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ABSTRACT 

GENE EXPRESS I ON FOLLOWI NG TRAUMATI C  BRAIN I NJURY 

By . Raj iv Mal hot ra , B . S .  

A the s i s  submi t t ed i n  part i a l  ful f i l l ment o f  t he 
requi rement s for t he degree o f  Ma s t e r  o f  S c i ence at 
Vi rginia Commonwea l t h  Univers i ty . 

Vi rginia Commonwea l t h  Unive rs i ty , 1 9 9 8  

Maj or D i rector : Linda L .  Phi l l ip s , As s i s t ant Pro f e s sor , 
Department o f  Anat omy 

The pathol ogy whi ch resul t s  f rom t raumat i c  bra i n  

inj ury ( TB I ) have l ong been be l i eved t o  b e  immedi a t e  and 

i rrevers i b l e . However ,  recent ly i t  has been shown t ha t , 

a l t hough the primary e f f e c t s  are vi rtua l ly unavo i dab l e , t he 

s e condary e f f e c t s mani f e s t  t hems e lve s  t hrough b i ochemi c a l  

proc e s s e s  s e t  i n  mot i on at the t ime o f  t he inj ury . The s e  

events are frequently mediated through the process of 

exc i t ot oxi c i ty ,  whi ch resul t s  f rom a wide spread re l ea s e  o f  

exc i t a t ory neurot ransmi t t ers . The s e  neurot ransmi t t e r s  go 

on to act iva t e  both i onot rop i c  and me t abot rop i c  receptors . 

The s ignal t ransduc t i on i ni t i at e d  t hrough t he s e  receptor 

popu l at i ons gives rise t o  change s i n  gene expre s s i on . 



One re sul t o f  thi s re l ease of  neurot ransmi t t e r  i s  an 

influx of cal c ium by means of exc i tat ory re ceptors on t he 

c e l l . The neurot ransmi t t ers upon whi ch mos t  re s e arch i s  

focused are glut amat e ,  aspart a t e , and acetyl cho l ine . 

Current re search i s  a imed at i nve s t igat i ng ant agoni s t s  t o  

thi s proce s s  as we l l  a s  e l u c i dat i ng s t ep s  within t he 

proces s .  Ant agoni s t s  prima r i l y  func t i on t o  reduce t he 

cal c ium toxi c i ty t hrough modulat i on o f  receptor act ivi ty . 

Howeve r ,  the t he rapeut i c  window for e f f e c t ive ant agoni s t  

usage i s  short . There fore , a l t hough t hey may repre s ent a 

v i ab l e  t reatment opt i on ,  t hey need t o  be admini s t e red a s  

early as pos s ib l e  fol l owing t he inj ury t o  have t he great e s t  

e f fe c t . 

The purpose o f  thi s paper i s  t o  provi de a summary o f  

the ava i l ab l e  l i t e rature on TB I and exc i t ot oxi c i ty wi t h  a 

focus on change s i n  gene regul at i on . Thi s paper wi l l  

summarize information on the steps involved in the 

x 

intrac e l l u l ar s i gna l i ng c a s c ade fol l owing bra i n  inj ury and 

prov i de ins ight to further s i t e s  for regu l a t i on and 

t re atment . Thi s wi l l  a l s o  a l l ow for deve l opment hypo t he s e s  

o n  t he pos s ib l e  rol e s  o f  s ome o f  t he gene s whos e  expre s s i on 

i s  a l ready known t o  be a l t ered . 



I .  INTRODUCT I ON 

Traumat i c  inj uri e s  are a very common ye t prevent abl e  

prob l em . The be s t  prevent i on for TB I l i e s  i n  t aking prop e r  

pre c aut i ons such as wearing a seatbe l t , a he lmet or hav i ng 

an a i r  bag equipped vehi c l e . Trauma i s  t he fourth l eading 

cause of  death for a l l  age s and i s  t he l e ading cause o f  

death for chi l dren and young adul t s  i n  t he Uni t e d  S t a t e s  

( B l edsoe et al . ,  1 9 9 4 ) . Trauma i s  a l s o  t he mos t  co s t l y  

publ i c  heal th prob l em wi t h  an e s t imated $ 1 8 0  b i l l i on do l l ars 

expended in 1 9 8 8 . Thi s  t o t a l  repre s ent s a c o s t  per dea t h  

that i s  more t han twi c e  that o f  c ardi ovascular d i s e a s e  and 

canc e r  combined . TB I al one is re spons ibl e for ove r hal f a 

mi l l i on hosp i t a l  admi s s i ons eve ry ye ar ( Rockswo l d  and 

Phe l ey ,  1 9 9 3 ) . 

A t raumat i c  i nsul t t o  t he c ent ral ne rvous sys t em has 

both primary and secondary e f f e c t s . The primary e f f e c t s 

i nc l ude l o s s  o f  cons c i ousne s s , l o s s  o f  bal ance , confus i on ,  

apnea , concus s i on and short-t e rm l o s s  of memory (Young , 

1 9 8 5 ; Evans , 1 9 9 2 ) . The secondary e f f e c t s  re f e r  t o  any 

changes t hat are o f  l onger durat i on and can be a t t r i bu t e d  t o  

mo l e cul ar and c e l lul ar change s ,  a s  opposed t o  symp t oms seen 

1 



as a di rect resul t of  the phys i c al insul t . The secondary 

e f f e c t s  inc l ude c e l lul ar and va s cul ar change s such a s  

di f fuse axona l inj ury and bl ood brai n  barr i e r  breakdown , 

l ong - t e rm memory l o s s , l earning di s ab i l i ty , post - t rauma t i c  

ep i l epsy , de l ayed amne s i a , p sychos i s , dement i a  and neurona l 

death ( Young , 1 9 8 5 ; Evans , 1 9 9 2 ) . 

The se secondary e f fect s o f  TB I are known not t o  be a 

d i re c t  re su l t  o f  the insul t i t se l f . At t he t ime o f  inj ury , 

phys i o l ogical  cascade s are 

set in mot i on whi ch p l ay a 

ro l e  i n  the deve l opment of' 

the secondary e f f e c t s  of 

TB I (Ol ney , 1 974 ) . A f l ow 

di agram repre sent ing thi s 

i s  shown i n  F i gure 1 .  

Once a head inj ury has 

oc curred , the re i s  l i t t l e  

that can b e  done f o r  the 

primary e f fe c t s  o f  TB I due 

to the immedi ate and 

unsuspe c t ed nature of  

� 
/'" "-. 
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" /' 
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1 
!Modified Signal Transductionl 

1 
A tered Intracellular Effector 

Cascades 

'Aberrant Cell Signalingl 

1 
'Pathophysiological Effectsl 

F i gure 1. TBI Physiology 
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inj ury . Because t he secondary e f fe c t s  o f  TB I can t ake days 

to evo lve and mani f e s t  t hems e l ve s , t hey repre sent a more 

v i ab l e  opt ion for t reatment . 

3 

The maj ority o f  current research on TB I focuse s  on 

exc i t otoxi c i ty . One common occurrence s e en with TB I i s  t he 

pre s ence of  e l evat ed l eve l s  o f  exc i t at ory neurot ransmi t t e r s , 

part i cul arly glutamat e  and aspart a t e  ( Haye s e t  a l . ,  1 9 9 2 ) . 

When the s e  neurot ransmi t t ers bind t o  exc i t a t ory re c ep t ors 

t hey cause an i n f l ux o f  c a l c ium i ons into the cyt o s o l  whi ch 

s e t s  in mot i on a vari e ty o f  intrace l lul ar re spons e s , 

inc l uding act ivat i on o f  intrac e l lul ar prot e i n  kina s e s ,  

c a l c ium t oxi c i ty ,  a l t e red s igna l t ransduc t i on ,  and 

a l t e rat i ons in gene expre s s i on ( Farooqui and Horrocks , 

1 9 9 4 )  . 

Exc i t ot oxi c i ty and the rol e  i t  p l ays in gene regu l a t i on 

have been s tudi ed a s  a source o f  a l t e re d  neuronal func t i on 

secondary t o  TB I ( Ba z an e t  a l . ,  1 9 9 5 ) . I t  woul d  s e em t ha t  

one source o f  phys i cal change i n  c e l l s  might i nvol ve a 

change i n  gene regul at i on and/or expre s s i on . Thi s 

connect i on between TB I and t he s e condary e f f e c t s has 

prompted s tudi e s  examining the expre s s i on o f  gene s e ncoding 



pro t e ins such as c-fos , ne rve growth f a c t or ( NGF ) , and 

s t re s s  prot e ins ( Haye s et al . ,  1 9 9 5 ; Phi l l ip s  and Be l ardo , 

1 9 9 2 ; Ba zan et al . ,  1 9 95 ;  Be l l uardo e t  a l . ,  1 9 9 5 ; Haye s e t  

al . ,  1 9 9 5 ) . 

A greater underst andi ng o f  the mol ecular 

pathophys i o l ogy o f  neurot rauma wi l l  resul t i n  c lue s t hat 

wi l l  i dent i fy t he rapeut i c  approache s . D i s c ove ring what 

gene s are act ivated and examining t he i r  rol e s  i n  the i nj ury 

proc e s s  i s  imperat ive i n  de f ining t reatment s for the 

secondary e f fe c t s  o f  neurot rauma . Cert a i n  chemi c a l  

medi ators may accumu l a t e  a f t e r  gene act ivat i on fol l owing 

neurot rauma and drive pathways that point t o  e i ther neural 

damage and ce l l  death or repai r  and regenerat i on . 

De t e rmi ning the rol e s  o f  act ivated gene s and f inding whi ch 

gene s support repa i r  and regenerat i on and whi ch cause c e l l  

damage and death i s  the f i rs t  s t ep t oward i dent i fying 

t re atment s whi ch are based on i nhib i t i ng and promot i ng gene 

expre s s i on . 

Thi s paper wi l l  s e rve as a summary o f  the current 

re s e arch on exc i totoxi c i ty and TB I , and wi l l  concent rat e on 

4 

changes i n  gene expre s s i on . I t  wi l l  begi n  w i t h  a background 



on TB I and i t s  e f f e c t s  on the eNS and the pat i ent . Thi s 

di s cus s i on wi l l  l ead into a summary o f  neuroexc i t at i on w i t h  

empha s i s  o n  l inks t o  TB I , the neurot ransmi t t e r  sys t ems 

i nvo lved and the pat hophys i o l ogy of neuroexc i t a t i on . Next , 

spec i f i c  studi e s  wi l l  be c i ted l inking t he a l t e rat i on i n  

gene regu l at i on fol l owing TB I t o  neuroexc i t a t i on . The s e  

wi l l  demonstrate how a c a s c ade o f  gene t rans cript i on coul d 

begin f o l l owing TB I , as we l l  as gene rat e hypothe s e s  on 

pos s ib l e  rol e s  of t he s e  act ivated gene s i n  t he inj ury 

proce s s . The conc l u s i on wi l l  cons i s t  o f  a di s cus s i on o f  

pos s ib l e  therapeut i c  int ervent i ons , i nc l uding the u s e  o f  

ant agoni s t s  and other t reatment opt i ons . 
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I I . TRAUMAT I C  BRAIN I NJURY 

B l unt c l osed - head inj uri e s  are a l e ading cause o f  

de ath and di s ab i l i ty i n  t rauma pat i ent s . The s e  inj uri e s  

can pres ent in any car , motorcyc l e , o r  pede s t r i an t rauma . 

Al though mos t  c l os ed - head inj uri e s  do not requ i re ope rat i ve 

i nt e rvent i on ,  aggre s s ive di agno s t i c  management and prompt 

t reatment are nec e s sary t o  i nsure good out c ome s . The s e  

t reatment s are aimed prima r i l y  at reduc i ng i nt racran i a l  

pre s sure ( I CP ) in order t o  pre s e rve v i t a l  bra in func t i on . 

S i gns o f  head inj ury inc l ude l o s s  o f  c ons c i ousne s s , 

di sorientat i on ,  coma , unequal pup i l s , and hemipare s i s  

( B l edsoe e t  al . ,  1 9 9 4 ) . The Gl asgow Coma S c a l e  ( GCS ) i s  

dep i c t e d  i n  Tab l e  1 ( Nat i onal As soc i at i on o f  Eme rgency 

Medi c a l  Techni c i ans , 1 9 9 4 ) . I t  i s  a use ful tool for 

eva l uat ing pat i ent s wi t h  head i nj uri e s , and for de t e rmi n i ng 

the seve r i ty o f  t he inj ury . General l y  a GCS s core o f  e i ght 

or l e s s  is indi cat ive o f  s evere head t rauma . 

6 
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Tab l e  1 .  

Glasgow Coma Scale 

E:x::e O:gening B e s t  Verbal Re s:gons e Be s t  Motor Re s:gon s e  
Natural 4 Ori ent ed 5 Obeys Commands 6 
To Command 3 Confused 4 Loca l i ze s  P a i n  5 
To Pain 2 I nappropriate 3 W i t hdraws 4 
No Re sponse 1 I ncomprehens i b l e  2 F l exion 3 

No Response 1 Ext ens i on 2 
No Re sponse 1 

There are t hree maj or types o f  neuro l og i c a l  inj uri e s  

as soc i at ed with TB I . The f i rs t  type o f  neuro l og i c a l  inj ury 

i s  the contus i on . Contus i ons are focal changes i n  t he 

bra i n  t hat are mos t  s imi l ar t o  bru i s i ng . The s e  pat i ent s 

usua l ly do not requ i re operat ive t reatment , but may requ i re 

ICP moni tors and i nt ens ive care . Contus i ons usua l ly cause 

edema whi ch is  d i re c t ly re l ated t o  t he s i ze o f  t he 

c ontu s i on ,  and i s  t he reason for t he I CP monitoring ( as 

revi ewed in Bl edsoe e t  al . ,  1 9 94 ) . 

The second type o f  neuro l og i c a l  inj ury i s  shear inj ury 

( B l edsoe et al . ,  1 9 9 4 ) . The s e  inj uri e s  repre s ent an a c t u a l  

di s rupt i on o f  t i s sue and i nc l ude di f fuse axona l inj ury 

( DAI ) . They are o f t en t he resul t o f  s evere inj ury and have 

a worse prognos i s  t han contus i ons . Shear inj uri e s  are 

a s s o c i at e d  wi t h  wide spread dys f unc t i on ,  and may re sul t in 

an immediate prol onged coma . I CP s  are e l evated along wi t h  



bl ood pre s sure and t empe rature . The s e  inj uri e s  o f t en 

requ i re rcp monitoring and c are , t o  de t e c t  change s i n  l eve l 

o f  cons c i ousne s s , whi c h  i ndi cate further i nt racran i a l  

swe l l i ng .  Surgery i s  o f t en t he route t aken t o  re l i eve t he 

rcp. 

The third type o f  neuro l og i c a l  i nj ury i s  t he hemat oma 

whi ch can be further divi ded into ep i dural and subdura l . 

The se are usual ly caused by direct b l ows t o  t he skul l 

( B l edsoe et  al . ,  1 9 9 4 ) . Because subdural hemat oma s and 

di f fuse axonal inj ury are at t r ibut ed to t he s ame force s ,  

t hey are f requent ly s e en t ogethe r . The s e  o f t en produce 

focal neuro l og i c a l  s i gns and coma . The only chance t he s e  

pat i ent s  have f o r  surviva l  i s  surg i c a l  i nt e rvent i on t o  

re l i eve the incre a s i ng I CP . I f  l e f t  unche cked , the bra i n  

eventua l ly beg i ns t o  hern i a t e  t hrough t he foramen magnum 

re sul t ing in pre s sure upon the bra i n  s t em . Thi s caus e s  

sympt oms o f t en seen i n  pat i ent s w i t h  head i nj uri e s , 

i nc l uding hypertens i on ,  bradycardi a ,  and an i rregu l a r  

re sp i rat i on rat e . 

The above inj uri e s  ari se f rom forces exert e d  on t he 

bra i n . The two f orces seen are e i t he r  cont act f o rc e s  or 

ac c e l e rat i on forces . Cont act forc e s  are t he resul t o f  

8 



d i r e c t  cont act with t he skul l . I t  i s  rare t o  see a c ont a c t  

inj ury without a c c e l erat i on i nj uri e s  due t o  movement o f  t he 

head f o l l owing the cont ac t , but i t  c an be s imul at e d  i n  a 

l ab w i t h  immob i l i zat i on o f  t he head prior t o  cont act a s  

shown in Figure 2 .  Cont act forc e s  re su l t  i n  focal inj uri e s  

such a s  coup contus i ons , s kul l f racture s , and epi dura l 

hemat omas ( Gennare l l i  and Thibaul t ,  1 9 8 5 ) 
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Ac c e l erat i on forc e s  resul t f rom inert i a l  e f f e c t s  

caused by impac t . Ac c e l e rat i on forc e s  cause inj uri e s  

within the bra i n  i n  two ways . F i rs t , i nt rac rani al 

co l l i s i ons between t he bra in and t he s kul l resul t f rom 

di f fe rent i a l  acc e l e rat i on of t he two . Thi s a l so re sul t s  i n  

subdural hemat omas because o f  s t ra i n  impart e d  between t he 

dura and the bra i n . The dura move s w i t h  t he s kul l because 

it is att ached t o  t he periost eum o f  t he i ns i de o f  t he 

skul l . Second , t he acce l e rat i on changes cause d i f fuse 

bra in inj uri e s  such a s  DAI and concus s i on syndrome s 

( Gennare l l i  and Thi baul t ,  1 9 8 5 ) . 

Povl i shock and Kont o s  ( 1 9 8 5 )  stud i e d  axonal and 

va scular changes fol l owing bra i n  t rauma in cat s us i ng 

f l u i d-percus s i on i nj ury . To det e rmine axonal int egr i ty , 

ant e rograde perox i da s e  t ransport was t e s t e d  w i t h  HRP , and 

va scular changes we re obs e rved u s i ng imp l ant ed c rani a l  

wi ndows . W i t h  regard t o  axonal change s ,  t he re s earche r s  

w i t ne s sed axonal swe l l i ng and s eparat i on f o l l owing f l u i d 

percu s s i on i nj ury .  Thi s axonal inj ury pat t e rn demons t ra t e s  

what i s  re f e rred t o  a s  DAI . 



11 

The above de s c ribed inj uri e s  are respons i b l e  for t he 

primary e f f e c t s  o f  a t raumat i c  insul t t o  t he eNS . The 

s e c ondary e f fec t s  may be a t t r ibut ed to c e l l u l a r  event s s e t  

i n  mot i on a t  the t ime o f  inj ury and c a n  t ake days t o  

mani f e s t  thems elve s . Mos t  current re s earch in TB l i s  

cent e red on abnorma l agoni s t-re ceptor i nt e rac t i ons t hat are 

be l i eved t o  p l ay a ro l e  in t he secondary e f f e c t s  ( Haye s et 

al . ,  19 92). 

As ment i oned earl i e r , due t o  t he imme d i a t e  nature o f  

the primary e f f e c t s , t reatment s opt i ons are l imi t e d . 

Howeve r ,  i f  the c e l lul ar pathways that medi a t e  the 

secondary e f fect s are de t e rmi ned , t hey repre s ent a v i ab l e  

means o f  modulat i ng t he s e  e f fe ct s . Given that the maj o r  

pathway through whi ch i nj ury progre s s e s  f rom the i ni t i a l  

insul t and primary e f f e c t s  t o  the s e  s e condary i nj uri e s  i s  

t hought t o  be through exc e s s ive neuroexc i t a t i on ,  the next 

s e c t i on of t he paper wi l l  f i rs t  addre s s  t he pathophys i o l ogy 

of neuroexc i t at i on in re l at i onship to TB l . 



I I I . NEUROEXC I TAT I ON 

The c e l lular c a s c ade s re spons ibl e for t he s e condary 

e f f e c t s o f  TB I are be l i eved t o  be act ivated in l arge part 

t hrough exc i t ot oxi c i ty . Thi s  has been obs e rved fol l ow i ng 

mi l d  t o  moderat e bra i n  i nj ury and i nvo l ve s  t he over

st imul at i on o f  neurons via t he i r  exc i t a tory amino a c i d  

( EAA) receptors and t he exc i t a tory subtype o f  mus carini c 

ace tyl chol ine receptors ( Ol ney , 1 9 9 4 ) . Exc i t at ory 

receptors are broadly divi ded into two cat egori e s , 

i onot rop i c  and met abot rop i c . I onot rop i c  receptors are 

coup l e d  to i on channe l s  and thus permi t an i ns t ant s i gna l 

t ransduc t i on ,  whi l e  met abot rop i c  receptors exert t he i r  

act i ons t hrough G-pro t e i n  and t hus have a s l ower 

t ransduc t i on rat e ( Burt , 1 9 9 3 ) . Met abot rop i c  receptors 

f requent ly funct i on t o  modu l a t e  neuronal exc i t ab i l i ty . 

Each of  the receptors has a spec i f i c  d i s t ribut i on 

pat t e rn wi thin t he bra i n . The highe s t  dens i ty o f  NMDA 

re ceptors are found within t he hippocampus , s t r i atum and 

t hal amus ( Farooqui and Horrocks , 1 9 9 4 ) . Ka i na t e  r e c ep t ors 

are a l s o  conc ent rat e d  within t he hippocampus , and AMPA 

receptors f o l l ow t he s ame pat t e rn o f  dens i ty a s  NMDA 

1 2  



receptors ( Farooqui and Horrocks , 19 94). Because o f  t he 

high dens i ty o f  the s e  receptors seen wi thin t he 

hippoc ampus , an amp l i f i c at i on o f  e f fe c t s  i s  o f t en obs e rved 

i n  thi s regi on . For thi s reason , mos t  current re search i s  

concent rat ed on change s i n  t he hippocampus and other areas 

o f  the bra in where a high dens i ty o f  the s e  rec eptors are 

f ound . 

I onot rop i c  receptors are further divi ded based upon 

spec i f i c i ty for cert a i n  synthe t i c  agoni s t s  ( i . e . , NMDA , 

AMPA and ka inat e ) .  Exc i t atory receptors b i nd and are 

s t imul ated by exc i tat ory neurot ransmi t t ers such as 

glut amate and aspart a t e  ( Lodi sh e t  a l . ,  1995). The 

di carboxyl i c  amino a c i ds glut amat e  and aspart ate are 

norma l ly pre sent i n  t he c ent ral ne rvous sys t em and act a s  

neurot ransmi t t ers f o r  the NMDA c l a s s  o f  receptors ( Burt , 

19 93). The se receptors are known t o  be perme ab l e  prima r i l y  

to Ca2 + , and all of them contain phosphorylation sites for 

Ca2 + - c a lmodul i n  kina s e  ( CAMK) and prot e in kinase C ( PKC ) 

( Farooqu i  and Horrocks , 1994) O f  the three subtyp e s  o f  

13 

i onot rop i c  receptors , ext ens ive informat i on i s  ava i l ab l e  on 

t he NMDA receptor and i t s  subtype s .  
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Me t abo t rop i c  receptors b i nd and are s t imul ated by 

pre s ence o f  acetyl cho l i ne and funct i on t hrough a G - p ro t e i n  

t o  c ause polyphospho i nos i t i de hydro lys i s  ( Lodi sh e t  a l . ,  

1 9 9 5 ) . Thi s  proce s s  l e ads t o  i nt rac e l lul ar incre a s e s  i n  

diacylglycerol ( DAG ) and inos i t o l  l , 4 , 5 - t r i sphosphat e  

( I P3 ) , whi ch are t he produc t s  o f  hydrolys i s . Both o f  t he s e  

mo l e cul e s  func t i on t o  increase int rac e l lul ar Ca2 + 

conc ent ration t hrough di f f erent pathways ( Lodi sh e t  a l . ,  

1 9 9 5 ) . Thus , both me t abot rop i c  and i onot rop i c  receptors 

have a common pathway o f  act ivat i on i nvolving incre a s e d  

intrace l lular Ca2 + .  Thi s  can prove t o  be an import ant 

concept i f  it is shown that l o s s  of Ca2 + homeo s t a s i s  i s  a 

key i n  neurot oxi c i ty . Thi s  a l s o  repre s ent s an import ant 

s i t e  for therapeut i c  i nt e rvent i on whi ch wi l l  be di s cus s e d  

i n  s e c t i on f ive . 

The s ignal i ng pathways i nvolved i n  exc i t o t oxi c i ty by 

e i ther NMDA or mus carini c receptors bot h  resul t i n  

i n c r e a s e d  int rac e l lul ar Ca2+ ( Burt , 1 9 9 3 ) . The NMDA 

receptors accomp l i sh thi s by becoming permeabl e  t o  Ca2 + and 

Na+ onc e t hey bind an exc i t a t ory neurot ransmi t t e r  and t he 

neuron become s suf f i c i ent ly depo l ar i zed , a s  shown i n  F i gure 

3 ( O l ney , 1 9 9 4 ) . The re sul t ing increased int rac e l l u l a r  Ca2 + 
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s e rve s t o  act ivate the membrane l o c a l i z ed enzyme 

pho spho l ipase A2 , whi ch produce s  such i nt rac e l l u l a r  

s e condary me s sengers a s  DAG , I P3 , and arach i doni c ac i d  

( Burt , 1 9 9 3 ) . The s e  s e c ond me s sengers g o  o n  t o  furt he r 

mob i l i ze int rac e l l u l a r  Ca2 + a s  we l l  a s  t o  act iva t e  other 

en zyme s l i s t ed i n  F i gure 4 ( Farooqu i  and Horrocks , 1 9 9 4 ) 

,/ L..-..,--' 
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F i gure 3 .  Model of Neuroexcitation 
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F i gure 4 .  Enzymes Activated by a Rise in Intracellular Ca2+ 



The mus carini c acetyl chol ine re ceptors have a vari e ty 

o f  subtyp e s  based on t he di f f e rent re sponse s  t hey i nduc e  

through G - prot e ins . There are i nhib i t ory subtyp e s  whi ch 

inh i b i t  depo l a r i zat i on or adenyl a t e  cyc l as e  and t he re are 

s t imulat ory subtypes such as tho s e  t hought t o  part i c ipat e 

i n  exc i totoxi c i ty ( Lodi sh e t  a l . ,  1 9 9 5 ) . The s e  re ceptors 

are coup l e d  t o  Gp - prot e i ns whi c h  act iva t e  phospho l ipa s e  C 

and subsequent ly l ead t o  mobi l i zat i on and re l ea s e  o f  

i nt rac e l lular Ca2+ s t ore s t hrough t he s ame pathways a s  

me t abot rop i c  receptors ( Burt , 1 9 9 3 ) . 

The i ncrease i n  i nt rac e l l u l ar Ca2 + c an s e rve t o  

act ivate the Ca2 + / c a l modul i n  pathway , whi ch i nvo lve s  

a c t ivat i on o f  prot e in kina s e s  and subsequent act iva t i on o f  

many s e condary re spons e s . I t  i s  be l i eved that t he s igna l s 

communicated by t he s e  receptors c an regul a t e  neurona l 

surviva l , synapt ogene s i s , neuronal p l a s t i c i ty ,  gene 

regulation, learning and memory_ 
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The opening o f  vol t age-gat ed and rec eptor - ga t e d  C a2 + 

channe l s  c an produce a t rans i ent r i s e  i n  int race l lu l ar C a2 + ;  

howeve r ,  t he s e  channe l s  are rap i dly inact ivated t hrough 

e i ther sus t a i ned depo l ar i zat i on or de sens i t i zat i on ( Mody 

and MacDona l d , 1 9 9 5 ) . Next , re s earchers l ooked f o r  ano t he r  
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me t hod o f  increased intrac e l lul ar Ca2 + l eve l s  f o l l owing 

s t imul at i on whi ch l ed t o  t he postul at i on o f  re l ea s e  Ca2 + 

f rom intrace l l ular Ca2 + store s . The endop l a smi c ret i cu l um 

w i t h i n  CNS neurons pos s e s s  receptors for bot h  I P3 and 

ryanodine , whi ch provide s  a l ink between vo l t age or 

re c ept or - gated channe l s  and i nt rac e l l u l a r  Ca2+ re l ea s e  ( Mody 

and MacDona l d , 1 9 9 5 ) . 

Thi s  hypothe s i s  was further sub s t ant i a t e d  us i ng 

ant agoni s t s  t o  int rac e l l u l ar Ca2+ re l ea s e  f o l l owing TB I a s  a 

rout e o f  ame l i orat i ng exc i t ot oxi c damage . The s ame aut hor s  

cho s e  t o  use the mus c l e  re l axant dant rol ene , whi ch i s  a 

known ryanodine receptor ant agoni s t . The resul t s  support e d  

the hypot he s i s  o f  a n  addi t i onal re l ea s e  o f  Ca2 + f rom 

i nt rac e l lular s t ores . Furthe r  study showed that t he 

e f f e c t s  o f  dant rol e ne are only pro t e c t ive i n  c e rt a i n  EAA 

i nduced t oxi c i t i e s . Lower l eve l s  o f  prot e c t i on we re 

confe rred in ka i nate and AMPA act ivat i on a s  compared t o  

NMDA and qui squal i c  ac i d  i nduced t oxi c i ty . Thi s  may be 

exp l a ined by di f fe rent rout e s  o f  Ca2 + ent ry between t he t wo 

sys t ems . 

When l eve l s  o f  EAAs are abnorma l ly high , t he s e  

neurot ransmi t t ers repre s ent a pot ent i a l  s ource o f  
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exc i t ot oxi c i ty by c aus ing an a l t erat i on i n  norma l s i gna l 

t ransduc t i on proc e s s e s  in t he recept ors . The e t i o l ogy o f  

t he increased l eve l s  o f  neurot ransmi t t e r  i s  yet unknown . 

One pos s ib l e  hypothe s i s  i s  based on a wide spread 

depo l ari zat i on at t he t ime o f  the i nsul t . Thi s c an be 

l i kened t o  t he depo l ar i zat i on that o ccurs i n  c ardi ac mus c l e  

when a pre cordial t hump o r  che s t  t hump i s  de l ivered . I f  a 

wi despread depo l ar i zat i on were t o  oc cur , i t  c oul d cause a 

ma s s ive re l e ase o f  s t ored neurot ransmi t t e r  f rom pre 

synapt i c  ve s i c l e s  o f  exc i tat ory nerve s . Thi s c ou l d  be a 

po s s ib l e  t rigger for exc i t ot oxi c i ty . 

Another mechani sm o f  exc i totoxi c i ty l i e s  i n  t he 

act ivat i on o f  t he l ipolyt i c  enzyme s phospho l ipase A2 and 

s t imul at i on of phospho l ipase C .  The s e  enzyme s func t i on t o  

a c t iva t e  t he arachi don i c  a c i d  c a s c ade whi ch resul t s  i n  a n  

increase i n  pro s t agl andins , l eukot r i ene s , and t hromboxane s 

( Burt , 1 9 9 3 ; Lerea e t  a l . ,  1 9 9 5 ) . The ac cumu l at i on o f  t he 

the s e  byproduc t s  i nhib i t  t he upt ake o f  glut amat e  and 

t he reby resul t in exposure of t he neurons t o  incre a s e d  EAA 

l eve l s  whi ch l eads to even further receptor a c t ivat i on 

(Lerea e t  a l . ,  1 9 9 5 ) . 
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Seve ral pos s i b l e  me chani sms for exc i t o t oxi c i ty 

f o l l owing st imul a t i on have been ment i oned . The me chani sms 

of c e l l  inj ury c aused by exc i totoxi c i ty are s t i l l  not 

known , however ,  two maj or pos s ib i l i t i e s  are unde r 

inve s t igat i on . F i rst , neuronal swe l l i ng f rom t he inf l ux o f  

Na+ and Ca2 + f o l l owed by wat er could l ead t o  acut e 

neurot oxi c i ty . Secondly , the i n f l ux o f  Ca2 + v i a  t he NMDA 

channe l s  serve s t o  modu l a t e  t he act ivi ty o f  a number o f  

int race l l ular enzyme s ( s ee F i gure 4 )  . 

The pos s ib l e  l ink between t he intrace l lu l a r  s igna l i ng 

me chani sms i nduced by neurot oxi c i ty and gene regu l a t i on 

wi l l  be t he focus o f  t he rema i nder o f  thi s paper . I n  t he 

next s e c t i on ,  dat a wi l l  be pres ent ed f rom s eve ral s ourc e s  

l i nking gene act ivat i on f o l l owing TB I . Thi s s e c t i on wi l l  

examine the gene s shown t o  be act ivated f o l l owing TB I and 

pre s ent hypothe s e s  on t he i r  pos s ib l e  rol e s  f o l l owing 

inj ury . The dat a wi l l  be d i s cussed i n  t e rms o f  whether 

t a rge t ing gene regu l a t i on repre s ent s a v i abl e t reatment 

opt i on for t raumat i c  bra i n  inj ury , a s  we l l  a s  o f f e r  a 

current summary o f  t he s a l i ent experiment a l  dat a i n  a 

rap i dly evo lving area o f  TB I re s earch . 



I V . GENE ACT IVAT I ON 

The hypothe s i s  t hat phys i cal changes within c e l l s  

might be att ribut ed t o  a l t erat i ons i n  gene expre s s i on l ed 

re s earchers t o  examine changes i n  gene t rans cript i on . I t  

was found t hat a l arge number o f  gene s were modu l a t e d  

fol l owing t raumat i c  bra i n  inj ury . The maj or c l as s e s  o f  

gene s seen t o  b e  t rans c ribed are the immedi a t e  early gene s 

( l EGs ) , cytokine s , heat shock pro t e i ns ( HS P s ) and g l u c o s e  

re l ated prot e ins ( GRPs ) . I n  addi t i on t o  t he s e  c l a s s e s  o f  

gene s , change� i n  t rans cript i on have been examined i n  g l i al 

f ibri l l ary ac i d i c  prot e i n  ( GFAP ) , procho l e cystokinin 

( PCCK) , bra in derived neurot rophi c f a c t or ( BDNF ) , and the 

apopt os i s  suppre s sor gene bc l-2 . 

A .  I mmedi ate Early Gene s 

One c l a s s  o f  gene s under inve s t igat i on i s  t he early 

i nduc ibl e gene s al so known as l EGs . l EGs such a s  c - f o s  and 

c - j un are prot o - oncogene s t hat s e rve as t rans cript i on 

f a c t ors ( Lewi n , 1 9 9 0 ) . However ,  due t o  t he i r  abi l i ty t o  

form t rans c ript i on fact ors and promo t e  t rans cript i on o f  

other gene s , t hey al so have they ab i l i ty t o  t rans f o rm c e l l s  

i f  t he i r  expre s s i on i s  not regul ated . Thi s i s  not the cas e  

2 0  
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for a l l t rans c ript i on f a c t ors , but c - fos  and c - j un are 

known t o  pos s e s s  t he abi l i ty t o  t rans form c e l l s  i f  

ove rexpre s sed ( Lewi n , 1 9 9 0 ) . The s e  gene s are t rans c ribed 

when a c e l l  re ce ive s  a me s s age t o  i ni t i a t e  t rans cript i on o f  

othe r  gene s . I t  i s  pos s ib l e  t hat t he s e c ond me s s enge r s  

created fol l owing TB I may d i re c t ly act t o  s t imul ate 

t rans cript i on o f  t he s e  gene s t o  yi e l d  t he i r  prot e i n  

produc t s , Fos and Jun . 

The individual gene produc t s  o f  c - fos and c - j un 

pos s e s s  c ompl ement ary l euc i ne z ippe r  b i nding mot i f s  t ha t  

a l l ow t he format i on o f  a n  amphipat h i c  a - he l ix or a c o i l ed 

co i l , whi ch can be compri sed o f  e i ther t he het e rodime r  o f  

fo s / j un o r  a homodime r  o f  j un/ j un ( Lewin , 1 9 9 0 ) . The 

dime r i c  comp l ex of f os / j un i s  t e rmed AP-1 . AP - 1  i s  a 

t rans c r ipt i on factor whi ch has t he abi l i ty t o  bind DNA a t  

spe c i f i c  regulat ory s i t e s  c a l l ed AP - 1  binding sit e s  i n  

promo t e r  reg i ons o f  var i ous gene s ( Lewi n , 1 9 9 0 ) . AP - 1  

b i nding s i t e s  are common and have been l oc a l i zed t o  t he 

gl i a l  f ibri l l ary a c i d i c  prot e i n  ( GFAP ) gene ( Haye s e t  a l . ,  

1 9 9 5 ) and on the nerve growth factor ( NGF ) gene ( Zheng and 

He i nr i ch , 1 9 8 8 ) . Examinat i on of t he s e  l EGs and 



22 

c ons i derat i on o f  the i r  rol e s  i n  c e l lul ar proc e s s e s  wi l l  

provide ins ight on t he secondary insul t s  i n  TB l at t ri but e d  

t o  a n  a l t e rat i on in gene expre s s i on . 

F i neman et  a l . f ound increased intrace l lular Ca2 + 

l eve l s  i n  rat bra i n  a f t e r  a l at eral f lu i d  pe rcus s i on 

( 1 9 9 3 ) . The s e  high Ca2+ l eve l s  may s e rve t o  act iva t e  

phosphorylat i on o f  cAMP re sponse e l ement b i nding prot e i n  

( CREB ) by the prot e i n  kina s e s  act ivat ed by Ca2 + inf l ux ,  such 

a s  PKA and CAMK ( Du and Montminy , 1 9 9 8 ) . CREB prot e i n  was 

shown t o  exhib i t  increased phosphoryl at i on f o l l owing TB l 

( Dash e t  al . ,  1 9 9 5 ) . Thi s phosphoryl ated form o f  CREB has 

been shown t o  incre a s e  expre s s i on o f  l EGs and gene s 

encoding s t re s sor prot e ins ( Greenberg e t  a l . ,  1 9 8 5 ) . The 

phys i o l og i c a l  rol e s  of s t re s sor prot e i ns wi l l  be di scus s e d  

in a l at e r  s e c t i on . The re sponse prot e i n  c oul d accomp l i sh 

thi s by aiding i n  t he a s s embly o f  t he t rans cript i on 

c omp l ex . Some enhancers and t rans c ript i on factors func t i on 

by b i nding t he DNA in are a s  o f  t he promo t e r  and c au s i ng t he 

DNA t o  unde rgo a conformat i ona l change whi ch a i de s  i n  

a s s embly o f  t he t rans cript i on c omp l ex ( Lewi n , 1 9 9 0 ) . 
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Al t hough thi s pathway l inki ng high ext rac e l l u l a r  EAA 

l eve l s  to increased expre s s i on of l EGs i s  f e a s ibl e , t he 

re s e archers f a i l  t o  show support for one s t ep . The 

a c t ivated CREB prot e i n  i s  not shown to d i re c t l y  incre a s e  

expre s s i on o f  l EGs . Examining the primary s t ructure o f  t he 

CREB prot e i n  and de t e rmining whi ch ami no a c i d  i s  

phosphoryl ated and subsequent ly prevent i ng phosphoryl at i on 

coul d be accomp l i shed by mut a t i ng t he amino ac i d . Thi s 

would a l l ow for examinat i on o f  c-fos expre s s i on f o l l ow i ng 

TB I . Anot her po s s ibi l i ty woul d  be t o  exami ne c - f o s  

expre s s i on in a c e l l  w i t h  a CREB+ prot e i n  mut at i on i n  t h e  

pre sence and abs ence o f  TB I . I t  wou l d  be i nt e re s t i ng t o  

s e e  i f  a cons t i tut ive ly act ive CREB prot e in woul d  resul t i n  

a n  increased l eve l o f  c-fos . 

1 .  C - f o s  

I t  was previ ous ly e s t abl i shed t hat c-fos expre s s i on 

incre a s e s  in re sponse to kindl i ng ( Dragunow and Robert s on , 

1 9 87 )  and s e i zure s ( Morgan e t  a l . ,  1 9 8 7 ) . Phi l l ip s  and 

Bel ardo ( 1 9 9 2 ) examined t he e f f e c t s  of c ent ral f lu i d  

percus s i on - induced bra i n  inj ury o n  c-fos expre s s i on . M i l d  
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t o  mode rat e  c ent ral f lu i d  pe rcus s i on had been shown t o  

induc e  neurona l pathophys i o l ogy ( Haye s e t  a l . ,  1 9 9 2 ) . 

Because NMDA and mus carinic re ceptors are a l s o  known t o  

p l ay a ro l e  i n  t he inj ury proce s s  ( Ol ney , 1 9 9 4 )  and are 

known to incre a s e  t rans c ript i on of c - f o s  ( Chi arugi et a l . ,  

1 9 8 9 ; Dragunow e t  al . ,  1 9 9 0 ) , i t  i s  reasonab l e  t o  sugge s t  

that c - fos t rans c ript i on i s  i ncreased by t rauma . The 

obj e c t ive of the Phi l l ip s  and Be l ardo s t udy wa s t o  

inve s t igat e c - fos expre s s i on w i t h i n  t he hippocampus at  

di f f e rent post - i nj ury t ime point s and varying t raumat i c  

intens i t i e s , and then det e rmine i f  there wa s a corre l at i on 

between t rauma and increased expre s s i on o f  c - fos . I f  c - f o s  

expre s s i on could b e  spat i a l ly and t emporal ly re l at ed t o  

pat t e rns of TB I pat hophys i o l ogy ,  a l ink between t rauma and 

gene expre s s i on for c - fos wou l d  be e s t ab l i shed . 

Phi l l ips and B e l ardo f ound t hat c - fo s  prot e in , 

i dent i f i e d  wi t h  immunoh i s t ochemi cal met hods , was pre s ent i n  

pyrami da l and granul e c e l l s  o f  the CAl reg i on o f  t he 

hippocampus as early as f i f t een minut e s  f o l l owing c ent r a l  

f lu i d  percus s i on inj ury . Thi s  i s  compared t o  sham-op erat e d  

anima l s  ( cont ro l ) whi ch showed minor i nduc t i on o f  c-fos 
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exp re s s i on .  The re searchers a t t r ibut ed thi s s l ight 

increase to surg i c a l  t rauma , be c ause i t  wa s not seen in t he 

non - operat ed c ont ro l s . I t  wou l d  s e em that t rauma c an be 

d i re c t ly l inked t o  i nc reas i ng c-fo s  expre s s i on . 

The resul t s  depart f rom tho s e  seen a f t e r  other insul t s  

when the intens i t i e s  seen within i ndividual neurons are 

cons i dered . The l abel i ng int ens i ty wi thin the CAl neurons 

of the hippoc ampus was not homogenous ,  as wa s seen w i t h  

s e i zure s , kindl i ng , and i s chemi a ( Dragunow , 1 9 9 0 ) . Thi s  

resul t could be at t ri but ed t o  di f f e rent i a l  vul nerab i l i ty t o  

exc i t ot oxi c i ty between the c e l l  l ayers o f  the hippocampus 

due t o  di f f e rent concent rat i ons o f  the NMDA receptors 

t hrough whi ch exc i t ot oxi c i ty proceeds . However , it i s  

be l i eved that damage caused by s e i zure s and i s chemi a 

proceed through s imi l ar pathways as TB I , and so doe s  not 

exp l a i n  why thi s phenomenon s eems t o  be uni que t o  TB I . A 

nonuni f orm di st ribut i on was a l so seen i n  cont ro l 

hippoc ampa l  neurons . Howeve r , t he range o f  intens i t i e s  

s e en i n  the c ont rol hippocampal neurons was not a s  

prominent a s  t hat seen i n  the inj ured neurons . 
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Another i nt e re s t ing f inding was that t he time c ours e  

o f  c - fos pro t e i n  expre s s i on was l onge r  l a s t i ng f o r  t he mil d  

inj ury a s  compared t o  t he moderat e inj ury . The authors 

s t ated that the numbers o f  c - fos pos i t ive c e l l s  f rom 

moderat e  inj ury had decreased to c ont rol l eve l s  at one hour 

post - inj ury , whi l e  the c - fos l eve l s  f rom mi l d  i nj ury 

remained e l evat ed unt i l  almo s t  twenty - four hours pos t -

inj ury . I f  incre a s i ng inj ury l eve l s  yi e l d  a great e r  

agoni s t  surge , i t  wou l d  s e em that a d i r e c t  corre l at i on doe s  

not exi st between i nj ury int ens i ty and c - fos  expre s s i on . 

This l ed the authors t o  postul a t e  t he pre s ence o f  other 

me chanisms a c t i ng i n  a modul at ory sense wi t h  t he agon i s t  

surge t o  yi e l d  the actual l eve l o f  c - fos expre s s i on seen 

w i t h  immunoh i s tochemi s t ry .  Modul at i on o f  neurot ransmi t t e r  

re l ea s e  t o  prevent c e l l  death would t ake p l ace a t  mode rat e 

l eve l s  o f  inj ury , whi l e  at mi l d  inj ury l eve l s , l e s s  

modu l at i on t ake s p l ac e . Howeve r ,  as inj ury l eve l s  incre a s e  

in s eve r i ty i t  i s  pos s ib l e  t hat modul at i on i s  i ne f f e c t ive 

re sul t i ng in c e l l  deat h . Thi s coul d account for t he 

disparity seen between inj ury s eve r i ty and c - f o s  

produc t i on . 
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Dave et  al . ( 1 9 97 )  used northern b l o t  analys i s  t o  

examine whe ther TB I produce s  act ivat i on o f  c - fos i n  cortex , 

c e rebe l l um , and hippocampus and t o  examine t o  what degree 

s e condary hypoxi a  a f f e c t s  act ivat i on . W i t h  regard t o  

c l inical  appl i c a t i ons , head inj ured pat i ent s  brought t o  

eme rgency rooms are a l s o  f requent ly i n  a hypox i c  s t a t e , 

w i t h  post - t raumat i c  hypoxia be i ng i dent i f i e d  a s  a 

compl i cat ion whi ch s igni f i c ant ly a f f e c t s  morb i d i ty and 

mort a l i ty ( Lut z et a l . ,  1 9 8 2 ) . Pos t - t raumat i c  hypoxi a  ha s 

a l s o  been shown c l ini c a l l y  t o  exacerbat e t he pathogene s i s  

o f  TB I ( I shige e t  al . ,  1 9 8 7 ) . Thi s  dat a  point s t o  t he 

import ance o f  i dent i fying what pathophys i o l og i c a l  chang e s  

oc cur f o l l owing post - t raumat i c  hypoxia . 

I nj ury was performed u s i ng f l u i d  percus s i on t hrough 

c rani otomi e s  cent e red over t he right par i e t al cort ex . 

Hypoxemi a was achi eved f o l l owing substi tut i on o f  oxygen 

wi t h  ha l othane ane s t he s i a . The resul t s  wi t h  f lu i d  

pe rcus s i on TB I and normoxi c  s t a t e s  demons t rated w i de spread 

e l evat i ons i n  c - f o s  mRNA ( Dave e t  a l . ,  1 9 9 7 ) . The 

i nduc t i on of hypoxi a  al one produced no s i gni f i c ant c hange 

in c - fos  mRNA l eve l s . Howeve r ,  when hypoxi a was i nduced 
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c oncurrent ly wi t h  TB I through f l uid percus s i on , a l arge 

increase in c - fos  mRNA l eve l s  was s e en . Leve l s  we re 

increased in hippocampus , c e rebe l l um ,  and f ront al cortex by 

100%, 88%, and 5 7 % , re spe c t ive l y . 

Thi s increase i n  c - fo s  mRNA comb i ned w i t h  dat a showing 

pathophys i o l og i c a l  changes w i t h  hypoxia and TB I demons t ra t e  

t h e  nec e s s i ty f o r  t he further i nve s t igat i on o f  c - f o s  

f o l l owing TB I . One s igni f i cant obs e rvat i on whi ch c an be 

made is that hypervent i l at i on o f  t he t raumat i c a l ly head 

i nj ured pat i ent coul d s e rve t o  at t enua t e  c - f o s  l eve l s  and 

might s e rve as a t he rapeut i c  i nt e rvent i on once t he ro l e  o f  

c - fos i n  pathophys i o l ogy o f  TB I i s  de t e rmined . 

2. AP - 1  

As ment i oned earl i e r , c - fos and c - j un have t he abi l i ty 

t o  f o rm compl exe s s imi l ar i n  s t ructur.e and func t i on t o  the 

AP - 1  t rans cript i on f ac tors ( Lewin , 1 9 9 0 ) . For thi s re a s on 

the expre s s i on o f  c - fos  was further examined by Yang e t  a l . 

( 1 9 9 4 ) i n  c onj unc t i on w i t h  t he expre s s i on and a s s o c i at i on 

wi t h  DNA o f  the AP - 1  t rans c ript i on f a c t ors a f t e r  l at e ral 

f l u i d  percus s i on inj ury . 
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I nc reased expre s s i on o f  c - fos was seen ips i l at e ra l  t o  

the impact s i t e  within t he hippocampus and cort ex . I n  

addi t i on , the di s t ribut i on o f  c - fos  was di spersed 

t hroughout t he cortex whi l e  it was l imi t e d  t o  t he c e l l  

l ayers within t he hippocampus . Yang e t  a l . a l so showed 

that c - fos was increased not only i n  t he ips i l at eral cort ex 

and hippocampus , but a l s o  in t he cont ra l a t e ral hippocampus 

re s t r i c t e d  t o  certain c e l l l ayers . The i nt ens i ty of t he 

cont ra l at e ral hippoc ampus was comparab l e  t o  the i nt ens i ty 

s e en i n  the ips i l at e ra l  hippocampus i n  t he abs ence o f  

d i re c t  inj ury o n  t he cont ra l a t e ra l  s i de . Thi s f ind i ng 

support ed the hypot he s i s  o f  t he hippocampus ' vul nerab i l i ty 

t o  inj ury , whi ch may be a func t i on o f  increased pre s ence or 

concent rat i on o f  NMDA receptors ( Farooqui and Horrocks , 

1 9 9 4 ) . 

Yang e t  a l . a l so used ge l mob i l ity shi f t  a s s ays t o  

exami ne t he change in t rans cript i on f a c t or AP - 1  bind i ng 

wi t h  DNA at spec i f i c  t ime point s a f t e r  inj ury . An i nc r e a s e  

i n  b i nding act ivity was det e c t ed a s  e a r l y  a s  one hour and 
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incre a s e d  s t eadi ly t o  rema in e l evat e d  for 24 hours p o s t  

inj ury . Howeve r a d i re c t  l ink between c - f o s  and AP - 1  wa s 

not e s t abl i shed . I t  was l at e r  shown that AP - 1  bind i ng 

a c t ivity incre a s e s  a f t e r  c - fos mRNA l eve l s  and pers i s t s  f o r  

a l onger durat i on o f  t ime ( Haye s e t  a l . ,  1995) . The 

increased t ime of expre s s i on of AP - 1  might s e em to i ndi c a t e  

a rol e  in medi at i ng t he i nt rac e l lular cas c ade s that oc cur 

fo l l owing inj ury . AP - 1  is known to act ivat e t rans c ript i on 

o f  othe r  gene s , i t s  l onge r  t ime o f  expre s s i on cou l d  s e rve 

t hat func t i on by al l owing for act ivat i on of expre s s i on o f  

gene s needed l at e r  i n  the c a s c ade whi ch begins f o l l owing 

inj ury . Previ ous s tudi e s  had shown that increased c - f o s  

leve l s  l e d  to i ncreased format i on o f  the AP - 1  t rans cript i on 

f a c t or comp l ex ( Curran and Franza , 1988) whi ch l ed Haye s e t  

a l . t o  postul ate t hat c - fos l eve l s  and AP - 1  l eve l s  c ou l d  be 

d i re c t ly re l ated and pe rhaps l inked a·f t e r  a neuro l og i c a l  

insult . 

AP - 1  t ranscript i on f a c t ors have a vari e ty o f  b i nd i ng 

s i t e s  i n  t he promo t e r  reg i ons o f  gene s and c an s e rve t o  

activat e  t he i r  t rans c ript i on ( Haye s e t  al . ,  1995; Zheng and 

He i nri ch , 1988) . When thi s evi dence i s  combined w i t h  t he 
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l onger durat i on o f  expre s s i on o f  AP-1 seen by Yang e t  a l . 

( 1 9 9 4 ) and Haye s et a l . ( 1 9 9 5 ) i t  point s t owards a c ent ral 

ro l e  o f  AP-1 and c-f os in the inj ury proce s s  whi ch f o l l ows 

TB I . I t  i s  pos s ib l e  that AP-1 s e rve s as the ma in s igna l t o  

act ivat e t rans cript i on o f  othe r  gene s . Whe ther the s e  gene s 

are recru i t ed t o  heal t he c e l l s  or mark them for death 

rema ins t o  be seen . Thi s  evi dence wou l d  support future 

s tudy examining c-f o s  and c-j un gene expre s s i on s i nc e  t hey 

are the monomers o f  the AP-1 comp l ex . 

3. Nerve Growth Factor Expre s s i on (NGF ) 

NGF i s  a neurot roph i c  factor that can s t imu l a t e  and 

dire c t  neuronal growth and survival ( Burt , 1 9 9 3 ) . Previ ous 

s tudi e s  have shown t hat admini s t rat i on of NGF to i nj ured 

eNS neurons s e rve s t o  spare the s e  neurons f rom death and 

degene rat i on ( Haye s et a l . ,  1 9 9 2 ) . There fore , the c ont rol 

ove r i ncreased expre s s i on o f  the NGF gene and other 

neurot rophi c fact ors as we l l  a s  the me chani sms regul at i ng 

the s e  changes are import ant in the c ons i de rat i on o f  head 

trauma . 
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As s t at ed earl i e r , NGF i s  known to have an AP-1 

b i nding s i t e  ( Zheng and He i nri ch , 1 9 8 8 ) , t he re f ore i t s  

expre s s i on was examined i n  conj unc t i on w i t h  t hat o f  c-f o s  

by Yang et al . ( 1 9 9 5 ) . Rat s were i nj ured para s ag i t a l l y  

u s i ng a cont ro l l ed cort i c a l  impact mode l . Loc a l i zat i on o f  

c-fos and NGF mRNA was performed us i ng in situ 

hybridi zat i on . 

F i rs t , the s e  authors f ound that l eve l s  o f  c-fo s  mRNA 

were s een t o  inc re a s e  a s  early a s  3 0  min pos t-inj ury us i ng 

in situ hybridi zat i on and NGF expre s s i on did not incre a s e  

unt i l  one hour post-inj ury . Secondl y ,  Yang e t  a l . s aw t hat 

cert a i n  areas o f  t he bra i n  such as the neocort ex showed 

only an inc rease in c-fos and no change i n  NGF above l eve l s  

o f  sham cont rol s .  Thi s resul t sugge s t e d  t hat cert a i n  

i nj uri e s  fol l ow s eparat e pathways that i nvolve di f f e rent i a l  

act ivat i on o f  gene expre s s i on . 

4 .  Ne rve Growth Factor I nduced Gene Expre s s i on (NGF I -A) 

Nerve growth factor i nduced gene encode s a subc l a s s  of 

l EGs whi c h  are act ivat ed by the NGF f ami ly ( M i l brandt J . , 

1 9 87 )  and encode t ransc ript i on f act ors cont a ining z i nc 



3 3  

f i nger mot i f s  ( Honkani emi e t  al . ,  1 9 9 5 ) . Very l i t t l e  i s  

known about them as compared t o  f o s  and j un .  The mo s t  

frequent ly studied o f  the s e  gene s i s  NGF l -A . To s tudy t he 

induct i on o f  thi s gene , Honkani emi e t  a l . ( 1 9 9 5 ) s imul a t e d  

bra in inj ury wi th intrace rebral inj e c t i ons o f  s a l i ne and 

ibot eni c ac i d  into the hippocampus . l bot eni c ac i d  i s  a 

glutamat e  anal ogue and s e rve s t o  imi t a t e  a l oc a l i ze d  

re l ea s e  o f  glut amat e .  Pat t e rns o f  gene expre s s i on were 

de t ermined using in situ hybridi zat i on and Northern 

b l ot t i ng .  The l EGs examined we re NGF l-A ,  NGF l-B , NGF l - C ,  

egr-3 , and Nurr1 . 

The resul t s  showed that inj e c t i on o f  s a l i ne or 

ibot eni c ac i d  was suf f i c i ent t o  induce expre s s i on of t he 

f ive zinc f inger l EGs examined . The re s e arche rs observed 

act ivat i on in the cortex , c audat e-put amen , and hippoc ampus 

wi th t he great e s t  incre a s e  s e en within the dent ate gyrus . 

Al l o f  t he s e  incre a s e s  were seen in the ips i l at e ral 

hemi sphere whi ch wou l d  be expe c t e d  s ince t he rout e o f  

exc i t ot oxi c i ty i s  not f rom wide spread depo l ari zat i on and 

re l ea s e , but rather f rom a l oc a l  incre a s e  in EAA or in t h i s 

c a s e , the glutamat e  anal ogue , ibot eni c a c i d . 
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I t  was s t ated t hat t he exact t a rge t s  o f  t he s e  

trans cript i on f a c t ors are unknown . However ,  t he re wa s 

specul at i on that t he s e  t rans cript i on f a c t ors s e rve t o  

act ivate members o f  t he NGF f ami ly .  One pos s ib i l i ty t o  

cons ider i s  the j o i nt int e rac t i ons o f  f os / j un and NGF I 

gene s . The spat i a l  di s t ribut i on o f  t he NGF I  gene s 

corre sponds t o  the l ocat i on o f  f os / j un f ami l i e s  f o l l owing 

t rauma . Thi s  would further support t he pos s ib i l i t y  o f  

int e rac t i ons between f os / j un f ami ly members and t he z inc 

f i nger t rans c r ipt i on f a c t ors in regu l a t ing NGF 

t rans cript i on ( Honkani emi et a l . ,  1 9 9 5 ) . Howeve r ,  i t  i s  

import ant t o  cons ider that i f  both gene f ami l i e s  are 

act ivat ed through t he s ame pathway at t he s ame t ime ,  i t  

wou l d  b e  expec t e d  t o  f ind t hem i n  t he s ame bra i n  are a s  

a f t e r  t rauma . Thi s  c oul d be c l ari f i ed by examining t he 

t emporal pro f i l e  in regard t o  act ivat i on o f  t he s e  f ami l i e s . 

Be f ore thi s hypothe s i s  c an be t e s t ed i t  wou l d  requ i re 

dire c t  proo f o f  int e rac t i ons between NGF I -A and AP-1 . 

Loca l i zat i on o f  adj acent DNA b i nding s i t e s  f o r  NGF I -A and 

AP-1 on gene s known to be act ivated woul d  be an i mport ant 

f irst s t ep in de t e rmining i f  t hey act cooperat ive ly . 
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Another pos s ibi l i ty would be t o  de t e rmi ne i f  the two 

prot e i n  produc t s  have s i t e s  that a l l ow them to b i nd 

t ogethe r  and form a comp l ex s imi l ar t o  other t rans c r i p t i on 

f a c t ors . I t  i s  a l s o  pos s ib l e  t hat one prot e i n  might a c t  a s  

a negat ive regul ator f o r  the other . I f  NGF i s  act ivat ed 

through an AP - 1  s i t e  whi ch has a l ow b i nding a f f ini ty , i t  

would only be t rans cribed a t  high AP-1 l eve l s .  B i nding o f  

NGF I a t  adj acent s i t e s  t o  AP-1 s i t e s  cou l d  cause s t e r i c  

hi ndrance and prevent further gene act ivat i on b y  AP - 1 . 

I n  an e f fort t o  e l u c i date the c e l l u l a r  me chani sms 

re spons ibl e for induc t i on of c - fo s  and NGF I -A via NMDA 

receptors , Lerea e t  a l . ( 1 9 9 5 ) examined t he arachidoni c 

a c i d  c a s c ade . The study by Lerea e t  a l . focused on 

me chani sms by whi ch NMDA act ivat i on might p l ay a rol e  i n  

neuronal p l a s t i c i ty through l EG act ivat i on . I t  had 

prev i ous ly been e s t abl i shed t hat the i nduc t ion of c - fo s  

mRNA i n  dent ate gyrus granu l e  c e l l s  by NMDA requ i r e s  

incre a s e s  i n  Ca2 + i on concent rat i on . Addi t i ona l ly ,  t he 

concurrent act ivat i on o f  phospho l ipase-A2 ( PLA2 ) and 

cyc l ooxygena s e  wa s seen ( Lerea et a l . ,  1 9 9 3 ) . Given t he s e  
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obs ervat i ons , the s e  enzyme s we re examined f or their rol e s  

i n  act ivat i on o f  NGF I-A . 

I n  order t o  t e s t  whether act ivat i on proceeds t hrough 

PLA2 , two di s t inct i nhibi t ors of PLA2 , qui nac rine and 

ari s t o l och i c  ac i d  we re used . They prevent ed induc t i on o f  

c - fos but st i l l  a l l owed for the intrace l lu l a r  inc re a s e s  i n  

Ca2 + ( Lere a e t  al . ,  1 9 9 3 ) . Thi s shows that PLA2 ha s no 

dire c t  rol e  in incre a s i ng Ca2+ c oncent rat i on , but probably 

ac t s  l at e r  in the c a s c ade to s t imul a t e  c-fos expre s s i on . 

Both o f  the s e  i nhi b i t ors a l s o  markedly reduced NMDA 

medi ated incre a s e s  i n  NGF I-A mRNA . Thi s evi dence i nd i c at e s  

that PLA2 act ivat i on l i e s  ups t ream in t he c a s c ade f rom NMDA 

act ivat i on t o  c-fos and NGF I-A i nduc t i on . 

The next enzyme s in the c a s c ade , cyc l ooxygena s e  and 

l ipoxygenase , were examined for t he i r  rol e s  in act ivat i on 

o f  NGF I-A . Cyc l ooxygenase i s  an enzyme whi ch me t abo l i ze s  

arachidoni c  ac i d  t o  pro s t agl andins and thromboxane s 

( Garre t t  and Gri sham , 1 9 9 5 ) . Lipoxygena s e  i s  an enzyme 

whi ch met abo l i ze s  arachi don i c  ac i d  t o  l euko t r i ene s and 

o t he r  fat ty a c i ds ( Garre t t  and Gri sham , 1 9 9 5 ) . I t  was 

prev i ously shown t hat inhibi t ors o f  cyc l ooxygena s e  b l ocked 
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NMDA d i re c t ed incre a s e s  o f  c-f o s  ( Lerea e t  al . ,  1 9 9 3 ) . No 

i nhibi t i on wa s seen when the e f f e c t s  of cyc l ooxygena s e  

i nhib i t ors o n  NGF I-A expre s s i on were examined ( Lerea e t  

al . ,  1 9 9 5 ) . Because inhibi t i on was seen w i t h  PLA2 

inhibi tors and not cyc l ooxygenase i nhib i t ors , NGF I -A 

act ivat ion mus t  proceed through a pathway f o l l owing PLA2 • 

When l ipoxygena s e  inhibi tors were used , an inhi b i t i on 

o f  NGF I-A was seen ( Le rea e t  a l . ,  1 9 9 4 ) . The l ipoxygena s e  

i nhib i tors NDGA and e s cul e t i n  exhi b i t e d  i nhibi t i on o f  8 2 %  

and 8 8 % , respe c t ive l y , o f  NGF I-A expre s s i on . The 

inhibi t ors had l i t t l e  or no af f e c t  on c-f o s  mRNA l eve l s . 

Thi s further support ed the hypothe s i s  o f  dive rgent pathways 

f rom PLA2 • The above dat a  indi c a t e  that cyc l ooxygena s e  and 

l ipoxygenase p l ay di s t inc t  ro l e s  in act ivat i on of c-f o s  and 

NGF I-A ,  respect ive l y . Thi s hypothe s i s  mus t  be furt he r 

t e s ted with di f f e rent inhibi tors and act ivators o f  t he 

enzyme s t o  examine t he rol e s  o f  t he s e  enzyme s on c-f o s  and 

NGF I-A l eve l s  a f t e r  t rauma . 
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B .  Cytokine s  

Cyt okine s  are prot e i ns re l eased by immune sys t em c e l l s  

t hat mediate b i ochemi c a l  act ivi t i e s  whi ch c an be bene f i c i a l  

o r  harmful depending o n  the c i rcums t anc e s . They are 

e s t abl i shed mediators and modul ators of inf l ammat i on and 

t i s sue damage . The maj or cyt okine s  examined a f t e r  TB l are 

l L - 1 , l L - 6 ,  and TNF - a  due t o  the i r  pre s ence wi thin the CNS 

in s eve ral patho l og i c a l  c ondi t i ons . TNF - a  had been 

prev i ously shown t o  induc e  apopt o s i s  in neurons 

( We s tmore l and et  al . ,  1 9 9 6 ) . Taup i n  et a l . ( 1 9 9 3 ) report e d  

reg i ona l incre a s e s  i n  the s e  cyt okine s f o l l owing l at e ral 

f l u i d - percus s i on inj ury , whi ch was l at e r  l oc a l i zed to 

spe c i f i c  bra in reg i ons whi ch were suscept i b l e  t o  TB l . 

l L - 1 , l L - 6 ,  and TNF - a  were shown t o  be robus t ly 

expre s sed in the ips i l at eral cortex and hippocampus 

f o l l owing c l osed head inj ury ( Shohami et a l . ,  1 9 9 7 ) . Weak 

TNF - a  expre s s i on was s een in the c ont ra l a t e ral hippocampus 

f o l l owing c l osed head inj ury ( Shohami e t  a l . ,  1 9 9 7 ) . Thi s  

expre s s i on oc curred within the f i rs t  hour f o l l owing inj ury 

dur i ng whi ch t ime no inf l ammatory re sponse i s  pre s ent . 
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Thi s sugge s t s  t hat the cyt okine s  were produced by eNS c e l l s  

as opposed t o  invading inf l ammatory c e l l s . 

I t  wa s al so shown that HU- 211 , a noncompet i t ive NMDA 

ant agoni st , inhi b i t ed TNF-a product i on in t he bra in 

f o l l owing TB I , and thi s c ont rol was exerted at a pos t 

t rans c ript i onal l eve l ( Shohami et a l . ,  1 9 9 7 ) . HU - 2 11 

improved c l inical  out come o f  t e s t  subj e ct s , reduced c e l l  

death , and pre s e rved bl ood bra i n  barr i e r  ( BBB ) integri ty 

( Shohami et a l . ,  1 9 9 7 ) . 

The cytokine I L - 1  has al so been shown t o  be incre a s e d  

f o l l owing bra in inj ury and exc i t ot oxi c damage and i s  

be l i eved t o  be the pathway t hrough whi ch damage i s  

confe rred ( Rothwe l l , 1 9 9 6 ) . I nhi b i t ors o f  I L - 1 , such a s  

I L - 1 receptor ant agoni s t s , have been a s s e s sed i n  rodent 

mode l s  of t raumat i c  bra in inj ury wi th promi s i ng resul t s . 

Admini s t rat i on o f  t he s e  ant agoni s t s  at the t ime o f  inj ury 

or immediately a f t e rwards have demonst rat ed a remarkabl e  

degree o f  prot e c t i on by reduc ing t i s sue damage ( Ro t hwe l l , 

1 9 9 6 )  . 

Rot hwe l l  ( 1 9 9 6 ) a l s o  found that the the rapeut i c  wi ndow 

for head t rauma i s  greater than that of c e rebral i s chemi a . 
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Thi s f a c t  combined with increased awarene s s  i n  t he pre 

hosp i t al f i e l d  l e ading t o  f a s t e r  t ransport t ime s have made 

head t rauma an a t t ract ive t a rget for the neuropro t e c t ive 

e f f e c t s  o f  I L-1 ant agoni s t s  ( Rothwe l l  and Dant zar , 1 9 9 2 ) . 

c .  Heat Shock Prot e i n  and S t re s s  Prot e i n  Expre s s i on 

Heat shock prot e ins are a f ami ly o f  s t re s s-induced 

prot e i ns that may p l ay a rol e  i n  c e l lul ar repa i r  and 

prot e c t i on ( as revi ewed in Mayer and Brown , 1 9 9 4 ) . They 

are i nduced by hypothermi a ,  hyperthermi a ,  i s chemi a , and 

t i s sue inj ury . I ni t i a l ly they were c a l l ed " heat shock 

prot e in s "  ( hsp ) because they were f i rs t  f ound t o  re spond to 

thermal s t re s s . S i nce then i t  has been s e en that t he s e  

prot e ins re spond t o  a var i e ty o f  s t re s s e s  inc l uding 

chemi c al , i s chemi c , and infec t i ous , they have a l s o  been 

cal l ed " s t re s s  pro t e i ns " . I t  i s  be l i�ved t hat the s e  

prot e ins might func t i on in c e l l  repa i r . Thi s support s t he 

hypothe s i s  o f  the i r  s t imul at i on by the s ame event s that 

cause ce l l  damage such a s  hypothermi a ,  hyp e rthermi a , 

i s chemi a , and TB I . 
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The heat shock prot e ins are current l y  known as 

mo l e cular chape rone s that func t i on t o  med i a t e  the f o l d i ng 

o f  prot e ins but are not part o f  the mature prot e i n  produc t . 

Some examp l e s  o f  t he s e  chape rone prot e ins inc l ude cyt o so l i c  

hsp70 ( heat shock prot e in ,  7 0  kDa ) , mat rix hsp 7 0 ,  and 

mat rix hsp 6 0 . The s e  pro t e i ns func t i on t o  b i nd nas cent 

unf o l ded prot e i ns de s t i ned for t he mi t ochondri a  within t he 

cytosol  o f  the c e l l ( Lodi sh e t  al . ,  1 9 9 5 ) . Thi s prevent s 

t he s e  pro t e ins f rom fol ding and keeps them l inear a l l ow i ng 

for t he i r  ent ry int o the mi t ochondr i a . The unf o l ded 

prot e i n  is  f i rs t  bound by cyt o so l i c  hsp 7 0  and e s cort ed t o  

t he mi t ochondr i a . Once i ns i de t he mi t ochondri a  the prot e i n  

cha i n  i s  bound by the mat rix hsp 7 0 whi ch s t ab i l i ze s  t he 

prot e in chain unt i l  mat rix hsp 6 0  can b i nd and medi a t e  

prope r  f o l ding within t he mat rix o f  t he mi t ochondr i a . Thi s 

exemp l i f i e s  one o f  t he known rol e s  o f  s t r e s s  pro t e ins ( a s 

revi ewed i n  Lodi sh e t  al . ,  1 9 9 5 ) . 

T i s sue inj uri e s  such as surg i c a l  l e s i ons have been 

shown t o  i nduc e  hsp 7 0 gene expre s s i on duri ng t he i r  e a r l y  

s t ages o f  re sponse ( Tanno e t  al . ,  1 9 9 3 ) . The s e  s ame 

resul t s  have been seen w i t h  peripheral axot omy ( New e t  a l . ,  
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1 9 8 9 ) , concuss ive sp i na l  cord i nj ury ( Gower e t  al . ,  1 9 8 9 ) , 

c rush inj ury ( Xue and Gros s f i e l d ,  1 9 9 3 ) , and mi l d  f lu i d  

percus s ive inj ury ( Tanno e t  a l . ,  1 9 9 3 ) . 

One mode l proposed by Tanno e t  al . ( 1 9 9 3 ) t o  a c c ount 

for the act ivat i on of heat shock prot e ins f rom mi l d  f l u i d  

percus s ive inj ury i nc l ude s t he paral l e l  breakdown o f  t he 

bl ood-bra i n  barri e r . The bas i s  for thi s rat i onal e  l i e s  i n  

previ ous experiment s by Tanno e t  a l . ( 1 9 9 2 ) t hat focused o n  

the spat i a l  pro f i l e  o f  bl ood-bra i n  barr i e r  breakdown a s  

re l ated t o  mi l d  f lu i d  percus s ive head inj ury . The 

breakdown resul ted in t he unre s t r i c t ed inf l ux of p l a sma 

prot e i ns and humoral agent s whi ch are t hought t o  p l ay a 

rol e  in the act ivat i on o f  a heat shock re spons e . The 

pre sence of t he s e  ext rac e l lular prot e ins a c t ivat i ng heat 

shock gene s wou l d  support t he rol e  o f  the s e  heat shock 

prot e i ns in binding and s t ab i l i z i ng prot e ins . Through t h i s 

proc e s s  the heat shock pro t e ins wou l d  prevent the i n f l ux o f  

ext rac e l l u l a r  p l a sma prote ins f rom b i nding wi t h  any 

int rac e l lul ar prot e ins and i nt e r f e r i ng w i t h  t he i r  func t i on . 

The aut hors spe culated t hat heat shock prot e ins might p l ay 
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a ro l e  i n  endothe l i a l  s t ab i l i zat i on o f  the bl ood bra i n  

barr i e r  ( Tanno e t  a l . ,  1 9 9 3 ) . 

Tanno e t  a l . ( 1 9 9 3 ) dec i ded t o  examine whe ther 

ext ravasat i on o f  p l a sma prot e ins p l ayed a d i re c t  ro l e  i n  

expre s s i on o f  hsp 7 2  by exami ning t he di s t r ibut i on o f  hsp 7 2  

a t  various t ime point s a f t e r  mi l d  f l u i d  percus s ive bra i n  

inj ury .  The se pat t e rns were then compared t o  known 

pat t e rns o f  bl ood-bra i n  barr i e r  breakdown s e en a f t e r  mi l d  

f l u i d  pe rcus s ive bra in inj ury . The expre s s i on o f  hsp72 was 

examined at the impact s i t e , the para s ag i t t a l  cortex and 

t he CA3 reg i on of the hippocampus whi ch are areas known t o  

exh i b i t  bl ood-bra i n  barr i e r  breakdown . Tab l e  2 shows t he 

perc ent age o f  brains expre s s i ng hsp 7 2  in i ndi cated are a s  at 

var i ous t ime po int s . 

Tab l e  2 .  Percentage of Brains Demonstrating hsp 7 2  
Expre s sion in Areas Susceptible to BBB Breakdown 

Bra i n  Area 1 h 3 h 6 h 2 4  h 3 days 7 days 

I mpact s i t e  0 1 0 0  1 0 0  1 0 0  1 0 0  6 7  
Para s ag i t t a l  cort ex 0 0 0 4 3  4 0  0 
Cort i c al l ayer VI  0 0 0 8 6  6 0  0 
CA3 hippoc ampus 0 0 0 71 2 0  0 
( da t a  t aken f rom Tanno e t  a l , 1 9 9 3 ) 

The resul t s  i n  t abl e 2 show that hsp 7 2  expre s s i on i s  

seen in areas known t o  exhib i t  bl ood bra i n  barr i e r  
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bre akdown . However ,  the s e  resul t s  s t i l l  do not show any 

d i re c t  evi dence for the ext ravasat i on o f  p l a sma prot e ins a s  

a means t o  act ivate expre s s i on o f  hsp 7 2 . Addi t i ona l l y , t he 

re s earche rs need t o  examine hsp 7 2  expre s s i on at s i t e s  where 

bl ood bra in barr i e r  breakdown is not s e en . Thi s wou l d  

a l l ow for bet t e r  i nt e rpre t at i on o f  dependence o n  hsp 7 2  

expre s s i on o n  bl ood bra i n  barr i e r  breakdown . 

I n  the Tanno e t  al . s tudy ( 1 9 9 2 ) a corre l a t i on exi s t e d  

between the periods o f  permeab i l i ty i n  t he bl ood-bra i n  

barr i e r  and the t ime point s o f  hsp 7 2  expre s s i on . Area s  

whi ch are known t o  show prol onged permeab i l i ty , such a s  t he 

impact s i t e , a l s o  exhib i t ed prol onged expre s s i on o f  hsp 7 2  , 

whi l e  other regi ons known t o  exhib i t  t rans i ent barr i e r  

breakdown showed corre sponding i nt e rmi t t ent hsp 7 2  

expre s s i on . However ,  no d i re c t  l ink between bl ood bra i n  

barr i e r  permeab i l i t y  and hsp expre s s i on i s  shown . 

Whe ther the heat shock prot e ins are act ivated by 

direct phys i c a l  insul t , inf l ux of prot e ins , or incre a s e d  

int rac e l lul ar Ca2+ l eve l s  i s  s t i l l  unknown . The e t i o l ogy o f  

direct  phys i ca l  insul t wou l d  support t he propos e d  pathway 

for TB I and resul t in increased i nt rac e l lul ar Ca2 + .  I t  may 
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Further experiment s in vivo t o  examine the e f fe c t s o f  

humoral agent s and ext rac e l l u l a r  prot e ins o n  heat shock 

gene regulat i on need t o  be performed . The s t imulat i ng 

f a c t or whi ch a f f e c t s  gene expre s s i on might not be the 

pre senc e o f  the pro t e i ns thems e l ve s , but the breakdown o f  

the barr i e r  o r  a s igna l t ransduc t i on me chani sm s e t  i n  

I f  t he mot i on upon l o s s  o f  bl ood bra i n  barr i e r  integri ty . 

s t imulat ing factor i s  indeed the pre sence o f  the 

ext rac e l lular prot e ins , i t  wou l d  make sense t hat t he 

prot e i ns would b i nd mol ecul ar chaperone s such a s  hsp70 

al ready pre sent and s t imul ate the t rans cript i on of furt her 

mo l e cular chape rone s . 

Creat ing a l o s s  in bl ood bra i n  barr i e r  integr i t y  

t hrough me thods whi ch did not inf l i c t  t raumat i c  inj ury t o  

t he bra in would he lp i dent i fy whe ther or not the pre sence 

o f  t he ext rac e l l u l ar prot e ins a l one were t he s t imu l at i ng 

f a c t ors t owards gene act ivat i on . Thi s  wou l d  a l l ow 

e l iminat i on o f  t he BBB permeab i l i ty vari ab l e  and may 

d i re c t ly l i nk ext ravasat i on of p l asma prot e ins t o  hsp 
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act ivat i on . Us e o f  drugs whi ch open the bl ood bra i n  

barr i e r  or examining patho l og i c a l  c ondi t i ons where b l ood 

bra i n  barr i e r  integr i ty is compromi sed , such a s  

i nf i l t rat ing tumors , wou l d  o f f e r  condi t i ons in whi c h  h s p  

act ivat i on cou l d  be s tudi e d . 

The e f fe c t s  o f  t rauma on eNS t i s sue have a l s o  been 

exami ned by i nf l i c t ing inj ury t o  t he spi na l  c ord at t he 

t horac i c  l eve l a f t e r  a s i ng l e  l amine c tomy ( Gower e t  a l . ,  

1989 ) . I nj ury was performed by removing t he l amina at t he 

thorac i c  l eve l and l e aving the dura int a c t . A p l unge r  was 

p l aced over the exposed dura and a 1 . 0-gram we ight was 

dropped f rom a known he ight upon the p l unge r , whi ch 

impacted on the dura-enc l osed spina l  cord . Local i za t i on o f  

s t r e s s  prot e i n  was performed us ing immunohi s t ochemi s t ry 

w i t h  a monoc l onal ant ibody aga inst S P-7 0 , whi ch i s  t he 7 0-

kDa s t r e s s  prot e i n  known t o  be mos t  f requent ly i nduc e d . 

Gowe r et  al . found that t he re wa s an increase i n  t he 

l eve l s  o f  S P-7 0 i n  t he area surroundi ng t he inj ury and that 

t he c e l l s  at t he s i t e  o f  impact showed no S P-7 0 exp re s s i on . 

Over t he 1 2  hours f o l l owing t he inj ury the re was a gradual 

de c re a s e  i n  the l eve l s  o f  S P-7 0 unt i l  none rema i ne d  a t  1 8  
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hours pos t-inj ury . The actual s i t e  o f  inj ury cont a i ned 

mi nimal S P - 70 and was surrounded by a ring o f  c e l l s  

expre s s ing high l eve l s  o f  t he prot e i n . Thi s i s  s imi l ar t o  

re sul t s  report ed by Tanno e t  a l . where hsp 7 2  was de t e c t e d  

i n  the bl ood ve s s e l s  surroundi ng the impact z one o r  

ne crot i c  core . Radi a t i ng away f rom t he i mpact zone the 

l eve l o f  S P - 70 gradual ly de creased unt i l  it reached l eve l s  

s imi l ar t o  cont rol anima l s  where only a l amine c t omy wa s 

perf ormed . 

I t  had been shown t hat pretreatment o f  yea s t  c e l l s  

w i t h  a minor shi f t  i n  t empe rature a l l owed the c e l l s  t o  

t o l erat e  much higher t empe rature than " non - primed" c e l l s  

( Mayer and Brown , 1 9 9 4 ) . Thi s  t empe rature t o l e rance can be 

trans f erred by trans f e c t i on o f  other c e l l s  with the s t re s s  

pro t e i n  gene . I f  t he rol e  o f  s t re s s  prot e ins as mol e cul ar 

chaperone s i s  cons i de red , i t  i s  pos s ib l e  t hat thi s heat 

pro t e c t i on might be mediated by assoc i at i on o f  the s tre s s  

pro t e i ns with pro t e ins wi thin t he c e l l  increas i ng s t ab i l i t y  

and re s i s t ance t o  t emperature . A re l evant and i mport ant 

d i s c overy by Lowens t e i n  et a l . i n  1 9 91 that furthe r 

support ed the " heat primi ng "  f inding was a re s i s t ance t o  
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glut amat e  t oxi c i ty by heat primed c e rebe l l a r  granul e c e l l s . 

The prot e c t i on f rom glut amat e  was only pre s ent at l owe r 

l eve l s  and coul d be overwhe lmed as c oncent rat i ons o f  

g l ut amate increased . Lowens t e i n  e t  a l . d i d  not t e s t  other 

EAAs such as aspart a t e  t o  examine the e f f e c t s  on heat 

priming . S imi l ar resul t s  o f  prot e c t i on f rom exc i t ot oxi c i ty 

by heat shock were obs e rved by Rordor f  e t  a l . i n  1 9 9 1 . 

The i r  s tudy shows another pos s ib l e  rol e  o f  heat shock 

prot e i ns in an i nj ured neuron and a pos s ib l e  t reatment 

through up-regulat i on . Thi s point s t o  a pos s ib l e  

prot e c t ive rol e  o f  increased heat shock prot e i n  expre s s i on 

a f t e r  t rauma . 

An increased l eve l o f  S P-7 0 was seen in the axona l 

re trac t i on bal l s  gene rated by TB I ( Gowe r e t  a l . ,  1 9 8 9 ) . 

Al t hough t ransport o f  t he S P-7 0 i s  pos s ib l e , the amount o f  

prot e i n  seen i n  t he ret rac t ion bal l s  was much gre a t e r  t han 

coul d be account ed for by the normal rat e of axonal 

transport . The s ource o f  t he prot e i n  might be f rom 

ne ighboring g l i a l  c e l l s  due to the l ack of de novo 

synthe s i s  abi l i ty in the axons . Thi s hypothe s i s  woul d  
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neurons a f t er trauma . 
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One cons i derat i on ,  whi ch warrant s further s tudy , i s  

the pos s i b l e  rol e  o f  a s t rocyt e s  i n  thi s increased 

re s i s t ance t o  abnormal glutamat e  concentrat i ons . 

Theore t i c al ly , i f  the a s t rocyt e s  func t i on t o  t rans l oc a t e  

S P - 70 t o  t h e  axons during a heat-shock re spons e , i t  i s  a l s o  

po s s ib l e  that they may , i n  some manner ,  a c t  t o  incre a s e  t he 

re s i s t ance o f  the neurons t o  t oxi c glut amat e  l eve l s .  One 

pos s ib i l i ty might be a s trocyt i c  upt ake of glut ama t e  from 

t he surroundi ng medi a . An experiment cou l d  be performed t o  

i nve s t igate the e f f e c t s o f  varying numbers o f  a s t rocyt e s  

and di f f erent concent rat i ons o f  glut ama t e  i n  the pre sence 

o f  heat-primed neurons . I t  would be inte're s t i ng t o  

de t ermine what pot ent i a l  pathway i s  u s e d  by the a s t rocyt e 

t o  pro t e c t  the neurons . 

Raghupathi e t  al . ( 1 9 9 5 )  examined the c oexpre s s i on o f  

heat-shock prot e i n  and c-fos f o l l owing bra i n  inj ury by 

f l uid-percus s i on and focal mi c rovascular bra i n  damage . In 

situ hybr idi zat i on was performed t o  examine the i nduc t i on 

o f  both c-fos and hsp 7 2  f o l l owing l at eral f lu i d-pe rcus s i on 
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inj ury . A coexpre s s i on o f  c-fos and hsp72 was de t e c t e d  i n  

the cort ex ip s i l at era l t o  the s i de o f  impact . The l eve l s  

o f  expre s s i on were s i gni f i c ant ly higher for c-f o s  c ompared 

t o  hsp72 at two and s ix hours post-inj ury . Addi t i ona l ly ,  

the di stribut i on o f  c-f o s  expre s s i on wa s more preval ent 

than hsp72 . Once aga i n , increased c-f o s  expre s s i on was 

seen b i l at e ral ly in t he hippocampus in addi t i on t o  

ip s i l at eral ly in the cortex , tha l amus , and subcort i c a l  

whi t e  mat t er . Hsp72 expre s s i on was s e en only i n  

ip s i l at era l cort ex at s i gni f i c ant ly l ower l eve l s .  

Based upon t he resul t s  o f  Raghupathi e t  a l . ( 1 9 9 5 ) , 

there exi s t s  the pos s ibi l i ty that expre s s i on o f  c-fo s  and 

hsp 72 are l inked as was postulated above f or c-f o s  and 

NGF . However , i t  wa s a l so obs e rved in t he Raghupathi e t  

al . ( 1 9 8 9 )  s tudy , that the l eve l s  o f  hsp 7 2  were norma l a t  

s ix hours pos t  inj ury , whi l e  certain are a s  o f  t he bra i n  

were s t i l l  exhib i t ing c-fos . There f ore , i t  s e ems unl i ke l y  

that c-fos i s  t ight ly coup l e d  t o  hsp72 expre s s i on because 

hsp72 mRNA was not increased at s ix hours when e l evat e d  

l eve l s  o f  c-fos were s t i l l  det e c t ab l e .  Thi s  sugge s t s  a 

di f f erent i a l  induc t i on o f  c-fos and hsp72 by exc i t ot oxi c i ty 
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and degraded prot e ins f rom dyi ng c e l l s , respe c t ive ly . The 

fact  that hsp 72 was only seen ips i l at e ral ly al so l ends 

support to thi s hypothe s i s , a l t hough it mus t  be t e s t e d  

furt he r . 

Another perspec t ive that has been examined conc e rn i ng 

i nduc t i on o f  gene expre s s i on in eNS inj ury i s  t he e f f e c t  o f  

an i s chemi c insul t . Al though i s chemi a i s  known t o  oc cur 

duri ng ins t ance s  of de creased c e rebral bl ood f l ow such as 

card i a c  arre s t  (gl obal i s chemi a )  or duri ng a s t roke ( fo c a l  

i s chemi a ) ,  i t  i s  a l so known that i s chemi a c an re sul t f rom 

t raumat i c  bra in inj ury ( Young , 1 9 8 5 ) . As i s chemi a 

pers i s t s , there i s  a progre s s ive l o s s  o f  neurons over t ime 

( Young , 1 9 8 5 )  I t  i s  a l so known that c e l l s  re spond by 

produc ing a c l a s s  of pro t e ins w i t h  t he charac t e ri s t i c s  o f  

t he heat shock prot e i ns ( Mayer and Brown , 1 9 9 4 ) . I f  a l ink 

between change s in gene expre s s i on and c e l l  l o s s  due t o  

secondary i s chemi a c an b e  e s t abl i shed a f t e r  TB I i t  may be 

pos s ib l e  t o  de s ign t reatment s l imi t i ng t he amount o f  

neurona l l o s s . 

The neurons t hat are e spec i a l ly sens i t i ve t o  i s chemi a 

inc l ude tho s e  l ocated i n  t he hippocampus . The s e  c hange s 
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are mani f e s t ed a s  increases i n  expre s s i on o f  hsp 7 2  , whi ch 

S imon e t  a l . ( 1 9 91 )  examined by i nduc ing g l obal i s chemi a 

through b i l ateral caut e r i zat i on o f  the ve rt ebra l art e r i e s  

and subsequent c l amp ing o f  t he carot i ds . Loca l i zat i on was 

performed us ing immunocytochemi s t ry and mono c l onal ant i body 

aga inst hsp 7 2 . The maj or i ty o f  s t a i ni ng was seen i n  c e l l s  

i n  t he hippocampus and thal amus due t o  t he i r  i nc reased 

vul nerab i l i ty t o  i s chemi a . Thi s  vul ne rab i l i ty was a l s o  

shown t o  b e  graded as a func t i on o f  the re spons ivene s s  o f  

the c e l l  group s  t o  i s chemi a . Those c e l l  group s  whi ch we re 

more sus cept ible t o  i s chemi a , such a s  CAl neurons i n  t he 

hippoc ampus , showed a more robust produc t i on o f  hsp 7 2 , 

whi l e  ce l l  groups res i s t ant t o  i s chemi a , such as the 

dent a t e  granule c e l l s , showed l e s s  expre s s i on o f  hsp 7 2 . 

The s e  obs e rvat i ons wou l d  seem t o  support a hypothe s i s  o f  

induc t i on o f  hsp 7 2  by a c e l l  once i t  has reached an 

i s chemi c thre sho l d . 

D .  Gl ucose Re l at e d  Prot e ins ( GRPs ) 

When change s i n  intrace l lular Ca2 + are be i ng cons i de red 

i t  is import ant t o  l ook at prot e ins whi ch func t i on in 
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mediat i ng int rac e l lul ar Ca2 + reac t i ons . The glucose re l at ed 

prot e i ns ( grp 7 8  and grp 9 4 ) and Ca2 + b i nding prot e i n  

c a l b i ndin - D2 8 K  have been examined f o r  expre s s i ona l chang e s  

f o l l owing TB l . The GRPs are s imi l a r  in sequence t o  H S P s  

and a r e  be l i eved t o  func t i on in the s ame manne r . The i r  

expre s s i on c an b e  increased f o l l owing t reatment w i t h  Ca2 + 

i onophores ( Haye s e t  a l . ,  1 9 9 5 ) , l inking t he i r  act ivat i on 

t o  change s in c a l c ium homeo s t a s i s . Ca2 + b i nding prot e i ns 

( CaBPs ) such as c a l b i ndi n - D2 8 K  are be l i eved to be one o f  

the phys i o l ogi cal buf fers o f  cyt op l a smi c Ca2 + ( Ba imb r i dge e t  

a l . ,  1 9 8 2 ) . 

Lowens t e i n  e t  al . ( 1 9 9 4 )  demons t rated inc reas e s  i n  

c a l b i ndi n - D2 8 K ,  grp 7 8 ,  and grp 9 4  in t he hippoc ampus and 

cort ex fol l owing l at e ra l  f lu i d  percus s i on i nj ury .  Thi s 

increase wa s found t o  be part o f  t he l at e  t rans c ript i on 

pha s e  f o l l owing l EG act ivat i on . Because t he s e  prot e ins are 

s imi l ar i n  func t i on t o  HSPs ( Haye s e t  a l . ,  1 9 9 5 ) , t he GRP s 

are l i ke ly t o  he lp t he c e l l  w i t hs t and s t re s s  whi l e  t he 

CaBPs woul d  be act ing as a buf fe r  t o  modu l a t e  Ca2 + ent ry and 

act ivi ty . The s e  resul t s  further support a gene 
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expre s s i onal reac t i on t o  a l t e red Ca2 + home o s t a s i s  f o l l ow i ng 

bra i n  i nj ury . 

E .  Gl i a l  Fibri l l ary Ac i d i c  Prot e i n  ( GFAP ) Expre s s i on 

I n  a s tudy conduc t e d  by Kos t - Mikucki and Obl inge r  

( 1 9 9 1 ) , the e f fe c t s  o f  cort i cospinal axot omy in adul t 

hams t e r  on the l eve l s  o f  gl i a l  f ibri l l ary ac i di c  prot e i n  

( GFAP ) expre s s i on we re examined t o  de t e rmine i f  t he l eve l 

o f  cont ro l exerted on GFAP expre s s i on oc curred at t he mRNA 

l eve l . The pyrami da l t ract was inc i sed j us t  ros t ra l  t o  t he 

pyramidal decus sat i on . The areas j us t  ros t ral t o  t he 

inc i s i on that experi enced ret rograde degenerat i on and t he 

areas caudal t o  the inc i s ion , whi c h  experi enced Wa l l e r i an 

degene rat i on ,  were examined for GFAP expre s s i on . 

Re sul t s  of  immunocyt ochemi s t ry and immunob l ot t ing 

conf i rmed an incre a s e  i n  GFAP l eve l s  on t he s i de o f  t he 

l e s i on compared t o  t he s ame s i de in cont rol anima l s .  Thi s 

i ncreased pre sence o f  GFAP mRNA wa s s e en ros t ra l  t o  t he 

l e s i on ,  c audal t o  t he l e s i on ,  and at t he l e s i on s i t e  a s  

early a s  4 8  hours and l as t e d  up t o  one week post - inj ury . 

The resul t s  o f  t he in situ hybridi zat i on were c orre l at e d  
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wi th incre a s e s  i n  GFAP mRNA seen w i t h  immunocyt ochemi s t ry 

and immunob l ot t i ng . 

One int e re s t i ng fact that Kos t - Mikucki and Obl i nger 

( 19 9 1 ) did not addre s s  was a di spari ty s e en be tween t he 

prot e i n  l eve l s  and mRNA l eve l s  o f  GFAP . They f ound a 

greater change i n  mRNA l eve l s  than i n  prot e i n  l eve l s .  

Expl anat i ons such a s  post - t rans cript i onal modi f i cat i on and 

prot e i n  s t abi l i ty coul d account for thi s resul t . I t  wou l d  

seem t hat a furthe r l eve l o f  cont rol exi s t s  beyond 

t rans c ript i onal act ivat i on in t he regul at i on o f  GFAP . I n  

e i ther case , more informat i on mus t  b e  obt a i ned regarding 

t he regul at i on of  GFAP expre s s i on be fore any conc l us i ons 

can be drawn regardi ng t he rol e  o f  GFAP i n  t he s carring 

proc e s s  within the eNS . I t  can be s a i d  however ,  that GFAP 

l eve l s  increase fol l owing TB I ( Kos t - M i kucki and Obl inge r ,  

19 9 1 )  . 

S c arring a f t e r  inj ury in the eNS i s  a c e l l u l a r  proce s s  

a s  opposed t o  t he ext race l lul ar proc e s s  seen i n  normal s ca r  

format i on t hat i nvolve s  conne ct ive t i s sue c e l l s  re l ea s i ng 

col l agen into t he ext rac e l l u l ar mat rix ( Ko s t - M i kucki and 

Obl i nge r , 1 9 9 1 ) . The scar seen in t he eNS i s  c ompo s e d  o f  a 
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l arge number o f  a s t rocyt i c  proce s s e s  l oaded wi t h  GFAP 

i nt rac e l l u l ar f i l ament s ( B i gnami and Dahl , 1 9 7 6 ) . GFAP i s  

an i nt e rmedi ate f i l ament prot e i n  and i t  i s  be l i eved that 

the GFAP - re l at ed s c arring that oc curs i n  t he CNS impede s 

axonal regene rat i on ( B ignami and Dahl , 1 9 7 6 ) . Reduc t i on i n  

t he upregulat i on o f  GFAP f o l l owing t raumat i c  i nsul t might 

s e rve to a l l ow for f a s t e r  heal i ng . 

I t  can be argued that cort i cosp i na l  axot omy doe s  not 

ac curat e l y  re f l e c t  what happens i n  a t raumat i c  s i tuat i on . 

Howeve r ,  i t  was shown t hat di f fuse axonal i nj ury ( DAI ) i s  a 

resul t o f  TB I ( Povl i shock , 1 9 8 3 ) . Povl i shock a l s o  f ound 

that axot omy could be account ed for by bot h  the direct  

insul t and s e condary e f f e c t s s t emming f rom a breakdown i n  

t he axona l cyt oske l e t on ( 1 9 9 3 ) . The s ame phenomenon o f  

axonal cytoske l e t on breakdown and Wal l er i an degenerat i on 

seen i n  DAI was s een f o l l owing axot omy . 

F .  Procho l e cys t okinin ( PCCK) 

Procho l e cys t okinin is a gene for whi c h  not muc h  

informat i on i s  ava i l abl e .  The prot e i n  product f o r  t h i s 
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Cho l e cys tokinin i s  a non - op i o i d  neuropept i de whi ch i s  

known t o  be found i n  GABAergi c  neurons ( O l en i k  and Meye r , 

1 9 9 0 ) . Such neuropept i de s  c an act a l one a s  

neurot ransmi t t ers or concurrent l y  w i t h  neurot ransmi t t er s  a s  

neuromodulators . The princ ip l e  l ocat i on o f  CCK wi thin t he 

CNS i s  in the amygda l a  where i t  part i c ipat e s  i n  modu l a t i on 

o f  aut onomi c funct i on ( Burt , 1 9 9 3 ) . I t  i s  pos s ibl e that 

PCCK might have an ant agoni s t i c  e f f e c t  t o  t he exc e s s  

exc i t at i on pre sent during TB I . 

I t  f i rst was shown by Ol enik and Meyer ( 1 9 9 0 )  t hat a 

mening i o - cort i c a l  inj ury enhance s  expre s s i on o f  the PCCK 

gene . Subsequent s tudi e s  examined both the ro l e  o f  c - f o s  in 

PCCK i nduc t i on ,  s i nc e  c - fos is known t o  be enhanced t hrough 

the s ame inj ury , and the e f f e c t  of admini s t rat i on of t he 

NMDA ant agoni s t  MK- 8 0 1  on l EG expre s s i on at varying t ime 

point s re l at ive to inj ury . 

An early r i s e  i n  l EGs was f i rs t  obs e rve d , f o l l owed by 

a r i s e  o f  PCCK mRNA ( Ol enik e t  a l . ,  1 9 9 4 ) . To de t e rmine 

t he re l a t i onship between t he l EGs and t he PCCK expre s s i on ,  
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MK- 8 0 1  was admini s t e red at varying t imepo i nt s . Re sul t s  

showed that l EG expre s s i on wa s i nhib i t e d  and the PCCK 

expre s s i on pers i s t e d . Thi s  expre s s i on o f  one prot e i n  w i t h  

t he concurrent i nhibi t i on o f  t he other sugge s t s  that t he 

inj ury - i nduced expre s s i on o f  t he l EGs c - f o s  and c - j un and 

the enhanc ement of PCCK mRNA are not d i re c t ly coup l e d . 

Al though thi s re search f a i l ed t o  show a l ink , i t  d i d  

demons t rate that act ivat i on o f  PCCK doe s not f o l l ow t h e  

NMDA med i a t ed pathway o f  act ivat i on a s  l EG act ivat i on doe s , 

nor i s  i t  t riggered by l EG expre s s i on . I t  i s  pos s ib l e  that 

onc e the a l t e rnat ive mode o f  act ivat i on for PCCK is f ound 

i t  wi l l  provi de ins ight i nt o  act ivat i on of other gene s 

fol l owing TB I . 

G .  Brain Derived Neurot roph i c  Factor ( BDNF )  

BDNF i s  a member o f  t he f ami ly o f  prot e ins known a s  

neurot rophins . I t  has been shown t o  incre a s e  neurona l 

surviva l in cul ture and prevent s c e l l  death in vi vo ( Burt , 

1 9 9 3 ) . BDNF has chemi c a l  charac t e r i s t i c s  c l os e  t o  t ho s e  o f  

NGF , howeve r i t s  b i o l og i c a l  spec t rum o f  act ivi ty i s  

di f f e rent than t hat o f  NGF ( Thoenen e t  a l . ,  1 9 8 7 ) . 
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I t  i s  be l i eved that the neurot rophi c f a c t or BDNF i s  a 

t arge t  for upregul at i on by the pro t e i n  produc t s  o f  l EGs 

such as c - fos and c - j un s ince i t  is  re l a t e d  t o  NGF ( Hughe s 

e t  a l . ,  1 9 9 3 ) . I nduct i on o f  BDNF coinc i ded w i t h  induc t i on 

o f  l EGs such as c - fos , j un - B ,  krox 2 4 , and c - j un ( Hughe s e t  

a l . ,  1 9 9 3 ) . Addi t i onal l y ,  admini s t rat i on o f  MK- 8 0 1  b l ocked 

i nduc t i on o f  t he above l EGs and BDNF . Thi s sugge s t s  that 

BDNF f o l l ows the s ame rout e o f  a c t ivat i on a s  t he l EGs , 

name ly NMDA receptor mediated act ivat i on . 

An increase i n  BDNF fol l owing l at e ra l  f lu i d  percus s i on 

i n  t he rat was a l so seen by Hi cks e t  al . ( 1 9 9 7 ) . Thi s 

upregul at ion was seen i n  the dent a t e  gyrus and t he CA1 - CA3 

reg i ons o f  the hippoc ampus . The dent a t e  gyrus exhib i t ed 

the gre a t e s t  i nc rease i n  BDNF and a l so showed the highe s t  

re s i s t ance t o  ce l l  death fol l owing l a t eral f lu i d  

percus s i on .  

Neurot rophins such a s  BDNF exe rt t he i r  e f f e c t s  through 

binding of t ransmembrane prot e i n - tyro s i ne kina s e  receptors 

( t rks ) . Hi cks e t  a l . ( 1 9 9 8 ) examined rat hippoc ampus f o r  

changes in expre s s i on o f  t rkB , the BDNF rec ept or , f o l l ow i ng 

experiment al bra in t rauma due t o  t he prev i ous l y  e s t ab l i shed 
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l i nk be tween neurot rophin/ t rk interact i ons and 

neuropro t e c t i on and recovery ( Mat t son and S c he f f , 1 9 9 4 ) . 

I t  wa s f ound that an increase i n  t rkB mRNA was seen wi t h i n  

the s ame t empe ro - spat i a l  pro f i l e  as  BDNF mRNA in t he 

dent a t e  gyrus . 

De t e rmi ning t he actual pathway o f  gene a c t ivat i on f o r  

BDNF i s  the next s t ep . A pot ent i a l  rout e o f  

experiment at i on wou l d  l i e i n  exami ning the DNA sequenc e o f  

BDNF and l ooking f o r  homo l ogy w i t h  act ivat i on s e quence s  

recru i t ed by TB I within the promo t e r  regi on . F i nkbe iner e t  

a l . ( 1 9 97)  demonstrated t he rol e  o f  CREB i n  act ivat i ng 

BDNF . Thi s  was concurrent ly corre l at ed by Haye s e t  a l . 

( 1 9 97)  through e l uc i dat i on o f  an AP - 1  s i t e  and a CRE s i t e  

w i t h i n  the promoter regi on o f  t he mous e  BDNF gene a f t e r  

TB I . 

Thi s  gene repre s ent s another potent i a l  avenue for 

t reatment in " re s cu i ng "  c e l l s  f o l l owing i nsul t . The re sul t 

o f  BDNF upregu l a t i on f o l l owing t raumat i c  bra i n  i nj ury 

shou l d  be examined for change s in c e l l  v i ab i l i ty .  A c e l l 

w i t h  a cons t i tut ive ly act ive BDNF gene wou l d  be an i de a l  



mode l s i nce int e r f e rence f rom other gene s such as c - f o s , 

j un - B  and krox 2 4  wou l d  be e l iminated . 

H .  Apoptos i s - suppre s sor bc l - 2  
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The apopt os i s  suppre s sor gene bcl - 2  i s  a gene whi ch 

not only suppre s s e s  apopt os i s  but a l so c an prot e c t  neurons 

f rom s t imul i whi ch normal ly i nduc e  apoptot i c  c e l l death . 

I t  wa s found to be pre sent in c e l l s  whi ch survived a 

prol onged epi l ept i c  a t t ack ( Graham e t  a l . ,  1 9 9 6 ) . Because 

ep i l ep sy and neuronal death f o l l owing TB I may share s imi l ar 

pathways , the expre s s i on o f  bc l - 2  f o l l owing TB I has been 

exami ned a f t e r  bra i n  t rauma . 

I t  was previ ous ly shown that t he ips i l a t e ra l  cort ex , 

CA3 hippoc ampus , and dent ate gyrus are sus c ept ibl e t o  

apopt ot i c  death f o l l owing TB I ( Ri nk e t  a l . ,  1 9 9 5 ) . The 

re se archers found that bc l - 2  and i t s  t rans l at ed prot e i n  are 

induced in the s e  reg i ons fol l owing TB I , and is incre a s e d  in 

spared neurons . S ome di f f e renc e s  i n  survivab i l i ty were 

s e en with regard to di f f e rent hippocampa l  reg i ons but t he s e  

might b e  due t o  degree s  o f  inj ury suscept i b i l i ty f o r  a 

part i cul ar NMDA receptor popul at i on . Further 
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experiment at i on us i ng NMDA bl ockers such a s  MK-8 01 o r  Ca2 + 

re l ea s e  i nhibit ors would a i d  i n  de t e rmining i f  exc i t ot ox i c 

pathways are used for bc l - 2  act ivat i on . 

The mode o f  act i on o f  bcl - 2  in " re s cuing "  c e l l s  f rom 

apoptos i s  i s  as ye t unknown . S everal pos s ib l e  me chani sms 

are sugge s t ed by re s earche rs , but t he mos t  provocat ive 

s eems t o  l i e in ma intenance of Ca2 + homeo s t a s i s . I t  had 

previously been shown that induc t i on of bc l - 2  f o l l owing an 

exc i t otoxi c cha l l enge s e rved to prot e c t  rat hippocampa l  

neurons i n  cul ture ( Lam e t  a l . ,  1 9 9 4 )  . I f  thi s prove s t o  

b e  a mechani sm of  prot e c t i on i t  woul d  further support Ca2 + 

imbal ance as a primary medi ator o f  i nj ury . 



V .  ANTAGONI STS & POS S I BLE TREATMENTS 

Many o f  t he t he rapeut i c  approache s t oday dea l  wi t h  

modul at ing neuroexc i t at i on due t o  t he l a rge body o f  

evi denc e a s s o c i a t i ng TB I and neuroexc i t a t i on ( Haye s e t  a l . ,  

1 9 9 2 ; Bazan e t  a l . ,  1 9 9 5 ; Lerea e t  a l . ,  1 9 9 5 ) The mo s t  

common t reatment s are receptor ant agoni s t s  ( Nowak , 1 9 9 1 ; 

Von Eul er , 1 9 9 7 ; Okiyama , 1 9 9 7 ) , modul at i on o f  

neuroexc i t at i on ( Mody and MacDonal d ,  1 9 9 5 ) , and i nduc t i on 

o f  a heat shock re sponse ( Rordorf e t  a l . ,  1 9 9 1 ; Lowens t e i n , 

1 9 9 1 )  . 

The use o f  EAA receptor ant agoni s t s  i s  based on the 

known a s s oc i a t i ons between TB I and neuroexc i t at i on . 

Because glutamat e  and a spart ate p l ay a cent ral ro l e  i n  

t rauma - i nduced neuroexc i t at i on ( Co s t a , 1 9 9 4 ) , the NMDA 

receptor i s  a pot ent i a l  s i t e  for ant agoni s t i c  t reatment . 

I t  ha s been shown t hat MK- 8 0 1 , a noncompe t i t ive NMDA 

ant agoni s t , can s igni f i c ant ly a t t enuat e  hsp 7 0 i nduc t i on 

when admini s t e red t o  anima l s prior t o  i nduc t i on of 

i s chemi a . I t  was a l s o  seen that a s ingl e  bo lus dos e  d i d  

not prevent t he reappearance o f  hsp 7 0 i n  t h e  CAl neurons o f  

t he hippocampus at 2 4  - 4 8  hs . The s e  are the s ame neurons 
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whi ch showed the highe s t  sus cept ibi l i ty t o  i s chemi a s o  i t  

i s  not surpri s ing that the s e  neurons are s t i l l  i nduced t o  

expre s s  hsp 7 0 . What rema ins t o  be de t e rmined i s  whe ther 

hsp and other gene s ment i oned i n  thi s paper s e rve t o  he l p  

or hurt the c e l l . G l obal i nhibi t i on such a s  MK- 8 0 1  wou l d  

actual ly b e  harmful i f  i t  s e rved t o  i nhib i t  gene s whi ch are 

a c t ivated t o  he lp the c e l l . Data revi ewed i n  thi s pap e r  

further support t h e  conne c t i on between exc i t atory amino 

ac i d  re l ease and t he s t imul at i on of the pathophys i o l ogy 

f o l l owing t rauma or i s chemi a and de f in i t e l y  provides a 

s t rong bas i s  for furthe r s tudy . 

Other NMDA ant agoni s t s  under i nve s t i gat i on i nc l ude 

memant ine ( Von Eul e r , 1 9 9 7 )  and a c l a s s  of nove l NMDA 

ant agoni s t s  ( Okiyama , 1 9 9 7 ) . One pot ent i a l  probl em w i t h  

the u s e  o f  NMDA ant agoni s t s  l i e s  in t he i r  s i de e f f e c t s  and 

t he fact  that ant agoni sm c an not be d i r e c t e d  at inj ured eNS 

areas . The re f ore t he sys t emi c e f f e c t s  o f  t he ant agon i s t s  

mus t  be cons i de red and t end t o  l imi t t he e f f e c t ivene s s  o f  

t reatment . 

Al t e r i ng post inj ury i n f l ammat i on f o l l owing TB I i s  a 

rap i dl y  growing f i e l d . Ant agoni s t s  t o  interl euki n - 1 

receptors have been used and have shown promi s e  i n  pat i ent 



out c ome ( Re l t on and Rothwe l l , 1 9 9 2 ) . Admini s t rat i on o f  

the s e  receptor ant agoni s t s  f o l l owing f l u i d  percus s i on i n  

rat s c l o se to and at the t ime o f  inj ury h a s  resul t e d  i n  

neuroprotect i on and decreased l eve l o f  t i s sue damage 

( Rothwe l l , 1 9 9 6 ) . 
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Other pharmaco l og i c a l  agent s that conf e r  prot e c t i on 

are a l so be ing examined . Mos t  o f  the s e  t reatment s exert 

t he i r  e f f e c t s on neuroexc i t at i on at point s i n  t he c a s c ade 

downst ream f rom i ni t i a l  s imul at i on of t he exc i t at ory 

re c eptor . One examp l e  i s  seen in t he c a s e  o f  inhib i t i on o f  

intrace l l ular Ca2 + re l ease by dant rol ene ( Mody and 

MacDona l d , 1 9 9 5 ) whi ch ant agoni zed t he ryanodine re ceptor 

on neuronal endop l asmi c ret i culum t he reby reduc ing furthe r 

incre a s e s  in intrac e l lul ar Ca2 + .  The ma i n  prob l em wi t h  

the s e  t reatment s would be comparab l e  t o  conc e rns wi t h  

ant agoni st t reatment s .  The s e  t reatment s a l s o  c annot be 

d i re c t e d  spe c i f i c a l ly at i nj ured area . S imi l arly , t hey 

wi l l  have sys t emi c e f f e c t s and the s e  mus t  be cons i de re d  

be fore t hey c an b e  u s e d  e f f e c t ive l y . 

Dant ro l ene i s  be i ng current ly used for neuro l ep t i c  

ma l ignant syndrome ( Tanaka e t  a l . ,  1 9 9 8 ) and spast i c i ty o f  

cerebr al origin such a s  s t roke and t raumat i c  bra i n  inj ury 



( Grac i e s  et  al . ,  1 9 9 7 ) . There fore i t  o f f e r s  promi s e  i n  

t re atment o f  exc i t ot oxi c i ty s i nce i t s  e f f i cacy and s a f e ty 

ha s a l ready been s tudi ed . 

Hyperthe rmi a has been used t o  induc e  a heat shock 

re sponse ( Rordorf e t  a l . ,  1 9 9 1 ) i n  cul tured neurons . Thi s  
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prot e c t ive e f f e c t  o f  heat shock prot e ins t o  glutamat e  

t oxi c i ty was a l s o  obs e rved by Lowens t e in e t  a l . ,  1 9 9 1 . The 

ove ra l l  evi dence woul d  s eem to point t owards a bene f i c i a l  

e f f e c t  o f  gene act ivat i on o f  heat shock prot e ins . As 

ment i oned earl i e r , t he me chani sm t hrough whi ch prot e c t i on 

i s  confe rred i s  unknown but probably l i e s  i n  prot e i n  

s t ab i l i zat i on by heat shock prot e ins . Conve r s e l y , t he u s e  

o f  hypothermi a wi th t h e  i nt ent o f  l owering me t abo l i sm and 

reduc ing the pos t t raumat i c  re sponse as a means to a t t enuat e  

t he s e condary inj ury c a s c ade i s  be i ng t e s t e d ( Mc I nt osh e t  

a l . ,  1 9 9 8 ) . 

C l inical  t r i a l s are current l y  unde rway i n  t he use o f  

EAA ant agoni s t s  and are primari ly focus i ng o n  t he s a f e t y  o f  

the s e  agent s i n  humans . S tudi e s  examining neuropro t e c t i on 

have not been performed i n  humans as o f  ye t , but shou l d  be 

the next s t ep if the EAA ant agoni s t s  prove t o  be s a f e . 



VI . CONCLUS I ONS 

The above pape rs provide informat i on on t he pos s i b l e  

me chani sms and a s s oc i a t i ons between t he acut e inj ury 

proc e s s  and the neurochemi cal c a s c ade t hat fol l ows . Mo s t  

o f  the re search point s t o  t he pathway o f  increased 

exc i tat ory amino ac i d  re l ea s e  resul t i ng i n  exc e s s ive 

c e l l u l a r  s t imul at i on . Thi s  s t imul at i on i s  known t o  be 

mediated in l arge part through NMDA and muscarini c 

re ceptors . A vari ety o f  pathways can ensue f rom thi s 

st imul at i on involving the act ivat i on o f  int race l l u l a r  

c a s c ade s e i the r  d i re c t ly f rom t he receptors or i ndi re c t l y  

by opening of  Ca2+ channe l s  increa s i ng intrace l l u l a r  Ca2 + .  

Incre a s e s  in c - fos  and c - j un expre s s i on have been 

corre l ated wi th inc reased i nt rac e l lul ar Ca2 + l eve l s  and 

cou l d  c ause induct i on of t he AP - l  t rans c ript i on factor 

whi ch c an medi ate expre s s i on o f  any gene s w i t h  an AP - l  

binding s i t e  in t he i r  promoter regi on . 

I t  rema i ns t o  be d i s c overed what typ e s  o f  c e l l u l ar 

conne c t i ons there are between t he TB I - i nduced gene s , a s  

we l l  a s  t he e l uc i dat i on o f  t he func t i on o f  t he gene s 

re cru i t ed by TB I . The l EGs seem t o  func t i on prima ri l y a s  
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t rans c ript i on fact ors regulat ing the expre s s i on o f  other 

gene s . However , s i nc e  they pos s e s  t he ab i l i ty t o  a f f e c t  a 

wide vari ety of  gene s they repre sent an import ant s t ep i n  

6 8  

unde rst anding TB I patho l ogy . I t  i s  pos s ib l e  that t he gene s 

act ivated by c - fos / c - j un can s e rve e i ther a prot e c t ive o r  

degene rat ive func t i on . Thi s  impos e s  a s e r i ous l imi t a t i on 

on the use o f  AP - 1  a s  a t re atment , thus more spec i f i c  

de t a i l s  i n  the pathways are nee ded , a s  exemp l i f i ed by t he 

de t e rminat i on o f  the spec i f i c  s t ep s  wi t h  cyc l ooxygena s e  and 

l ipoxygenase . 

NGF has been shown t o  st imu l a t e  growth ( Burt , 1 9 9 3 ) 

and spare inj ured neurons ( Haye s e t  a l . ,  1 9 9 2 ) . BDNF has 

a l so been shown t o  incre a s e  neuronal surviva l  in cul ture 

and prevent death in vivo ( Burt , 1 9 9 3 ) . The gene s for bot h  

o f  t he s e  prot e i ns have been shown t o  b e  act ivated f o l l owing 

TB I . They repre s ent prot e ins whi ch might s e rve a 

prot e c t ive func t i on in TB I and as such , t hey warrant 

further research . The i r  upregul at i on might provide a 

t reatment for " re s cuing" c e l l s  f o l l owing TB I . 

The BDNF gene dat a  i ndi c a t e s  an incre a s e  i n  c e l l  

survivab i l i ty and neuropro t e c t i on ( H i cks e t  a l . ,  1 9 9 7 ) . I t  

i s  evi dent that the prot e c t ive e f f e c t s  o f  BDNF and other 
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neurot rophins are exerted t hrough int e rac t i ons w i t h  t he i r  

receptors whi ch a l so show an increased t rans c ript i on i n  t he 

s ame areas as BDNF ( Hi cks e t  a I , 1 9 9 8 ) . 

The dat a on cyt okine s  demonst rat e t he i r  concurrent 

expre s s ion in bra i n  areas sus c ept i b l e  to TB I and t hey are 

known to part i c ipate i n  apop t os i s  ( We s tmore l and e t  a l . ,  

1 9 9 6 ) . NMDA ant agoni sm wi t h  HU- 2 1 1  showed a reduc t i on i n  

the cytokine TNF - a  produc t i on ,  a s  we l l  a s  improved c l ini c a l  

out come o f  t e s t  subj e c t s  ( Shohami e t  a l . ,  1 9 9 7 ) . 

I nt e rl eukin - 1  receptor ant agoni sm has a l so been shown t o  

de crease neurona l damage and o f f e r  neuropro t e c t i on 

( Rothwe l l , 1 9 9 6 ) . Thi s  would i nd i c a t e  a pot ent i a l l y  

harmful rol e  of  a n  acut e increase in cyt okine expre s s i on 

f o l l owing TB I . 

I t  i s  import ant t o  not e  that whi l e  mos t  studi e s  

i ndi cate a patho l og i c a l  rol e  f o r  cytokine s , t he re i s  s ome 

be l i e f  t hat the i r  pre s ence might be bene f i c i al for t he 

c e l l . A study by S t r i j bos and Rot hwe l l  ( 1 9 9 5 ) i ndi c a t e d  a 

neurot rophi c e f f e c t  o f  I L - 1 against exc i t ot oxi c damage . 

Furthe r  s tudi e s  are de f ini t e l y  warrant e d  wi t h  inh i b i t ors o f  

cytokine func t i on t o  further de t e rmine t he c l i n i c a l  

e f f i cacy in head inj ury . 
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Heat shock prot e i ns have been known t o  p l ay a ro l e  i n  

c e l l u l a r  rep a i r  and prot e c t i on ( a s revi ewed in Maye r and 

Brown , 1 9 9 4 ) . Al though di f fe rent me chani sms of act iva t i on 

have been proposed such a s  b l ood bra i n  barr i e r  comp romi s e , 

direct phys i c a l  insul t , and increased i nt rac e l lul ar Ca2 + ,  i t  

i s  known that act ivat i on occurs fol l owing TB I ( New e t  a l . ,  

1 9 8 9 i Xue and Gros s f i e l d , 1 9 9 3 i and Tanno e t  a l . ,  1 9 9 3 ) . 

The se prot e ins have a l so been shown t o  provide prot e c t i on 

f rom glutamat e  t oxi c i ty ( Lowens t e i n  e t  a l . ,  1 9 9 1  and 

Rordorf et a l . ,  1 9 9 1 ) . Heat shock gene s are gene s f o r  

whi c h  a l ot o f  informat i on has been gathered and shou l d  

repre s ent a vi ab l e  opt i on f o r  t reatment t hrough t he i r  

induct i on . 

The incre a s e s  s e en in GRP expre s s i on are s t i l l  

inconc l us ive w i t h  regard t o  t reatment opt i ons . I f  t he s e  

prot e ins serve t o  modu l a t e  and buf f e r  c a l c i um l eve l s  t hey 

may be he lpful . Howeve r ,  i f  i ncreased c a l c ium l eve l s  s e rve 

to increase gene t rans c ript i on of pot ent i a l ly bene f i c i a l  

gene s , such a s  heat shock prot e ins , gro s s  modul at i on o f  

cal c ium l eve l s  may not b e  he lpful t o  t he c e l l . More 

studi e s  need to be performed a imed at i nve s t i gat i ng 

c l i n i c a l  out come o f  TB I pat i ent s w i t h  regard t o  GRP 
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expre s s i on . Us ing spec i f i c  inhibi t ors s imi l ar t o  what wa s 

performed to inve s t igate TNF - a  might be he lp ful ( Shohami e t  

a l . ,  1 9 9 7 ) . 

The dat a conc e rning GFAP indi c at e s  an increase 

f o l l owing t rauma ( Ko s t - Mikucki and Obl i nge r , 1 9 9 1 ) . S i nc e  

i t  i s  be l i eved that GFAP - re l at ed s carr i ng impede s axonal 

regenerat i on ,  further s tudi e s  on GFAP gene expre s s i on are 

needed , and might provi de a s i t e  for therapeut i c  

int e rvent i on ( B i gnami and Dahl , 1 9 7 6 ) . 

The apopto s i s - suppre s sor bcl - 2  i s  another gene whi ch 

repre s ent s a pot ent i a l  for the rapeut i c  i nt e rvent i on . The 

gene expre s s i on and t rans l a t i on of bc l - 2  was shown to be 

act ivated in surviving neurons f ound within regi ons whi c h  

a r e  sus cept ibl e t o  apopt ot i c  death f o l l owing TB I 

( ip s i l at eral cortex , hippocampus , and dent a t e  gyrus ) ( Ri nk 

e t  a l . ,  1 9 9 5 ) . 

Do the s e  gene s whos e  t rans c ript i on i s  a l t ered me r e l y  

s e rve t o  mark c e l l s  that a r e  inj ured or d o  t hey a l s o  s e rve 

t o  func t i on in c e l lular repai r ?  There i s  much work s t i l l  

l e f t  i n  thi s f i e l d  e spec i a l ly i n  examining t he regul a t o ry 

me chani sms a s soc i at e d  with gene expre s s i on . I f  glut amat e  

conc entrat i ons do s t imu l a t e  expre s s i on o f  gene s whi ch c au s e  
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t he re s i s t ance o f  l e thal glutamat e  concent rat i ons , i t  wou l d  

s e em t hat glutamat e  would have a dua l e f f e c t  o n  t h e  c e l l . 

Al t hough i t  i s  neurotoxi c t o  t he c e l l , i t  i s  a l so ne c e s s ary 

for the c e l l  t o  l aunch mechani sms t o  he l p  re s i s t  the 

e f f e c t s o f  the glutamat e .  I t  wi l l  be i nt ere s t i ng t o  s e e  

what future experiment s t e l l us about t he varying ro l e s  o f  

exc i t atory amino a c i ds such as g l ut amat e  and aspart a t e . 

The fact rema ins t hat many pos s ib l e  rout e s  exi s t  f o r  

i nt e rvent i on in the proc e s s  o f  exc i t ot oxi c i ty . The amount 

of inf ormat i on on t he NMDA receptor i s  vas t  and cons t ant l y  

growing , put t ing us c l os e r  t o  de s i gning therapeut i c  

so lut i ons . One pos s ib i l i ty i s  t o  de s ign a noncompe t i t ive 

NMDA ant agoni s t  that wi l l  bind spec i f i ca l ly or 

pre f e rent i a l ly t o  neural NMDA receptors . The glyc i ne s i t e  

o f f e rs an exc e l l ent bl ockade s i t e  whi ch wou l d  pe rmi t 

ant agoni sm but s t i l l  a l l ow t he channe l t o  open and pre s e rve 

func t ion . One route for thi s would be t o  exp l o i t  t he 

gre a t e r  concent rat i on o f  t he s e  receptors found within 

cert a i n  areas o f  t he eNS and t hus t he s t ronger probab i l i t y  

o f  b i nding . For examp l e , a heavy concent rat i on o f  

re ceptors exi s t s  within t he hippocampus and mo s t  o f  t he 

e f f e c t s o f  TB I such a s  memory and l earning de f i c i t s  are 



known t o  be proc e s s e s  in whi c h  the hippocampus p l ays an 

import ant ro l e  ( Burt , 1 9 9 3 ) 
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Another aspe c t  t o  cons i de r  wou l d  be t he use o f  

mul t ip l e  receptor ant agoni s t s . Us i ng a s i ng l e  ant agoni s t  

only s e rve s t o  show t he resul t s  o f  a s i ng l e  receptor a s  

oppo sed t o  exc i totoxi c i ty whi ch i s  the func t i on o f  mul t ip l e  

t ransmi t t e r  recept ors . Use o f  ant agoni s t s  t o  other 

pot ent i a l ly exc i t at ory receptors , such a s  s c opol amine 

mus carini c receptors , i s  current ly under i nve s t igat i on 

( Hamm e t  al . ,  1 9 9 5  and Phi l l ips e t  a l . ,  1 9 9 7 ) . Synerg i s t i c  

approache s wi th ant agoni s t s  and other pharmacolog i c a l  

therap i e s  such a s  dant rol ene a r e  a l s o  current l y  unde r 

inve s t i gat i on . 

The re search on TB I - i nduced change s i n  gene expre s s i on 

t o  dat e  i s  t empered w i t h  t he cons i de rat i on that the dat a  

only indi cat e s  change i n  gene expre s s i on . The reade r mus t  

re cal l that t he re are s everal addi t i ona l s i t e s  for 

modul at i on fol l owing t ranscript i on such as me s s age 

s t abi l i ty , t rans l a t i onal e f f i c i ency , and post - t rans l a t i onal 

modi f i c at i on . A direct 1 : 1  re l at i onship doe s not 

nece s s ari ly exi s t  between i nc rease in me s s age and prot e in . 



As wi t h  the early pha s e s  o f  any re search l the dat a  

addre s s i ng gene expre s s i on and TB l i s  mo s t ly de s c ript ive 

and pre sent s a var i e ty o f  gene s whi ch are shown t o  be 

modul ated fol l owing inj ury . Future re s earch wi l l  

de f i ni t e ly focus on t he s e  gene s and t he i r  cont ribut i ons t o  

t he inj ury me chani sm or recovery proce s s e s . 
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