 ) Vbg (m g.g.hr  ̂) = A  C.Og (m g/l) x volume o f  water (ml) x  t (h r s )  k

weight (g ) X 100
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f o r  t h e  d e t e r m i n a t i o n  o f  i n d i v i d u a l  r e s p i r a t i o n  r a t e s .  I n  t h e  i n i t i a l  

s e r i e s  o f  e x p e r i m e n t s  ( 1 9 8 0 )  e a c h  v a l u e  r e c o r d e d  w a s  a n  a v e r a g e  o f  t h r e e  

s e p a r a t e  d e t e r m i n a t i o n s  p e r  a n i m a l .  V a r i a t i o n  w a s  s m a l l  ( c . 5 % )  a n d  t h i s  

w a s  a b a n d o n e d  f o r  t h e  s e c o n d  m i g r a t i o n  ( I 98 I )  e x p e r i m e n t s .  T h e s e  f i g u r e s  

r e p r e s e n t  " s t a n d a r d "  o r  " r o u t i n e "  ( i . e .  > b a s a l  <  a c t i v e )  m e t a b o l i s m ,  a n d  

a r e  p r o b a b l y  m o r e  m e a n i n g f u l  t h a n  a t t e m p t s  a t  m e a s u r i n g  b a s a l  m e t a b o l i s m ,  

e v e n  t h o u g h  t h e  v a r i a n c e  w i l l  b e  g r e a t e r  ( B r e t t  1 9 7 2 ?  1 - 9 7 9 ) *

T h e  e x t r a p o l a t i o n  f r o m  t i m e  t = o  t o  t  a s s u m e s  a  l i n e a r  d e c r e m e n t  o f  o x y g e n  

c o n t e n t ,  i . e .  a  c o n s t a n t  V o ^ .  I n  t h e  a b s e n c e  o f  a  c o n t i n u o u s  m o n i t o r  t h i s  i s  

d i f f i c u l t  t o  t e s t ,  a l t h o u g h  r e p e a t e d  s a m p l i n g  t e n d e d  t o  s h o w  a  l i n e a r  d e c l i n e  

o v e r  t h e  p e r i o d  u s e d  f o r  t h e  a s s a y s  a f t e r  a n  i n i t i a l ,  s m a l l ,  s t r e s s  r e a c t i o n

(P ig . 6 . 3) .

A  f u r t h e r  c o m p l i c a t i o n  i s  t h e  n u m b e r  o f  e l v e r s  u s e d  i n  a n  a s s a y ,  p o s s i b l y  

d u e  t o  m e a s u r e m e n t  e r r o r .  S i n g l e  e l v e r s  w e r e  u s e d  i n  o r d e r  t o  o b t a i n  

i n f o r m a t i o n  c o n c e r n i n g  a n y  w e i g h t - s p e c i f i c  d i f f e r e n c e s  i n  V o g .  A  s c a l e d - u p  

e x p e r i m e n t ,  u s i n g  2 0  e l v e r s  i n  2 0 X  v o l u m e  r e s p i r a m e t e r  r e s u l t e d  i n  a  

r e d u c t i o n  i n  V o ^  e s t i m a t e .  S i m i l a r l y ,  o n  a  m u c h  l a r g e r  s c a l e  r e s p i r a t i o n  r a t e  

o f  a  5  t o n n e  s a m p l e  o f  e l v e r s  (v«v 5  % 1 0 ^ )  a p p r o x i m a t e s  0 . 1 2 m g . g . h r ~ ^  a t  1 2 ° C  

( W h e e l e r ,  p e r s .  c o m m . )  c o m p a r e d  t o  i n d i v i d u a l  e s t i m a t e s  o f  0 . 2 1 m g . g . h r " " ^  a t  8 ° G  

f r o m  a  l a b o r a t o r y  s a m p l e  o f  t h e  s a m e  m i g r a t i o n .

R e s i d u a l  o x y g e n

E l v e r s  w e r e  t r e a t e d  i n  a n  i d e n t i c a l  m a n n e r  t o  t h o s e  u s e d  f o r  V o ^  

e x p e r i m e n t s ,  b u t  a l l o w e d  t o  d e p l e t e  t h e  o x y g e n  t o  l e t h a l  l e v e l s .  S o m e  f i s h  

a r e  k n o w n  t o  b e c o m e  h y p o x i a  c o m a t o s e  a t  l o w  P o ^ ,  s u c h  t h a t  r e c o v e r y  i s  p o s s i b l e  

o n  r e s t o r a t i o n  o f  n o r m o x i c  c o n d i t i o n s .  I n  t h i s  s t u d y  i t  w a s  f o u n d  t h a t  i f  a n  

e l v e r  w a s  u n r e s p o n s i v e  t o  m e c h a n i c a l  d i s t u r b a n c e  ( i n v e r s i o n  o f  t h e  s e a l e d  

c o n t a i n e r )  n o  r e c o v e r y  w a s  p o s s i b l e ,  a n d  d e a t h  ( c e s s a t i o n  o f  h e a r t  b e a t )  

f o l l o w e d  r a p i d l y .
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Morphometric a n a ly s is

Electronm icrographs o f  slow m uscle f ib r e s  from 10°C and 29°C-acclim ated  

e lv e r s  were analysed , as d escribed  p rev io u sly  (Chapter 3)* A s im ila r  sample 

s i t e  was used , r e s tr ic te d  to  the f i r s t  ep ax ia l myotome to  the la te r a l  l in e  

tr ia n g le  (F ig , 1 .1 ) changes in  mean component v a lu e s , fo r  both in d iv id u a l i

f i s h  and acclim ation  groups, w ith  in cr ea sin g  sample s iz e  (se e  Chapter 5) 

in d ic a te  th a t w ith in - animal and between-anim al variance are s im ila r . F ibres  

adjacent to  myosepta were not in clud ed  in  the a n a ly s is .

C apillary  supply

Planim etry o f  sem i-th in  se c t io n s  enabled the c a p il la r y  d e n s iiy , N ^ (c ,f ) ,  

to  be determined from a la rg e  sample s iz e  (60-80 f ib r e s / f i s h ,  6 f ish /g r o u p ).  

Numerical d en s ity  counts (m agn ifica tion  X 650) were used to  c a lc u la te  the  

c a p il la r y ; f ib r e  r a t io ,  N ^ (c ,f)  and mean number o f  c a p i l la r ie s  per f ib r e ,  N ( c , f ) .

The d e r iv is io n  o f  other c a lc u la te d  in d ic e s  i s  given in  the te x t  (Table 6 .5 )  

and described  in  d e t a i l  elsew here (Chapter 5)»



119 ■;

EESULTS

Comparison o f  1980 and 1981 m igration s r e v e a ls  only a sm all v a r ia tio n  f

in  tim e o f  a sc e n t , and p h y s ic a l co n d itio n  o f  the e lv e r s .  The decrease in  S
J

w eight p r io r  to  feed in g  i s  sm a ll, a lthough a d is t in c t  red u ction  in  len gth  i s  5

observed (Group 2 , Table 6 . ) ;  see  Fi^s. 6 .1  and 6 .2 ) .  At t h i s  p o in t both  the VOg 

and r e s id u a l oxygen (C.Og) are lo w est. The reduction  in  s iz e  seems to  s t a b i l i s e  

between Group 3 and Group 4» although the Vog and C.Og) both r i s e  (Table 6.1 ) .  A

The spread o f  data  w ith in  each group i s  q u ite  la rg e  (P ig . 6 . l ) ,  r e f l e c t in g  I
..■4

the heterogeneous pop u lation  th a t i s  sampled during any m igratory wave; other i

workers have r e so r ted  to  samples o f  many thousand e lv e r s  in  order to  

d if f e r e n t ia t e  the com position  (b o e tiu s  and-B oetius 196?» Tesch 1977» Ezzat , |

and E l-S era fy  1977). ‘

The tim e course o f  therm al a cc lim ation  in  e lv e r s  i s  p lo t te d  (F ig . 6 . 4 ) '

and tab u la ted  (Table 6 . 4 ) ,  w ith  data from the re feren ce  (22°C) sto ck . A 

p a r t ia l  (Precht Type 3> P rosser 1975) compensation i s  seen in  whole-anim al Vo^; 

the upper ( 29°C) group reaches an asym ptote a f t e r  about 4 weeks and th e  

lower (lO°C) group between 5 and 6 weeks, fo llo w in g  an i n i t i a l  d e c lin e . The J

s l i ^ t  e le v a tio n  in  VOg towards the end o f  the experiment i s  p a r a lle le d  by 

a s im ila r  in cr ea se  in  th e  re feren ce  s to ck , and may be due to  fu rth er  develop

mental changes. At week 9 , when samples were taken fo r  morphometric a n a ly ses ,  

the d if fe r e n c e s  in  w eight were q u ite  sm all; 0 .247  -  0 .0 8 9 g  (29°C, n=19) and 

0,218 -  0 .0 6 3 g  (lO°C, .^n=20; x -  S .D ., see  F ig . 6 .4-). An estim a te  o f  the  

compensation i s  given  by th e tem perature c o e f f i c i e n t ,  29^0 ) ”  1*45,

which i s  very  s im ila r  to  the v a lu e  obtained  w ith  e lv e r s  from the p revious ( 198O) 

y e a r ’ s m igration  = 1.55» Table 6 . 3) .  This p a r t ia l  compensation

i s  a lso  rev ea led  by the response o f  e lv e r  VOg to  assay  a t  19*5°C (mid-way 

between the two acc lim a tio n  tem p eratu res), which were 0 .237  "" O.O63 m g.g.hr i

(29°C e lv e r s ,  n=6) and 0*319 -  0 .062  m g.g .hr  ̂ (10°C e lv e r s ,  n=6; x -  S .B .) .
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I n te r e s t in g ly , assay  a t  the r e c ip r o c a l temperatures showed no fu rth er  

depression  o f  Vo^ in  th e  29°C -acclim ated e lv e r s  (O.256 -  0 .059  mg.g.hr~^ a t  

10°C, n=9) whereas 10°0-acclim ated  e lv e r s  were unable to  w ithstand the upper 

temperature* These e lv e r s  d ied  a f t e r  4 to  5krs, and a t  an oxygen con cen tration  

o f  6 .30 -  0.41mg 1  ̂ (x  -  S .D ., n=9), b ein g  79*6% o f  th e  i n i t i a l  C.Og a t  29°C 

and around 55% o f  the average 0,0^  a t  10°C, in d ic a t in g  th a t  t h i s  was due 

purely to  therm al shock and not to  any reduction  in  oxygen a v a i la b i l i t y .

In both r e c ip r o c a l a ssa y s e lv e r s  were allow ed to  slow ly  reach the assay  

tem perature, over a p eriod  o f  2 to  5 hours, before the experiment was begun*

The a llo m e tr ic  r e la t io n s h ip  o f  Vog was in v e s t ig a te d  u s in g  e lv e r , y e llo w  

and s i lv e r  s ta g es  o f  th e  e e l ,  acclim ated  to  s im ila r  tem perature regim es 

(F ig . 6 .6 ; Table 6 ,3 ) .  In g en era l, the e f f e c t  o f  sm all d if fe r e n c e s  in  both  

body s iz e  and assay  tem perature in crea sed  w ith s iz e ,  and may exp la in  the  

la rg er  spread o f  v a lu e s  found in  s i lv e r  e e ls  (F ig . 6 .6 ) .  The sm all e f f e c t s  

o f  body w eight on e lv e r  Vog su g g ests  th a t ,  d esp ite  the v a r ia t io n  in  s iz e  

o f  e lv e r s  u sed , th e  experim ental r e s u lt s  r e f l e c t  the heterogeneous p h y s io lo g ic a l  

com position o f  th e m igration  and are a good estim ate o f  th e  population  means.

The low v a lu e , r e la t iv e  to  o ld er  s ta g e s , suggest th a t  e lv e r s  are b e t te r  

able to  adapt to  a 20°C tem perature d i f f e r e n t ia l .  The s im ila r  v a lu es  

fo r  ye llo w  and s i lv e r  e e l ,  over th e  s im ila r  range o f  tem perature, i s  in  

con trast to  t h e ir  a b so lu te  VOg and th e supposed e le v a tio n  o f  aerob ic cap a c ity  

found during the m igratory ( s i l v e r )  stage (Fontaine 1975; Table 6 ,3 ) .

No d is c e r n ib le  d if fe r e n c e  cou ld  be seen in  the h isto ch em ica l p r o f i le  

o f  the s k e le ta l  m uscle in  the trunk o f  e lv e r s  acclim ated  to  lO^C or 29°C, 

r e la t iv e  to  th e o r ig in a l study o f  20°C~acclimated e lv e r s  (Chapter 2 ) .  In t h is  

way, the proportion  o f  slow  m uscle remained a t 10 to  12̂ 6 o f  the muscle mass, 

and the la t e r a l  myotomes a t  a depth o f  2 to  5 f ib r e s .  The PAS, SM and m.ATPase 

r e a c t iv ity  were id e n t ic a l  in  slow , s u p e r f ic ia l  f a s t  and deep f a s t  m uscle to  th a t
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p rev io u sly  d escrib ed  (Chapter 2 ) .  The s u p e r f ic ia l  f a s t  muscle (in term ediate  

SDH s ta in in g  zone) remained a t a  depth o f  2 or 3 f ib r e s .  These r e s u lt s  

suggest th a t no p r o life r a t io n  o f  the slow  muscle occurred on co ld -a o c lim a tio n , 

as reported fo r  other s p e c ie s ,  nor was th ere  any v i s ib l e  reorg a n isa tio n  o f  

m etabolic f ib r e  ty p es . C onsequently, no fu rth er  q u a n tita t iv e  a n a ly s is  o f  

frozen s e c t io n s  was attem pted.

Morphemetrio a n a ly s is  revea led  l i t t l e  d iffe r e n c e  fo r  most muscle 

components, although th ere  was an in c r e a se  in  f ib r e  m itochondrial content 

on co Id -a cc lim a tio n . P r o life r a t io n  o f  m itochondria was found in  both sub- 

sarcolemmal and in te r m y o fib r illa r  reg io n s  o f  the f ib r e ,  and the ex tra  volume 

accounted fo r  by a red u ction  in  sarcoplasm  (Table 6 . 4 ) .  No d iffe r e n c e  in  

c r is ta e  d e n s ity , or average s iz e  o f  m itochondria was v i s i b l e .  Fibre area and 

m y o fib r illa r  conten t were very  s im ila r  in  both groups. I n te r e s t in g ly ,  th ere  i s  

an appreciab le d iffe r e n c e  in  se c t io n  q u a lity  between m uscle samples taken from 

the two acclim ation  groups, w ith  10°C -acclim ated f ib r e s  g iv in g  much c le a r e r  

electronm icrographs (F ig s . 6 . 9 and 6 . /o ) .  I t  would appear, th ere fo re , 

th a t d i f f i c u l t y  in  o b ta in in g  good s e c t io n  co n tra st in  th e  o r ig in a l study  

(Chapter 3 ) was compounded by th e h igh  (20^C) maintenance tem perature. No 

q u a n tita tiv e  a n a ly s is  o f  f ib r e s  from th e  f a s t  muscle was attem pted.

The la rg e  sample s iz e  used fo r  th e  a n a ly s is  o f  c a p il la r y  supply revea led  

a trend towards in creased  f ib r e  area in  th e 10^C-acclim ated e lv e r s ,  th a t was 

not ev ident from electronm icrographs (Table 6 ,4  and 6 . 5 ) .  There was only ' 4

a sm all in crea se  in  th e average number o f  c a p i l la r ie s  around a f ib r e , the i

c a p illa r y :  f ib r e  r a t io ,  and the c a p il la r y  d en sity  in  th e slow muscle o f  10°- %

acclim ated e lv e r s  (Table 6 . 5)•  The s im ila r  dim ensions o f  the c a p i l la r ie s  

su ggests  th a t th e  in stan taneous b lood volume may be l i t t l e  a lte r e d  on exposure to  

a 20°C d iffe r e n c e  to  tem perature, a lthough the s ig n if ic a n c e  o f  th is  i s  un- 

cer ta in  (se e  la t e r ) .  ;
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DISCUSSION ’ 'I

Developmental p h ysio logy  ,

The i n i t i a l  reduction  in  s iz e  o f  e lv e r s  during the upstream m igration  'I

(F ig , 6 . 2) i s  w e ll documented ( Schmidt 1922; B oetiu s  197^» Tesch 1977) and

appears to  reach  a minimum a t  Group 3 (Table 6 , l ) .  In a  s im ila r  study

carr ied  out in  two Danish l o c a l i t i e s ,  t h i s  minimum was observed a t Stage 

(B oetiu s 1976) • The d iscontinuous grovrbh p attern  o f  th e  la te -a r r iv in g  4

e lv e r s  (Groups 3 and 4 th is  study) i s  th o u ^ t  to  ^e th e r e s u lt  o f  -'4
■■1

sta rv a tio n  ra th er  than any e f f e c t  o f  prolonged metamorphosis, as the i

e a r l ie s t  a r r iv a ls  show a much l e s s  pronounced w eight minimum a t  s im ila r  |
I

developm ental s ta g es  (B oetiu s 197&)* Some geograph ical v a r ia b i l i t y  i s  to  

be expected , and in  experim ents based on Lake Tunis a  gradual reduction  in  

w e i^ t  was noted from the e a r l ie s t  a r r iv a ls ,  Stage VIA 0 .2 3 g , to  a s l i ^ t l y  4

la t e r  minimum o f  Stage 0 .1 8 g , fo llow ed  by an exponentia l growth 1

p attern  (F ig . 6 .2 ) .  A p a r a lle l  red u ction  in  len g th  was noted by Schmidt |

( 1909) from th e pre-metamorphic lep tocep h a lu s Stage I  (75nnn) to  g la s s  e e l s  

o f  Stage VA (70mm) and a minimum in  young e lv e r s  o f  Stage VIA ( 65mm). 4

From th e presen t data i t  would - appear th a t th e  annual m igrations have a ^

s im ila r  com position , but w ith co n sid erab le  overlap  between each m igratory %

wave. The development o f  an in d iv id u a l w i l l  th ere fo re  depend on time o f  - I

a r r iv a l a t  a c o l le c t io n  p o in t , and n o t n e c e s s a r ily  fo llo w  the same temporal j

p attern  as the main m igration , proceeding upstream . This exp la in s the  

reported  in crea se  in  mean len g th  towards th e end o f  the season (Ezzat and 

E l-S era iy  1977)* As the h is to ch em ica l character o f  trunk muscle shows l i t t l e  *

v a r ia tio n  between m igration  groups (Chapter 2 ) ,  and an ex ten s iv e  f in e  

stru ctu re  in v e s t ig a t io n  would be too  tim e-consum ing, th e  gross m etabolic ra te  

(VOg) was chosen as an appropriate p h y s io lo g ic a l index to  fo llo w  developm ent, 

in  ad d itio n  to  purely  m orphological c r i t e r ia  (Strubberg I 9 I 5) .  As m uscle ^

c o n s t itu te s  70- 75% o f  th e body w eigh t, i t  i s  l i k e ly  th a t i t s  m etabolic
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a c t iv i t y  w i l l  be r e f le c t e d  in  the Vbg. The reduction  o f  Vo  ̂ a t  Group 2 

id e n t i f i e s  t h i s  as th e  developm ental in f le c t io n  p o in t sought by e a r l ie r  

workers, u s in g  w e i^ t  and len g th  measurements, l e v e l l in g  o f  th ese  parameters 

in  Groups 3 and 4 r e f l e c t s  the extended m igration and la t e  a r r iv a l o f  th ese  

e lv e r s .  The s iz e  minimum has been exp erim en ta lly  confirm ed to  co in c id e  w ith  

the s ta r t  o f  feed in g , w ith  feed in g  o f  a l l  in d iv id u a ls  on ly  presen t from 

Stage (Tesch 197?)• The subsequent rapid  r i s e  in  body w eight

(P ig . 6 .2 ) ,  assumed to  be due to  an a c ce lera te d  growth phase, r e s u lt s  in  

a 5 to  1 0 -fo ld  in crea se  in  m uscle mass by a month or so a f t e r  the end o f  the  

m igration (p e r s . o b s ,) .  R esorption o f  body t is s u e  during th e  reduction  in  

s iz e  o f  th e  e a r ly  m igratory s ta g es  i s  r e f le c te d  in  th e  decreased  VOg (group 2 ) .

A change in  the aerob ic cap a c ity  during m etabolic reo rg a n isa tio n  from catar- 

bolism  to  anabolism , and th e subsequent growth, co n tr ib u te  to  an increased  

VOg in Groups 3 and 4» The r e la t iv e  con tr ib u tio n  o f  each p rocess i s  u n c lea r , 

although growth i s  l i k e ly  to  on ly  account fo r  a sm all ( 10-20^Q portion  o f  

b asa l m etabolism . E lvers from Group 3> th ere fo re , rep resen t anim als th a t  

have s l ig h t ly  delayed th e  o n set o f  a cce lera te d  growth and entered the ea r ly  

sta g es  o f  s ta r v a tio n . At t h i s  p o in t , th e  p h y s io lo g ic a l adjustm ents required  

fo r  freshw ater l i f e  are presumably com plete, and th e  e lv e r  i s  in  a true p o s t-  

metamorphic s t a t e ,  although some development may continue fo r  a short w hile  

a f t e r .  The e a r l ie r  assumption (Chapters 2 and 3)» th a t t h is  stage rep resen ts  

ju v e n ile  ( la t e  e lv e r )  e e l s ,  i s  th ere fo re  j u s t i f i e d .  In a d d itio n , the  

haemoglobin electrophoretogram s rep resen t the f in a l  e lv e r  p attern  before  

expression  o f  the a d u lt phenotype (p e r s . obs; see  a ls o  R iz z o t t i  e t  a l  1977)*

The d iffe r e n c e  in  m uscle s tru ctu re  between ea r ly  and la t e  e lv e r s  i s  not known.

The low aerob ic cap a c ity  o f  e lv e r  m uscle (Chapters 2 and 3) i s  r e f le c te d  

in  the low VOg» r e la t iv e  to  o th er  s p e c ie s  ( B r e tt  1972; Boudoroff

and Shumway I968) .  However, the wide v a r ia tio n  in  methodology used by v a r io u s 4

J
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workers malces comparisons d i f f i c u l t ;  although a study o f  young ( ju v e n ile )  

f i s h  in  the M editerranean (red  and grey m u lle t, e e l ,  and sandsm elt) has 

shown the b asa l and a c t iv e  metabolism (VOg) o f  e lv e r s  to  be s ig n if ic a n t ly  

lower than o th er  sp e c ie s  (A lekseyeva 1975)# The u sua l trend o f  a decrease  

in  VOg w ith  an in cr ea se  in  body s iz e  ( Mb) i s  shown in  comparing v a lu es  fo r  

e lv e r , y e llo w  e e l  and s i lv e r  e e l  (Table 6 , 3 ) .  The low m etabolic  ra te  i s  

emphasised by th e range found in  e lv e r s  (VOg = 0.2 to . O.Amg.g.hr"^ a t  22°c) 

b ein g  s im ila r  to  th a t fo r  an a d u lt salm onid, Onchorhynchus nerka (a t  13°0,

B rett and Zala 1975)» t h i s  r ep re se n ts  a  1000 -fo ld  d if fe r e n c e  in  body w eigh t.

A reduction  in  VOg i s  known to  occur w ith  p ro g ressiv e  starv a tio n  

(Love I 98O); in  th e m igratin g  e lv e r  t h is  seems to  be co rr e la ted  w ith  development 

s in ce  the d e c lin e  in  VOg i s  reversed  in  th e la t e r  a r r iv a ls  (Groups 3 and 4 ) 

when sta rv a tio n  has a lready begun (B o etiu s  197^)*

A fu rth er  t e s t  o f  th e  m etabolic  s t a t e  o f  the anim al, i s  the r e s id u a l 

oxygen b io a ssa y . I n i t i a l l y  t h i s  was used as an in d ic a to r  o f  p o llu t io n  

(Gordon and McLeay 1977)» where g i l l  oedema reduces oxygen ex tra c tio n  

e f f ic ie n c y ,  and cau ses death by a sp h y x ia tio n . I t  i s ,  e s s e n t ia l ly ,  a t e s t  o f  

hypoxic r e s is ta n c e .  T his i s  o f  in t e r e s t  in  th e p resen t stud y , s in ce  th e  low  

aerobic ca p a c ity  o f  the muscle i s  assumed to  impose l im ita t io n s  on the  

m igratory c a p a b i l i t ie s  o f  the m uscle, probably req u ir in g  th e u se  o f  anaerobic  

metabolism (Chapter 2 ) .  As the development o f  hypoxic to ler a n c e  i s  m irrored  

by the induction  o f  anaerobic m etabolism  in  some f i s h  (P rosser  e t  a l  1957? 

T h il la r t  e t  a l  197^)'» t h i s  assay  may be expected to  d e lin e a te  the s ta g es  

a t which anaerobic metabolism i s  o f  most im portance. The low est c r i t i c a l  C^g 

(Group 2) i s  in d ic a t iv e  o f  an in crea sed  oxygen u t i l i z a t io n  which, coupled  

w ith  the low est VOg, w i l l  provide a degree o f  hypoxic r e s is ta n c e .

I n te r e s t in g ly , th e main e lv e r  m igration  has been shown to  co in c id e  w ith  the  

low est water oxygen con ten t (E zzat and E l-S era ty  1977)» a, reduction  in  both Vo„
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and c r i t i c a l  C.Og would be n ecessary  to  m aintain m igratory e f f ic ie n c y ,  

under such unfavourable co n d itio n s .

An ex ten sion  o f  l ip id  re ser v es  i s  o ften  undertaken before m igration  

(Fontaine 1975) and i s  one o f  the f i r s t  r e ser v es  to  be u t i l i s e d  during  

sta rv a tio n  (Love 1970)« The presence o f  f a s t  f ib r e s  in  vary ing  s ta g es  o f  

disassem bly in  most Group 3 and 4 e lv e r s  (se e  a lso

Beardal1 and Johnston 1982) su g g ests  th a t p ro te in  is 'b e in g  u t i l i s e d  as an 

energy r e se r v e , and seems incongruous with the very la rg e  amount o f  l i p i d  

s to r e s  (Chapter 2 ) . Although l ip id  re ser v es  in  ad u lt e e l s  are thought to  

be a p o s s ib le  pre-adaptation  fo r  w in ter  torpor (Tesch 1977)» t h is  seems 

u n lik e ly  to  be the s o le  reason fo r  th e ir  presence in  a ju v e n ile  f i s h .  I t  

i s  p o s s ib le  th a t i t  a c ts  as an a d d it io n a l buoyancy mechanism (p rior  to  f u l l  

swimbladder fu n c tio n ) , which, in  a d d itio n  to  behavioural adaptations  

(Chapter 2 ) ,  w i l l  reduce the m etabolic  c o s t  o f  swimming. The p o s s ib i l i t y  

rem ains, however, th a t overland m igrations (Tesch 1977) may be su sta ined  

by anaerobic m etabolism , i f  undertaken by the o ld er  ju v e n ile s  or " b o lters" . 

Temperature acclim ation

H abitat s a l in i t y  may a f f e c t  the acclim atory response: in  sten oh a lin e

sp e c ie s  such as freshw ater s t ic k le b a c k , the temperature p re ferendum i s  

h igher i s  isom otic  (b rack ish ) w ater than a t any oth er s a l in i t y  (Garside e t  a l  

1977)* L ikew ise, euryhaline mummichog and banded k i l l i f i s h  have a p referred  

temperature 3~6° and 3 -8 °  h igh er in  normal (h a b ita t)  s a l in i t y ,  r e s p e c t iv e ly  

(Garside and Morrison 1977)* However, the response to  an extra  osm oregulatory  

load  may be complex; T ila p ia  has a h i ^ e r  temperature preferendum on e ith e r  

sid e  o f  iso m o la r ity  (Beamish 1970)* Adaptation to  seawater by freshw ater  

e e l s  in v o lv e s  an in crea se  in  th e a c t iv e  tran sp ort o f  sodium across g i l l  

e p ith e l ia ,  under hormonal co n tro l (E pstein  e t  a l  1971)> the reverse  p rocess  

i s  l ik e ly  to  in vo lve  adjustm ent o f  the same mechanism. The break ( tr a n s it io n
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tem perature) in  the Arrhenius p lo t  o f  g i l l  NaK*  ̂ ATPase, or "sodium pump", 

in cr ea se s  on warm acclim ation  when th e membrane com position i s  s im ila r  

between both freshw ater (FW) and seaw ater (SW) e e l s  (Thomson e t  a l  1977 ).

S a lin ity  a f f e c t s  membrane com position s in ce  FW e e l  

g i l l s  are r ic h  in  (n -6 )  un saturated  f a t t y  a c id s , and are on ly  able to  

decrease the tr a n s it io n  temperature (on co ld  acc lim a tio n ) by in corporatin g

e s s e n t ia l  (n -3 ) un saturated  f a t t y  a c id s  in to  the mem]Drane.
52In a d d itio n , the p attern  o f  P -in corp oration  in to  g i l l  l i p i s  appears to  

have a s a l in i t y - s p e c i f i c  p attern  (Hansen and Abraham 1979)* Euryhaline 

sp e c ie s  u su a lly  show a quick adaptation  to  d if fe r e n t  s a l i n i t i e s  (Fontaine  

1975)» and i t  i s  l i k e ly  th a t Group 3 e lv e r s  are f u l ly  F\'/-adapted, Ion ic  

and osm otic h om eostasis p la ce s  a la r g e  demand on the energy budget o f  f i s h ,  

the e a r l i e s t  (SV-adapted) e lv e r s  may a c tu a lly  incur a sm aller m etabolic c o st  

fo r  thermal com pensation.

I f  the adaptive response to  changing temperature i s  m ainly behavioural 

( c f  locom otory adaptation  to  aerob ic  sc o p e ), then on ly  a lim ite d  compensation 

would be expected  in  VOg. On th e b a s is  o f  the e lv e r  shows a b e t te r

compensation than e ith e r  sub-adult (y e llo w ) or ad u lt ( s i l v e r )  s ta g es  (Table 6 . 3) .  

Jankowslqy ( I 966) found th a t y e llo w  e e l s  acclim ated  to  14°C fo r  10 days 

showed a 1 .3 - fo ld  in crea se  in. Vog, r e la t iv e  to  those acclim ated  to  23°C when 

assayed a t 18°C; no inform ation i s  g iven  concerning VOg a t the acclim ation  

tem peratures. S im ilar evidence fo r  a cc lim ation  i s  found in  the Japanese e e l  

(A n gu illa  .japonica) where acute tem perature changes between 13° and 30°C, 

over a few hours, g iv e  a = 3*19* A fter  acc lim ation  to  th ese  tem peratures 

for  1 week or more, = 1 .39 (Chan and Woo 1978); European e e ls  become 

torp id  a t water tem peratures o f  10 to  12°C (Sinha and Jones 1975? Tesch 1977) 

and burrow in  the mud a t  8°C or below (Nyman 1972). S im ila r ly , American e e ls  

apparently cease  feed in g  and become l e s s  a c t iv e  around 8 C (Renaud and Moon I98O);

i
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o f  e lv er  VOg, a t in term ed ia te  and rec ip r o c a l tem peratures, su ggests  th a t  

there i s  on ly  a p a r t ia l  com pensation, s u f f ic ie n t  to  g iv e  the e lv e r  a wide 

thermal to le r a n c e , as shown by the s im ila r  VOg o f  29°C -acclim ated e lv e r s  

at both 19. 5° and 10°C (s e e  R e s u lt s ) .  A decreased m etabolism  during the  

w inter months, as shown by the absence o f  a compensatory r i s e  in  VOg a t low 

temperature in  A. r o s tr a ta , would reduce the consumption o f  m etabolic  

reserv es  during the annual s ta rv a tio n  period  (Tesch 1977)* In young e lv e r s  

a t l e a s t ,  an e x c e ss iv e  m etabolic d ea ctiv a tio n  in  response to  low tem peratures 

would be a d isadvantage w ith  re sp ec t to  the post-metamorphic reo rg a n isa tio n  

o f  t i s s u e s ,  fresh w ater-ad ap ta tion , and the m etabolic demands o f  m igration .

I t  would be in te r e s t in g  to  see  i f  e a r l ie r -a r r iv in g  e lv e r s  (Group 1 ) have a 

lower than the Group 3 e lv e r s  used in  t h is  stud y , thereby em phasising  

the sc a le  o f  p h y s io lo g ic a l adjustm ent tak in g  p la c e .
■s

The la ck  o f  any v i s i b l e  f ib r e -ty p e  conversion , a t  th e  h isto ch em ica l 

l e v e l  i s  s im ila r  to  th a t found in  rainbow tr o u t , which shows no change in  

proportion or morphology o f  th e  d if fe r e n t  f ib r e  ty p es  on a cc lim a tio n , 

although an adjustm ent o f  m etabolic pathway u t i l i z a t io n  and an in creased  

metabolism-may occur (Dean 1969)* In c o n tr a s t , th e  slow  m uscle in c r e a se s  

in  co ld -a cc lim a ted  g o ld f is h  (Johnston and Lucking 1978; S id e l l  I 98O),

I

A. r o s tr a ta  show a  r a te  compensation in  VOg on acclim a tio n  between 10° and 20°C | 

(Q̂ O = 1 .12 to  1. 65) ,  but f a i l  to  show compensation a t 5°C (Ô Q (3 -1 0 °c ) = 4*10; : 

Moon, p ers . comm.). In t h i s  study the h igher o f  s i lv e r  e e l  (5°C -acclim ated) 4 

may r e f l e c t  a d ir e c t  tem perature e f f e c t  on m etabolic r a te ,  whereas e lv e r s  

and y e llo w  e e l  would appear to  d i f f e r  in  th e ir  response (Table 6 . 3 )* I

E lvers a rr iv e  a t r iv e r  e s tu a r ie s  during w inter (December to  February) when 

water tem peratures are < 5 °0 ; as m elt water can k eep /th e  r iv e r s  below 10°C

fo r  many months, a  s im ila r  lack  o f  compensation to  th a t shown by y e llo w  e e l s  |
i

would sev ere ly  r e s t r i c t  the s ta r t  o f  th e  upstream m igration . The response |

i !  - r  - ; -----   'f'-L:. . . . I' ■ , ..-i ù-!,. .  ̂ »
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crucian carp (Johnston and M aitland I98O) and sub-adult e e l s  (V/odtke 

1974b)* Whether t h i s  rep resen ts  h y p erp la sia  or true f ib r e -ty p e  conversion  

i s  n ot known. Muscle aerob ic ca p a c ity  has o ften  been found to  in crea se  on 

co ld -a cc lim a tio n  (H azel 1972; Smit e t  a l  1974; T h il la r t  and Moddeskolk 1978; 

Johnston and M aitland I98O), sometimes more so in  slow , r e la t iv e  to  f a s t  

muscle (Maie s s a  19&9; Jones and S id e l l  1982). Although th ere  i s  no 

q u a n tita tiv e  change in  e lv e r  slow  m uscle, a  q u a lita t iv e  change (s tr u c tu r a l 

reo r g a n isa tio n ) may be s u f f i c ie n t  to  m aintain locomotory e f f ic ie n c y .  The 

in creased  V y (m it ,f )  w i l l  in cr ea se  th e r a te  o f  ATP production , but n ot the  

c o n tr a c t i le  a c t iv i t y ,  whereas the minor change in  V y (m f,f) su ggests  maximum 

ten sion  development w i l l  be s im ila r  in  the two groups. The sm all in crea se  in  

IMP m itochondria may l im it  the maximum power output, a l th o u ^  burst swimming 

speed may be alm ost tem perature-independent (Beamish 1978), su g g estin g  th a t  

g ly c o ly t ic  ATP production  i s  n ot a  r a t e - l im it in g  fa c to r . I t  i s  perhaps 

s ig n if ic a n t  th a t  th e  on ly  enzyme to  show q u a lita t iv e ly  d if fe r e n t  p ro p ertie s  

a fte r  acc lim ation  i s  n y o f ib r i l la r  Mĝ *̂  Câ **" -ATPase (m.ATPase) (Johnston  

e t  a l  1975b; Johnston 1979; S id e l l  I 98O; Johnston e t  a l  1982). However, the  

k in e t ic  p ro p er tie s  o f  brook tro u t m.ATPase i s  not a f fe c te d  by acclim ation  to  

4° and 24°C, t h i s  may rep resen t a  sea so n a l compromise, w ith  behavioural 

adaptations r e g u la tin g  body tem perature (Walesby and Johnston I 98I ) .  In 

a d d itio n , g o ld f is h  m.ATPase may on ly  compensate w ith in  l im it s  th a t a llow s  

to lera n ce  o f  a wide tem perature range (Penney and Goldspink 1979).

The lim ite d  compensation in  e lv e r  m uscle may be the r e s u l t  o f  m etabolic  

compromise, ra th er than ex te n s iv e  ad ap tation , ex p la in in g  the delayed upstream  

m igration u n t i l  r iv e r s  reach  6°C (M ilne, p ers . comm; Tesch 1977)*

In f i s h  m uscle, m itochondria l enzjnnes u su a lly  show a marked compensation 

to temperature ( S id e l l  1982); the e le v a te d  m etabolic r a te  on co ld -a cc lim a tio n  

seems to  be m irrored by th e  f in e  s tru ctu re  c o r r e la te s  o f  oxygen supply and
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demand, increased  c a p il la r y  (Johnston 1982b) and m itochondrial content 

(Johnston and M aitland I 98O), re sp e c tiv e ly *  On acclim ation  to  2° and 28°C 

fo r  8 weeks, crucian carp (C arassius c a r a s s iu s ) slow  muscle V ^ (m it,f) was 

0 .23  and 0 , 14» and f a s t  muscle O.O4 and 0*01, r e s p e c t iv e ly  (Johnston and 

M aitland I 98O). This i s  s im ila r  to  th e change in  e lv e r  slow f ib r e  V ^ (m it ,f ) ,  

over a s l i ^ t l y  narrower tem perature range (0 .2 6  and O .I9 , Table 6 , 4 ) .  

I n te r e s t in g ly ,  the m ajority  o f  the change occurred w ith in  the subsarcolemmal 

population  o f  m itochondria (Table 6 , 5 ) .  T his reg ion  i s  assumed to  be 

resp o n sib le  fo r  the a c t iv e  tran sport o f  m eta b o lite s  (g lu c o se , amino a c id s  e t c . )  1 

across th e sarcolemma, w ith in te r m y o fib r illa r  (iMP) m itochondria producing ATP 

fo r  m uscle co n traction  (K ubista e t  a l  1971» M uller 1976). Two b ioch em ica lly  

and fu n c t io n a lly  d is t in c t  typ es o f  m itochondria may th ere fo re  e x i s t ,  w ith  

the S3 population  l im it in g  endurance performance in  mammalian o x id a tiv e  

f ib r e s  ( l lu l le r  1976). P r o life r a tio n  o f  m itochondria may, in  ad d ition  to  

an in crea se  in  aerob ic enzyme co n cen tra tio n , be requ ired  to  reduce m eta b o lite  

d if fu s io n  d is ta n c e s  in  a k in e t ic a l ly  unfavourable therm al environment 

( S id e l l  1982) .  In co n tra st to  e lv e r , carp slow m uscle has a reduced 88:IMF

ra tio n  on co ld -a cc lim a tio n ; t h i s  may r e f l e c t  th e  d if fu s io n  d is ta n c e s  imposed

by f ib r e  s iz e :  carp a ( f )  -  a t  2°C and e lv e r  a ( f )  = 127|m  ̂ a t  10°C.

V y.(m it,f) ,  however, on ly  g iv e s  a  coarse d escr ip tio n  o f  the q u a n tita tiv e

nature o f  O g-flux from the p o in t o f  supply ( c a p i l la r ie s )  to  consumption 

(m itochondria); t h is  req u ires  more in form ation  about th e  d en sity  and s p e c if ic  

a c t iv i t y  o f  r e sp ira to r y  chain u n it s .  G o ld fish  acclim ated  to  5° and 25°C show 

an in crea se  in  concentration  and a c t iv i t y  o f  muscle cytochrome ox idase (COX) 

by 66% and 45%» r e s p e c t iv e ly , a t  the low er tem perature (W ilson 1977). The 

in crea se  in  cytochrome c in  green sun f i s h  (Lepomis c y a n e llu s ) on co ld  

acclim ation  (5°C v s  25°C) i s  due to  a d i f f e r e n t ia l  red u ction  in  p ro te in  

sy n th es is  (4G%) and degredation  (60^6, S id e l l  1977)» thereby g iv in g  an

A - ■ ■/
-
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adaptive in cr ea se  in  enzyme con cen tration  w ith  a minimum anabolic energy 

demand. I n te r e s t in g ly ,  a lth o u ^  y e llo w  e e l  has a behavioural response to  

low tem peratures ( to r p o r ) , i t  a ls o  shows a  p a r t ia l  compensation in  slow  

muscle COX and SDH a c t i v i t i e s  (Ma le s  sa 1969)» as w e ll as an in crease  in  both  

the r e la t iv e  amount and Vog o f  m itochondria (Wodtke 1974b). The lack  o f  a  

compensatory in cr ea se  in  slow  m uscle shown by e lv e r s  su g g ests  th a t the  

p r o life r a t io n  o f  m itochondria, and perhaps s p e c i f ic  m itochondrial Vo„, may
f *~

have a g rea ter  fu n c tio n a l im portance.

The e le v a te d  V ^ (m it,f)  o f  co ld -a cc lim a ted  e lv e r s  presumably req u ires  

an improved oxygen d e liv e r y . During muscular con tra ctio n  th ere may be an 

in crea se  in  c a p il la r y  recruitm ent (% p aten t c a p i l la r i e s )  o f  around

( Hudlicka e t  a l  1982), although  

the p r o li f e r a t io n  o f  c a p i l la r ie s  in  response to  a h ig h er  V ^ (m it,f) in  f i s h  

slow muscle (Johnston 1982) i s  in d ic a t iv e  o f  a  sm aller re ser v e  (% non- 

perfused  c a p i l l a r i e s ) .  However, an in creased  blood d e liv e r y  may be e f fe c te d  

by an in crea sed  b lood  flow  v e lo c i t y  (Hudlicka .et a l  1982). The s im ila r  

V y.(c ,f) v a lu e s  fo r  both e lv e r  groups may th ere fo re  on ly  l im it  the maximum 

blood supply, not th a t  during ro u tin e  metabolism; t h is  may be adjusted  by 

other fa c to r s .  A reduced tem perature d ecreases plasma volume in  brook tr o u t, 

thereby r e g u la tin g  b lood oxygen carry in g  ca p a c ity  (Houston and De Wilde I969) ,  

although a v a r ie ty  o f  resp on ses have been reported (De W ilde and Houston I 967» 

Cameron 1970» Houston and Smeda 1979). In g en era l, th e  O g -a ff in ity  o f  f i s h  

blood in c r e a se s  in v e r se ly  w ith  tem perature (G rigg 1974; R andall 1970). 

Adjustment to  th e se  param eters may produce a  30% in cr ea se  in  blood O g-content, 

from 10° to  2°C -acclim ated  rainbow tr o u t , g iv in g  an e le v a te d  oxygen tr a n sfe r  

to  the t i s s u e s  (Wikinmaa e t  a l  I98O), which may be cou n teracted  by a 

tem perature-induced decrease in  h eart minute volume (Heath and Hughes 1975).

In g en era l, v e n t i la to r y  frequency in c r e a se s  in  response to  a temperature r is e ;
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th is  may become s e l f - l i m i t in g  due to  the h igh  m etab olic c o s t ,  reaching £

70%. o f  t o t a l  metabolism a t maximal v e n t i la t io n  r a te s  in  tench  (T inea, t in e a,
1

Burton 1979)* li: c o n tr a s t  to  rainbow tr o u t, y e llo w  e e l  d o rsa l aorta  Pog %
■ i

i s  lowered on c o ld -a c c lim a tio n , and r i s e s  in  l in e  w ith  in c r e a s in g  tem perature 4

due to  an e lev a ted  b rea th in g  r a te  (Jankowsly and P rosser  I 965) .  However, f

the changes in  m uscle r e sp ir a t io n  are not s u f f i c ie n t  to  account fo r  th e i

d iffe r e n c e s  in  vdiole-anim al VOg on acclim ation  (Janowsty I 966; Mai e s  sa  1969»
/

Wodtke I974&). As th e r e sp ir a tio n  r a te  i s  under neuronal c o n tr o l, th e  1
i

discrepancy may be th e  r e s u l t  o f  a poor adaptive response in  the nervous £

system (P rosser  e t  a l  I 963)» e .g .  the in v erse  compensation found in  nervous j

t i s s u e ,  in  p a r t ic u la r  th e  neuromuscular a c e ty lc h o lin e s te r a s e  (P rosser 1973). 4

y
.

4
Conclusion 4

The m uscle c a p il la r y  supply would appear to  have a s u f f i c ie n t  fu n c tio n a l I

reserve to  accommodate a 19°C d iffe r e n c e  in  tem perature; t h i s  may be the r e s u lt  

o f  adjustm ents in  ca rd io -v a scu la r  haemod;jmamics ( e .g .  p erfu sio n  p ressu re) and 

m od ification  o f  th e  oxygen-haemoglobin a s so c ia t io n  cu rve. The lim ite d  m etabolic  

compensation a v a ila b le  su g g ests  a marked d iffe r e n c e  in  th e  scope fo r  a c t iv i t y  4

between th e two groups, and would exp la in  the sem i-torpor a t  low tem peratures 

and the d elay  o f  m igration . This behavioural s tr a te g y  would support th e ::

n otion  o f  the e lv e r  as a "eurytolerant"  anim al, a s i tu a t io n  considered  to  £

be a general m igration  s tra teg y  among ectotherm s (F ontaine 1975).

More recen t work su g g ests  th a t th e  b a s ic  mechanisms u n d erly in g  the a cc lim ation  <

may be revea led  by a n a ly s is  o f  the response a t even low er tem peratures. £

In te r e s t in g ly , th e  American e lv e r  (A ngu illa  r o s tr a ta ) may adopt a d if fe r e n t  

s tra teg y , s in c e  th e upstream m igration  i s  known to  begin  a t  1°C (McOleave and 

Klecltner 1982). T his cou ld  be the r e s u lt  o f  e ith e r  a  more ex te n s iv e  m etabolic  

compensation, or m od ified  to ler a n c e  l im it s ,  compared to  A. a n g u il la .

I3■3
<3

4



TABLE 6 .1 . Oxygen consumption and c r i t i c a l  oxygen con cen tration s
fo r  e lv e r s  during the upstream m igration; 1981 m igration .
Mean -  S.D. (n ) .

Group Date

1 5 .4 .8 1

Weight
( J

0.268  
2 b .0520

Length
(cm)

Vo.

25.4.81

(53.

0.247

7 .56  

"(34%^

1 3 . 5 . 8 1

4 .6 .8 1

■0.0447
( 52)

0.238
2 q. o51o

(55)

0 .232
20.0546

( 57;

7.07  
2b.385 

( 5 1 )

7 .02

2o.362
(53)

7.10

2o .355
( 56)

(a g /g /h r )

0 .218
2o.0806

( 12)

0.159  '
2o.0245

(21)

0 .223
2 o. o6oo 

( 22) '

0 .282

20.0490
( 27)

(m g/l)

1.414
- 0.7344

( 11)

1.040

- 0.2939
( 19)

1.615

- 0.5774
(22)

1.570
±0.6024

( 17)

Note: assay  tem perature = 22 0

Weight and len g th  were determ ined under MS222 a n a esth e s ia . VOp = 

standard (r o u tin e ) oxygen consumption; C.Og = re s id u a l oxygen 
con cen tration  (a t  d ea th ).
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TABLE 6,2» E lver Oxygen consum ption;^tim e-course o f  tem perature acclim ation  
in  Group 5 e lv e r s .  Mean -  S.D . (n ) .

Week Date Assay T°C VOg 
(m g/g/ 

h r;

V t.
(g )

1 1 5 .5 .8 1 22 0 .223
% .0600

(22)

0 .229
±0.0436

( 35)

2 2 .6 .8 1 29 0.297
2o.0648

(6 )

0 .198

±0.0557
(6 )

5 9 .6 .8 1 29 0 .360
2o.108

(6 )

0 .189

±0.0245
(6 )

4 1 6 .6 .8 1 29 0 .318

2o.0574
(6 )

0 .148

±0 .0 3 3
(6)

5 2 3 .6 .8 1 29 0.428

—0.0686
(6 )

0 .202

±0 .0510
(6 )

6 3 0 .6 .8 1 29 0.376
2o .o 51o

(6 )

0 .215
±0.0447

(6 )

7 14 .7 .8 1 29 0 .396

io .0 5 3 9
(6 )

0.221
' ±0 .0500  

(6 )

8 2 1 .7 .8 1 29 0.422

-0 .0 8 6 9
(6 )

0 .218

±0.0638
(6 )

9 2 8 .7 .8 1 22 0.276 0 .189
i o .0749

(9 )
±0.0333

(8 )

Note; 22°0 e lv e r s  a c t as th e re fe r e n c e  group

10

10

10

10

10

10

10

Vo_ Wt 12
(m g/g/
hr)

(g )

j

%

0.510 0.239 ■■i
±0.0954 ±0.0424 Î.1

i
i

(6 ) (6 )

0 .166 0.255
±0.0316 ±0.0469 1

(6 ) (6)

0 .143 0.247

!
Î

±0.0224 ±0.0458
(6 ) (6 )

0.177 0 .232 i
±0.0332 ±0.0825 S

(6 ) (6 ) 1.
4

0.187 0.249 :l
±0.0480 ±0.0520 ir-

(6 ) (6 )
i

0 .214 0 .219 i
i
f±0 .0663 ±0.0316

(6 ) (6 ) ■1

0 .215 0.225 ;

±0.0535 ±0.0397
(6 ) (6 )

i*- t Jv'>* 12 all i"*î i
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TABLE 6 , 5 . Temperature acc lim ation  response o f  e lv e r s ,  w ith

resp ect to  whole-anim al and muscle aerobic c a p a c it ie s ,
— +and the c a p il la r y  supply, x  -  S.D.

1 3 5

PARAMETER ACCLIMATION TEÎ-ÎPERATÜRE

Standard Vo^, m g.g.hr  

(whole-anim al )

Y y (m it,f)

( subsarcolemmal )

V y (m it,f)

( in te r m y o fib r illa r )  

a ( f ) ,  pm̂  

a ( c ) ,  pm̂  

b (c ) ,  pm 

N (f)

N (c)

N (c ,f )

% ( c » f )

H A (c»f), mm ^

V y (0 ,f)

S ^ (c ,f ) j  cm

-1
10°C

0 .215  -  0 .053

0.087  -  0 .034

152.1 ± 63 .5  

10.7 ± 5 .89  

12.5  ± 4 .2 3

383

120

1 .04  ± 0 .7 6  

0 .312  ± 0 ,049

2475

0.027

314.1

29°C

0.422 -  0 .087

0 .177  ± 0 .047  ' 0 .122  ± 0.051

0.066 -  0 .030

126.1 ± 54 .5  

11.6 ± 4 .7 3

13.0  ± 2 .54  

469

141

0 .9 0  i  0 .7 6  

0 .300  ± 0 .048

2347

0.028

310.0

^ -  average o f  6 f i s h  group"^.
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Group 1 Group 3
Freq. C%)

x-0.2678
n-33

40

0.20 0.30 0.40

Freq. (%)

x=0.2384
n-55

40

20

0.300.20 0.40

20

7.0 8.0

Weight Cg)

x=7.36 
n 34

40

20

8.07.0

Weight Cg)

x-7.02 
n-53

Length (cm) Length Com)

'Fig, 6 ,1 . Change in  ^ he s iz e  com position o f  the e lv e r  m igration  

fo r  the ea r ly  (Group 1, l e f t )  and la t e  sta g es  (Group r ig h t ) .  

The h etero g en e ity  o f  the samples i s  ev id en t by th e spread o f  

v a lu e s , although th e trend o f  s iz e  reduction  i s  c le a r .

1980-1981 m igration , see  Table 4*3»



F ig . 6 .2 ,  The change in  s iz e  o f  e lv e r s ,  co rr e la ted  w ith  the  

m orphological development during upstream m igration . Data from 

Tesch ( 1977)* The pigm entation s ta g e s  r e fe r  to  th e c la s s i f i c a t io n  

o f  Strubberg (1913) and th e key to  th e a x is  number i s  as fo llo w s:

1 = stru bb erg’ s stage VA

2 VB

3 ' VI AI

4 VI AII^

5 VI A llg
6 VI A ll

7 VI
8 VI AIII^

9 VI A lllg
10 VI A IIIj

11 VI AIT^

12 VI AIV„

13 VI AITj

14 VI AIV,
4

15 VI B

Stage V e lv e r s  are those which u su a lly  accumulate in  r iv e r  

e s tu a r ie s  b efore commencing the upstream .m igration , and 
Stage VI B e lv e r s  are only p resen t towards the t a i l  end o f  the  

m igration , b ein g  m orphologically  s im ila r  to  young e e l s .
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Fi g. é .3» Normalised co n tro l curve used to  determine the optim al 
duration o f  the c lo se d  re  sp irom etry, fo r  estim ation  o f  e lv e r  VOp. 
R esu lts  are combined from 10 an im als, p lo tte d  a t  2 hour in te r v a ls ,  
I n i t i a l  oxygen content o f  th e  water v/as u su a lly  around 95% 
saturation  a t th e  assay  tem perature, and f e l l  s t e a d ily  fo r  ? to  8 
hours (22 C) or u n t i l  sa tu ra tio n  approached 30/'̂ * T his v a lu e  
corresponds to  a s im ila r  p o in t (3m g/l) vrhich i s  regarded as th e  
l im it  o f  Pop ~ independent r e s p ir a t io n  in  a range o f  f i s h  sp e c ie s  
(houderoff and Shumway I968) .  A fter  t h is  p o in t th e anim als 
responded to  the hypoxia by a  red u ction  in  VOp, fo llo w in g  an 
exponentia l d e c lin e  u n t i l  death occurred between 10 and 2O70 
sa tu ra tio n . The i n i t i a l  s t r e s s  r e a c tio n , g iv in g  r i s e  to  an 
elev a ted  VOp, u su a lly  on ly  la s te d  I5 mins. Experiments were 
th erefo re  conducted u s in g  a 4~5 hour in te r v a l ,  r e s u lt in g  in  th e  
oxygen sa tu ra tio n  a t the end alw ays being > GOP/o, The i n i t i a l  
high  VOp could  only be seen to  be s ig n if ic a n t  in  y e llo w  e e l s  
assayed in  a s im ila r  manner, as determined from a s e r ie s  o f  
4 X 2hr experim ental c y c le s .

1

1



P ig . 6 , 4 . T im e-course o f  the thermal acclim atory  response  

o f e lv e r s  from Group 3 o f  th e  1980-1981 m igration .

a) Oxygen consumption. The 'h o t ’ e lv e r s  showed a  p ro g ress iv e  

in crease  in  VOp over the f i r s t  month, g iv in g  f a i r l y  steady  

v a lu es  th e r e a fte r  in  l in e  w ith  the sm all in cr ea se  in  VOp found 

w ith in  th e  co n tro l (22°C) e lv e r s .  T his i s  taicen to  he part o f  

the normal development o f  th e  anim als, see  Table 4 .3 » ' The 

'co ld ' e lv e r s  showed a tr a n s ie n t  e le v a tio n  o f  Vop, which i s  

assumed to  be a s t r e s s  r e a c tio n , b efore e x h ib it in g  th e d e c lin e  

in  r e sp ir a tio n  ra te  expected  fo r  most ectotherm s. The m etabolic  

compensation i s  seen to  begin  q u ite  e a r ly , b e fo re  week 4 * and 

plateau  w e ll b efore the end o f  the experim ent. In common w ith  

most f i s h ,  th e  s c a t te r  o f  data from th e co ld -a cc lim a ted  e lv e r s  

i s  much l e s s  than th a t from the hot e lv e r s .

b) Body w e i ^ t . Attempts to  reg u la te  th e food intalee to  

maintain a steady con d itio n  were s u c c e s s fu l .  The s l i ^ t  d e c lin e  

in  the hot e lv e r  w e i^ t  a t week 3 i s  c o r r e la te d  w ith  a d e c lin e  

in  Vop. Control e lv e r  w eights remained remarkably co n sta n t.
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F ig . 6 .5 .  Histograms o f  slow f ib r e  area , and number o f  c a p i l la r ie s  

per f ib r e  d is tr ib u t io n s  fo r  10°C (A) and 2$°C -aoclim ated e lv e r s  (b ) .  

Note the trend  towards a la rg e  f ib r e  s iz e  in  the co ld  f i s h ,  and a 
s l ig h t  e le v a tio n  in  the number o f  p erip h era l c a p i l la r ie s .



F ig , 6 .6 .  Histograms i l lu s t r a t in g  the v a r ia b i l i t y  in  Vo^ 

measurements from th ree  s ta g es  o f  e e l .

E lvers (to p ) show a normal d is tr ib u t io n  o f  v a lu es  when assayed  

a t 22°C (Table 6. f)> a l th o u ^  th e sep aration  o f  the d is tr ib u t io n s  

at the acclim ation  tem peratures i s  q u ite  d is t in c t  (Table 6 2 ) ,  

Yellow e e l s  (bottom , l e f t )  show a s im ila r  separation  o f  v a lu es  

at 8°C and 28^0 (hatched b a r s ) . S ilv e r  e e l s  (b o tto m ,/r ig h t)  

show a la rg e  degree o f  overlap  between th e  two acclim atory  

groups (5° and 25°C, Table 6 -3 ) , due m ainly to  th e  ex ten s iv e  

spread o f data w ith in  the h i ^ e r  tem perature group.

Note the d iffe r e n c e  in  ab so lu te  v a lu e s  between th e  th ree  

groups o f  an im als.
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P ig G . 6 , 7 . -  6 .1 0 . Electronm icrographs o f  slow f ib r e s  from

teraperature-acclim ated e lv e r s

P ig . 6 . 7 . TS la r g e  f ib r e ,  showing the ex ten s iv e  in ter-m yo-  

f i b r i l l a r  m itochondria l p op u la tion , w ith  regu lar c r is ta e  
packing. Note th e v ir tu a l  absence o f  IMP l i p i d .  Skin i s  a t  

bottom, r ig h t .  10°C e lv e r . M agnification  }Î4760.

P ig . 6 .8 .  TS sm all f ib r e ,  showing the absence o f  l i p i d  and 

m itochondria in  the in te r ^ ir y o fib r illa r  zone. The morphology i s  

s im ila r  to  th a t found in  young f a s t  f ib r e s ,  o f  s im ila r  s iz e  

(se e  Chapter 4 )» 10°C e lv e r . î^îagnification X12,740«

P ig . 6 . 9 . TS slow  m uscle c a p il la r y , supplying two f ib r e s .
Note th e  accommodation o f  the c a p illa r y  by th e  f ib r e  boundaries. 

The reported  accum ulation o f  sub-sarcolemmal m itochondria  

adjacent to  c a p i l la r ie s ,  in  mammalian m uscle, i s  a b sen t.
N ucleus i s  a t th e  bottom. Note a lso  the improved se c t io n  c la r i t y  

w ith  r e sp e c t to  both 22°C (Chapter 5) and 29°C e lv e r s  (P ig , 6 .IO ). 

lO^C e lv e r . M agn ification  X9555.

P ig . 6 .1 0 , TS f ib r e s  from 29°C e lv e r . Note th e s im ila r  

morphology to  th a t o f  10°C e lv e r s ,  but w ith  a reduced m ito

chondria l co n ten t. M agnification  X4655»
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CHAPTER 7

IITPRGDUCTIOH

S t u d ie s  on t h e  i n n e r v a t i o n  o f  body m u s c u la tu r e  i n  f i s h  a r e  m a in ly  

r e s t r i c t e d  t o  t h e  p a t t e r n  o f  s e n s o r y  o r  m o to r  e n d in g s  (B on e 1964; R o b e r ts  

1969) .  B o th  f a s t  and s lo w  m o to n e u r o n s  a r e  a ssu m ed  t o  b e  p r e s e n t  i n  s p i n a l  

n e r v e s ,  a l t h o u ^  t h e  am ount o f  s e n s o r y  a f f e r e n t s  ( w i t h i n  t h e  m ix ed  s p i n a l  

n e r v e  o r  a s  a  s e p a r a t e  ra m u s) i s  v a r i a b l e ,  and  n o t  w e l l  d o cu m en ted . The 

im p o r ta n c e  o f  p e r ip h e r a l  ( s e n s o r y )  in n e r v a t io n  h a s  n o t  b een  e s t a b l i s h e d
i

fo r  t e le o s t s  (Roberts I98I ) .

Polyneuronal in n ervation  o f  h igher t e l e o s t  f a s t  s k e le ta l  muscle has 

been co rre la ted  w ith a graded recru itm ent o f  f ib r e s ,  and an extended range 

o f  su sta in a b le  swimming speeds (Chapters 1 and 3 )- However, experim ental 

evidence fo r  the co n tro l o f  locom otion i s  r e s t r ic t e d  to  sp in a l co rd -sp in a l 

nerve in te r a c t io n s  (C r illn e r  1975? Roberts I98I );  l i t t l e  i s  known about the  

ex ten t and d is tr ib u t io n  o f  th e  nerve n et w ith in  trunk m uscle. I t  i s  not 

known to  what ex ten t the complex in n erva tion  p a ttern , revea led  by in tr a 

c e l lu la r  record in gs, i s  r e p r e se n ta t iv e  o f  h i ^ e r  t e l e o s t s ,  No s im ila r  study  

i s  a v a ila b le  fo r  the fo c a lly - in n e r v a te d , p r im itiv e  t e l e o s t s .

The in n e r v a t io n  p a t t e r n  o f  f a s t  s k e l e t a l  m u s c le  i n  f i s h  h a s  a l s o  b e e n  

u s e d  a s  a  p h y s i o l o g i c a l  c l a s s i f i c a t i o n  in d e x  (B one I 964? J o h n s to n  1 9 8 1 a ) .  

H ow ever, t h e r e  i s  l i t t l e  c o m p a r a t iv e  d a t a  c o n c e r n in g  t h e  s t r u c t u r e  o f  t h e  

n e u r o m u sc u la r  j u n c t i o n ,  and t h e  e x t e n t  o f  p r e - t e r m in a l  b r a n c h in g  i s  am b ig u o u s  

when d e s c r ib e d  b y  h i s t o l o g i c a l  o r  h i s t o c h e m i c a l  m ea n s. T h is  s tu d y  i n v e s t i g a t e s  

a  num ber o f  w ays i n  V h ic h  a  c l e a r e r  p i c t u r e  may b e  a s s e m b le d  w it h  r e s p e c t  

t o  t h e  e x t e n t  o f  n e r v e  b r a n c h in g  b o th  w i t h i n ,  and  b e tw e e n  s e g m e n ts . I n  o r d e r  

t o  f u r t h e r  r e d u c e  t h e  p o s s i b l e  a m b ig u ity  o f  e a r l i e r  s t u d i e s ,  u s i n g  a  p h y lo -  

g e n e t i c a l l y  d i v e r s e  r a n g e  o f  s p e c i e s ,  f a s t  m u s c le  from  tw o r e p r e s e n t a t i v e  

t e l e o s t s  w ere  co m p a red , sh o w in g  f o c a l  ( e e l )  and m u l t i p l e  ( c o d )  in n e r v a t io n  

p a t t e r n s .
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MATERIAL AND METHODS 

Pish

God were obtained from lo c a l  (North Sea) fisherm en and used w ith in  f

one week o f  cap tu re. Yellow e e l s  were caught by ro d -a n d -lin e  in  the R iver

Eden, P ife ;  l i t t l e  damage was done by t h is  method and a l l  were used w ith in
*t" otwo months o f  capture, bein g  m aintained in  f i l t e r e d  tapwater at 20 -  2 0 .

1
T issue preparation  ,■ ■

Two preparations were used , trunk and abdominal w a ll;  I
2 i

1) The trunk preparation  was lo c a te d  approxim ately /3  a long the body, |
-!

myotome number 30 to  38 in  cod and 65 to  85 in  e e l .  D isse c tio n  in v o lv e s  -I

removing a f i l l e t  o f  muscle from th e  l e f t  s id e  o f  th e f i s h ,  approxim ately  

h a lf  the depth o f  the la t e r a l  m uscle, b efore commencing f in e  d is s e c t io n  to  -4

i s o la t e  the major sp in a l n erves . These are re ferred  to  as th e dorsal and 

v en tra l rami (DR and VR), accord ing to  th e ir  anatom ical lo c a tio n .

2) The abdominal w a ll preparation  was s im ila r  to  th a t used p rev io u sly  

fo r  n eu rop h y sio lo g ica l experim ents (Roberts I969; Hudson 1969) .  I t  c o n s is t s  

o f  an ex c ise d  segment ( r i ^ t  hand s id e )  o f  the f i s h  w ith  d is s e c t io n  proceeding |  

from th e m edial (v is c e r a l  c a v ity )  w a ll; myotome number 9 to  I7 in  cod and 

22 to  35 in  e e l .  In t h is  w ^  the same asp ect was preserved  between the two -W

p reparations; th e  abdomen b e in g  more a c c e s s ib le  fo r  in tr a c e l lu la r  record in gs  

and lo c a l is a t io n  o f the f in e  nerve branches. Cod sp in a l nerves are I

r e la t iv e ly  la r g e , th e  7R b ein g  O.5  to  0.6mm in  diam eter a t  the proxim al end, 

a llo w in g  an easy d is s e c t io n  (under s a lin e )  w ith  the a id  o f  a  b inocu lar  

m icroscope and f ib r e -o p t ic  l i g h t  g u id es . E el n erves are more d i f f i c u l t  

to  i s o la t e ,  p a r t ly  on account o f  s iz e  (VR = 0 .3  to  0 . 4mm d iam eter).

This i s  not due to  a llo m e tr ic  d iffe r e n c e s  as n erves in  e e l  are u su a lly  ^/3 4 

the s iz e  o f  homologous n erves in  cod o f  s im ila r  w e i ^ t .

D is se c t io n  o f  sm all nerves in  e e l  i s  hampered by ex ten s iv e  l ip id  

d e p o s its . I t  proved im p ossib le  to  s ta in  any but th e most s u p e r f ic ia l running ^

n erves, e s p e c ia l ly  around th e v e r te b r a l column, s in c e  ruptured ad ip ocytes $
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d ep o sit an im penetrable la y e r  o f  l i p i d .  A complete anatom ical d escr ip tio n  f 

was only p o s s ib le  during the f ix a t io n  o f  nerves fo r  electronm icroscopy.

For optim al f ix a t io n  the preparation  was immersed in  2,^% g lu teraldehyde  

during d is s e c t io n ;  frequent r in s in g  was requ ired , but the in creased  

co n tra st a llow s com plete tr a c t s  o f  sp in a l nerves to  be is o la t e d ,  although  

t h i s  requ ired  e x ten s iv e  d is s e c t io n  (4 to  5 h ou rs). Samples were talcen a t  

regu lar in te r v a ls  a lon g  the le n g th , fo r  a l l  four p rep aration s, and processed  

fo r  electronm icroscopy (Chapter 3); sem i-th in  (O .5p m ),section s were taken  

to  e lu c id a te  the com position  o f  the nerve bundle.

El e c tronm icroseopy

L ongitud inal s e c t io n s  o f  cod f a s t  muscle were taken from a n ter io r  

(e p a x ia l)  myotomes where sm all-d iam eter, p a ra lle l-r u n n in g  f ib r e s  could be 

d is se c te d  out w ith  ea se . Samples from e e l  f a s y  m uscle were talien from a 

s im ila r  s i t e ,  but the LS m uscle s e c t io n s  concentrated  on the m yoseptal 

reg ion , talcing an ob liq u e se c t io n  o f  the con n ective  t i s s u e  sheath . The 

myoseptum proved very  f r a g i l e  under the e lec tro n  beam, n e c e s s ita t in g  q u ite  

th ick  s e c t io n s  (90-100nm) to  m aintain s tr u c tu r a l in t e g r i t y .  Improved q u a lity  

o f  the image was p o s s ib le  u s in g  TS se c t io n s  o f  the neuromuscular ju n ction  

in  e lv e r  f a s t  m uscle, sampled near the myosepta; in  most c a se s  the sec tio n  

plane was ob liq u e to  both m uscle f ib r e ,  and nyoseptum, lo n g itu d in a l a x es . 

Dimensions o f  neuromuscular ju n ctio n s  and syn aptic  v e s i c l e s  were determined  

by p lanim etry o f  p ro jec ted  electronm icrographs, f in a l  m agn ifica tion  

X45,000 to  X63,OOo/

Mapping the nerve ro u tes

The major nerve bund les, branches and in d iv id u a l axons were supra- 

v i t a l l y  s ta in e d , in  s i t u , w ith  n eu tra l red (O.OI -  0,02mg/ml; Stuart e t  a l  

1974) 02? M ethylene b lue (0 ,2  -  0,5mg/ml; Wales e t  a l  197P)> t e le o s t  

r in g er . Both dyes appeared not to  im pair the v ia b i l i t y  o f  n erves, over  

the short incubation  tim e (2 -4  hours, 4 ° c ) ,  which remained resp on sive  to
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m ild s t im u la tio n . R eso lu tion  o f  M ethylene b lue was su perior to  n eu tra l 

red; s ta in in g  and s t a b i l i s a t io n  p ro to co l broadly fo llow ed  th a t o f  other  

workers (W hiting 1948» Hudson 1969» Wales e t  a l  19?0), There are l im ita t io n s ,  

hov/ever, in  th a t on ly  part o f  the nerve mass may be v is u a lis e d  a t any one 

tim e, s in ce  s ta in in g  occurs in  a p ro g ress iv e  manner through the nerve 

bundle, and o v e r s ta in in g  causes b lea ch in g  (P lo tn ik ova  1930), Hence, the  

s u p e r f ic ia l  and deep p o rtio n s  o f  the myotomal nerve n e t cannot be in v e s t ig a te d  

sim ultaneously; nerve ro u tes  can th ere fo re  on ly  be fo llow ed  in  subsequent 

p reparations i f  the p a ttern  i s  co n sta n t. In a d d itio n  to  any reduction  in  

s tru c tu ra l in t e g r i ty  o f  the network, due to  d is s e c t io n  d i f f i c u l t i e s  (s e e  

l a t e r ) ,  the lim ite d  p en etra tio n  o f  s ta in  in to  th e m uscle mass (accentu ated , 

in  the case  o f  the e e l ,  by l i p i d  d e p o s its )  c le a r ly  demands an a lte r n a t iv e  

method fo r  v is u a l i s in g  th e axonal t r e e .

The in tro d u ctio n  o f  co b a lt a s  an in tr a c e l lu la r  marker, through the  

cut ends o f  an axon bundle (Pitman e t  a l  1972) has proved a powerful t o o l  

fo r  the a n a ly s is  o f  the n eu ral c ir c u itr y  in  in s e c t s  and Crustacea (P lorey  

and C a h ill 1982). The a p p l ic a b i l i t y  o f  axonal f i l l i n g  to  the id e n t i f ic a t io n  

o f  the in n ervation  p attern  in  t e l e o s t  trunk m uscle, was th erefo re  t e s te d .

Out nerve ends were immersed in  6.CÇa CoCl^-, surrounded by a v a s e lin e  ig lo o ,  

for  24-36 hours (under s a l in e ,  4°C) and v is u a l i s e d  w ith  0.2% NH^S.

P enetration  was lim ite d  to  ju s t  over 1cm do\m th e  n erve . Longer incubation  

only m arginally  in creased  t h i s .  F i l t e r in g  (0.22m|i pore s iz e  'T lillip ore"  

f i l t e r )  in creased  the d is ta n ce  to  1 .5  -  2.0cm, a llo w in g  the d is tr ib u t io n  

pattern  o f  the VR to be mapped by repeated  f i l l s  a t  d if fe r e n t  l e v e ls  o f  

the nerve (F ig . 7* H ) .  The method proved e s p e c ia l ly  u s e fu l in  d is t in g u is h in g  

between p a r a lle l-r u n n in g  n erv es, and t h e ir  o r ig in s  a t  th e  v e r te b r a l column, Î

Preparations are su sc e p tib le  to  fa d in g , even when sto red  in  the dark, and 

small or w e a lc ly -f ille d  axons are vei^r d i f f i c u l t  to  s e e .  A s i lv e r - in t e n s i f ic a t io n
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step  was th erefo re  incorporated  in to  the schedule (Bacon and Altman 1977j 

Pitman 1979)- A lco h o l-f ix ed  m ateria l was g en era lly  su p erior  to  th a t f ix e d  

in  Bouins or Form alin, supporting the conten tion  th a t a ld e h y d e -f ix a t iv e s  

may produce a n o n -sp e c if ic  s i lv e r  n it r a te  reduction  (Bacon and Altman 1977)* 

I n te n s if ic a t io n  prevented fad in g  o f  the p rep ara tion s, but was prone to  the  

same d if fu s io n  l im ita t io n s  as b lo c k -s ta in in g . C learin g  in  Canada balsam or 

xylene was adequate, but cedar wood o i l  allow ed fu rth er  d is s e c t io n  and 

methyl s a l ic y la t e  gave a superior c la r i t y  o f  background t i s s u e .  The method 

was e s s e n t ia l ly  th a t o f  Pitman (1979), w ith  incubation  tim es doubled to  

allow  fo r  the g rea ter  t i s s u e  bulk .

H istochem istry

Frozen se c t io n s  were used to  confirm  the nature o f  th e  muscle used fo r  

in tr a c e l lu la r  record in gs and anatom ical d e sc r ip tio n . Cod f a s t  muscle has a 

homogeneously anaerobic ch aracter , c o n s is t in g  o f  la rg e  diam eter f ib r e s  

showing a h i ^  a lk a lin e -s ta b le  m.ATPase a c t iv i t y ,  w ith  l i t t l e  or no reac tio n  

for  SBH or PAS. In c o n tr a s t , the e e l  f a s t  m uscle i s  composed o f  a  m ixture 

o f  sm all, PAS +ve f ib r e s  and la r g e , PAS -v e  f ib r e s  and, in  t h is  r e sp e c t ,  

resem bles e lv e r  trunk muscle (Chapter 2 ) .  In both s p e c ie s  no d iffe r e n c e  

in  h istoch em ica l s ta in in g  p attern  could be seen between m uscle taken from 

the abdomen or trunk p rep ara tion s.

A c e ty lc h o lin e s te r a se  a c t iv i t y  was demonstrated by th e  Naik m o d ifica tion  

o f  K o e lle ’ s method (Chapter 2 ) .  However, t h i s  can g iv e  v a r ia b le  r e s u l t s ,  

e s p e c ia l ly  in  e e l s  v/here background s ta in in g  i s  u su a lly  q u ite  h igh . A 

number o f  o th er  methods were a sse ssed  fo r  use w ith  f i s h  m uscle: Gomori's

m od ifica tion  (Pearse 1972) proved to  be more p rob lem atica l; the " d irec t-  

colouring" co p p er -ferr i cyanide method o f  Kamov sky and Hoots gave poor 

co n tra st , although s l ig h t  m o d ifica tio n s gave a su p erior  d if f e r e n t ia t io n  o f  

en d p la tes, due to  a  reduced background s ta in ,  and could be e a s i ly  ap p lied  to
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frozen  s e c t io n s . Both m icr o -d issec ted  f ib r e  bundles and frozen se c t io n s  

were s ta in ed , cod and e e l  samples tr e a te d  in  p a r a lle l;  a p o s it iv e  con tro l 

was a lso  in c lu d ed , u s in g  a s t r ip  preparation  o f  Auerbach's p lexus from 

guinea p ig  jejunum. In view  o f  the d i f f i c u l t y  o f  reagent p en etration  

in  e e l  m uscle, p a r t ic u la r  emphasis was p laced  on the a p p lic a tio n  o f  the  

method to  lo n g itu d in a l c r y o s ta t s e c t io n s .  For K o e lle 's  method, optim al 

co n d itio n s were found to  be: y -

( i )  f i x  m uscle bundle fo r  5 hrs a t in  ICÇ0 Ga^^-formol, pH 6 .5  

( i i )  wash overn ight ( -^12 h rs)  a t  4^C, u s in g  0.1N phosphate 

b u ffe r , pH 6 , 5 . This i s  most im portant, as aldehyde f ix a t iv e s  in te r fe r e  

w ith th e r e a c tio n .

( i i i )  frozen  t is s u e  b lock s are prepared (Chapter 2 ) and th ic k , 18pm

se c tio n s  c o l le c te d  on subbed c o v e r s l ip s ,  prepared by d ipp ing very  clean  a
.1

c o v e r s lip s  in to  a warm (60°C) so lu tio n  o f  1% g e la t in  + 0 . lÿü chrome alum in  ^

3O/0 a lco h o l fo r  a few seconds, and d ra in in g  in  a warm p la c e .

( iv )  Incubation commences im m ediately in  fresh ly -p rep ared  medium, a t I

room tem perature: d is s o lv e  lOQmg a c e ty lth io c h o lin e  io d id e  in  4^1 d.H^O; add

7ml 0.1M Cu SO .̂^HgO dropw ise, w ith  s t ir r in g ;  ce n tr ifu g e  a t  600g fo r  15 m ins. 

to  remove the p r e c ip ita te ;  add 62.5mg g ly c in e  10ml  ̂ o f  supernatant; ad ju st  

pH to  6 .0  w ith 1.0M sodium a c e ta te , j u s t  b efore u se; a d ju st to  f in a l  volume 

with d.HgO, 55ml b ein g  s u f f i c ie n t  fo r  2 or 3 sm all c o p lin  ja r s .

(v ) R inse thoroughly in  b u ffe r , fo llow ed  by d.H^O: c le a r  in  g ly c e r o l and 

mount in d iv id u a l f ib r e  bundles in  g ly c e r o l-g e la t in  d ir e c t ly .  P reparations  

should be examined, and p ic tu r e s  talc en, the same day as  se c t io n  q u a lity  

d e te r io r a te s  n o tic e a b ly  w ith in  24h r s .

For the d ir e c t-c o lo u r in g  method, the p ro to co l i s  the same up to  stage IV, 

th e r e a fte r :
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( iv )  F resh ly-prepared  incubation  medium in c lu d es  lOmg a c e ty lth io c h o lin e

io d id e  in  13.0ml 0.1M phosphate b u ffe r , pH 6 .0 ;  add, in  order, 1.0ml 0.1ÎI '44
sodium c i t r a t e ,  2.0m l 30raM CuSO ,̂ 1.0ml d i s t i l l e d  w ater ,or 1M eser in e  

su lphate ( in h ib it o r ) ,  and 1.0ml 3mM potassium  fe r r ic y a n id e .

(v) Prepare s l id e s  as per stage  (v )  o f  the m od ified  K o e lle ’ s method. 

In tr a c e llu la r  record in gs

Standard n eu ro p h y sio lo g ica l apparatus was used  to  record  spontaneous |

VR a c t iv i t y ,  u s in g  sm all diam eter hook e le c tr o d e s  p laced  under a proximal 

region  o f  the n erv e , 0 .5  to  1.0mm sep a ra tio n , a f t e r  c a r e fu l d is s e c t io n  

o f  c o n n ec tiv e s . E lectrod es could a lso  be used in  a stim u lu s mode; the  

preparation  was immersed in  r e fr ig e r a te d  ( l0  to  12°C) t e l e o s t  r in g er  o f  

com position:

142mI4 NaCl
2.7mM KOI

0.45mM MgCl
lOmM NaHOÔ

2
3mM NaHg PO 

2.6mM CaOIg

pH 7*4, aerated  w ith  95% 0^, 5% CO .̂

G lass m icro p ip ettes  (average r e s is ta n c e  25Hjn- in  3^ potassium  a c e ta te  

were used) to  record  in tr a c e l lu la r  p o t e n t ia ls .  Potassium  a c e ta te  was used  

to ob v ia te  any Cl -dependant h y p erp o la r isa tio n  a r t e f a c t s .  S ig n a ls  from 

m icro p ip ettes  and e le c tr o d e s  were d isp la y ed  sim u ltan eou sly  on an o s c il lo s c o p e  

and recorded e ith e r  by d ir e c t  p r in t in g  on Kodak p o s it iv e  r o l l - f i lm ,  or 

photographing in d iv id u a l frames on I lfo r d  FP4 . R ecordings were r e s t r ic t e d  

to  f ib r e s  lo c a te d  a t  the p o in t o f  forward in f le x io n  o f  th e  myotome, from 

f ib r e s  l e s s  than 3 or 4 in  depth. Endplate p o te n t ia ls  were a lso  recorded  

from both in ta c t  and d e-a fferen t, (tr a n se c te d  VR) myotomes, from e ith e r  w hole- 

body segments or a f in e ly  d is s e c te d  sequence o f  h yp ox ia l myotomes. Experiments 

la s te d  4 to  6 hours a f t e r  i n i t i a l  d is s e c t io n .

. ’ . . .
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REGÜLTS

Gross Morphology

The d is tr ib u t io n  o f  v e n tr a l and dorsa l sp in a l n erv es , and major 

branches, to  f a s t  s k e le ta l  muscle i s  i l lu s t r a t e d  fo r  both the abdomen and 

trunk (F ig s . 7 .1 “ 4)* Diagrams are composed o f  cam era-lucida tr a c in g s ,  

u sin g  r e s u lt s  obtained  from 6 cod and 7 e e l s ,  2-4 preparations per f i s h .  

Weight and len g th  were 592.7 -  1 8 6 .7g, 35*9 -  4.0cm and 239.7  ~ 1 62 .2g  

and 51 .3  ~ 10. 9cm (x  -  S .D .) , fo r  cod and e e l  r e s p e c t iv e ly .  Major trunk  

nerves run deep, to  a vary ing  e x te n t , and c lo se  to  the v e r t i c a l  septa; the  

more s u p e r f ic ia l  abdomen VR were used to  record the more common p a ttern s o f  

nerve branching (F ig s . 7 • 5 ,6 ) ,  The path o f  a sp in a l nerve branch i s  much 

more tortuous than suggested  by a 2-D tr a c in g . In cod t h i s  makes fo llo w in g  

a p a r tic u la r  branch d i f f i c u l t  as i t  o ften  disappears in to  th e myotome and 

d iv id e s , one part then re-appearing a t a  s u p e r f ic ia l  l e v e l . In e e l ,  the  

branches e ith e r  proceed d ir e c t ly  to  the myosepta, or ram ify to  deeper reg ion s  

o f  the m uscle.

In the e e l  trunk th ere i s  l i t t l e  evidence o f  c ro ss -in n erv a tio n  between 

myotomes, except a t  the most proxim al (verteb rae) and d i s t a l  ( f in )  ends 

where branches from adjacent rami are in tercon n ected  (F ig . 7 . I ) .  The dorsa l 

sp in a l nerve (DR) i s  composed o f  a major bundle and 2 sm aller , p a r a lle l  

running nerves supp ly ing  the myotomal caudal to  t h e ir  o r ig in .  The VR i s  

r e s t r ic t e d  to  the segment o f  o r ig in . In cod trunk in te r  segm ental passage  

o f  nerve bundles i s  common, although the ex ten t i s  masked by the d is s e c t io n  

procedure. Both DR and VR supply th e myotome caudal to  th e ir  o r ig in , with  

sm aller branches running along the r o s t r a l  edge o f  the o r ig in a l segment 

(F ig . 7 *2 ). Ebctensive connection between adjacent rami occurs a t  both  

proximal and 'd is ta l  ends, forming a more complex network o f  sm all branches 

than found in  e e l .
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Eel abdominal sp in a l nerves appear to  fo llo w  a p a ttern  s im ila r  to  

th a t o f  the trunk, although the r e s t r ic t e d  d is tr ib u t io n  o f  the VR bratiches 

i s  more ev id en t (P ig . 7*3)» Both p rep aration s show a c o r r e la tio n  between f

the path o f  major nerve branches, and the la r g e s t  (pigm ented) blood v e s s e ls .

Around 75% o f  a l l  VR branching i s  o r ien ta te d  r o s tr a l  w ith  r e la t iv e ly  large  4
4

branches tr a v e r s in g  the myotome, invad ing m uscle c lo s e  to  th e more caudal ?1
4

myoseptum (F ig . 7*3); on ly  one sm all branch was found^within an adjacent 

myotome (F ig . 7-5)* C ross-inn ervation  betv/een myotomes i s  widespread in  

cod OR, and i s  c le a r ly  i l lu s t r a t e d  in  the abdomen (F ig . ? .6 ) .  Only one f

branch was seen to  invade a sub-adjacent myotome; whether t h i s  i s  an accurate 4

r e f le c t io n  o f  the la t e r a l  ex ten t o f  the nerve n e t ,  or m erely due to  the  

l im ite d  p en etra tion  o f  c o b a lt , remains to  be c la r i f i e d .  The VR in n ervates  

the segment o f  o r ig in  ( s im ila r  to  e e l )  and tr a c e s  an ob liq u e path across  

the n^rotome. An e x ten s iv e  network o f  sm all and la r g e  branches i s  p resen t, 

w ith  a h igh er d e n s iiy  appearing on the r o s tr a l  s id e  o f  the mj^otome (F ig . 7*4); 

the la r g er  branches supp ly ing deep muscle appear to  sprout mainly to  the  

caudal part o f  the myotome (F ig . 7 .6 )"  1

Q u an tifica tio n  o f  myotomal branching p a ttern  i s  on ly  p o s s ib le  w ith  

unequivocal lo c a l iz a t io n  o f  axons; th e  co b a lt  p rep aration s id e n t ify  s u p e r f ic ia lr  

running axons o f  th e  nerve n e t  (F ig . 7 . /^ ) ,  although the lim ite d  m igration  

r e s t r i c t s  i t s  use to  sh o r ter , a ty p ic a l branches. T his may be improved by 

f i l l i n g  sm all branches and/or ap p ly in g  e x tr a c e llu la r  current p u lse s . However, 

the to r tu o s ity  o f  axon ro u tes  maJces an a b so lu te  count o f  branch p o in ts  

extrem ely d i f f i c u l t ,  i f  not im p o ss ib le . The r e s u lt s  in t r a - c e l lu la r  marking 

i s  s im ila r  to  the p attern  o f  v i t a l  dye s ta in in g  (M ethylene b lu e ) (F ig . 7*^5); 

both are a p p lica b le  on ly  to  the more s u p e r f ic ia l  m uscle la y e r s .  Here, cod 

f a s t  muscle i s  innervated  by an e x te n s iv e  network o f  m ulti-branched nerves and 

axons (F ig s . and 7 . /^ )•  However, removal o f  the t o u ^ ,  t r ip le - la y e r e d

abdominal w a ll con n ective  t i s s u e  i s  d i f f i c u l t  w ithout damage to  the underly ing
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nerve n e t ,  a s can be seen by s ta in in g  the d iscarded  m a ter ia l. I t  i s  

u n lik e ly , th e r e fo r e , th a t t h is  approach can be used to  quantify  the amount 

o f  axonal d iv is io n  w ith in  a myotome (o f  Hudson I969) .  Eel muscle i s  ra re ly  

sta in ed  oth er than a t  the m yoseptal ends. Although in t r a - s p e c i f ic  d if fe r e n c e s  

in  the gross organ isa tio n  o f  the nerve n et are sm all (w ith in  each p rep ara tion ), 

a complete map o f  the "axon tree"  can only  be derived  from an in d iv id u a l  

preparation .
i

L i ^ t  m icroscopy

E lver s p in a l cord rep resen ts  th e ty p ic a l  t e le o s t  p attern  w ith  prominent 

grey and w liite zones, the development o f  v e n tr a l horns and a d is t in c t  p ia  

m ater/dura mater cover in g  (F ig . 7 . I I  ; see  Mappers e t  a l  I967) .  The d orsa l 

root emerges s l i ^ t l y  caudal to  the v e n tr a l roo t (F ig . 7 . H )? t h is  displacem ent 

i s  only minor, s in ce  both ro o ts  may be sec tio n ed  sim ultaneously  (F ig .

The ro o ts  jo in  v ia  segm ental g a n g lia  (F ig , 7 . ( |)  to  form mixed sp in a l n erves . 

Sem i-thin se c t io n s  show a s in g le  sp in a l nerve going to  each -quadrant o f  

the body, w ith  a s e r ie s  o f  sm aller nerve bundles appearing a t the f in  bases  

and adjacent to  myosepta. The la t e r a l  l in e  nerve (c r a n ia l nerve IO) has no 

connection  w ith  any o f  th e  "myotomal" n erv es .

Branching o f  sp in a l nerves was examined in  m uscle LS sem i-th in  se c t io n s  

(100 X 0.5pm ). In e e l ,  most branches con ta in  7~9 axons, and on ly  in freq u en tly  

s p l i t  in to  sm aller u n it s .  No ev idence o f  axon d iv is io n  could  be seen . In 

cod, there are two broad c a te g o r ie s  o f  branches w ith in  th e  m uscle, one 

co n ta in in g  10 to  20 axons (mean = I5 ) ,  th e  o th er 3 to  6 axons (mean = 5 )*

A p ro g ressiv e  reduction  in  the number o f  axons/bundle i s  seen w ith  in c r e a sin g  

d istan ce  from th e  sp in a l nerve. Axon d iv is io n  i s  seen in  sm aller bundles, 

e .g .  a  bundle o f  3 axons may d iv id e  in to  2 bundles, each co n ta in in g  3 axons

Although d iv is io n  i s  not u su a lly  so reg u la r , i t  may occur tw ice  

along a bundle, thereby removing any p o s s ib le  a r te fa c t  o f  c u t t in g  d ir e c t io n .
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In co n tra st to  e e l ,  where most nerve p r o f i le s  run p a r a lle l  or oblique  

to  the muscle lo n g itu d in a l a x is ,  the nerves in  cod have many o r ie n ta t io n s ,  

w ith a large  proportion  running a cro ss  the f ib r e  a x is .

Cod sp in a l nerves run in  c lo s e  proxim ity to  the myosepta ( in  trunk, 

and d is t a l  reg io n s o f  abdomen) but remain q u ite  separate (F ig . 7»^^)> large  

nerves u su a lly  have th e ir  ov/n b lood  supply, d i s t in c t ly  v i s i b l e  in  v iv o .

The com position v a r ie s  between VR branches, d if fe r e n c e s  o r ig in a t in g  a t the  

v e r te b r a l column. Mean axon diam eters are around 2 and 12pm (F ig . 7.2-t-)» 1

only minor d if fe r e n c e s  are found between the two p rep ara tion s, e .g .  trunk 

motor axons have 2 modes a t 5~6pm and 10-12pm diam eter (F ig . 7»1^)» In 

e lec tro n  m icrographs, the sm all d iam eter, d e n s e ly -s ta in in g  axons o f  sem i-th in  

se c t io n s  have a much th in n er axon w a ll (nQ^elin sheath) and are bounded by 

c e l l  b od ies. These tend  to  be grouped w ith in  th e main, and

su bsid iary  branches (F ig . 7.%fA,F); th ey  run as a homogeneous nerve on ly  in

a few myotomal branches (F ig . 7.a^G ,H ). The sm aller members o f  the th ic k -  

w alled  population  are probably slow  motor e f fe r e n ts  (se e  B arets I96I;

Roberts I969) .  In c o n tr a s t , the o rg a n isa tio n  o f  e e l  nerves i s  much sim pler, 

an even d iv is io n  o f  the nerve bundle g iv in g  r i s e  to  2 VR (F ig , 7*8  ) ,  

resem bling th e  r o s tr a l  branch o f  cod VR. There are fewer densely  s ta in in g ,  

sm all axons; motor axons have a unimodal d is tr ib u t io n  and a sm aller mean

diam eter A, 8pm (F ig . J , Z S ) ,  The sm all s iz e  o f  e e l  n erves and the len g th  o f

tim e required  fo r  d is s e c t io n , reduces the c la r i t y  o f  s e c t io n s  when compared
V

to  cod. The com position o f  major nerves v a r ie s  l i t t l e ,  both vdth resp ec t  

to  the p o s it io n  w ith in  the myotome, and o r ig in  (F ig s , 7*  ̂ » fo ) ,  whereas 

in  cod there i s  s ig n if ic a n t  reg io n a l v a r ia tio n  (F ig . 7 .5 ^ )-  Both sp e c ie s  

show a s l ig l i t  reduction  in  t o t a l  axon number between abdomen and trunk, w ith  

cod having a sm aller number o f  motor axons, but many more sensory axons

in  the VR, r e la t iv e  to  e e l  (F ig . 7 « ^ »  ) .

■ 1
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H istochem istry

S ta in in g  fo r  a c e ty lc h o lin e s te r a se  (AChe) a c t iv i t y  on frozen se c t io n s  

i s  i l lu s t r a t e d  (F ig s . 7 .1 3 , ; see a lso  F ig s . 2.%5 and 2.&G). Published

methods o ften  use low pH 5 .2  which i s  known to  in h ib it  e s te r a se  

a c t iv i t y  (Pearse 1972; B ancroft and Stevens 1977)» ^  superior r e so lu tio n  

i s  obtained  w ith  f i s h  m uscle u s in g  a sh orter  incubation  a t pH 6 .0 . Cod 

fa s t  f ib r e s  have a la r g e  number o f  e n d p la te s /f ib r e , ap 'seen  in  both v/hole 

muscle p rep aration s and frozen  s e c t io n s  (F ig . 7 . 13), confirm ing an e a r l ie r  

study (Altringham and Johnston 1981; Table 7* 2 ). Masking o f  th e  rea c tio n  s i t e  

by l ip id  in  e e l  m uscle (se e  above) i s  reduced by th e u se  o f  frozen s e c t io n s ,  

but background s ta in in g  o f  the myoseptum makes d if f e r e n t ia t io n  d i f f i c u l t ;  

t h i s  i s  compounded by the numerous melanophores and axons th a t run w ith in , or 

adjacent t o ,  th e  myoseptum. In e lv e r s  most f ib r e s  s ta in  on ly  a t one end, 

the la r g e s t  percentage b ein g  a t  th e r o s tr a l  edge o f  th e  myotome. In both  

y e llo w  e e l s  and conger e e l s  an a lte r n a t in g  p attern  o f  s ta in ed  and n on -sta in ed  

f ib r e s  appear a lon g  th e  myosepta. R eso lu tion  o f  more than 1 p re-term in al axon 

was not p o s s ib le ,  in  any p rep aration .

E lectron  m icroscopy

S im ilar  endplate morphology i s  found in  e e l  and cod (F ig , 7 « li ,2-3 ) .  

U su a lly , en d p la tes appear as a s in g le  p r o f i l e  beneath th e basa l lamina;

2 or 3 p r o f i l e s  may be seen w ith in  a short (ipm) d is ta n ce  o f  each other  

( e e l ) ,  or as a c lu s t e r  (co d ). Average depth and width o f  endp lates in  e lv e r  

and cod are s im ila r ; 0 .8 5 , 1 ,47pn and O.64, 2 , 60|im, r e s p e c t iv e ly ;  those in  

y e llo w  e e l  are la r g er ; 1.39» 3.9nni. The la t e r a l  ex ten t i s  u su a lly  2 or 3 

sarcom eres, o c c a s io n a lly  lon ger in  e e l .  Poorly developed sub ju n ctio n a l fo ld in g  

i s  p resen t in  cod, but absent in  e lv e r s  and e e l s  where en d p lates are c lo s e ly  

a sso c ia ted  w ith  the m yoseptal in v a g in a tio n s  (F ig . 7 » ^ »  ^̂3» ) .  Most synaptic  

v e s ic l e s  are o f  the e le c tr o n -tr a n s lu c e n t  type; o cc a s io n a l dense-cored  v e s ic l e s  

(BCV) can be seen, w ith a g rea ter  frequency o f  slow, r e la t iv e  to
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I
f a s t  muscle en d p la tes . A s in g le  p opulation  o f  v e s ic l e  s iz e  i s  p resen t  

in  both s p e c ie s ,  w ith mean diam eter around 22 to  25nm (F ig , 7 . j g ) . There |

i s  no evidence o f  dual in n erv a tio n , e ith e r  by the presence o f  more than one |

axon/endplate (B est and Bone 1973), or by the presence o f  a double-endplate  

w ith  d is t in c t  v e s ic l e  s iz e s  (Bone 1972). s

I n tr a c e llu la r  record ings

Spontaneous d isch arges are recorded from VR w h ils t  s t i l l  a ttached
i

to  the sp in a l cord, fo r  up to  1 hour p ost mortem. O ccasion a lly  th ese  a ctio n  4

p o te n t ia ls  can be co rre la ted  w ith  m uscle f ib r e  ju n ction  p o te n t ia ls ,  although  

spontaneous co n tra c tio n s  ( e s p e c ia l ly  in  e e l )  makes s t a t i s t i c a l  a n a ly s is  g

d i f f i c u l t .  The nerve remains resp o n siv e  to  s t im u li fo r  many hours a f te r  #

endogenous a c t iv i t y  has become q u ie sc e n t. M iniature endplate p o te n t ia ls  |

(MEPPs ) and endplate p o te n t ia ls  (EPPs ) can be recorded from most f ib r e s  1

(F ig . 7 . A l), although t h is  a c t iv i t y  i s  reduced on is o la t io n  o f  the preparation  I

from th e v e r te b r a l column, and shows a red u ction  in  am plitude w ith age o f  the 4

prep aration . Cod shows a q u a l i t a t iv e ly  s im ila r  p ic tu r e  to  My0x0cephalus  

f a s t  m uscle ( s e e  Hudson I 969) ,  w ith  ju n ction  p o te n t ia ls  (JP) bein g  recorded, 

a t vary in g  stim ulus s tren g th s , from f ib r e s  up to  2 myotomes d is ta n t  from th e  W

stim ulated  VR. The th resh o ld  fo r  f ib r e  a c tio n  and ju n ction  p o te n t ia ls  are  

very  c lo s e ,  malcing JP summation d i f f i c u l t  to  a n a ly se . In most f ib r e s  (n=15)

2-3 c la s s e s  o f  JP were v i s ib l e  (3~15mV), w ith 5 c la s s e s  found in  2 o th er !
f ib r e s .  Common JP were recorded in  ad jacent f ib r e s  and from f ib r e s  in  

separate myotomes. No attem pt was made to  fu rth er  q u an tify  the ex ten t o f  

polyneuronal in n erv a tio n . No JP summation could  be found in  e e l  m uscle (n=12), 

nor any common stim ulus response (n -8 ) .  MEPPs and EPPs .could be recorded  

(F ig . 7»2-(), th e  s iz e  o f  which appears to  vary a lon g  th e f ib r e  le n g th . The 

presence o f  maximal and minimal EPP s iz e s  a t th e  f ib r e  ends su ggests  a  s in g le ,  

fo c a l in n erva tion  p o in t . R estin g  membrane p o te n t ia ls  were s im ila r  in  the two
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sp e c ie s , -5 7 .0  and -5 4 -0  mV fo r  cod and e e l ,  r e s p e c t iv e ly  (F ig . 7 . f ' l ) . 

I n te r e s t in g ly , both m uscles show a bi-m odal d is tr ib u t io n  o f  v a lu e s , w ith  a 

minimum betvreen -5 0  and -55  mV; i t  i s  probable th a t the lower v a lu es  rep resen t  

damaged f ib r e s  or poor im palem ents, and r e c a lc u la t io n  o f  mean v a lu es  from I

f ib r e s  w ith RP > -5 0  mV g iv e s  v a lu e s  o f  -6 2 .2  and -5 8 .3  mV (Table 7.11 ) .  |
-A

§

‘1

3 ^
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Discussion

I t  i s  Imovm th a t a s in g le  axon in  polyneuronally  innvervated

mammalian m uscles may branch up to  50 tim es to  d if fe r e n t  f ib r e s  (Young, I969);

a s im ila r  magnitude may be expected  fo r  f i s h  m uscle. The m ajority  o f  f in e

branching occurs la t e r a l  to  th e VR in  cod, w ith  subsequent r e f le x in g  o f

axons to  the mid-myotome r e g io n s . Muscle i s  th erefo re  n o t innervated  by

axons sp rou tin g  in d iv id u a lly  from the VR but by su b d iv ision  o f  in t r e 
x'

muscular b in d le s , d is tr ib u t in g  axons over a la rg e  area o f  m uscle. I t  

should th ere fo re  be p o s s ib le  to  d e lin e a te  the motor u n it ,  u s in g  f in e -  

d is s e c t io n  c o b a l t - f i l l s  fo r  d e ta ile d  maps, fo r  e le c tr o p h y s io lo g ic a l  

c h a r a c te r isa t io n . The branching p attern  i s  good (anatom ical) supportive  

evidence fo r  the polyneuronal, m u ltiterm in al in n ervation  proposed fo r  cod 

f a s t  muscle on the b a s is  o f  h is to ch em istry  (Altringham and Johnston 1981; 

th is  stu d y ). In the s im ila r ly  innervated  scu lp in  th e VR i s  thought to  pass  

w ith in  the myoseptum fo r  most o f  i t s  le n g th , e s p e c ia l ly  w ith in  trunk  

myotomes (Hudson 196?), as ass'umed fo r  other sp e c ie s  (B arets I96I; Bone 1963» 

B est and Bone 1973» Hone 1978); a ls o ,  no evidence could  be found fo r  

branching. C o b a lt - f i l le d  I^yoxooephalus VR c le a r ly  show a mj^otomal, branched 

pathway (p ers . o b s .) ,  u n d e r lin in g  th e need fo r  accurate anatom ical 

d escr ip tio n  p r io r  to  p h y s io lo g ic a l in v e s t ig a t io n . The cen tra l p o s it io n  o f  

cod VR w i l l  produce an overlap  between r o s tr a l  and caudal branches o f  

adjacent sp in a l nerves; th e s im ila r  in tr a c e l lu la r  data to  th a t found in  

My0x0cephalus su g g ests  th a t e x c ita t io n  w i l l  i n i t i a t e  c o n tra c tio n , to  vary ing  

e x te n ts , in  3 to  5 myotomes. In co n tr a s t , e e l  VR b ran d lin g  p a ttern s  suggest 

a more w e ll-d e f in e d  motor u n it ,  and the a b i l i t y  to  con tra ct in d iv id u a l  

myotomes.

The low frequency o f  sensory axons in  e e l  VR i s  in  agreement w ith  the  

l im ite d  amount o f  sensory a f fe r e n ts  found in  t e le o s t s  (Mappers e t  a l  I967» 

Roberts 1981 ) ,  although cod VR has a la r g e , d is t in c t  sensory p op u la tion .
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T his co n tra sts  w ith th e f in d in g s  o f  Roberts (196$) who described  the sensory  

bundles as a separate ratnus o f  cod TRJ i t  i s  c le a r  th a t c la s s i f i c a t io n  as a 

separated or mixed sp in a l nerve depends on sample lo c a t io n . I t  had been 

thought (R oberts 1965) th a t th e  presence o f  separate motor and sensory  

bundles i s  co rr e la ted  w ith  the absence o f  p ro p rio cep tiv e  endings w ith in  f i s h  

m uscle, g iv in g  no a p r io r i  reason  why th e VR should be mixed (as i t  i s  in  

mammals). The ex cep tio n . R aja, does have sensory endings in  the m usculature 

(Roberts I969) .  However a r e la te d  s p e c ie s .  Torpedo, has a s im ila r  (sen sory)  

in n ervation  (Bone I 964) and has 2 (mixed) rami (R oberts I969) w ith  a com position  

s im ila r  to  th a t found in  c a t f i s h  and tench ( f o c a l ly -  and m u ltip ly -in n erv a ted  - 

t e l e o s t s ,  r e s p e c t iv e ly ,  see  p la t e s  in  B arets I96I and Roberts I969) .  The 

s im ila r  r e s u lt s  o f  t h i s  study su ggest t h i s  p attern  i s  more widespread than 

p rev io u sly  r e a l is e d .

In both cod and e e l  VR th ere  i s  a p ro g ress iv e  red u ction  in  axon number, 

proximal to  d i s t a l  (F ig s . 7 . i f  ); in  Mtvoxocephalus the abdomen VR d e c lin e s  

from 781 to  153 axons, w ith  a  s im ila r  d is tr ib u t io n  over th e 1 to  18pm diam eter 

range (Hudson I967) .  The number o f  motor axons in  a VR i s  r e la te d  to  the  

ex ten t o f  axonal branching, and s iz e  o f  th e  motor u n it .  For example, the  

d en sity  o f  en d p la tes in  m u ltip ly -in n erv a ted  m uscle (Chapter I )  means th a t a

s im ila r  motor u n it  s iz e ,  to  th a t found in  fo c a lly - in n e r v a te d  muscle w i l l  4

requ ire around a 2 0 -fo ld  in c r e a se  in  branching, i f  th ere i s  1 axon/end p la te  .4

(Hudson 1969) ,  although l e s s  i f  p re-term in a l branching occurs (Altringham J
I

and Johnston 1981, F ig . 7 . l»f). The motor u n it ,  c a lc u la te d  as N° o f  f ib r e s /  |

ÎNo. o f  axons, i s  thought to  be v ery  large  in  Myoxocephalus ( ^^12 per abdominal 

myotome, Hudson I969) a lthough  sm aller  in  d o g fish  (50-100 f ib r e s ,  Bone 1978); !

the corresponding number o f  axons/VR i s  3O6 v s  36O. Data from cod ( ~ 1 0 0  axon s/ j 

VR) and e e l  (^^150 axons/VR) a ls o  su g g ests  th a t polyneuronal, m u ltiterm in al 

in n ervation  r e s u lt s  in  la r g e r  motor u n it s ,  and a con sid erab le  degree o f  ^

1
1
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branching and may exp la in  the la r g e r  s iz e  o f  axon found in  cod ( fa b le  7*3).

The sm all, e le c tr o n -tr a n s lu c e n t nmj v e s ic l e s  are s im ila r  to  th ose  

con ta in in g  a c e ty lc h o lin e  found in  mammals (Heuser and Reese 1977), fr o g  

(Elm qvist and Quaster I965) ,  and crustacean (F lorey  and C a h ill 1982) s k e le ta l  

muscle; the apparently random quantal even ts recorded near synapses (F ig , 7 * ^ 0  

are Imown to  be due to  the r e le a s e  o f  tra n sm itter  from s in g le  v e s i c l e s  

(Elm qvist and Quaster 1965;see Heuser and Reese 1977)^ The modal category  

fo r  cod and e e l  i s  a t  th e  lower end o f  the range in  v er te b r a te  nmj’ s; 20- 60nm 

(Birks eb al 1960), 30-50nm (Conteaux 1972), 40-5Cnm (B est and Bone 1973), and 

25-50nm (Ono and Foss 1982). The two (sep a ra te ) p op u lation s in  d o g fish  nmj’ s , 

50 and lOOnm diam eter, are s im ila r  to  those o f  lamprey slow  m uscle (Teravainen  

1971) '  The la r g e r , e lec tro n -d en se  cored, v e s i c l e s  may con ta in  noradrenaline  

(Anderson e t  a l  1963; Heuser and Reese 1977); HCV’ s are rare in  t e l e o s t s  

(B est and Bone 1973; Hone 1978) and %-xine (Jansen e t  a l  I963) ,  and t h e ir  

p r e c ise  fu n ction  i s  u n clear  (Bone 1972). Some " fa lse  tran sm itters"  are  

o x id ised  by EM aldehyde f ix a t i v e s ,  g iv in g  a mixed c le a r  and BCV p opulation  

e .g .  r a t vas d eferens (Heuser and Reese 1977), which may ex p la in  t h e ir  d i s t r i 

bution in  f i s h  m uscle. L i t t l e  s tr u c tu r a l d iffe r e n c e  i s  v i s i b l e  between cod and 

e e l  en d p la tes, apart from the p oo r ly  developed SJF; th ese  are not p resen t a t  

a l l  in  most t e l e o s t s  (N ish ih ara  I 967; B est and Bone 1973), w ith  th e exception  

o f  swimbladder m uscles (Ono and Foss 1982).

In the work on swimming p a ttern  generation  (C r illn e r  1975; R oberts I98I)
V

th ere i s  n oth in g  to  su ggest the redundancy o f  p erip h era l in h ib it io n .  Indeed, 

the h ab itu ation  o f  lamprey f in  m uscle motoneurons i s  m ediated by in h ib ito r y  

in terneurons, and d isp la y  d e p o la r is in g  EFF’ s (iFSF’ s )  on *stim u lation  o f  

ip s i la t e r a l  sk in  (H im berger and Rovainen 1971 )• In some f ib r e s  a sm all 

(0,5mV) h y p erp o la r isin g  membrane p o te n t ia l  i s  rec ru ited  b efore the f i r s t  

(d ep o la r is in g ) fu n ction  p o te n t ia l;  t h i s  i s  phase-locked  to  the stim u lu s
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( 5 - 10msec la ten cy ) and can be recorded from adjacent f ib r e s  w ith in  the  

same n%mtome, but not from f ib r e s  in  d if fe r e n t  myotomes (p ers . o b s .) .  However, 

the mechanism o f  in h ib it io n  i s  n o t c le a r  fo r  s k e le ta l  m uscle, s in ce  recurrent  

in h ib it io n  cannot be demonstrated in  th e VR (lamprey) Teravainen and Rovainen

1971)* L ikew ise, the presence o f  dual in n ervation  (d o g fish . Bone 1972; 

conger e e l ,  B est and Bone 1973) i s  in e x p lic a b le  on th e b a s is  o f  presen t  

knowledge. A p o s s ib le  mechanism may be i f  one endplate i s  ab le  to  in h ib it  

v e s ic le  r e le a s e  in  the adjacent en d p la te , then no muscle h y p erp o larisa tion  

need be recorded. As fu n ction  i s  n ot synonymous w ith  morphology, the c lu s te r  

o f  ( s im ila r )  endp lates in  cod may have a p a r a lle l  fu n ction  to  th ose  in  e e l .

The d is tr ib u t io n  and v a r ie ty  o f  in n ervation  p a ttern s has on ly  r e c e n tly  

been subjected  to  an ex ten s iv e  sy stem atic  survey; m u ltip le  (en grappe) 

innervation  may have a r isen  independtly  on sev era l o ccasion s during the  

ra d ia tio n  o f  f is h e s  (Bone and Ono 1982). A taxonomic tr a n s it io n  group 

(S to m iiformes) has a unique m ixture o f  term inal and d is tr ib u te d  in n erv a tio n , 

and some t e le o s t  orders have examples o f  fo c a l  or m u ltip le  in n ervation  in  

the f a s t  muscle o f  d if fe r e n t  s p e c ie s .  I t  has been assumed th a t the in n ervation  

pattern  o f  p r im itiv e  t e l e o s t s  resem bles th a t o f  urodela  amphibia, where each 

f a s t  f ib r e  r e c e iv e s  two axons, form ing a s in g le  motor endplate a t e ith e r  f ib r e  

end (F a tt and Katz 1931; B arets I96I; Bone I964? Bone and Ono 1982). In 

co n tra st , fo c a l in n ervation  a t  one m yoseptal end has been proposed fo r  h a g fish  

(Jansen e t  a l  I963) ,  d o g fish  (Bone 1972) and conger e e l  f a s t  m uscle (B est 

and Bone 1975; see Table 7 * 2 ). The low r e so lu tio n  o f  AChe s ta in in g  a t  e e l  

( t h is  study) and c a t f i s h  myosepta (se e  B arets I96I )  may g iv e  eq u ivoca l r e s u l t s ,  

although a lte r n a t in g  s ta in  d e p o s its  su ggests  in n ervation  occurs a t  only one 

f ib r e  end in  A n gu illa  ( t h i s  study) and Conger (B est and Bone 1973).

M u lti-term in al in n erva tion  may be p resen t as an adaptation fo r  rapid  

ta i1 -b e a t  freq u en cies  (Chapter 5)^ T his req u ires  many c lo se ly -sp a c e d  en d p lates  

in  order to  e x c ite  a f ib r e  fa s t e r  than a  s in g le  en d p late , producing an a c tio n

I
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p o te n t ia l ,  due to  junction  p o te n t ia l  decrement. T his i s  a lso  r e f le c te d  

in  the la rg e  space co n stan t (^ ^ 3 .1mm), alm ost a th ird  o f  the f ib r e  len gth  

(Hudson 1967) .  The non-overshoot d ep o la r isa tio n  (Chapter I )  may provide  

economies in  sarcolemmal ion  tr a n s fe r , as con traction  i s  not s o le ly  dependant 

on propagated a c tio n  p o te n t ia ls  (Hudson I969) .  However, th ere  would appear 

to  he l i t t l e  d if fe r e n c e  in  t o t a l  ion  f lu x ,  as shovm by the s im ila r  HP o f  e e l  

and cod f a s t  m uscle ( - 3 8 .3  and - 6 2 .2mV, r e s p e c t iv e ly ) i ’ These are much 

lower ( c lo s e r  to  zero p o te n t ia l)  than found fo r  d o g fish  (-83.2mV, S ta n fie ld

1972) or Myoxocephalus ( - 7 3 * ,  Hudson I969) ,  hut s im ila r  to  th a t fo r  

snalcefish (-63.7mV, Takeuchi 1959) and conger e e l  (-34  to  -65mV, Hudson I967)-»

The ex tra  m y o fib r illa r  mass accommodated in  fo c a lly - in n e r v a te d  f ib r e s  has 

l ik e if is e  been con sid ered  an adaptation  fo r  rap id  swimming, f u l f i l l i n g  the  

large  power requirem ent (B est and Bone 1975)» T his would appear to  o u tw e i^  

the disadvantage o f  an in crea sed  tim e fo r  a c tio n  p o te n t ia l propagation . The 

l im it in g  fa c to r  in  speed o f  co n tra ctio n  would th ere fo re  appear to  l i e  w ith in  

the f ib r e  (membrane conductance), and not in  nervous tran sm issio n . Eel VR 

contain  m ostly  la r g e  diam eter axons s im ila r  to  th ose  resp o n sib le  fo r  in i t ia t io n  

o f  actio n  p o te n t ia ls  in  both  fro g  and f i s h  f a s t  f ib r e s ,  sm aller axons pro

ducing the slow  m uscle fu n ctio n  p o te n t ia ls  (B arets I96I; Bone 1978). Frog 

fa s t  muscle i s  in n ervated  by axons 10-12pm in  d iam eter, conducting a t  20-33m /sec 4 

and slow m uscle by axons 3 -8 pm diam eter, w ith  a  conduction v e lo c it y  o f  2-8m /sec 

(P rosser 1973). T h is i s  s l ig h t ly  quicker than th e f a s t  motor axons in
s

l%yoxocephalus (lO-14pm diam eter; 17-24m /sec a t  10-12°C, Hudson I967) and 

tench (I3p3ii d iam eter; 15~24ra/sec a t  22°C, B arets I 96I ) .  I'lammalian ajcons 

o f  comparable d iam eters conduct around 3 tim es t h i s  v e lo b ity  (B u llock  and 

Horridge I963) .

Development o f  th e  advanced in n erva tion  p attern  may have been fo r  

e f f ic ie n t  low -speed  swimming, ra th er  than th e in freq u en t burst-swimming.

Junction p o te n t ia ls  may cause p a r t ia l  a c t iv a t io n  o f  the f a s t  m uscle, in
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order to  overcome the p a ssiv e  r e s is ta n c e  aga in st which slow muscle has

to  a ct during su sta in ed  swimming. Indeed, the con sid era tio n  o f  co n traction

v e lo c ity  as a  l im it in g  step  in  m uscle p h ysio logy  may be su p erflu ou s, in

view  o f  the n ea r-iso m etr ic  nature o f  con traction  in  f i s h  m uscle (Johnston 1982c)

and the low conduction v e lo c it y  o f  th e  nerves (see  ab ove). A lso , V o f  4\ » max Î

d o g fish  s k e le ta l  m uscle f ib r e s  i s  tw ice  th a t o f  cod, although th e  la t t e r  may *|

swim much fa s t e r  (A ltr in ^ a m  and Johnston 1982). /  ' %

There a re , then , many s im i la r i t i e s  between cod and e e l;  the type o f  

innervation  p attern  b ein g  determ ined by both the body form and nature o f  th e  I

generated swimming p a ttern . The d ir e c t  (cod) and in d ir e c t  (l4voxocephalus) 

evidence fo r  cro ss -in n erv a tio n  su g g ests  th a t t h is  may be widespread among the  

high er t e l e o s t s ,  although the fu n c tio n a l consequences are on ly  now becoming 

c le a r . I t  has been p o in ted  out th a t in  X-tyxine, where axons from one VE 4

innervate adjacent myotomes, i t  would be d i f f i c u l t  to  co n tra ct myotomes ' |

in d iv id u a lly  (Bone 19^3)5 a, s i tu a t io n  g r e a tly  exaggerated in  cod. The r e s tr ic te d ,;  

in flu en ce  o f  e e l  VR would f a c i l l i t a t e  the seq u en tia l co n tra ctio n  o f  myotomes. -'I

This w i l l  r e s u lt  in  a  more coarse  co n tro l over th e form o f  the locomotory /

wave p a ssin g  down th e body in  cod , r e la t iv e  to  e e l .  I t  would appear, th e r e -  i!

fo r e , th a t cod has s a c r if ic e d  th e f in e  co n tro l over body co n tra ctio n  fo r  '4

economies in  both the in i t i a t io n  o f  f ib r e  co n tra ctio n , and th e recru itm ent fj

o f  motor u n it s ,  such th a t energy expenditure i s  minimal a t in term ed iate  %

swimming speeds. S p ecies th a t u se  predom inantly ta il-p r o p u ls io n  (cod , salmon) ^

rep resent an in term ed ia te  form between th e extreme e e l -  and tu n a -lik e  locom otion;  ̂

p rop u lsive fo rce  i s  d e liv ered  from a s t i f f  ( th o u ^  not r ig id )  body to  the %

caudal f in .  A com plete c r o s s - s e c t io n  o f  the cod trunk w i l l  on ly  shorten i f  4

4 to  5 adjacent myotomes are sim u ltan eou sly  contracted  (Wardie and V id e ler  I98O). ■ 

Any TS sec tio n  ad jacent to  t h is  w i l l  on ly  be p a r t ia l ly  con tra cted . T his smooth 

tr a n s it io n  from a re laxed  to  con tracted  s ta te  would req u ire  a ver^r complex
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arrangement o f  nerve-m uscle co n tro l i f  the myotomes were n ot o f  a staggered  

form (\7illem se I966) ,  A nguilliform  locom otion req u ires the f in e  co n tro l 

over body curvature presumably given  by 1:1 in n ervation  o f  the myotome.

The r e la t iv e ly  sm all number o f  sensory axons in  e e l  sp in a l nerves su g g ests  

th a t m onitoring sk in  deform ation p la y s  a minor r o le  in  locom otry co -o rd in a tio n , 

r e f le c t in g  th e lim ite d  amount o f  sensory feedback required  fo r  the generation  

o f  a swimming p attern  in  a n g u illifo rm  f i s h  (Gray 1936; G r ilIner 1975; Roberts 

1981). In c o n tr a s t , cod may r e ly  h e a v ily  on a f fe r e n t  (cutaneous) s t im u li  

fo r  m od ifica tion  o f  th e  ce n tr a l p a ttern  generator (V/ardle and V id e ler  I98O; 

V id eler  1981) in  a d d itio n  to  the f a c i l i t a t io n  required  from the brainstem  

(G r ilin er  1975). Monosynaptic endings o f  sensory a f fe r e n ts  on motoneurons 

has only been shown to  occur in  ra y s , but not in  t e l e o s t s  (se e  Roberts 1981). 

However, the recen t dem onstration o f  p ro p riocep tive  endings beneath the  

stratum compactura o f  chain p ic k e r e l ( E s o x  n ig e r  (Ono 1982) su ggests  th a t  

th ese  f in d in g s  should be review ed. T his worker was unable to  demonstrate 

co n tin u ity  w ith  sp in a l nerve a f fe r e n ts ,  a lth o u ^  i t  should be p o s s ib le  w ith  a 

c o b a l t - f i l l  preparation; many oth er assum ptions in h erent in  e a r l ie r  work may 

a lso  now be te s te d .
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TABLE 7 .1 .  Composition o f  the v e n tr a l ramus o f  f i s h  sp in a l 
n erves; d iv is io n  in to  1 or 2 separate rami

GLASS

AGHATHA

CHONBRICHTHYES

OSTEICHTHYES

GENUS 1

Mvxine +

Petromyzon -
Lampetra -

S cy lio rh in u s  -
•M ustelus -
Sonatina -
Sqnalus -

G aleorhinus -
Torpedo -

Raja +

•̂ Latim eria -

A cipenser -
A n g u illa  +

-̂ Ameiurus +
•̂ •Tinca H*

Callionymus -
Lophius -
T r ig la
Myxoc ephalu 8 +
Gadus -
Gadus 4-

REFERENCE

P eters 1963 
Goodrich 1930 
VAiiting 1948

Roberts 1965 

Roberts I969

M l l o t  and 
Anthony I966

T roitzky 1929
T his study
B arets I96I

R oberts I 969

Hudson 1967 
Roberts I969 
T his study

Note; = deduced from p la te s  p resen ted  in  the study, not s ta te d .

4

I

4
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TABLE 7«2. A comparison o f  the va r io u s schemes proposed fo r  the

in n ervation  p attern  o f  f a s t  muscle in  a range o f  f i s h e s .
i

SPECIES IMERVATION PATTERN REFERENCE J

Polyneuronal D istr ib u ted  F o c a l( l)  F o ca l(2 )

Agnathans j

H agfish -  -  4- -  1
Lamprey + 4 -  + 2

Elasmobranchs 4

D ogfish -  -  -  + 5

P rim itive  t e l e o s t s  f

e lv e r , y e llo w  -  -  + -  , 4
e e l

conger e e l  ~ -  + -  4 |

-  -  + 5 .
h errin g  -  -  + -  5
c a t f is h  -  -  + -  5

tt 6

Higher t e le o s t s

.1

sn akefish  + ? -  -  7 ,8
tench + 4- -  -  6
scu lp in  4- 4- -  -  9

cod 4- 4- — — 4 ) 1 0  I

Note: Polyneuronal in n erva tion  r e fe r s  to  in d iv id u a l m uscle f ib r e s
r e c e iv in g  term inations from more than one axon, o f  d if f e r e n t  o r ig in ;  
d is tr ib u te d  in n ervation  r e fe r s  to  the term ination  o f  more than one f ib r e ,  ÿ
by an in d iv id u a l axon; fo c a l in n ervation  ( l )  r e fe r s  to  the presence o f  4
a s in g le  axon, a t  one f ib r e  end making a motor term ination  ; fo c a l  
innervation  (2 ) r e fe r s  to  the presence o f  2 axons a t th e f ib r e  end (dog
f i s h ) ,  or in n ervation  a t both ends by a s in g le  axon ( c a t f i s h ,  lam prey).
For comparison, fro g  sa r to r iu s  m uscle has t h i s  la t t e r  form o f  in n ervation  
(F a tt and Katz 1?51).

Although th e r e s u l t s  are taken from d ir e c t  o b serv a tio n s , th ere i s  some 
discrepancy among workers ( e .g .  c a t f i s h ) .  I t  should be noted  th a t d if fe r e n t  
experim ental tech n iq u es have been used: in tr a c e l lu la r  reco rd in g s, h is to lo g y ,
h istoch em istry , electronm icroscopy and su p ra v ita l s ta in in g . The te c h n ic a l  
d if f ic u l t y  o f  such s tu d ie s  i s  emphasised by the d if f e r in g  schemes proposed  
by an author a t d if fe r e n t  tim es (c o n tr a s t  Bone 1$64; B est and Bone 1973?
Bone and One 1982).

R eferences; 1, Jansen e t  a l  1963; 2 . Teravâinen and Rovainen 1971;
3' Bone 1972; 4* t h is  study; 5* B est and Bone 1973; 6 . Bar e t  s I 96I;
7 . Talceuchi 1959; 8 . NaJicajima 19&9; 9- Hudson 19&7; 10* Altringham  
and Johnston 1981.



gch(D

M)

H» M

& g

I

I

&

I

ro

VDVO
CD

VN

CO

I

-R

00 CO

VJ1vn VOO

I

P:

•S.

r

M

8

I
§CO

I

H3

—-3
VN

g

D"

s

p .

N
O

0  l-t

1
to

P"

ct-

CD
O

1 6 0 ' : :

4

I

:5l

VO VJl rv) ov 1

&
m

•S.  ̂i- j -J'



P ig . 7*1* Eel trunk, com posite o f  camera lu c id a  tra c in g s  o f  

c o b a l t - f i l l s .  Each sp in a l nerve i s  seen to  o r ig in a te  in  a  mid- 

n^rotome p o s it io n ,  but qu ick ly  fo llo w s  the myosepta (hS) w h ils t  
a t a l l  tim es rem aining separate from th e co n n ective  t i s s u e  sh eath . > 
Blood v e s s e ls  (BV, s t ip p le d )  tra v er se  a number o f  myotomes, g iv in g  

o f f  branches in  a reg u la r  p attern ; d i s t a l  sp rou tin g  o f  the BE and 

VE i s  most c lo s e ly  a sso c ia te d  w ith  BV as they  in n ervate  th e f in  

musculature (p ) .  A f in e  nerve branch (n ) runs d orsa l to  th e  

v erteb ra e , in terc o n n ec tin g  the segm ental n erv es . The BE i s  seen  

to  be composed o f  two major branches, which in n erva te  the my tome 
caudal to  th e ir  o r ig in . Again, d i s t a l  sp rou tin g  i s  a sso c ia te d  w ith  

the in n ervation  o f  the f in ,  form ing an in terc o n n ec tin g  network.
A r o s tr a l  branch o f  the VE i s  destroyed  during p rep arative  d is s e c t io n ,  
and i t  i s  u n clear  whether t h i s  runs la t e r a l ly  (in n erv a tin g  both  
f a s t  and slow  m uscle as suggested  by B a rets , I96I» fo r  c a t f is h )  or  

along a s im ila r  course to  the major VE branch, a t a more super

f i c i a l  p o s it io n .
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P ig . 7*2. Cod trunk, cob a lt f i l l s .  The p attern  o f  both VR and 

DR nerves i s  much more com plicated than in  e e l .  The VR sends 

two branches to  the r o s tr a l  edge o f the myotome o f  o r ig in , w ith  

the major branch tr a v e r s in g  the segment to  run a lon g  the r o s tr a l  

edge o f  the adjacent (caudal) myotome. Minor branches are seen to  

invade the mid-myotome reg ion , and to  connect ad jacent VR a t  the  

le v e l  o f  the v er te b r a e . D is ta l branching i s  again r e sp o n sib le  for  

f in  (P) in n erv a tio n , and the con stru ction  o f  an in tersegm en ta l 

network. The DR fo llo w s  a s im ila r  p attern  to  th a t in  e e l ,  but 

w ith the ad d ition  o f  a majo]  ̂ ( r o s tr a l)  branch to  the myotome o f  

o r ig in , and a large  number o f  f in e  co n n ec tiv e s . Both DR and VR 

contain  a t  l e a s t  5 separate nerve bundles.





F ig . 7«5* Fel abdomen, c o b a l t - f i l l s  o f  VR, The o r ig in  o f  the 

sp in a l nerve i s  seen to  be s im ila r  to  th a t in  the trunk, but 

fo llo w s  the myoseptum a t  a g rea ter  d ista n ce  away from the myotomal 

edge. Many o f  the branches fo llo w  the regu lar  pattern  o f  BV, 

a lth o u ^  t h is  r e la t io n s h ip  i s  l o s t  in  the d is t a l  reg io n s where 

BV branching becomes l e s s  p r e d ic ta b le . Mote th a t a l l  v i s ib l e  

b ra ich in g  i s  con fined  to  one myotome; the m ajority  appear 

r o s tr a l ly  a id  can be seen to  r e f le x  in  order to  in n ervate  the  

deeper reg ion s o f  th e myotome. O ccasional la rg e  VR branches 

traverse  th e myotome and run dovm the caudal n^roseptum.
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P ig . 7»4* Cod abdomen, co b a lt f i l l s .  The o r ig in  o f  the VR i s  again  

mid-myotome, but in  t h i s  case on ly  g ra d u a lly ' tr a v e r se s  the myotome 

before fo llo w in g  the myoseptum (ms) a f t e r  th e  r o s tr a l  in f le x io n  

o f  the myotomes. Again, th e  major branches fo llo w  blood  v e s s e ls  

(BV). However, a  much more even frequency o f  branching i s  found 

r o s tr a l  and caudal to  the VR, many o f  which invade adjacent myo

tom es, although the main VR i s  con fin ed  to  the myotome- o f  o r ig in .
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F ig , 7»5* O utline o f  the major nerve rou tes in  e e l  trunk 

( l e f t )  and abdomen (c e n tr e )  p rep aration s, as rev ea led  by c o b a lt-  

f i l l s .  The l e t t e r s  r e fe r  to  the p o s it io n  o f  sam pling fo r  

sem i-th in  se c t io n s ;  ab b rev ia tion s on the o r ie n ta tio n  grid  are 

a = a n te r io r , p = p o s te r io r , d = d o rsa l, v  = v e n tr a l.  The camera 

lu c id a  tr a c in g s  on the r ig h t  are two examples (d if f e r e n t  f i s h )  o f  

the v a r ia tio n  in  VR branch pattern  w ith in  abdominal myotomes; 

whole-mount p rep ara tion s, cedar wood o i l  c le a r e d . Myosepta are 

denoted by th e  p a r a lle l  l in e s  (to  s c a le )  and the numbers r e fe r  

to  counts made o f  the numbers o f  muscle f ib r e s  v i s i b l e  a t  the  

surface o f  th e  myotome. The bottom tr a c in g  i s  o f  th e  only example 

o f  a VR branch found to  appear in  an adjacent myotome, in  any 

preparation  o f  e e l  n erves .
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P ig . 7 . 6 . S im ilar p resen ta tion  to  P ig . 7 . 5 , fo r  cod trunk ( l e f t )  

and abdomen (cen tre ) p rep aration s. T racings 1. and 2. r e fe r  to  

the v a r ia b i l i t y  o f  the f i r s t  major branch (n) in  the VR, which 

invades the deepest p ortion  o f  the f a s t  m uscle. The degree o f  

b ifu rca tio n  v a r ie s  between myotomes and in d iv id u a l specim ens, w ith  

some sm aller branches r e f le x in g  from th e caudal sprouting  p o s it io n  

to  in n ervate th e muscle a t a r o s tr a l  p o s it io n  ( 2 . ) .  Tracing 3»

(w ith  f ib r e  o u t lin e s  superimposed) d e t a i l s  the amount o f  branching, 

at a  p o s it io n  between N and 0 , which i s  seen to  r e s u lt  in  a pre

ferred  o r ie n ta tio n  p a r a lle l  to  the muscle f ib r e s .  Tracings 4» and 

5 . d e t a i l  th e  second major caudal branch (P ), i l lu s t r a t in g  the  

la te r a l  ex ten t o f  su b s id ia r ie s ;  some may invade adjacent myotomes 

(4 *) or in n ervate the proximal reg io n s  o f  th e  myotome th a t i s  a lso  

w e ll served by the f i r s t  major caudal branch (5*)« Tracing 7» 

i l lu s t r a t e s  the branch p attern  o f  the more d is t a l  rami (T and U). 

Tracing 6 shows the d e ta i l  th a t the c o b a l t - f i l l s  r e v e a ls , more 

e spec a i l  ly  a t the d is t a l  ends o f  th e VR where d en sity  o f  s ta in  i s  

somewhat le s s ;  overload ing o f  co b a lt a t  th e  proxim al ends obscures 

d e t a i l ,  but d i s t a l ly  in d iv id u a l axons can be fo llow ed  in  the VR and 

traced  out a lon g  the nerve branches. Note e s p e c ia l ly  th a t ,  in  b a sic  

o u t lin e , the s im ila r ii^  between DR and VR p a ttern s  o f  th e  two sp e c ie s  

i s  only masked by the large  amount o f  ‘cro ss-in n erv a tio n  and ex ten siv e  

branching o f  cod n erves.
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F ig . 7 . 7 . Sem i-th in  se c tio n  o f  e e l  sp in a l nerve (sample s i t e
E) showing th e com position  to  be predom inantly o f  la rg e  

diam eter axons. Note th e ex ten siv e  surrom d in g  la y e r  o f  l ip id .  
M agnification X33

P ig , 7*8' S im ilar to  7*7, hat more d i s t a l ,  v/here th e sp in a l nerve 
has b ifu rca ted  in to  two s im ila r  n erv es , i îa g n if ic a t io n

F ig . 7*9* Bel abdomen VE, sampled a t s i t e  J ; th e nérve i s  
com pletely surrounded by ad ip ocytes and has a th ic k  sheath . 
M agnification  X 4-^

F ig . 7*10* Eel trunk VE, sampled a t s i t e  F; th e  com position i s  
broadly s im ila r  to  the homologous nerve in  th e  abdomen (F ig . 7*9)* 
M agnification  X^g

F ig . 7*11* E lver sp in a l cord, TS, showing th e emergence o f  the  

dorsa l ro o ts  caudal to  the v en tra l r o o t . Sp in a l g a n g lia  are 

a lso  present (bottom, l e f t ) . M agnification  X4-i.

F ig , 7*12 .  Sim ilar  to  7*11 ,  hut a r o s tr a l  a sp ec t showing the  
tra n sec tio n  o f  both d orsa l and v e n tr a l r o o ts .  M agn ifica tion  X4>/

F ig . 7*15* A c e ty lc h o lin e s te r a se  s ta in  (d ir e c t -c o lo u r in g  method) 
o f  cod f a s t  m uscle, c r y o s ta t  s e c t io n s  (l8 |im ). Note the e x ten s iv e  

branching o f  th e  term ination  a t bottom, r ig h t .  M agn ifica tion  X2.T

F ig . 7*14* S im ilar to  7*19, showing p re-term in a l d iv is io n  o f  
the axon. M agn ification  Xi4

F ig . 7 *15* Methylene b lu e s ta in in g  o f  cod abdomen s u p e r f ic ia l  
fa s t  m uscle. The VE runs across the top . Note th e e x te n s iv e  

ra m ifica tio n  o f  th e  sm aller  nerve bundles, t h e ir  r e f le x in g  onto  

th e o r ig in a l ro u te . D orsal i s  at the r ig h t .  I 'lagn ification  X2_

F ig . 7*16* S im ilar  preparation  to  7*1 5 ,  u s in g  c o b a l t - f i l l e d  
n erves. A f in e  branch o f  the VE can be seen (bottom , l e f t )  

and sprouting  a s in g le ,  fo llow ed  by a double æ:on branch 

running predom inantly a lon g  the lo n g itu d in a l a x is  o f  the m uscle 

f ib r e s .  M agn ification  X/5*
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F ig , 7 , 17. Gobait - f i l l  preparation  o f  e e l  VR (abdomen). 

Proximal end showing th e  h igher frequency o f  r o s t r a l ,  r e la t iv e  

to  caudal branches. The mid—myotome p o s it io n  i s  c le a r ,  and the  

r e la t iv e  dim ensions g iven  by th e pigmented blood  v e s s e l  and 

myosepta, running l e f t  to  r ig h t .  M agn ification  X I .9 .

F ig , 7 .1 8 . S im ilar  to  7 .1 7 , d i s t a l  end. Note th e  reg u la r  

spacing o f  the r o s tr a l  branches and subsequent p rogression  in to  

the deeper muscle ad jacent to  the nQroseptum. M agn ification  

X2.05.

F ig . 7 . 19. Cod, abdomen VE. Proximal end showing th e  sim ul

taneous appearance o f  r o s tr a l  ( l e f t )  and caudal ( r i ^ t )  main 

branches, and numerous f in e  branches. M agn ification  X 2.06.

F ig . 7 . 20. E e l, abdomen VR. S im ilar  a sp ect to  7*19, showing 

the s im ila r  (thougüi more ra re ) p attern  o f  branching, w ith  

fevrer accessory  branches. M agn ification  X 2.0.

P ig . 7 . 21. M iniature endplate p o te n t ia ls  (MEPPs) recorded  

from f a s t  muscle f ib r e  in  e e l  abdomen. V e r t ic a l s c a le  = ImV, 

h o r izo n ta l s c a le  = 0 . 5s e c .

F ig . 7 . 22. Cod f a s t  m uscle en d p la te , showing a com posite  

structure o f  s im ila r  morphology and v e s ic l e  co n ten t. 

M agnification  X28,500*

F ig . 7 . 25. E lver f a s t  m uscle en d p la te , showing a sim pler  

o rgan isa tion  and reduced m itochondria l con ten t to  th a t o f  

cod. ï-îagn ification  X25, 650.
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F ig . 7*24* Composite o f  cod sp in a l n erves.

A) R ostral branch o f  DR, showing a predominantly sm all diam eter
axon con ten t. Side E,

B) Caudal branch o f  DR, w ith th ic k  sheath , S. A mixed com position
i s  ev id en t, derived  in  part from th e  ad d ition  o f  a sm all branch, 
bottom r ig h t .  S ite  B.

0) S im ilar to  B ), but sampled more proxim al, showing the  
segregation  o f  la r g e -  and sm all diam eter axons. S ite  D.

D) The major sp in a l nerve mass, emerging from the v e r te b r a l  
column. The reg io n a l d iv is io n s  may be fo llow ed  in  the path o f  
subsequent branches. S ite  F.

E) R ostral branch o f  VR, predom inantly o f  large  axons. 8 sm all 
branch, r ,  i s  v i s i b l e .  S ite  G.

F) Caudal branch o f  VR, mixed com position; sampled a t a  s im ila r
le v e l  to  E ), s i t e  H.

G) View o f  the VR d is t a l  to  G, showing the reduction  in  axon 
number and the c lo se  a s so c ia t io n  o f  predominantly la r g e -  and 
predominantly smal 1-diam eter axon bundles.

H) View o f  the VR d is t a l  to  F ), sho\-7ing the segregation  o f  the  
two p a ra lle l-ru n n in g  n erves. S it e  J .

1) D is ta l VR, viewed before th e d iv is io n  in to  the f in  m uscle.
V/hite muscle (w ), n%roseptum (SP) and la rg e  blood v e s s e l  (BV) are 
v i s ib l e .  Tlie coverin g  sheath (s) may be q u ite  th ic k . The 
segregation  o f  the two axon c la s s e s  w ith in  th e nerve i s  very  c le a r .  
S ite  K.

j )  D is ta l VR, se c tio n  o f  the nerve as i t  en ters the f in  m usculature. 
The mixed com position i s  s t i l l  p r e se n t, though axon number i s  
reduced.
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F ig , 7 . 25 , F requ en cy-d istr ib ution  histogram s o f  the large  d iam eter, 
presumptive motor, axon pop u lation s o f  e e l  and cod v e n tr a l rami.
Mean diameter (d) i s  shovm, w ith number o f  axons (n)^ in  each ca se . 
Mean axon areas are given  in  appropriate legends (x -  D .S .) ,
(a ) E el, abdomen. The unimodal d is tr ib u t io n  peaks a t around 6pm 
diam eter, but con ta in s a s u f f ic ie n t  number^of la rg e  axons to  r a is e  
the mean va lu e  to  6pm x  = 52 .5  -  41 * 10pm .
(b ) E el, trunk. A s im ila r  d is tr ib u tio n  to  th a t found in  the  
abdomen, although a la r g e r  proportion o f  both very  sm all and vexy  
large axons are p resen t. Note th a t ^he numbeg o f  axons in  th e  VR 
i s  l e s s  than found in  (A ), x  = 49*6 -  58.62pm .
(c) Cod, abdomen. A continuum o f axon diam eters i s  presen t w it^  
a s ig n if ic a n t  proportion  o f  q u ite  large  axons, around 8>u 200pm .
The average diam eter i s  c le a r ly  much la r g e r  than found in  the  
homologous preparation  in  th e e e l ,  a lth o u ^  th e number o f  axons
i s  l e s s .  X -  132.9 -  155. 21pm .
(b) Cod, trunk. A more d iscontinuous com position i s  found in  t h is  
VR, w ith modal d iam eters o f  around 5-&, 10-12 and 13-14P5i. The 
average s iz e  o f  axons i s  only s l ig h t ly  l e s s  than found w ith in  the  
abdomen VR, mean diam eter ~ ground 12gm, and con ta in s a s im ila r  
number o f  axons, x  = IO6 .6  -  7 I * 10pm .

F ig . 7 . 26. F req u en cy-d istr ib u tion  o f  the sm all diam eter, th in -  
w alled  (sensory) axons found w ith in  the mixed sp in a l n erves. M e^  
diameter and number o f  axons are shovm; mean areas are given (x -  S .D ,) ,

(a ) E el, abdomen. The skevæd d is tr ib u t io n  shoves a preponderance o f  
q u ite  sm all axons, v/ith diam eters around 1pm; ^he porportion  o f  
la r g er  axons p resen t in  t h i s  sample (4^̂  5 *8pm ) may wel^ belongg
to  the motor c a te g o r ie s  d escrib ed  in  F ig . 7*15 x “ 1.5& ~ 1 .59pm .
(b) E el, trunk. A s im ila r  d is tr ib u t io n  to  th a t found in  th e  
abdomen i s  found, but w ith  a sm aller mea^ diam eter o f  1.2pm. Note 
the reduction  in  axon number, x = 1.19 -  0 . 64pm .
(c) God, abdomen. A more even d is tr ib u t io n  o f  axon diam eters i s  
found, compared to  th a t  in  th e homologous e e l  p rep aration , although  
both the number and average s iz e  o f  axons i s  very  much la r g e r .
Note th a t the sc a le  is ^ h a lf  th a t o f  the pthe^ diagrams, i . e .  each
bar rep resen ts a 1 . 0pm ca tegory , x  = 3*54 -  2,08pm .
(d) Cod, trunk. The ^ d istr ib u tion  o f  axon s iz e  i s  much reduced, 
w ith  resp ect to  th e  abdomen preparation , and more c lo s e ly  resem bles  
the s itu a t io n  found in  e e l  vfith mean diam eter b ein g  around 1. 5pm.
The number o f  axons i s  l e s s  than found in  th e abdomen VR ^ut s t i l l
s ig n if ic a n t ly  g rea ter  than th a t found in  e e l s ,  x  = 1 .93 -  1 . 99pni .
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Pig» 7*27* R estin g  membrane p o te n t ia ls  fo r  e e l  ( a ) and cod (b ) 
f a s t  muscle f ib r e s .  The bimodal d is tr ib u t io n  su g g ests  the lower 
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GH'ÎERAL D iscu ssio n  

P rim itive  t e le o s t s  occupy a c e n tr a l p o s it io n  between the lower 

taxonomie orders, agnathans and elasm obranchs, and th e "advanced’' or

h igh er t e l e o s t s  which comprise some 20,000 o f  the 25,000 or so extant 4
J

f i s h  s p e c ie s ,  and have been most s tu d ied . E els form a ra th er is o la te d  #

t e le o s t  group. Order Apodes, f i r s t  appearing in  th e Cretaceous ('^100H years  

ago) and d iverg in g  ea r ly  from th e  main stem. Such ty p es  r e ta in  many 

" p rim itive" fe a tu r e s  and do not a t tr a c t  much p h y s io lo g ic a l research , although  

having e x p lo ite d  a p a r tic u la r  n ich e  fo r  so lon g  they  must be superbly w e ll 

adapted. Caution should (though sad ly  o ften  i s  n o t) ex erc ised  in  ex tra 

p o la t in g  data from a  few sp e c ie s  to  the whole range o f  f i s h e s .  The amazing 

d iv e r s ity  i s  r e f le c t e d  in  th e ir  presence in  most aq u atic  h a b ita ts  from the  

ocean and rapid  flow in g  r iv e r s ,  to  h i ^  a lt i tu d e  or soda la k e s . Inhabited  

tem peratures range from -2°C (a n ta r c t ic  "supercooled" sp e c ie s )  to  +45°C  

(ocean tren ch es); adaptation  i s  la r g e ly  due to  m o d ifica tio n s  in  p rotein  

stru c tu re , ra th er  than behaviour or p h y sio lo g y . Severa l sp e c ie s  to le r a te  

dry lan d , e ith e r  by excursion  (m ud-skipper, Periopthalm us) or a e s t iv a t io n  

( lu n g f is h , P rotop teru s) .  F unctional s p e c ia l is a t io n  in  a  common stru ctu re  i s  

o ften  seen , e .g .  th e  use o f  p ec to ra l f in s  as sim ple a ile r o n s  in  d o g fish  

S cy lio rh in u s , fo r  underwater " fly in g"  in  eag le  ray M yliob atis and "walking" 

in  gurnard T r ig la . P ly in g  f i s h  Exocoetus use enlarged f in s  for  g lid in g  up to  

400m; co n secu tive  f l i g h t s  are p o s s ib le  w ithout r e -e n tr y , p rop elled  by rapid  

yOHz) t a i l  beat^ i The c o r r e la t io n  between l i f e - s t y l e  and muscle form 

i s  apparent fo r  salmon th a t can leap  8 or 9 f e e t  out o f  water; such f i s h  need 

pow erfu l, rap id  co n tra ctin g  m uscles. IJusually i t  i s  l e s s  c le a r . The 

development o f  s k e le ta l  muscle in  th e se  o th er sp e c ie s  i s  la r g e ly  a m atter 

o f  sp ecu la tio n , although t h e ir  study would more c le a r ly  o u tlin e  muscle
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a d a p ta b ility  to  d if fe r e n t  v/ork-loads and fa n c tio n . The need to c o r r e la te  

environment and p h ysio logy  i s  i l lu s t r a t e d  by temperature a cc lim ation , v/here 

both developm ental stage and s iz e  may d ir e c t ly  a f f e c t  the nature o f  the  

response, in  l in e  w ith  normal e c o lo g ic a l c o n s tr a in ts . P r ior  h is to r y  o f  

experim ental anim als i s  o ften  ignored , or not c o n tr o lle d  fo r , which exaggerates  

the la rg e  amount o f  in te r s p e c i f ic  v a r ia b i l i t y .  A lth o u ^  o ften  used in  

tem perature-acclim ation  experim ents, g o ld f ish  may be pnusual in  the ex ten t  

o f  th e ir  resp on se ,

Ectotherms do not n e c e s sa r ily  need to  ach ieve p e r fe c t  compensation 

(o r  adaptation ) fo r  optim al (e c o lo g ic a l)  fu n ction  (B rett 1979)* Although 

t h i s  premise fo c u sse s  p rim arily  on tem perature, i t  i s  eq u a lly  a p p licab le  

to  other a sp ec ts  o f  f i s h  p h ysio logy .

Development o f  the t e le o s t  swimbladder removes buoyancy problems and i s  

r e f le c te d  in  the great v a r ie ty  o f  body forms: from th e  s len d er sea-horse

Hippocampus to  the sp h er ica l g lo b e - f is h  O hilom ycterus. Trunkfish Q stracion  

use a r ig id  bony s h e l l  fo r  p red a to r-p ro tectio n , on ly  u s in g  the caudal f in  

fo r  f a s t  swimming; t h i s  in v o lv e s  alm ost sim ultaneous con traction  o f  ip s i l a t e r a l  

myotomes, H a b ita t-s e le c t io n  has produced ty p ic a l  sp r in te r s  (p ik e , p erch ), 

sneakers ( e e l ) ,  craw lers w ith  " stay ing  power" fo r  escape (rudd, bream), and 

sta y ers  fo r  m igration  (salmon) or fe e d in g  (carp) (Boddeke e t  a l  1959). The 

undulatory swimming o f  e e l  i s  the s im p lest u se o f  fo rce  from co n tra ctin g  

m uscles, p a ssin g  i t  d ir e c t ly  to  w ater, by in c lu d in g  most o f  the body in  the  

waveform (Gray 1955)- i t  i s  a lso  the most hydro dynam ically in e f f i c ie n t  mode, 

producing la rg e  v o r t ic e s  and c r o ss -f lo w s;  the co n sid erab le  drag l im it s  per

formance to  r e la t iv e ly  low speeds. In c o n tr a s t , tunas have a laminar body 

(reducing su rface turbulance) and are f a s t ,  e f f i c i e n t  swimmers maximising 

th ru st which i s  provided alm ost e n t ir e ly  by the h igh  a sp ect r a t io ,  lu n ate



163

caudal f in  (P ie r s t ie n e  and W alters I 968) .  Most sp e c ie s  f a l l  between th ese  

extrem es. Maximum e f f ic ie n c y  in  cod req u ires  " k ick -an d -g lid e" locom otion, 

as the drag on a steady swimming f i s h  i s  5*5 fo ld  g rea ter  than on a g lid in g  

f i s h  (V id eler  1981 )• This may a llow  p a r t ia l  recovery o f  the m uscle, or 

r o ta tio n  o f  motor u n its ;  an a lte r n a te  strateg^r i s  to  svdm a t tw ice the  

b asa l m etabolic r a te ,  r e s u lt in g  in  a doubling o f  e f f ic ie n c y .  Although 

some data  i s  a v a ila b le  fo r  e e l ,  i t  would be premature to  assign  s im ila r  

locom otry e n e r g e tic s  to  o ther sp e c ie s  showing the m etastab le , an gu illiforra  

locom otion e .g .  lamprey and b u t te r f is h .  The c o r r e la t io n  o f  in  te r  segmental 

in n ervation  and importance o f  sensory a f fe r e n ts ,  vdth th e mode o f  swimming i s  

now e a s i ly  te s ta b le ;  both p e la g ic  and demersal sp ec ies , o f  d if fe r e n t  

in n ervation  ty p e s , should be compared to  a s se s s  the con tr ib u tion  o f  the body 

in  p rop u lsion . An important c o r o lla r y  o f  t h is  would be the screen ing o f  

s u ita b le  sp e c ie s  fo r  e leo tro p h y B io lo g ica l a n a ly s is  o f  th e sp in a l cord 

generator, and i t s  a f fe r e n t  m o d ifica tio n  (see  G r ilin e r  1975)»

A ll locomotory ad ap tation s impose d if fe r e n t  m echanical and en erg e tic  

c o n s tr a in ts  on the m usculature. The e f f ic ie n c y ,  work out/(w ork out + heat 

o u t) , o f  f i s h  s k e le ta l  muscle i s  not known. Heat l ib e r a te d  during sh orten in g  

i s  g rea ter  than during s t a t i c  ten s io n  development and i s  proportional to  th e  

d is ta n ce , n ot the r a te ,  o f  co n tra c tio n . Most f i s h  slow  f ib r e s  shorten by 

around 10b, whereas f a s t  f ib r e s  may be s im ila r  ( 7- 9?̂  in  d og fish ) or much l e s s  

(2-^0 in  cod; Alexander I969) .  T his i s  important in  determ ining whether
V

adaptation  has been fo r  is o to n ic  or iso m etr ic  c o n tra c tio n , in v o lv in g  the 

sim ultaneous measurement o f  both therm al and m echanical p ro p e r tie s . An 

a lte r n a te  approach measures b iochem ical e f f ic ie n c y :  chicken slow muscle i s

I5- I 8X more e f f i c i e n t  (c o s t  o f  a  contraction/|im of ATP/unit tim e) than fa s t  

(tw itch ) muscle during iso m etr ic  c o n tra c tio n , a lth o u ^  very  in e f f i c ie n t  during  

is o to n ic  con traction  (Goldspink 1977)* Locomotory e f f ic ie n c y  forms only p art  

o f  the s e le c t iv e  p ressure: vo lu n tary  day-to-day movements use/^20vo o f  maximum

aerobic c a p a c ity , which i s  p r o b a b l y  u t i l i s e d  < 1 0 : '  o f  a f i s h ’s l i f e .
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Many sp e c ie s  undergo a period or p er iod s o f  n atu ra l sta rva tion  due to  

f lu c tu a t io n s  in  food supply and/or during the spav/ning m igration; fa s t  

muscle appears to  have a cen tra l r o le  in  supplying precursors fo r  intermediary'- 

m etabolism . R egional v a r ia tio n  in  both stru ctu re  and m etabolic p r o f i le  may 

d efin e  areas o f  s e le c t iv e  f ib r e  dégradation .

With the v a r ied  fu n c tio n a l requirem ents i t  i s  not su rp r is in g  th a t  

th ere i s  a great d iv e r s ity  o f  m uscle ty p e s . Assumptions about the homogeneity 

o f  muscle samples can lead  to erroneous r e s u l t s ,  p a r t ic u la r ly  b iochem ical 

assays ( e .g .  Bostrom and Johanson 1972), and th e r e lia n c e  on s in g le  c r i t e r ia  

to  d iscrep a n c ies  in  the l i t e r a t u r e .  Recent work on th e d if fe r e n t ia t io n  o f  

sarcoplasm ic p ro te in s  supports th e  con clusion  th a t broad c a teg o r ie s  -  " fast" , 

"interm ediate" , "slow" -  are not s u f f i c ie n t  to  d escr ib e  d if fe r e n t  f i s h  muscle 

phenotypes; e .g .  th ere  i s  evidence fo r  a fa s t - tw itc h  red muscle w ith a h igh  

parvalbumin co n ten t, and fo r  a p opulation  o f  f a s t - tw itc h  w hite f ib r e s  w ith  a 

low parvalbumin content (Hamoir e t  a l  1981 ) .  Knowledge o f  the ex ten t o f  

nerve-m uscle in te r a c t io n , w ith r e sp e c t  to  phenotype m o d ifica tio n , i s  r e s tr ic te d  

to  c ircu m sta n tia l evidence fo r  f i s h  s k e le ta l  m uscle. In mammalian m uscles, 

where the form o f  in n ervation  can d ram atica lly  a l t e r  h istoch em ica l and 

c o n tr a c t i le  p r o p er tie s  (Vrbova I98O), i t  has been shown th a t seq u en tia l 

appearance o f  ad u lt myosin heavy ch a in , fo llo w in g  the neonata l form, i s  not 

a ffe c te d  by nerve le s io n  (Butler-Brovm e t  a l 1982). In a d d itio n , p la s t i c i t y  

o f  the neuronal input i t s e l f  req u ires  co n sid era tio n ; in  in s e c t s ,  the same 

motorneuron can in n ervate  both ty p es  o f  muscle ( to n ic  and p h asic) a t d if fe r e n t  

developm ental s ta g e s  (Rhenden and Kammer I98O). The e x is te n c e  o f  a s im ila r  

myogenic sequence, in  f u l ly  d i f f e r e n t ia l  muscle and embryonic m yogenesis, may 

make i t  e a s ie r  to  experim enta lly  determ ine the proxim ate fa c to r s  in  c e l lu la r  

d if f e r e n t ia t io n .  I t  may a lso  be p o s s ib le  to  fo llo w  the developm ental sw itch
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from reg io n a l grovrfch. nodes to  myotomal h yp erp lasia , fo llo w in g  a p a r tic u la r   ̂;

c e l l  l in e  e .g .  by iminunohistoohemical lo c a l is a t io n  o f  isozym es, and the |

la b e l l in g  o f m ito tic  n u c le i .  '‘4

A n a ly tica l I

The development o f  s te r e o lo g ic a l  models fo r  a n a ly s is  o f  stru ctu re 1

removes much o f  the sp ecu la tiv e  nature o f  comparative p h ysio logy . Unfortunately^; 

many a r t ic le s  appear to  ignore th e th e o r e t ic a l  b a s is 'o n  which th ese  methods |

are based, and misuse th e op tim isa tio n  p rocess inherent in  any a n a ly t ic a l -

p r o to c o l. A thorough exam ination o f  th e  t is s u e  i s  requ ired  b efore adopting  

a p a r tic u la r  s tra teg y . Oblique s e c t io n s  are used fo r  s te r e o lo g ic a l  a n a ly s is  

o f  mammalian m uscle, s in ce  th ere  i s  a p e r io d ic ity  o f  stru ctu re  in  LS; t h is  

does not apply to  e lv e r  m uscle, and th erefo re  TS se c t io n s  are a v a ila b le  fo r  

q u a n tif ic a tio n  o f  both volume d e n s it ie s  and boundary le n g th s . The d e r iv is io n  

o f  parameters more c lo s e ly  d e sc r ib in g  the fu n c tio n a l cap acity  o f th e  c a p il la r y  ;

bed should rep lace the erroneous in d ic e s  in  th e l i t e r a t u r e ,  although more 

inform ation i s  required concerning the response to  p h y s io lo g ic a l ad ap tation . f

Further in s ig h t  in to  the l im it in g  r o le  in  oxygen supply may be afforded  by 

the q u a n tif ic a tio n  o f  branching a lon g  a lo n g itu d in a l tr a n se c t o f  the myotome.

The presence o f  c a p illa r y  recru itm ent during muscular a c t iv i t y  has not been 

demonstrated, although t h is  should be p o ss ib le  by means o f  in t r a v i ta l
%

microscopy and measurement o f  p er ip h era l vascu la r  r e s is ta n c e . The most p ro- |
.  I

m ising  new development i s  l i k e ly  to  be the measurement o f  Vo,, and m eta b o lite  i
I

r e le a se  from d is c r e te  m uscle r e g io n s , w ith the co n stru ctio n  o f energy budgets. 'j

This should be p o ss ib le  u s in g  the is o la t e d  t a i l  preparation  (Davie 1981), %
'1and w i l l  a llow  the con stru ction  o f  more r e a l i s t i c  models o f  the system ic  

c ir c u la t io n  (see  boats e t  a l  1978). 1
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1
In con clu sion , th e  p resen t study has provided the f i r s t  q u a n tita tiv e  

data concerning stru ctu re  and o rg a n isa tio n  o f  myotomal m uscles in  p r im itiv e  

t e l e o s t s .  Evidence i s  provided th a t  th e p r io r  h is to r y  o f  experim ental 

anim als, and the magnitude o f  th e sample s iz e ,  w i l l  g r e a tly  a f f e c t  parameter 

accuracy. Methods have been d escrib ed  whereby fu n ctio n a l c o r r e la te s  o f  the  

c a p il la r y  network and in n ervation  p a ttern  may be stu d ied  in  more d e t a i l  f |

than p rev io u sly  p o s s ib le .  The h e te r g e n e ity  o f  m uscle i s  such th a t the  

continuum o f  form and fu n ction  can on ly  be adequately • stud ied  by a d iv e r s ity  

o f  approach.
VI

1

1
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