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ABSTRACT 
The production and s p a t i a l  o rgan iza t ion  o f  
connective t i ssue  components i n  c i l i a r y  muscle 
c e l l  cu l tu res  was studied w i t h  immunohisto- 
chemical and u l t r a s t r u c t u r a l  methods. Ant ibodies 
against col lagen types I V  and V I ,  f i b r o n e c t i n  and 
laminin were used. 

Laminln s ta ins  as p e r i c e l l u l a r  network 
surrounding i nd i v idua l  muscle c e l l s .  Type I V  
col lagen shows p o s i t i v e  cytoplasmic s t a i n i n g  and 
only small f o c i  o f  e x t r a c e l l u l a r  immuno- 
fluorescence. S ta in ing  f o r  type V I  co l lagen and 
f i b ronec t i n  i s  seen near the  ends o f  t h e  b i p o l a r  
c e l l s ,  whi le the  l a t e r a l  s ides o f  t he  c e l l s  
remain unstained. 

muscle c e l l s  are surrounded by an incomplete 
basal lamina. I n  add i t ion ,  bundles o f  5-20 nm 
t h i c k  e x t r a c e l l u l a r  m i c r o f i b r i l s  are seen. The 
bundles are or ien ted  p a r a l l e l  t o  the  ax i s  o f  the  
c e l l s  and are i n  c lose contact  w i t h  the  c e l l  
membrane i n  areas where membrane-bound dense 
bands are formed. Immunoelectronmicroscopy 
i nd ica tes  t h a t  t he  bundles conta in  f l b r o n e c t i n  
and type V I  col lagen f i b r i l s .  While the  
f i b ronec t i n  f i b r i l s  approach the  c e l l  membrane 
d i r e c t l y ,  type V I  col lagen f i b r i l s  are usua l l y  
separated from the c e l l  membrane by f i n e  
f i b r i l l o u s  mater ia l  o f  d i f f e r e n t  nature. Qua l i t y  
and spa t ia l  organizat ion o f  t h e  e x t r a c e l l u l a r  
mater ia l  i n  c i l i a r y  muscle c e l l  cu l tu res  shows 
marked s i m i l a r i t i e s  w i t h  the  e x t r a c e l l u l a r  mat r ix  
o f  c i l i a r y  muscle i n  s i t u .  

Electronmicroscopy shows t h a t  cu l tu red  c i l i a r y  

INTRODUCTION 

A consistent f i n d i n g  i n  o l d  human eyes is t he  

marked increase i n  hya l in ized  connective t i s s u e  

between the  c i l i a r y  muscle bundles (1-4) .  The 

increase cor re la tes  w i t h  the  onset o f  presbyopia 

and might we l l  have in f luence on the  func t i on  o f  

the c i l i a r y  muscle i n  accommodation. Moreover, 

the  an te r io r  p a r t  o f  the  c i l i a r y  muscle e x h i b i t s  

an age-related increase i n  "plaque mate r ia l " ,  

which i s  even more pronounced i n  eyes with 

primary open angle glaucoma ( 5 ) .  Recently we 

es tab l i shed and character ized several c e l l  l i n e s  

der ived from human c i l i a r y  muscle ( 6 ) .  It i s  

c lea r  t h a t  i n  v i t r o  procedures prov ide  a means o f  

studying the  syn the t i c  c a p a b i l i t i e s  o f  c i l i a r y  

muscle c e l l s  and the  f a c t o r s  which in f luence 

these a c t i v i t i e s .  

I n  a previous study we have demonstrated t h a t  

f i b ronec t i n ,  laminin,  and type I V  co l lagen form 

la rge  p a r t s  o f  t h e  e x t r a c e l l u l a r  ma t r i x  o f  t he  

human c i l i a r y  muscle ( 7 ) .  I n  add i t i on ,  type V I  

col lagen i s  present i n  considerable amounts i n  

the  "plaque mate r ia l "  i n  the  region o f  t he  

a n t e r i o r  i n s e r t i o n  o f  t h e  c i l i a r y  muscle (7,8). 

I n  the  present study we inves t iga ted  product ion 

and s p a t i a l  o rgan iza t ion  o f  co l lagen types I V  and 

V I ,  l amin in  and f i b r o n e c t i n  i n  c i l i a r y  muscle 

c e l l  cu l tu res .  

MATERIAL AND METHODS 

C i l i a r y  muscle c e l l  c u l t u r e s  were es tab l i shed 

from 10 human donors (16-91 years). The 

immunocytochemical and u l t r a s t r u c t u r a l  

cha rac te r i za t l on  o f  t h e  cu l tu res  has been 

described i n  d e t a i l  elsewhere ( 6 ) .  I n  b r i e f ,  t he  

cu l tu red  c e l l s  showed t h e  t y p i c a l  growth pa t te rn  

o f  cu l tu red  smooth muscle c e l l s ,  s ta ined f o r  

smooth muscle s p e c i f i c  a -ac t in  and desmin, and 

exh ib i t ed  u l t r a s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  

c i l i a r y  muscle c e l l s .  App l i ca t i on  o f  10 mmol/l 

BaCls t o  the  cu l tu red  c i l i a r y  muscle c e l l s  

resu l ted  i n  a membrane depo la r i za t i on  w i t h  

superimposed a c t i o n  p o t e n t i a l s  (9 ) .  

The c e l l s  were maintained a t  37'C i n  a 53 C02 

athmosphere. Cu l tu re  medium (medium 199 
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supplemented wlth 10% f e t a l  c a l f  serum, 50 U m l - l  
penicillin, 50 pg m l - 1  streptomycin and 50 u9 

m l - 1  ascorblc acid, a l l  Gibco Ltd,  Pals ley,  
Scotland) was exchanged tw lce  a week. Confluent 

c e l l s  were passaged a t  a r a t i o  o f  about 1:4 uslng 

trypsln-EDTA. For the  present study 3rd t o  6th- 

passage cu l tu res ,  one week a f t e r  confluency were 

Invest igated. 

Antlbodv s t a i n i n g  

Ce l l s  were seeded I n  t i ssue  c u l t u r e  chambers 

mounted on PermanoxR mlc ros l ldes  (Lab Tek*, Nunc 

Inc., Napervl l le,  I L ) .  Cul ture medium was removed 

by r l n s i n g  th ree  t lmes w l t h  phosphate-buffered 

sa l i ne  (PBS). The c e l l s  were f l x e d  w l t h  

ethanol/ether ( 1 : l )  a t  -2O'C f o r  3 mln. The c e l l s  

were again r insed three t lmes w l t h  PBS and then 

Incubated f o r  90 mln a t  room temperature wlth t h e  

prlmary antlbody. For demonstration o f  type I V  

col lagen, monoclonal mouse ant ibodies from Heyl, 

Be r l l n ,  Germany (antl-human IgH, Kappa) and from 

Dakopatts, Hamburg, Germany (anti-human, IgGl 

Kappa, CIV22,) (10) were used, both a t  a d i l u t i o n  

of 1:lOO. For laminln polyclonal  r a b b l t  an t l -  

human ant lbodles from Heyl (11) were app l ied  t o  

the cu l tu re  chambers a t  a d i l u t l o n  o f  1:lO. 

Demonstration o f  type V I  col lagen was performed 

using a monoclonal mouse antlbody (anti-human, 

I g l ,  Kappa) and po lyc lona l  r a b b i t  anti-human 

antlbodles, (both from Hey11 (12) a t  a d i l u t i o n  

of 1:50. F ib ronec t ln  was stained wlth a 

monoclonal mouse antibody against c e l l u l a r  

f i b ronec t l n  (Sigma Chemical Company, S t .  Louis 

MO, clone no. FN-3E2). Thls product l oca l i zes  the  

240 KD bands o f  c e l l u l a r  f lb ronec t in .  The c e l l s  

were r insed three tlmes w l t h  PBS then Incubated 

fo r  another 60 min w l th  f luoresce in - labe l led  

rabb l t  anti-mouse IgG o r  sheep an t l - rabb i t  IgG 

(both Dakopatts) d i l u t e d  I n  PBS (1:20). The c e l l s  

were washed again three t lmes w i t h  PBS, then the  

t l ssue  chambers were removed from the s l ldes .  The 

s l l d e s  were mounted I n  g lycero l  con ta in ing  2.5% 

1,4-dlazobicyclo-octane (Herck, Darmstadt, 

Germany). Control experlments were performed 

uslng e l t h e r  PBS, mouse or  r a b b l t  pre- lmune 

serum Instead o f  t h e  prlmary antlbody. Stalned 

cu l tu res  were vlewed wlth a L e l t z  AriStOplan 

photomlcroscope (Ernst  L e l t z  GmbH, Wetzlar, 

Germany) equipped wlth eplf luorescence o p t i c s  and 

appropr late f l l t e r s .  A Kodak 1-max 400 b lack  and 

whlte f l l m  (Kodak Limited, Hempstead, England) 

was used f o r  photography. 

E~ectronmlcroscoDy 

The c e l l s  were grown I n  uncoated, p l a s t i c  p e t r l  

dlshes o r  I n  t l s s u e  c u l t u r e  f l a s k s  and f l x e d  w l t h  

I t o ' s  s o l u t i o n  (13) f o r  4 hr. C e l l s  were 

pos t f i xed  with 1% osmlum te t rox lde ,  dehydrated 

w l t h  graded alcohols and embedded I n  Epon. 

Tangential and perpendicular sec t ions  o f  t he  

C e l l s  were c u t  on an ultramlcrotome. The sect ions 

Flgure 1: Confluent c l l l a r y  muscle c e l l  cu l tu res  
c h a r a c t e r i s t i c a l l y  cons is t  o f  l ong l tud lna l  and 
s l l g h t l y  curved bands o f  p a r a l l e l  b l p o l a r  c e l l s  
(donor age 16 years, 3rd passage, phase-contrast 
micrograph, x 250, bar: 40 pm). 
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were contrasted w i t h  lead c i t r a t e  and uranyl  incubated f o r  8 hrs  i n  a 1:20 d i l u t i o n  o f  goat 

acetate and viewed using a Zeiss (EM 902) anti-mouse (10 nm, Sigma) o r  goat an t i - rabb i t  
electronmicroscope. immunogold ( 5  nm, Sigma), 1% BSA and protease 

For immunoelectronmicroscopy, c e l l s  were f i x e d  i n h i b i t o r s .  Unbound antibody was removed by th ree  

i n  phosphate-buffered paraformaldehyde-lysine- 30 min changes i n  PBS. The c e l l s  were then f i x e d  

per iodate (PLP) (14)  s o l u t l o n  a t  room temperature w i t h  2% glutaraldehyde f o r  20 min, washed i n  PBS 

f o r  3 min. A f t e r  washing th ree  t imes 10 min with and embedded i n  Epon as descrlbed above. 

PBS, the c e l l s  were incubated w l t h  the  primary 

ant ibodies ( f i b ronec t i n ,  type V I  col lagen) f o r  8 RESULTS 

hrs  a t  4 'C.  The antibody s o l u t i o n  contained 1% Immunohistochemlstrv 

bovine serum albumln (BSA) and var ious protease Confluent c i l i a r y  muscle c e l l  cu l tu res  

i n h i b i t o r s  (15 ) .  A f t e r  th ree  30 min changes i n  c h a r a c t e r i s t i c a l l y  cons i s t  o f  l ong i tud ina l  and 

PBS t o  remove unbound antibody, the  c e l l s  were s l i g h t l y  curved bands o f  p a r a l l e l  b i p o l a r  c e l l s  

Figure 2: Immunofluorescence o f  a conf luent  
c i l i a r y  muscle c e l l  c u l t u r e  (same donor as i n  
Fig. 1, 3rd passage). A: S ta in ing  f o r  lamin ln  
reveals a p e r l c e l l u l a r  network which o u t l i n e s  the  

fus i fo rm shape o f  t h e  c e l l s .  B: Type I V  col lagen 
shows p o s i t l v e  cytoplasmic s t a i n i n g  (arrowheads) 
and on ly  small f o c i  o f  p o s i t i v e  e x t r a c e l l u l a r  
immunofluorescence (arrows). (x 300, bar: 33 w). 
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Figure 3: Imunofluorescence of a confluent unstained. C: Staining for fibronectin shows a 
ciliary muscle cell culture (same culture as in 
Fig. 2 ) .  A: Staining for type VI collagen i s  VI collagen, but appears to be more pronounced 
confined to the ends of the bipolar cells, (x  300, bar: 33 m). 
whereas the lateral sides of the cells remain 

similar spatial organization as staining for type 

(Fig. 1). Staining of confluent cultures for 
laminin (Fig. 2 A )  shows a well established 
pericellular network which outlines the fuslform 
shape of the muscle cells. Immunofluorescent 
staining to demonstrate type IV collagen (Fig. 
26) shows only small foci of extracellular 
fluorescence. The cells exhibit, however, an 
intense posltlve cytoplasmic staining. Type VI 
collagen I s  confined to the ends of the bipolar 
cells, whereas the lateral sides of the cells 
remain unstained (Fig. 3 A ) .  Staining for 

fibronectin shows a similar spatial organization 
as staining for type VI collagen, but appears to 
be more pronounced (Fig. 3 8 ) .  

Electronmicroscow 
A t  confluency, the ciliary muscle cells are 
surrounded by an incomplete basement membrane 
(Fig. 4 A ) .  In addition, the cultures show a 
matrix of extracellular fine fibrils which appear 
to be aggregated into loose bundles. The fibrils 
measure 5-20 nm in cross sections and show no 
apparent evidence of periodicity. Most o f  this 
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Figure 4: Electronmicrographs o f  cu l tu red  c i l i a r y  
muscle c e l l s  (Same donor as i n  Flg.  1 ,  3rd  
passage). A:  A t  confluency the  c e l l s  are 
surrounded by an Incomplete basal lamina (arrow). 
M. Myofllaments ( x  60000, bar: 16,6 nm). 8. Near 
the ends o f  the  c e l l s  e x t r a c e l l u l a r  m i c r o f i b r i l s  

are observed (arrows). The f i b r l l s  are i n  c lose  
contact  w i t h  the  c e l l  membrane i n  areas where 
dense bands are formed (arrowheads). The 
o r i e n t a t i o n  o f  t he  f i b r i l s  i s  p a r a l l e l  t o  the  
myofllaments (M) w i t h i n  t h e  c e l l s  ( x  8800, bar: 
1 . 1 3  pn) .  

mater la l  I s  present near the  elongated ends o f  

the  b ipo la r  muscle c e l l s  (Fig. 48) .  Here, t he  

o r i e n t a t l o n  o f  t he  e x t r a c e l l u l a r  f i b r l l s  i s  

p a r a l l e l  t o  the  ax i s  o f  t he  i nd i v idua l  muscle 

c e l l s  and there fore  a lso  p a r a l l e l  t o  the  

myofllaments w i t h i n  the  c e l l s .  The e x t r a c e l l u l a r  

f i b r i l s  are I n  c lose contact w i t h  the  membrane o f  

the  muscle c e l l s .  I n  these areas o f  contact ,  t he  

c e l l  membrane forms dense bands with adhering 

myofilaments. 

With immunoelectronmicroscopy, intense 

l a b e l l i n g  f o r  f i b r o n e c t i n  i s  seen throughout the  

whole e x t r a c e l l u l a r  f i b r i l l a r  ma te r ia l  (Fig. 5 ) .  

The f i b r o n e c t i n  p o s l t l v e  f i b r i l s  come I n  c lose 

contact  w i t h  the  c e l l  membrane o f  t h e  muscle 

c e l l s .  I n  add l t i on  t o  f i b ronec t l n ,  f i b r i l s  which 

are p o s i t i v e l y  l a b e l l e d  f o r  type  V I  col lagen are 

present i n  the  bundles o f  e x t r a c e l l u l a r  f i b r l l s  

near the  ends o f  t he  muscle c e l l s .  I n  cont ras t  t o  

the  f i b r o n e c t i n  f l b r i l s ,  however, t he  type  V I  

col lagen f i b r i l s  on ly  occasslonal ly approach the  

muscle c e l l  membrane d i r e c t l y ,  bu t  are usua l l y  

separated from the  c e l l s  by un labe l led  f i n e  

f i b r i l l a r  mater ia l  o f  d i f f e r e n t  na ture  (Fig. 6) .  
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Figure 5: Imunoelectronmicroscopy of cultured extracellular fibrillar materlal (arrowheads). 
ciliary muscle cells (same donor as in Fig. 1, The flbronectin positive fibrils come in close 
3rd passage). Intense imnunogold labelling for contact with the cell membrane (arrows) (x 48000, 
fibronectin i s  seen throughout the whole bar: 210 nm). 

There were no obvious qualitative changes in culture i s  incomplete. Formation of an incomplete 
extracellular matrix production between cultures basal lamina, however, i s  regarded as typical for 
derived from donors of dlfferent ages. cultured viszeral and vascular smooth muscle 

cells (20-24). 
DISCUSSION In addition, Immunostaining Indlcates that 
Ciliary muscle cells in culture produce 
considerable amounts of extracellular fibrillar extracellular flbrlllar materlal synthesized by 
material. The cultured cells are surrounded by cultured cillary muscle cells. The fibronectin- 
lamlnln and type XV collagen, both macromolecules labelled fibrils approach the ciliary muscle cell 
essential for basement membranes (16,171. In membrane directly. Indeed, it has been shown that 
contrast to ciliary muscle cells in situ (18,19), flbronectln mediated cell adhesion occurrs via 
the basement membrane of ciliary muscle cells in cell surface proteins (25,261. In tissue culture 

fibronectln i s  a major component of the 

C
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Figure 6: Innnunoelectronmicroscopy o f  cu l tu red  type V I  co l lagen f i b r i l s  on l y  occassional ly 
c l l i a r y  muscle c e l l s  (same donor as i n  Fig.  1, aproach t h e  c e l l  membrane d i r e c t l y  (arrowheads), 
3rd passage). Immunogold l a b e l l i n g  f o r  type  V I  but  are usua l l y  separated from t h e  c e l l  ( C )  by 
col lagen I s  a l so  seen i n  the  e x t r a c e l l u l a r  un labe l led  f i n e  f l b r l l l a r  mater ia l  o f  d i f f e r e n t  
f l b r l l s  near t h e  ends o f  t he  muscle c e l l s .  The nature (arrow) (x 56000, bar: 180 nm). 

condi t ions,  analogous bu t  smal ler  transmembrane form apparent c lose  transmembrane associat ions 

associat lons which were termed "f ibronexus" have w l t h  the  cytoplasmic myofl laments and may be 
been described between f ib ronec t ln -conta in ing  regarded as min ia tu re  muscle cel l - tendon 

f i b r i l s  and the  i n t r a c e l l u l a r  s t ress  f i b e r s  o f  j unc t i ons  which prov ide  an anchoring func t ion .  

hamster and human f i b r o b l a s t s  ( 2 7 ) .  I n  s l t u ,  These s t ruc tu res  conta in  no t  on l y  f i b ronec t l n -  

these f lbronexus have been demonstrated a t  the  l abe l l ed  f i b r i l s ,  bu t  a l so  type  V I  col lagen. I n  

surface o f  myof lbroblasts i n  g ranu la t ion  t i ssue  cont ras t  t o  t h e  f i b r o n e c t i n  f i b r i l s ,  type V I  

(28 ) .  co l lagen f i b r i l s  a re  usua l l y  separated from t h e  

muscle c e l l  membrane by f i n e  f l b r l l l a r  mater ia l  The e x t r a c e l l u l a r  f l b r l l s  synthesized by 

cu l tu red  c i l i a r y  muscle c e l l s  are cha rac te r i s t l -  o f  d i f f e r e n t  nature. Electronmicroscopical ly,  we 

c a l l y  deposited i n  the  region o f  the  elongated 

ends o f  the  b i p o l a r  muscle c e l l s .  The f i b r i l s  i nd i v idua l  c i l i a r y  muscle c e l l s  i n  s t t u  (19) and 

recent ly  described s i m i l a r  s t ruc tu res  between t h e  
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suggested t h a t  these connections between muscle 

c e l l s  and surrounding stroma may p lay  an 
important r o l e  i n  maintaining mechanical tension 

and support ing the  shape changes o f  c i l i a r y  

muscle dur ing accormodation. 

The q u a l i t y  and s p a t i a l  organizat ion o f  t he  

e x t r a c e l l u l a r  mater ia l  which i s  produced by 

cu l tu red  c i l i a r y  muscle c e l l s  show marked 

s i m i l a r i t i e s  w i th  the  e x t r a c e l l u l a r  ma t r i x  o f  

c i l i a r y  muscle i n  s l t u .  This ind ica tes  t h a t  t he  

c e l l s  have maintained some o f  t h e i r  d l f f e r e n t l a -  

ted  funct ions.  I n  s i t u ,  type V I  col lagen i s  no t  

only found between the  i nd i v idua l  c i l i a r y  muscle 

c e l l s ,  but  i s  a lso  a major component o f  t he  

an te r io r  tendons o f  the  c i l i a r y  muscle, which 

i nse r t  t o  the  t rabecu lar  meshwork (7 ) .  The type 

V I  col lagen f i b r i l s  form a sheath which surrounds 

these an te r io r  e l a s t i c  tendons ( 7 , 8 ) .  With age, 

the sheath th ickens s i g n i f i c a n t l y ,  thereby 

forming p a r t  o f  t he  "plaque mater ia l "  ( 5 ) .  

Quant i ta t i ve  studies have shown t h a t  both i n  the  

t rabecular meshwork (29)  and i n  t h e  a n t e r i o r  p a r t  

o f  t he  c i l i a r y  muscle (51,  t he  amount o f  t h i s  

type V I  col lagen containing "plaque mate r ia l "  i s  

s i g n i f i c a n t l y  increased i n  eyes with primary open 

angle glaucoma. 

Imunohistochemical ly,  we d i d  not observe 

obvious q u a l i t a t i v e  changes between cu l tu res  

der ived from donors o f  d i f f e r e n t  ages, bu t  

quan t i t a t i ve  measurements have s t i l l  t o  be done. 

We t r u s t  t h a t  t h i s  c e l l  cu l tu re  model provides an 

important t o o l  f o r  such quan t i t a t i ve  s tud ies  on 

cont ro l  mechanisms modulating the  product ion o f  

e x t r a c e l l u l a r  mat r ix  by c i l i a r y  muscle c e l l s .  

These studies might be he lp fu l  i n  c l a r i f y i n g  t h e  

reasons f o r  the  increase i n  e x t r a c e l l u l a r  

mater ia l  i n  the  c i l i a r y  muscle i n  o l d  and 

glaucomatous eyes. 
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