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Summary
T he  inhib itory  effec t  o f  acu te  eleva ted  p latform  stress  exposu re  on synap tic  p las tic ity  in 

the C A l  reg ion  o f  the h ip p o cam p u s  in vivo w as  investiga ted .  Such  stress ex p o su re  w as 

co n f irm ed  to  inh ib it  su b seq u e n t  long  te rm  p o ten t ia t io n  (L T P )  in d u c tio n  in u re thane  

anaesthe tised  rats. W e inves tiga ted  the effec t o f  m o d u la t io n  o f  the se ro tone rg ic  system  

on this s tress - induced  inh ib it ion  o f  L T P  induction . 5 -h y d ro x y try p ta m in e  (5 -H T ) levels 

are  reported  to be ra ised  fo llow ing  acute  stress e x p o su re  and  is th o u g h t  to con tr ibu te  to 

s tress-induced  inh ib it ion  o f  L T P  in C A l .  W e found  that  in jection  o f  the 5 -H T  re leasing  

agent (± )fen f lu ram ine  ( (± ) -N -E th y l-a -m e th y l-m -[ tr i f lu o ro m eth y l]p h en e th y lam in e )  p o s t­

s tress  e x p o su re  en a b le d  th e  in d u c tio n  o f  LTP. W e  a lso  in v es t ig a ted  d is t in c t  5 -H T  

recep to rs  w ith respec t  to the ir  par tic ipa tion  in the (± )fen f lu ram in e  m ed ia ted  abrogation  

o f  the inh ib itory  effec t  o f  s tress  on the induction  o f  LTP. W e iden tif ied  5-H T 2 recep to r 

ac tiva tion  as b e ing  o f  im portance  in m ed ia t ing  the  en a b le m en t  o f  the induction  o f  LTP 

in (± )fen tlu ram in e  treated  an im als  w hich  had  been p rev ious ly  ex posed  to acu te  eleva ted  

p la tfo rm  stress .  W e  also  in v es t ig a ted  ag o n is ts  o f  5 -H T 2 re c e p to rs  an d  fo u n d  that  

ac t iv a to rs  o f  5-HT2b/2c (m C P P : 1- (3 -C h lo ro p h en y l)p ip e ra z in e  h y d ro ch lo r id e ) ,  5-HT2b 

(B W 7 2 3 c 8 6 :  a -M e th y l-5 - (2 - th ie n y lm e th o x y )-  1 H -in d o le -3 -e th an a m in e  hyd ro ch lo r id e )  

o r  5 H T 2C (M K -2 1 2 :  6 -C h lo ro -2 - (  1-p ip e ra z in y l )  p y ra z in e  h y d ro c h lo r id e )  re cep to rs  

enab led  the induction  o f  LT P  in an im als  ex p o sed  p rev io u s ly  to acu te  e lev a ted  pla tform  

stress.

U s in g  the  5-H T 4 re cep to r  partia l  ag o n is t  R S 6 7 3 3 3  ( I - (4 -A m in o -5 -c h lo ro -2 -m e th o x y  

p h e n y l ) - 3 - [ l - b u t y l - 4 - p i p e r i d in y l ] - l - p r o p a n o n e  h y d ro c h lo r id e )  w e  fa i le d  to  f ind  

expe rim en ta l  ev id en c e  to su g g es t  that  ac tiva tion  o f  5 -H T 4 recep to rs  had  the ab il i ty  to 

re lieve the s tress-induced  inhibition  o f  LT P  induction.

W e also investigated  w h e th e r  the inhibition o f  LTP induction  due to the N M D A  recep to r 

an tag o n is t  D -A P 5  (D - 2 -A m in o -5 -p h o s p h o n o n p e n ta n o ic  ac id )  co u ld  be  a f fec te d  by 

(± ) fe n t lu r a m in e  a d m in is t r a t io n .  W e fo u n d  th a t  a d m in is t r a t io n  o f  (± )fen f lu ram ine  

enab led  the induction o f  LTP in non-stressed  an im als  trea ted  with D-A P5.

A s h ippocam pal p lasticity  is d is rup ted  by  acute and ch ron ic  stress and  is hypo thes ised  to 

be nega tive ly  a ffec ted  in d iso rders  such as dep ress ion  and  anx ie ty  w e  inves t iga ted  tw o



sepa ra te  anim al m ode ls  o f  depression : the F linders  D epress ion  M odel and  the congenita l 

Lea rned  H elp lessness  Model.

F linders  Sensitive Line (FSL) rats show ed  im paired  L T P  in C A l  w hen  co m p ared  to their 

co n t ro l  a n im a ls  th e  F lin d e rs  R es is tan t  L ine. F l in d e rs  re s is ta n t  l ine  a n im a ls  had  

s ig n i f ic a n t ly  g re a te r  sy n ap t ic  e x c i ta b i l i ty  an d  s h o r t  te rm  p la s t ic i ty  (p a ir e d  p u lse  

fac i l i ta t io n )  w h ich  m ay  a c co u n t  fo r  the  d if fe ren c e  in L T P  induction .  T h e re  w as  no 

s ig n if ican t  effect o f  m aternal separa tion  in F R L  an im als ,  a l though  m aterna l separation  

resu lted  in the fa ilure to induce a s ta tis tica lly  s ign if ican t  L T P  in FSL an im als ,  the level 

o f  p o ten t ia t io n  w a s  no t  s ig n if ican t ly  d if fe ren t  f ro m  n o n -m a te rn a l ly  se p a ra te d  FSL 

a n im a ls .  C h ro n ic  esc ita lo p ram  ( ( s ) - l - [3 - (d im e th y l ) a m in o )p ro p y l ] - l - ( 4 - f lu o ro p h e n y l) -  

1,3 -d ih y d ro -5 -isobenzofu rancarbo  nitrile  h y d ro b ro m id e)  t rea tm ent,  a se lec tive  serotonin  

re u p ta k e  in h ib ito r  fa iled  to e n h a n ce  LT P  in d u c t io n  in e i th e r  F R L  an d  F S L  trea ted  

an im a ls  o r  in FRL and  FSL m aternally  separated  an im als .

H igh  frequency  s tim ulation  induced  LTP in congen ita l  learned  help less  rats exp ress ing  

e i th e r  a lea rn ed  he lp le ss  (c L H -lh )  o r  a n o n - le a rn e d  h e lp le ss  p h e n o ty p e  (cL H -n lh ) .  

S u rp r is in g ly  co n g en ita l  n o n - lea rn ed  he lp le ss  ra ts  e x p re s s in g  a n o n - lea rn ed  h e lp less  

p h en o ty p e  (cN L H -n lh )  had m uch reduced  LT P  in C A l  co m p ared  to cL H (lh /n lh )  an im als  

(p = 0 .0 5 7 ) .  O u tb re d  S p rag u e  D a w ley  ra ts  e x p o s e d  to  u n co n tro l lab le  sh o ck  sh o w ed  

s ign if ican tly  less LT P  than control non-shocked  S prague  D aw ley  an im als  (p=0.05).  This 

su g g es ts  that  ex posu re  o f  cN L H -n lh  an im a ls  to u n co n tro l lab le  shock  m ay  acco u n t  for 

th e ir  r e d u ced  LT P  induction . T h ere  w as  no  d if fe ren c e  be tw een  the  b ase line  synap tic  

p rope rt ie s  o f  cN L H  and cLH groups.

I'he w o rk  p resen ted  here sugges ts  that  se ro tonerg ic  m o d u la t io n  m ay  o v e rco m e  stress- 

in d u ced  inh ib it ion  o f  LTP induction. W e su g g es t  tha t  bo th  d ep ress ion  m ode ls  w arran t  

fu r th e r  sc ien tif ic  inves t iga t ion .  C lin ica l ly ,  th ese  re su lts  su g g es t  tha t  5 -H T 2 re c e p to r  

ag o n is ts  m ay  p rove  useful in the t rea tm en t o f  acu te  s tress  d iso rders .  A lso  the m ode ls  

a p p e a r  to  rep resen t  tw o  clin ically  d is tinc t ty p e  o f  dep ress ion .  T he  F linders  dep ress ion  

m o d e l  m a y  be usefu l in u n d e rs ta n d in g  im p a ired  sy n ap t ic  p la s t ic i ty  a s so c ia te d  w ith  

u n ip o la r  d e p re ss io n  w h ile  co n g en ita l  L ea rn ed  H e lp le s sn e s s  m ay  p ro v e  e f fec t iv e  in 

m o d e l l in g  synaptic  plasticity  in refrac tive  depression.
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I. Introduction



1.1 The Hippocampus.

The h ippocam pus,  the dentate  gyrus and m ost o f  the h ippocam pal gyrus  m ake  up the 

h ippocam pal form ation. The size o f  the h ip p o cam p a l fo rm ation  is spec ies  dependen t 

(S tep h an  e t al. 1981). T he h ip p o cam p u s  has  th ree  sec to rs ,  C A l ,  ad jac en t  to the 

subiculum , CA 2, and CA3 which receives a m ajor input from the dentate  gyrus. Within 

the h ip p o cam p a l  co r tex  there  are th ree  layers,  the  m o le c u la r  layer  co n s is t in g  o f  

interacting axons and dendrites, the pyram idal cell body  layer th rough w hich  branches 

called S chaffer  co llaterals  pass before synapsing  w ith  o ther pyram idal neurons in the 

m o le c u la r  layer ,  an d  the p o ly m o rp h ic  lay e r  c o n ta in in g  ax o n s ,  d e n d r i te s  and  

in terneurons. T he cerebral neocortex , the septal area , the contra latera l h ippocam pus 

and the nuclei in the re ticular form ation o f  the bra in  stem are the four m ain  sources o f  

afferents to the h ippocam pal formation. The fornix is the largest efferent pathw ay o f  the 

h ippocam pal formation.

1.2 The Hippocampus is a centre of Learning and Memory.

It has long  been  ac cep ted  that the h ip p o cam p u s  p lay s  a crucia l  ro le  in m em o ry  

fo rm ation  in p a r t ic u la r  in re la tion  to d ec la ra t iv e  m em o ry .  T h e  o rig ina l ev id en ce  

obtained to support this notion was provided  by Scoville &  M ilner (1957) in which they 

described a patient af te r  bilateral h ippocam pal rem oval w hich  resulted  in an terograde 

amnesia. T he h ippocam pus  has also been show n to be critical for spatial learning. Rats 

hav ing  h ip p o cam p a l/p a rah ip p o ca m p a l  lesions p e rfo rm  poorly  in the M orris  W ater  

M aze (M orris  et al. 1982), a learning parad igm  in w h ich  an anim al is requ ired  to use 

spatial cues to fm d a h idden underw ater p latform. H ow ever,  despite  its pivotal role in 

m em o ry  fo rm ation ,  the h ip p o cam p u s  does  no t func tion  in iso lation  w ith  respec t to 

m em o ry  p rocesses .  M em o ry  im p airm en t w as  less seve re  in an im als  h av in g  lesions 

confined to  the h ippocam pus w hen com pared  to an im als  w hich  had additional lesions 

to the perirh inal,  entorhinal,  and parah ippocam pal cortical regions (B acheva lie r  et al. 

1999; Z o la -M o rg an  et al. 2000; Z o la -M organ  et al. 1989; Z o la -M o rg an  et al. 1982). 

Also it is though t  that m ost areas o f  the cortex can support  som e form o f  m em ory  e.g.
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visual sensory  m em o ry  and  tacti le  m em o ry .  A lth o u g h  the h ip p o cam p u s  is w ide ly  

accepted as having the prim ary role in m em ory  form ation som e groups have suggested  

that it m ay be the neocortex  w hich  is re sponsib le  for the recall o f  recent m em o ries  

(S qu ire  1992). H o w ev er ,  n eu ro im a g in g  tech n iq u es  have show n  th a t  h ip p o cam p a l  

circuits are activated even w hen very rem ote m em ories  are recalled (R yan  et al. 2001).

1.3 Long term potentiation. 

1.3.1 Transmission at Glutamatergic synapses.

Fast transm ission at h ippocam pal g lu tam aterg ic  synapses  is m ediated  by three types o f  

ionotropic recep to r (1) A M P A  receptor (2) N M D A  receptor and  (3) K aina te  receptor. 

The A M P A  receptor is responsib le  for basal synaptic  transm ission  (C ollingr idge  et al. 

1983a; C o l l in g r id g e  et al. 1983b; M on ag h an  et al. 1983). T he  A M P A  re cep to r  is 

p e rm eab le  to N a ’ and  ions w h ich  acco u n ts  for m ost o f  the inw ard  cu r ren t  in 

postsynaptic  spines w hile  at resting potential. T he N M D A  recep to r p lays  little role in 

basal transm iss ion  a lthough  it is critical for long term  poten tia tion  (L T P ) induction. 

LTP is a stable, re la tive ly  long lasting increase  in the m ag n itu d e  o f  a pos tsynap tic  

response to a constant afferent volley fo llow ing  a b r ie f  tetanic s t im ulation  o f  the sam e 

afferent (Bliss & C ollingridge 1993).

1.3.2 LTP is a physiological model of memory formation.

T he ab ility  o f  the m am m alian  nervous  sys tem  to p rocess ,  s tore and  re tr ieve  large 

am ounts  o f  in fo rm ation  on an ongo ing  basis  has long in trigued scientists. A ctiv ity  - 

dependent persistent increases and decreases in the strength o f  com m unica tion  between 

nerve cells (synaptic  plastic ity) provides  an attractive b io logically  p lausib le  m eans  o f  

inform ation s to rage in the brain. O ne such p lasticity  is called long term  potentiation  

(LTP) (Bliss & G ardner-M edw in  1973; Schw artzkro in  & W este r  1975). A n u m b er  o f  

factors point to LTP as a viable m echan ism  by which  m em ories  are form ed and stored
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(D oyere  et al. 1992; M orris  et al. 1990). LTP, like m em ories  can be generated  rapidly. 

It show s a high degree  o f  synapse specific ity  which allows for a huge storage capacity  

g iven the  n u m b e r  o f  synapses  in the m am m al ian  brain. In add ition  LT P  ap p ea rs  

associative in that activity at one point in the dendritic tree can influence the probability  

o f  a change in synaptic  strength at ano ther (W igstrom  et al. 1986b; M alinow  & M ille r  

1986). Furtherm ore LTP is m ost reliably induced  in brain areas thought to be involved  

in learning and m em ory  w hile  norm al neuronal activity  seen in learning and m em o ry  

appears able to induce LTP (Pow er et al. 1997). LTP in the h ippocam pus m ay take tw o 

distinct forms (a) N M D A  receptor dependent (b) N M D A  receptor independent (G rover  

& Tyler 1990; Nicoll & M alenka 1995; W ang et al. 1997).

1.3.3 NMDA receptor dependent LTP.

Most experimental work has focused on N M D A  receptor dependent LTP.

The N M D A  recep to r  is a vo ltage dependen t  ion channel.  Its channel is b locked  by 

ex tra -ce l lu la r  Mg"^. F o llo w in g  h igh  f req u en c y  s t im u la t io n  (H F S ) re su l t in g  in 

postsynaptic m em brane  depolarization, the M g “  ̂ is rem oved  from its b inding  site on the 

N M D A  receptor a l low ing  an influx o f  C a‘  ̂ and  Na* into the dendrit ic  spine, i f  the 

influx o f  C a “* is suffic ien t in both  du ra tion  and  co n cen tra t io n  LTP is induced . In 

situations w here  the elevation in calc ium  levels is not sufficient to induce LTP a short 

term potentiation (STP) m ay be induced  lasting betw een 5 - lO m in s  or a lternative ly  a 

long term depression  (L T D ),  a long lasting decrease  in synap tic  activ ity  m ay  result. 

E xper im en ta l  da ta  d em o n s tra t in g  the critica l ro le  o f  C a '"  in LT P  ind u c tio n  w a s  

p rovided  by Lynch  et al. (1983). T hey  sh o w ed  that the use o f  ca lc ium  che la to rs  to 

prevent a rise in postsynaptic  C a‘  ̂ resulted in a b lock o f  LTP induction. Furtherm ore , it 

was shown that experim entally  ra ising postsynaptic  Ca^^ concentration  resulted in LTP. 

How ever, re lease  o f  in tracellu lar  ca lc ium  in add ition  to the influx o f  ex tra -ce llu la r  

calcium  is required for LTP induction. Evidence pointing to this fact w as provided  by 

Bortolotto  & C olling ridge  (1993). T hey  show ed  that use o f  the in tracellu lar  ca lc ium  

depleting agent thapsigargin  prevented induction o f  LTP.
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1.3.4 CaMKII plays a key role in LTP.

Research has suggested a role for many different molecules in the induction and 

maintenance o f  LTP. It has however been difficult to disentangle key mediators from 

modulators o f  the process. Following influx through N M D A receptors various 

kinases/phosphatates are activated, suggested to be the molecular basis for LTP. One 

such molecule is CaMKII (Fukunaga et al. 1993; Ouyang et al. 1997). CaM KII is 

thought to act as the bridge linking a transient increase in Ca^* concentration to 

neuronal plasticity. It is well placed to play such a role as it makes up 1-2% o f  total 

neuronal protein content with its expression being particularly high postsynaptically 

(Kennedy 1997). Much experimental evidence has been provided supporting the notion 

o f  CaM KII as a key mediator o f  LTP. Following Ca“  ̂ induced activation CaMKII 

remains active due to autophosphorylation at Thr-286. Mutation o f  this residue prevents 

autophosphorylation impairing both LTP and spatial learning (Giese et al. 1998). Also 

transgenic mice in which the CaMKII gene has been deleted have impaired LTP and 

memory (Silva et al. 1992). In CAI pyramidal neurons, a constitutively active CaMKII 

when infused resulted in an increase in size o f  the A M PA R  m edia ted  EPSC 

concomitantly occluding LTP induction (Lledo et al. 1995; M cGlade-M cCulloh et al. 

1993). Furthermore postsynaptic injection o f  inhibitors o f  CaMKII or genetic deletion 

o f  a crucial CaMKII subunit results in a block o f  LTP induction (Malenka et al. 1989). 

Finally, the G luR l subunit o f  the AM PA receptor is phosphorylated during LTP. 

CaM KII can directly phosphorylate this subunit (Barria et al. 1997). Taken together 

CaMKII activation appears sufficient for and critical to induction o f  LTP.

1.3.5 LTP maintenance.

Once induced LTP may last for several hours in vitro  or even days in vivo  (Bliss & 

G ardner-M edw in  1973). Such long-term  m ain tenance  m ust obv iously  involve 

mechanisms other than those employed simply for induction. Maintenance o f  LTP may 

be divided into 2 phases; early phase LTP (lasting up to a few hours) requires post-
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translation modification while maintenance o f  late phase LTP is dependent on de novo 

gene expression and protein synthesis (Krug et al. 1984; Otani et al. 1989; Nguyen et 

al. 1994). While LTP in the dentate gyrus has been shown to be decremental in nature 

(Abraham et al. 1994; Abraham 2000) LTP in C A l has been reported to be both 

decremental (Buzsaki 1980; Leung & Shen 1995) and non-decremental (Staubli & 

Lynch 1987). Phosphorylation o f  the transcription factor CREB has been implicated as 

an essential component o f  the translational m achinery necessary for maintenance o f  

LTP in dentate (Bourtchouladze et al. 1994). A second transcription factor important 

for LTP maintenance is zif268 (Jones et al. 2001). Interestingly in C A l,  late phase LTP 

appears dependent on activation o f  D1/D5 dopam ine receptors (Frey et al. 1990; 

Swanson-Park et al. 1999). Furthermore it has been shown that LTP maintenance is not 

a passive process. It is an active process with late-phase LTP decay being prevented by 

the NM DA receptor antagonist CPP (Villarreal et al. 2001). Evidence was provided by 

Duffy et al. (1981) that linked LTP induction protocols with a concomitant increase in 

protein synthesis. Other theories put forward to explain LTP maintenance include: 

increase in the size o f  the dendritic spine (Fifkova &Van Harreveld 1977), an increase 

in the amount o f  transmitter release (implying the existence o f  a retrograde messenger) 

(Dolphin et al. 1982; Williams et al. 1989) and an increase in g lutamate receptor 

density (Shi et ai. 1999). Transgenic mice expressing  an inhibitory form o f  the 

regulatory subunit o f  PKA do not maintain the late phase o f  LTP show however no 

disruption to early phase LTP (Abel et al. 1997). Moreover mice lacking a PKA subunit 

show LTP following HFS but also fail to maintain it. Mice lacking both types 1 and 8 

calcium activated adenylyl cyclases show deficits in late phase LTP (Wong et al. 1999). 

Therefore cAM P and PKA can be said to be critical mediators o f  late phase LTP.
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1.3.6 AM PA receptors and LTP

T w o  dist inct  m ech a n i s m s  modu la te  the  A M P A  recep to r  func t ion dur i ng L T P /L T D  

induction.

(1) Modula t ion o f  the channel  i tself

(2) Target ing o f  the receptor  to silent synapses

A M P A  receptor  subuni ts  are targeted  by k inas es /phosphatase s  fo l lowing HFS (Lee et 

al. 1999; Soder l ing & Derkach 2000).  They are phos pho ry la ted  on at least 12 distinct  

si tes (Roche et al. 1996). H ippocampa l  neurons  ex posed  to pept ide  inhibitors o f  PKA 

s h o w ed  inhibi ted  A M  PA R  m ed ia ted  cu rren ts  su g g es t in g  P K A  to be impo r t an t  in 

regula t ing basal A M P A R  function (Greengard  et al. 1991). Furthermore  maintenance  o f  

increased A M P A  responses  seems  to require express ion o f  new ly  synthes ised A M P A  

receptors,  a process which requires PK A  (Nayak et al. 1998).

Silent  synapses  are synapses  wh ich  conta in  N M D A R s  but  no A M P A R s  and therefore 

do not normal ly  react  to synapt ica lly released glutamate  (Dingledine  et al. 1999). LTP 

induced by N M D A R  act ivation increases  the am oun t  o f  A M P A R  clus ters (Shi  et al. 

1999).  Fur the rm or e  this process  w a s  b locked by te tanus  toxin suggest ing m em b ra n e  

fusion as the m ech a n i sm  by which A M P A R s  are inser ted into silent synapses  dur ing 

LTP (Lu et al. 2001 ;  Liao et al. 2001) .  Add i t ional  e v idence  sup po r t ing a role for 

A M P A R s  i n v o lv e m en t  in synap t i c  p las t ic i ty  w as  the  f inding  that  low f requ ency 

s t im u la t i o n  ( L F S )  that  in duced  long  term  d e p r e s s i o n  ( L T D )  w a s  o c c lu d e d  by 

c o m p o u n d s  w hi ch  resul ted in the in ternaliza t ion o f  the A M P A  re cep to r  (Luthi  et al. 

1999).  A rapid redist r ibut ion o f  g lu tam at e  receptors has  been show n to contr ibute to 

LTD in h ippocam pa l  cultures  (Carrol l  et al. 1999). Thi s  results  in a dec rease  in the 

n um ber  o f  synaptic A M P A  receptors.
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1.4 Stress.

1.4.1 The concept of stress.

Stress as a psychophysio logical  concept is as yet poorly  defined. Tradit ionally  ‘s tre ss ’ 

is def ined  as any variable  w hich  disturbs physiological and psychologica l  hom eostas is  

re su lt in g  in re lease  o f  c a te c h o la m in e s  by the  sy m p a th e t ic  n e rv o u s  sy s tem  and  

cor ticoste ro ids  from the adrenal g lands. H ow ever ,  p rob lem s arise  with  such a broad  

defin ition for a n u m b er  o f  reasons. Firstly, w h e th e r  or not a s t im ulus  is pe rce ived  as 

s tressful is often  sub jec t  dependen t  i.e. w ha t  m ay  be perce ived  as stressful by one 

individual m ay not be so perceived  by another. Secondly, w hile  stressful events result 

in e leva ted  g lucocortico id  levels so too  does exposure  to p leasurab le  even ts  such  as 

feeding, exercise and sex (Phoenix et al. 1977; Bronson & Desjardins 1982; K analey et 

al. 2001; R osm ond  et al. 2000). Furtherm ore , g lucocor tico id  levels are indifferent to 

controllability ,  yet controllability  has a m ajor influence on the im pact o f  an avers ive  

event on physio logy  and behaviour (M aier & Seliginan 1976; M aier & W atkins 1998). 

A m ore  recent and specific definition has  been proposed  by  Kim & D iam ond  (2002). 

T hey  define  stress as “ a condition  in w hich  an individual is aroused  by an avers ive  

situation  with the m agn itude  o f  the stress and its physio log ica l  con seq u en ces  being  

greatly  influenced by the individuals perception o f  its ability to control the presence or 

intensity o f  the s t im ulation” . Interestingly stress can precipita te  psychiatric  illnesses, in 

particu lar depression. Exposure to chronic stress has been show n to induce depression. 

Indeed depression is often preceded by stressful situations. M oreover  changes observed 

in the 5 -H T  and stress h o rm one  sys tem s in dep ressed  ind iv idua ls  are  m im ick ed  by 

exposure to chronic stress.

1.4.2 Biochemical effects of stress exposure.

T he  stress re sponse  involves an initial w ave  o f  ca tech o lam in e  re lease  fo llow ed  by 

ac tiva tion  o f  the ir  assoc ia ted  2"^ m essen g e r  system s. T h is  p ro cess  o ccu rs  w ith in
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seconds o f  initial s tress  exposure. A second w ave  involves re lease o f  g lucocorticoids 

from the adrenal g lands. T he h ippocam pus is involved in the neuroendocr ine  regulation 

o f  s tress  h o rm o n es  (M c E w en  BS et al. 1995). T h e  h ip p o cam p u s  is rich in both  

m in e ra lo c o r t ic o id  (T y p e  1) and  g lu co co r t ic o id  (T y p e  2) c o r t ic o s te ro id  b in d in g  

recep to rs  (ReuI & de Kloet 1985). G lucocortico id  m ed ia ted  nega tive  feedback  in the 

h ip p o c a m p u s  w h ich  in h ib i ts  the  h y p o th a la m u s -p i tu i ta ry -a d re n a l  (H P A )  ax is  is 

im portant in term inating the stress response  (M iller &  O ’Callaghan  2002).

1.4.3 Anatomical impact of stress exposure on hippocampal structures.

F ollow ing  daily  res tra in t  s tress or chron ic  cor ticoste rone  in jections a trophy  o f  CA3 

apical dendrites  o f  pyram idal neurons  occurs  (M cE w en  et al. 2000). H ow ever,  stress 

induced  a trophy  is not con f ined  to CAS bu t is a lso  found in C A l  and den ta te  gyrus 

(S o u sa  et al. 20 0 0 ) .  In te res t in g ly ,  s t re ss /co r t ic o s te ro id  in d u ced  a tro p h y  m ay  be 

p rev en ted  by agen ts  w h ich  reduce  ex tra -ce l lu la r  5 -H T  levels  ( t ian ep tin e ) ,  reduce  

ex c ita to ry -am ino-ac id  neu ro transm iss ion  (p h eny to in )  or th rough  an e n h a n cem en t  o f  

GAEBA to n e  re d u ce  g en e ra l  ex c i ta b i l i ty  ( b e n z o d ia p in e s )  (B ro w n  et al. 1999). 

In tr igu ingly , w hile  ac tiva tion  o f  N M D A R s  acco m p an ied  by the necessary  influx o f  

C a '  is required  for LTP induction it seem s that s tress ’s adverse effects on h ippocam pal 

m orp h o lo g y  m ay at least in part be N M D A R  activation  dependen t.  Ev idence for this 

linkage w'as p rovided  by M cE w en  (2000). T hey  show ed  that co rticoste rone  enhanced  

cell dea th  w hich  is linked to e leva ted  C a“  ̂ levels can be reduced  in the p resence  o f  

N M D A R  antagonists.

H ip p o cam p a l-d ep en d en t  learning is associa ted  with p roduction  o f  granu le  cells in the 

adult den ta te  gyrus (G ould  & G ross  1999). Stress exposure  decreases  the proliferation 

o f  granule cells in adult rats (G ould  et al. 1999). S ince increased cortisol levels is linked 

to a decrease  in granu le  cell p roduc tion  so the rem oval o f  endogenous  corticostero ids  

enhances  n ew  granule  cell syn thesis  (G ould  E et al. 1997). A s granule  cell precursors  

lack both M R s and G R s, g lucoco r t ico ids  effect on granule  cell syn thesis  is therefore  

indirect.
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1.4.4 Brief stress exposure enhances memory.

W hile m ost experim ental w ork  has focused on the deleterious im pact o f  stress exposure  

on lea rn ing /m em ory  and LTP it has also been show n  that b r ie f  per iods o f  s tress can 

potentiate  m em ory  form ation at least for the em otional event i tse lf  (Cahill et al. 1994). 

A nim al s tudies have show n enhanced  m em o ry  for em otional events . This  p rocess  is 

th o u g h t  to be m ed ia te d  by en h a n ced  c a te c h o la m in e  re lease  (C ah ill  et al 1994; 

M cG augh et al. 1989). Catecholam ines act indirectly to  im prove m em ory  by increasing 

glucose  utilization in the brain (Cahill et al. 1994; M cG au g h  et al. 1989) resu lt ing  in 

im proved  cognition . E levation o f  g lucose  concen tra t ions  po ten tia tes  bo th  an terograde  

and re trograde m em ory  form ation in both labora tory  an im als  and  h um ans  (P arsons  & 

G o ld  1992). F u r th e rm o re ,  p a t ien ts  w ith  A lz h e im e r ’s d isea se  sh o w e d  e n h a n c e d  

perfo rm ance  in m em ory  tasks fo llow ing  g lucose adm inis tra tion  (M an n in g  et al. 1993), 

while severe hypoglycem ia is know n to im pair m em ory.

1.4.5 Stress inhibits memory formation.

A ctivation o f  the sym pathetic  nervous system and the rise in g lucocortico ids  contribute  

to the deleterious effect o f  stressors on m em ory  form ation and LTP induction. Exposure 

to e levated  levels o f  ca techo lam ines and supraphysio logica l  concen tra tions  o f  g lucose 

as well as e levated corticosterone levels have been show n to be deleterious to m em ory  

(M cG au g h  et al. 1989). H ealthy  hum an  subjects  w hen  ad m in is te red  stress levels o f  

cortisol exhib it  se lec tive im pairm ent o f  verbal dec la ra tive  m em o ry  (N e w co m er  et al. 

1994). A lso  ind iv idua ls  p resen ting  w ith  h y p erco r t iso laem ia  and  depress ion  d isp lay  

h ippocam pus-dependen t m em ory  impairm ent. Furtherm ore , C u sh in g ’s d isease sufferers 

(excessive g lucocortico id  secretion) show  deficits  in dec lara tive  m em o ry  (S tarkm an  et 

al. 1999) and  h ippocam pa l a trophy (S ap o lsk y  et al. 1999) w h ich  is revers ib le  upon 

treatm ent to reduce cortisol levels (S tarkm an  et al. 1999). S im ilarly , in anim al m odels , 

rats exposed  to stress or treated w ith  cor ticoste rone  sh o w  defic its  in spatial m em ory  

(L u ine et al. 1993; D iam ond  1999; D iam o n d  1996; de Q u erva in  1998). T ransgen ic
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mice having e levated corticosterone levels due to central over-expression  o f  C R F  also 

show im paired spatial m em ory  (Heinrichs et al. 1996).

1.4.6 Stress inhibits LTP.

LTP in the h ip p o cam p u s ,  a pu ta tive  m em o ry  m o d e l  is inh ib ited  by p sy ch o lo g ica l  

stressors w hich  induce high levels o f  c irculating ca techo lam ines and supraphysiological 

levels o f  g lucocor tico ids .  T he inhibitory  effec t o f  s tress  on LT P  induction  w as first 

described in 1987 (Foy et al. 1987). It w as discovered  that rats exposed  to unpredic tab le  

and inescapable restrain t ta ilshock show ed  reduced  LT P  in h ippocam pal C A l .  Further 

studies show ed that the stress induced im pairm ent lasted for up to 48 hours (Shors  et al. 

1997). A lso  it w as show n that stress induced LTP im pairm en t was not l im ited  Just to 

C A l but w'as also  found in denta te  gyrus  (Shors  & D ryver  1994). In teresting ly , in 

para lle l to  b eh av io u ra l  s tud ies  (M a ie r  & S e l ig m an  1976) it w as  d isco v e red  that 

contro llab il i ty  w as the key factor in the stress induced  im pairm en t o f  LTP with the 

intensity o f  the nega tive  stim ulus being o f  secondary  im portance  (Shors et al. 1989). 

O ther forms o f  psychological stressor such as inescapable  eleva ted  platform  stress also 

has been show n to b lock C A l LTP (Xu et al. 1997). E xposure  to predator s tress while 

b lo ck in g  P B P  (p r im ed  burs t  p o ten t ia t io n )  (M e sc h e s  et al. 1999) and  im p a ir in g  

h ip p o cam p a l-d ep en d en t  spatial m em o ry  (D iam o n d  et al. 1999) did not im pair  LTP 

(M esches  et al. 1999) suggesting  that PB P  has a g rea te r  sensitiv ity  to m odu la t ion  by 

stress than LTP. G lucocortico ids  have a b iphasic  effect on LTP and PBP (D iam o n d  et 

al. 1992; B ennett et al. 1991). High levels o f  g lucocortico ids  ev ident fo llow ing  stress 

exposure  inhibit LTP w hile  low er concen tra tions  seen during  the diurinal rise enhance 

LTP. The concentra tion  dependen t  differential effec ts  o f  g lucocortico ids  is accoun ted  

for by the ex is ten ce  o f  2 d is t inc t  ty p es  o f  g lu co co r t ico id  receptor.  A c tiv a t io n  o f  

h ippocam pal high affinity  m inera locortico id  receptors  enhances  LTP w hile  inhibition 

o f  LTP is associa ted  with high concentra tions  o f  endogenous  g lucocortico ids  activating  

low affin ity  g lu co co r t ico id  recep to rs  (P av lides  et al. 1995). F u rth erm o re ,  the GR  

antagonist R U 38486  preven ted  stress induced im pairm ent o f  h ippocam pal LTP (X u et 

al. 1998). In teres ting ly  stress ex p o su re  and ap p l ica tio n  o f  g lucoco r t ico id  agon is ts
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facilitates the induction o f  LTD while concomitantly inhibiting LTP (Xu et al. 1997; 

Kim et al. 1996; Pavlides et al. 1995). Such a result indicates that stress may alter the 

physiological range o f  plasticity or may induce a metaplasticity favouring subsequent 

depression (Kim & Yoon 1998).

1.4.7 Raised corticosterone levels are not sufficient nor necessarily 

required to block hippocampal LTP or memory processes.

Many lines o f  evidence now suggest that a simple rise in corticosterone level is not 

sufficient o f  itself to block LTP. Furthermore evidence suggests that not all inhibition 

o f  LTP following stress is due to raised corticosterone concentrations. Rats having 

undergone adrenalectomy still show impaired LTP following stress (Shors et al. 1990). 

Non-adrenalectomised rats following treatment with dexamethasone still show LTP 

im pairm ent fo llow ing  stress (Foy et ai. 1990). A lso although show ing raised 

corticosterone levels, rats in which the amygdala has been lesioned display no stress 

induced LTP impairment (Kim et al. 2001). Exogenous administration o f  stress levels 

o f  corticosterone failed to induce spatial memory impairments (Diamond et al. 2002). 

In addition male rats with access to receptive females show elevated corticosterone 

levels however this is not accompanied by spatial memory impairment (Woodson et al. 

2003).

1.4.8 Alternative neuromodulatory candidates that may mediate stress 

induced LTP blockade.

Antagonists o f  the NM D AR have been shown to prevent the effect o f  stress on learning 

(Shors & Servatius 1995), LTP (Kim et al. 1996) and the GR-mediated impairment o f  

LTP (Coussens et al. 1997). Treatment with the opioid antagonist naltrexone prevents 

the negative impact o f  stress on learning (Maier 1990) and LTP (Shors et al. 1990). 

Furthermore, 5-HT, an indolamine released following stress exposure prevents CA l 

LTP induction in vivo (Staubli & Xu 1995) and in vitro  (Corradetti et al. 1992).
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1.5 Serotonin.

1.5.1 General Introduction.

S e ro to n in  is a b io g e n ic  a m in e  s y n th e s i s e d  f ro m  th e  a m in o  a c id  t r y p to p h a n  a n d  la te r  

m e ta b o l i s e d  by  m o n o a m in e  o x id a s e  (M A O ) .  It h a s  n u m e r o u s  e f fe c t s  ( r e g u la t io n  o f  

a p p e t i t e ,  c o n t ro l  o f  s le e p  p a t t e r n s  a n d  r e g u la t io n  o f  s e x u a l  a c t iv i ty )  o w in g  to  the  

e x is te n c e  o f  7 d is t in c t  5 -H T  re c e p to r  fam ilie s  (B a rn e s  &  S h a rp  1999). A p a r t  f ro m  the  5- 

H T 3 r e c e p to r  f a m ily  w h ic h  is a l ig a n d  g a ted  ion  c h a n n e l  th e  r e m a in in g  m e m b e r s  o f  the  

5 -H T  s u p e r  fam ily  a re  G -p ro te in  l in k ed  rec e p to rs .  In the  cen tra l  n e rv o u s  sy s te m  5 -H T  

ac ts  a s  a n e u ro t ra n s m i t te r  a n d  n e u ro m o d u la to r .  It ac ts  u n i la te ra l ly  as  w e ll  as in co n c e r t  

w i th  o th e r  n e u r o t r a n s m i t t e r  s y s t e m s  ( L ie b e r m a n  e t  al. 1998).  A b n o r m a l i t i e s  in the  

s e r o to n e r g ic  s y s te m  h a v e  b e e n  im p l ic a te d  in th e  p a th o lo g y  o f  m a n y  d i f f e r e n t  C N S  

d is o rd e r s  su ch  as  d e p re s s io n ,  s c h iz o p h r e n ia  a n d  g e n e ra l i s e d  a n x ie ty  d i s o rd e r  (G A D )  

(Jo n e s  &  B la c k b u rn  2 002) .  T h is  h a s  led to  in ten se  in te res t  in th e  5 -H T  sy s te m  in o rd e r  

to  iden tify  th e ra p e u t ic  a g e n ts  to  trea t  such  d e b i l i ta t in g  d iso rders .

1.5.2 Serotonin Receptors.

A ll th e  n a t i v e  5 - H T  r e c e p to r s  a r e  f o u n d  p o s t s y n a p t i c a l ly ,  w i th  r e s p e c t  to  5 - H T  

te rm in a ls ,  a n d  s o m e  a re  lo ca ted  p re sy n a p t ic a l ly  w h e re  they  re g u la te  the  t i r in g  ra te  o f  5- 

H 'f  n e u ro n s  a n d /o r  r e le a se  o f  t r a n s m i t t e r  f ro m  th e i r  t e rm in a ls .  5 - H T ia r e c e p to r s  a re  

lo ca l ised  as  in h ib i to ry  a u to re c e p to rs  on  th e  d e n d r i te s  o f  s e ro to n e rg ic  cell b o d ie s  in the  

r a p h e  n u c le i .  T h e y  a re  a lso  lo c a l is e d  p o s ts y n a p t ic a l ly  to  s e ro to n e rg ic  n e u ro n e s  in the  

h ip p o c a m p u s ,  s e p tu m ,  a m y g d a la ,  p e r i a q u e d u c ta l  g ra y ,  e n to rh in a l  c o r te x  a n d  fro n ta l  

co r tex .  In the  h ip p o c a m p u s  th e y  a re  lo ca ted  on  b o th  p y ra m id a l  a n d  g ra n u la r  n e u ro n e s  

(P o m p e ia n o  et al. 1992; B u rn e t  e t al. 1995; F ra n c is  e t al. 1992). 5 - H T ib r e c e p to r s  are  

lo ca ted  p o s ts y n a p t ic a l ly  in th e  f ro n ta l  co r tex ,  h ip p o c a m p u s ,  a m y g d a la  as  w e ll  as  o th e r  

c o r t ic o l im b ic  s t ru c tu re s  (B ru in v e ls  et al. 1994; B o n a v e n tu re  e t al. 1998). In h ib i to ry  5- 

H T ir a u to r e c e p to r s  h a v e  a lso  b e e n  lo c a te d  o n  the  t e rm in a ls  o f  s e ro to n e rg ic  n e u ro n s
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(B ru invels  et al. 1994; H op w o o d  & Stamford 2001a;  D e  G roote et al. 2 0 0 2 ) .  It is also  

suggested  that 5-H Tib receptors may also  be located pre-synaptically  on both 5 -H T  and 

non 5 -H T  neurones (B arnes et al. 1999). T h ey  m ay  act as terminal heteroreceptors, 

contro ll ing  the re lease  o f  other neurotransmitters, such  as a c e ty lch o l in e ,  g lutam ate ,  

d op am in e ,  noradrenaline  and y -a m in o b u ty r ic  ac id  (P a u w e ls  et al. 1997) .  5 -H T u)  

receptors are located in lo w  concentrations in the basal gang lia ,  n u c leu s  accu m b en s ,  

h ip p o c a m p u s ,  frontal cor tex  and raphe n u c le i .  It is s u g g e s t e d  to be lo ca ted  

presynaptically  on both the 5-H T  neuronal cell b od ys  and terminals. 5-HT2a receptors  

are found in high concentrations in the entorhinal cortex, am ygdala , nucleus accum bens  

and h ip p o ca m p u s  (L o p e z -G im e n e z  et al. 1997; C orn ea-H eb ert  et al. 1999; X u  & 

Pandey 2 000;  V aidya  et al. 2 0 0 1 ,  M illan et al. 2 0 0 2 a ) .  A ctivation  o f  5-HT2a receptors  

s t im u la tes  h o rm o n e  secre t io n ,  e .g .  A C T H , c o r t ic o s te ro n e ,  o x y to c in ,  rennin  and  

prolactin  (V a n  de Kar et al. 2 0 0 1 ) .  5-HT2b recep to rs  h a v e  been  found in lo w  

con cen tration s  in the C N S  w h en  com pared  to the P N S . H o w ev er ,  they have  been  

detected in the am ygdala , lateral septum and in the hypothalam us (D u x o n  et al. 1997a; 

R ussel et al. 2 0 0 2 ) .  5-HT2c receptors are found in the frontal cortex, h ip p ocam p u s,  

am ygdala , nucleus accum bens, hypothalam us, periaqueductal gray and septum (W right  

et al. 1995; Sharma et al. 1997; C lem ett  et al. 2 0 0 0 ) .  A ctivation  o f  5-HT2c receptors  

exert a tonic , inhibitory influence upon frontocortical dopam inergic  and adrenergic, but 

not serotonergic transmission. It a lso  p lays a part in neuroendocrine function (M illan  et 

al. 1998; Jorgensen et al. 1999). 5 -H T 3 receptors are expressed  in high densit ies  in the 

h ip p ocam p u s  (W aeb er  et al. 1994). A c t iva t ion  o f  5 -H T 3 receptors results  in rapid  

depolarisation due to a transient inward current. A  functional 5 -H T 3 receptor requires a 

heterom eric com bination  o f  S-HTsa and 5 -H T 3B subunits (D ubin  et al. 1999; Hanna et 

al. 2000) .  Its activation results in dopam ine release. 5 -H T 4 receptors are located in the 

h ip p o c a m p u s ,  sep tu m  and a m y g d a la  (W a eb er  et al. 1994; Jakem an et al. 1994 ,  

B onaventure et al 2 0 0 0 ) .  5 -H T 4 receptor activation a ffects  G A B A e r g ic  transm ission in 

frontocortical pyramidal neurones in a bi-directional fashion (Cai et al. 2002a;  Yan, Z. 

200 2 ) .  In addition activation o f  5 -H T 4 receptors is reported to facilitate firing in D R N  

serotonergic  neurones (Jakeman et al. 1994; G e  & Barnes 1996; Lucas & D ebonnel;  

200 2 ) .  The 5-H T s receptor fam ily has 2 m em bers (5 -H T 5A and 5-HT5n). Human brain
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contains on ly  S-HT^a receptors (Grailhe et al. 2 0 0 1 ) .  5 -H T 5 receptors are present in 

high densit ies  in the h ippocam pus, cortex, am ygd a la  and in the locus  coeru leus  and  

raphe nuclei (Pasqualetti et al. 1998; O liver  et al. 2 0 0 0 ;  K in sey  et al. 2 0 0 1 ) .  5-HT6  

receptors are loca ted  in h igh  d en s it ie s  in the h ip p o ca m p u s ,  n u c le u s  a c cu m b en s ,  

am ygdala , frontal cortex and entorhinal cortex  (Y o sh io k a  et al. 1998; H am on et al. 

1999; K insey  et al. 2 0 0 1 ;  M illan et al. 2002a;  Roberts et al. 2 0 0 2 b ) .  5-HT6 receptors  

located  in the h ip p ocam p u s  and striatum are predom inantly  p ost-syn ap tic  to  5 -H T  

neurons. T hey are located on the dendrites o f  both excitatory pyramidal and granule  

cell neurons in the h ippocam pus. 5-HTy receptors are found in the h ippocam pus, cortex, 

lateral septum , hypotha lam us and am ygd a la  (H agan  et al. 2 0 0 0 ;  K in sey  et al. 2001;  

N eum aier  et al., 2 0 0 1 ) .  ERK, a m itogen-activated  protein k inase is activated in primary 

neuronal cultures by S-HT? receptor activation (Errico et al. 2001) .
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Receptor Subtype Effector G protein

5-HT, 5-H T .a

5-HT.b

5-H T .d

5-HT,e

5-H T , f

1 Adenylyl cyclase G /G o

5-HT2 5-HT2A

5-HT2B

5-HT2C

t PLC Gq/11

5-HT3 5-HT3A

5-HT3B

Ion channel 

(NaVKVCa'")
----

5-HT4 t Adenylyl cyclase

5-HT5 5-HT5A i Adenylyl cyclase Gi/Go

5-HT5B ? ?

5-H T , t Adenylyl cyclase Gs
5-HT7 t Adenylyl cyclase Gs

Table 1.1 Classification of Serotonin Receptors.

The above table show s the different 5-HT receptors as w ell as their respective signal 

transductions m echanisms.
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1.5.3 Serotonin and the Hippocampus.

T he serotonergic  innervation o f  the h ippocam pus is derived from the 5 -H T  neurons o f  

the m edian and dorsal raphe (Conrad et al. 1974). T hese  neurons have a s lo w  regular  

firing rate (W a n g  &  A ghajanian  1977). T h is  regular fir ing rate is attributed to a 

pacem aker w h ich  in v o lv es  a calcium  dependent potassium  current (A ghajanian  et al. 

1987). A lterations  to this regular firing pattern occur  during the s le e p  w a k e  c y c le  

(Jacobs, B.L. 1990). 5 -H T  neurons are silent during REM s leep  and d ischarge at 3 H z  

during quiet periods and 6 H z  during arousal (Trulson & Jacobs 1979).

Reduction in firing rate m ay be ach ieved  by activation o f  5 -H T ia  autoreceptors w hich  

leads to potassium  channel open ing  and m em brane hyperpolarization (W il l ia m s  1988; 

Sprouse  & A ghajanian  1987). A ctivation  o f  5 -H T ia  receptors in the raphe area a lso  

results in a decrease  in serotonin release in the h ippocam pus (B lier  et al. 1990; Sharp  

& FJjorth 1990). The 5 -H T  autoreceptors o f  the h ippocam pus are o f  the 5 -H T |b  subtype  

( ID  in non-rodents). T hey  control the release o f  5 -H T  from terminals w ithout e ffect ing  

the propagation o f  action potentia ls  (Starke et al. 1989). S ynaptica lly  re leased 5 -H T  

upon electrical stimulation o f  the 5-H T neuron has been sh ow n  to reduce the firing rale 

o f  postsynaptic  pyramidal neurons (B lier  & de M ontigny 1983; Blier  & de M ontigny  

1985). A ls o  5 -H T  autoreceptors are thought to decrease  5 -H T  re lease  by reducing  

ca lc iu m  infiux  by v o lta g e  -d e p e n d e n t  ca lc iu m  channels .  C o n v e r se ly  act ivation  o f  

presynaptic 5 -H T 3 receptors results in further 5 -H T  release (B lier  & Bouchard 1993;  

Galzin & Langer 1992; Martin et al. 1992).

P o s tsy n a p t ica l ly  5 -H T  has a dual action . It is both inh ib itory  and exc ita tory  o f  

hippocam pal neurons. A pplication  o f  5-H T  to pyramidal neurons results in an increase  

in potassium  conductance  leading to m em brane hyperpolarization (C o lin o  & H alliw ell  

1987; Jahnsen 1980; Segal 1980).This p h en om en on  has been sh ow n  to be m ediated by  

5 -H T |a  receptors. 5 -H T ia  receptor activation a c h ie v e s  this hyperpolarisation  in the  

ab sen ce  o f  ad enylate  c y c la se  inhibition. The excitatory  e f fec t  o f  5 -H T  appears to be 

m ediated  via 5 -H T 4 receptor activation lead ing  to an increase in c A M P  lev e ls  and a 

decrease  in potass ium  co n d u ctan ces  (A ndrade & Chaput 1991; Chaput et al. 1990;  

Roychovvdhury et al. 1994).
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1.5.4 Serotonin and the HPA axis.

A tw o  w a y  interaction exists  betw een  the serotonergic system  and corticosteroids in 

the brain. For instance the serotonergic system  is know n to regulate A C T H , cortisol and 

C R F re lease  (Sp ined i & N egro-V ilar  1983; C a logero  et al. 1989; Plotsky  et al. 1989; 

Van de Kar 1991; Jorgensen et al. 1998). M oreover , inhibitors o f  5 -H T  syn th es is  or 

l e s io n in g  o f  centra l s e r o to n e r g ic  n eu ro n s  red u c e s  f lu c tu a t io n s  in A C T H  and  

corticosterone concentrations due to the circadian rhythm (T uom isto  &  M annisto  1985; 

C h a u o lo f f  1993). In addition activation o f  5 -H T i,  5 -H T 2 and 5-H T 4 receptors results in 

the re lease  o f  A C T H  (B a g d y  et al. 1989; G artside et al. 1992; Li et al. 1992). In 

contrast, S o u za  and D e  l .oon  (1 9 8 6 )  reported a relationship  b etw een  cort icosteron e  

level and 5 -H T  turnover in the C N S . A cu te  increases  in p lasm a cortiso l le v e ls  is  

reported to result in an increase in C N S  5-H T  concentrations (D a v is  et al. 1995) w hile  

chronic  stress ex p o su re  or chron ic  in creases  in p lasm a  cortisol le v e ls  result in a 

decrease in both 5 -H T  turnover (W eiss  et al. 1981) and release (M aes  & M eltzer 1995). 

Indeed ad ren a lec to m y  has been sh o w n  to d ecrease  serotonin  turnover in rat brain. 

Furtherm ore the serotonin  receptors th e m s e lv e s  ch a n g e  in resp on se  to  d ifferentia l  

cortiso l lev e ls .  5 -H T ia  receptor  resp on d s  to increased  cort iso l l e v e ls  by in it ia lly  

b e c o m in g  m o re  s e n s i t iv e  and later b e c o m in g  d e se n s i t iz e d  upon m ore  p ro lon ged  

exposure  to e levated  cortisol leve ls  (Y o u n g  et al. 1994; Crayton et al. 1996). 5 -H T ia  

receptor  m R N A  is a lso  reduced  (M eijer  & de K loet  1994) .  T hus co r t ico s tero n e  

facilitates 5 -H T  release. Sim ilarly  an acute increase in p lasm a cortisol level results in 

d esen s it iza t io n  o f  the 5 -H T 2 receptor (Y a m a d a  et al. 1 9 9 5 )  w h i le  m ore  pro longed  

exposure to raised cortisol leads to receptor upregulation (Fernandes et al. 1997).
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1.5.5 Serotonin and LTP.

Hippocampal LTP has been shown to be affected by alterations in 5-HT levels (induced 

for example by stress exposure or by pharm acological manipulation o f  the 5-HT 

system). Studies have shown that the administration o f  selective serotonin reuptake 

inhibitors (SSRIs) such as fluoxetine (Shakesby et al. 2002) or fluvoxamine (Kojima et 

al. 2003) inhibit the induction o f  hippocampal LTP. So too does the 5-H T ia receptor 

agonist tandospirone (Mori et al. 2001). Villani & Johnston (1993) hypothesised that 

the reduction in LTP by 5-HT was due to the hyperpolarisation o f  postsynaptic  

neurones. O ther authors have also provided evidence for the inhibitory effects o f  

serotonin on hippocampal LTP induction (Corradetti et al. 1992; Staubli & Otaky 1994; 

Staubli & Xu 1995). However the effect o f  serotonin on hippocampal LTP remains 

controversial with other evidence suggesting that serotonin may facilitate hippocampal 

LTP induction (Bliss et al. 1983; Klancnik & Philips 1991; Markevich et al. 1994).
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1.6 Animal models of depression.

1.6.1 Learned Helplessness.

Learned helplessness (Overmier & Seligman, 1967) is a stress model o f  depression in 

which a subset o f  animals following exposure to uncontrollable stress exhibit a deficit 

in learning to escape controllable stress. The behavioural condition is induced through 

application o f  uncontrollable and unpredictable aversive stimuli. The condition can be 

induced in 10-20% o f  rats with footshock, in a single training session o f  betw'een 40 

and 60 min depending on the sensitivity o f  the rat strain and intensity o f  the footshock. 

Helpless animals have face validity as a model o f  depression. Helpless animals have 

weight loss, agitated locomotor behaviour, sleep changes, decreased libido, decreased 

learning in some tests but not in spatial learning tasks and alterations in the HPA axis 

with elevated corticosterone which is not suppressible by dexamethasone (Adrien et al. 

1991; Dess et al. 1988; Dess et ai. 1989; Greenberg et al. 1989) Helpless animals also 

show less preference for sucrose than control animals indicative o f  an anhedoniac state 

(Gambarana et al. 2001; Minor et al. 1994; Vollmayr & Henn 2003). Helpless animals 

respond to antidepressant treatment. Intra-peritoneal administration o f  antidepressants 

w'as found to reverse helplessness (i.e. induced escape behaviours) at day 5 o f  treatment 

(Sherm an et al. 1982). Interestingly this replicates the lag phase in antidepressant 

treatment seen in humans and lends predictive validity to helplessness as a model o f  

depression. Furthermore BDNF a molecule thought to mediate anti-depressant activity 

(Coyle & Duman 2003) reverses learned helplessness behaviour (Shirayama et al. 

2002; Siuciak et al. 1997). 5 - H T ib receptors  are up-regulated  in the cortex, 

hippocampus and septum o f  learned helpless animals (Edwards et al. 1991). Compared 

to nLH (non-learned helpless) hippocampal slices, slices from LH (learned helpless) 

rats show a significant increase in endogenous and K^-stimulated 5-HT release 

(Edwards & Henn 1992). Moreover PCPA lesions that depleted 5-HT protect against 

the development o f  helplessness (Brown et al. 1982; Edwards et al. 1986). Both beta- 

adrenergic and mu opioid receptors in the hippocampus and cortex are upregulated in
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LH animals (Henn 1993; Martin et al. 1990). Helplessness behaviour is also associated 

with dysregulation o f  the HPA-axis. Following inescapable shock corticosterone levels 

are raised but are not suppressed by dexam ethasone  (G reenberg  et al. 1989). 

Fu r the rm ore  a d ren a lec to m ised  rats appear  m ore  sensit ive  to the  e ffec ts  o f  

uncontrollable shock (Edwards et al. 1990).

1.6.2 Congenital Learned Helplessness.

In an effort to increase the yield o f  helpless animals following shock training research 

groups have developed a congenital learned helplessness model in Sprague-Dawley 

rats. In this model selective breeding takes place, mating animals susceptible to learned 

helplessness following shock exposure, in this way genes are selected which predispose 

for a helpless phenotype. As a control, animals resistant to the learned helplessness 

phenotype following tra in ing are mated. After multiple generations two distinct 

phenotypes have evolved. Firstly a congenital Learned Helpless line (cLH) which 

exhibit a helpless phenotype in the absence o f  uncontrollable shock. A second group 

termed congenital non-Leam ed Helpless (cNLH) are a strain o f  animals resistant to the 

effects o f  uncontrollable shock exposure. Unlike learned helpless outbred Sprague 

Dawley rats that become learned helpless following uncontrollable shock exposure cLH 

rats do not respond to antidepressant treatment. cLH and cNLH animals show similar 

acquisition o f  the Morris water maze task (Vollmayr et al. 2004) They also show 

similar memory retrieval in the probe trial. Both cLH and cNLH animals acquire the 

FRl response for sucrose. SERT is upregulated in the raphe nuclei o f  cLH rats and 

5H T ib niRNA is up regulated in the raphe dorsalis o f  cNLH rats (Neum aier et al. 

2002). Mu opioid receptors o f  cLH rats are up regulated in the hippocampus and cortex 

but down regulated in the hypothalamus (Henn et al. 1993). There are no differences in 

the levels o f  corticosterone between nonstressed and stressed cLH and cNLH rats 

(Vollmayr et al. 2001). cLH rats have an altered responsiveness to early stress which 

result in changes to the HPA axis and the renin-angiotensin system (Edwards 1999; 

King et al. 1993; King & Edwards 1999). M oreover cLH animals have an impaired 

BDNF response to stress (Vollmayr et al. 2001). Interestingly cNLH animals show a
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decrease in h ippocam pal neuropep tide  Y (N P Y ) m R N A  o f  the o rder o f  3 0 -35%  when 

co m p ared  to SD  or cLH  an im als  (L achm an  et al. 1992). In addition , cLH  rats show  

altered gene expression  including a decrease  in h ippocam pal C R E B , PK A , P K C a  and 

G S K - 3 p  m R N A  (K o h en  et al. 2003). F ina lly ,  in the  h y p o th a la m u s  o f  cL H  rats 

expression o f  bcl-2 m R N A  is increased.

1.6.3 Flinders Sensitive Line.

The Flinders Sensit ive  Line (F S L ) is a w ide ly  accep ted  an im al m odel o f  dep ress ion  

developed  orig inally  at Flinders University, Australia. It is a Sprague-D aw ley  line bred 

se lectively  for ind iv iduals  supersensitive  to cho linerg ic  agen ts  (O vers tree t  & Russell 

1982; O vers tree t  1986; O verstreet  et al. 1986). T he logic beh ind  the d ev e lo p m en t o f  

such a m odel ca m e  from the cho linerg ic  hy p o th es is  o f  d ep ress ion  (Janow sk i  et al. 

1972). D epressed  h u m an s  are k now n  to sh o w  ex ag g era ted  re sp o n ses  to cho linerg ic  

agon is ts  (Janow 'sky & Risch 1984; J a n o w sk y  & R isch  1987). A lso  t rea tm en t with 

cho linom im etic s  results  in depressed  m ood , shortened  R E M  latency and eleva tion  o f  

HPA  function all o f  w hich  are sy m p to m s  o f  dep ress ion  (Janow'sky et al. 1980). The 

F linders  sens i t ive  line has  face, co n s tru c t  and  p re d ic t iv e  v a l id i ty  as a m ode l  o f  

depression .  F ace va lid ity  is co n f irm ed  by  the o b se rv a t io n s  that  w hen  c o m p ared  to 

control an im als  FSL an im als  w eigh  less (O vers tree t  1993) are less ac tive  in an open 

Held (B ushnell  et al. 1995), have e leva ted  am o u n ts  o f  R EM  sleep (S h irom ani et al. 

1988; Benca et al. 1996) and have a reduced  intake o f  saccharin  fo llow ing  exposure  to 

a chronic  m ild stress parad igm . (P ucilow sk i et al. 1993). C onstruc t  valid ity  has also 

been satisfied . N u m e ro u s  b io ch em ica l/p h a rm aco lo g ica l  h y p o th eses  h av e  been  put 

forw ard  to ex p la in  d ep ress io n .  A m o n g s t  the m ost  im p o r tan t  am o n g  them  is the 

m o n o am in e  h y p o th es is  o f  d ep ress ion  in w h ich  d ep ress io n  in h u m an s  is l inked  to 

aberrant m o n o am in e  activity (Schildkraute t  1995; M aes  & M eltze r  1995; Jan o w sk y  et 

al. 1995). FSL an im als  have altered m onoam inerg ic  m etabo lism  consisten t with such a 

hypothesis  suggesting  construct validity o f  the m odel (Zangen  et al. 1997; Serova et al. 

1998., Z an g e n  et al. 1999a; Z an g en  et al. 1999b). F ina lly  p red ic t iv e  va lid ity  w as  

confirm ed w hen it w as  show n that, as in hum ans, chronic  but not acute trea tm ent with
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known anti-depressants was required to alleviate symptoms o f  depression in this model 

(Overstreet et al. 1995).

1.6.4 Maternal Separation

Maternal separation is an animal model for early life stress. It has been suggested that 

exposure to adverse early life events may precipitate the development o f  psychiatric 

disorders in adulthood (Heim & Nemeroff, 1999). Maternal separation has been shown 

to result in changes in neurochemical, neuroendocrine and behavioural changes in the 

adult animal (Cirulii et al. 2003). As these changes were reported to be long-lasting it 

was hypothesised that maternal separation may alter LTP in the Flinders depression 

model.
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1.7 Aims.

Stress/depression is a debilitating disorder which affects ~  10% o f  the population at any 

given time. It is a disorder which has serious implications for both the individual 

concerned as well as for the economy o f  the Western World. Much effort has been 

spent on developing stress/depression models. It is hoped that from the study o f  these 

models effective pharmaceutical interventions for the treatment o f  stress/depression 

may be developed. Currently, most pharmacological agents used for the treatment o f  

stress/depression and anxiety involves manipulation o f  the serotonergic system.

It is widely accepted that stress affects synaptic plasticity. Our laboratory has developed 

an acute mild stress model which is o f  use in the study o f  how synaptic plasticity may 

be affected by stress exposure. Xu et al. (1997) showed that exposure to a mild elevated 

platform stress prevented the induction o f  LTP in C A l.  Further work by Shakesby et al. 

(2002) has shown that pharm acological m anipulation o f  the serotonergic system 

subsequent to stress exposure may recover LTP. The work presented in this thesis 

develops further the experimental work presented by Shakesby et al. (2002).

The specific aims o f  this thesis were as follows;

( 1) To examine the effect o f  elevated platform stress on the induction o f  LTP in

vivo.

(2) To investigate how' drugs that alter extracellular 5-HT concentration may

affect the induction o f  LTP in the acutely stressed animal.

(3) To investigate which members o f  the 5-HT receptor family are important in

mediating recovery o f  LTP, i f  any, following stress exposure.

(4) To investigate LTP induction and other electrophysiological parameters in 2

widely recognised and accepted depression models: Learned helplessness 

and Flinders Sensitive Line.

It is hoped that this work will contribute to our understanding o f  the effects o f  

s tress /dep ress ion  on synaptic  p las tic ity , and m ay  in turn lead to im proved  

pharmacological interventions to treat these psychiatric illnesses.
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II. Materials & Methods



2.1 Animals.

Male Wistar rats (in-bred strain, Bioresources Unit, Trinity College Dublin) weighing 

between 240-360  g and were used for the acute stress experiments. This weight range 

corresponds to an age o f  7-11 weeks. Wistar rats were housed 2 per cage (unless 

otherwise stated) in a Scantainer (Denmark) with food (standard rodent chow) and 

water available ad libitum.

Male Congenital Learned Helpless (cLH, cNLH) and control animals (outbred Sprague- 

Dawley rats) weighing between 300-400g were obtained from B. Vollmayr, Mannheim, 

Germany. Male Flinders Sensitive Line (FSL) and Flinders Resistant Line (FRL) rats 

(Sprague Dawley strain) weighing between 200-300g were obtained from A. Mathe, 

Karolinska Institute, Stockholm, Sweden. Sprague Dawley rats were housed 4 per cage 

in a Scantainer with food and water available ad libitum.

Imported animals were rested following arrival at the laboratory for a period o f  at least 

one week. The animals were housed under a twelve hour light-dark cycle with the 

room temperature being maintained betw'een 19-22 degrees Celcius. Animals were 

weighed before use lo determine dose o f  anaesthetic required.

2.2 Anaesthesia.

Prior to surgery animals were anaesthetised with urethane (ethyl carbamate; 2.1g/kg 

i.p.). The animal usually remained stably anaesthetized for at least 4 -5  hours without 

requiring further anaesthetic. A heating blanket (Harvard Apparatus Homeothermic 

Blanket Control Unit) was used to monitor and maintain a temperature o f  between 

36 -38°C  in the anaesthetised rat. Following completion o f  the experimental protocol 

the animal was killed by cervical dislocation. The experimental protocols were licensed 

by the Department o f  Health &. Children, Ireland.
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2.3 Surgery.

After 10 minutes had lapsed following delivery o f  anaesthetic the animals paw was 

pinched to test for any muscle response to the stimulus. This was used to assess the 

depth o f  anaesthesia in the animal and to see i f  anaesthetic supplem entation was 

necessary. Local anaesthetic (Norocaine) (2ml) containing lidocaine 20m g/m l and 

adrenaline 0.0125m g/m l was injected subcutaneously  to the skull region where 

electrodes were to be later implanted. A scalpel incision was made from between the 

ears to between the eyes. The periosteum was rem oved using a curved scissors 

exposing the skull surface. The skull was wiped clean and allowed to dry.

2.4 Position of Electrodes.

M onoploar recording electrodes and bipolar stimulating electrodes were used in each 

experiment. The electrodes were made in the laboratory using two lengths o f  teflon 

coated tungsten wire (625|.im tungsten diameter, 750^im total external diameter. Advent 

Research Materials Ltd.) the ends o f  which having had the teflon removed. Each o f  the 

two wires were soldered to an individual pin o f  a two pin connector and then twisted 

together. The wires were then glued together with cyanoacrylate to ensure strength and 

stability, allowed to dry and fixed in place by dental (acrylic) cement. The electrical 

continuity o f  each wire was checked before use to ensure that the electrode was 

working. The ends o f  the wires were cut at an angle exposing the tips so that one was 

marginally below the other. The reference and ground electrodes consisted o f  small 

stainless steel screws (Bilaney, Germany) to which single pins had been soldered to the 

screw.

The coordinates for both the reference and earth screws and the record ing  and 

stimulating electrodes were noted on the skull surface using a w aterproof marker. The 

recording electrode was positioned 3.4 mm posterior to bregma and 2.5mm lateral to 

the midline. The stimulating electrode was positioned 4.2 mm posterior to bregma and 

3.8 mm lateral to the midline. A screw which acted as a reference electrode was
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positioned  8.0 m m  anterior to bregm a and lateral on the opposite  hem isphere  (left) to 

that used for e lec trode implantation. T he earth screw  w hich  acted as g round  e lectrode 

w as  p o s i t io n e d  7 .0  m m  p o s te r io r  to  b re g m a  an d  5 m m  la teral to  the m id lin e .  

C oord ina tes  for the e lec trodes position  w as ob ta ined  by referr ing  to a rat b ra in  atlas 

(Pelligrino et al. 1979) and work carried out previously  in our laboratory.

A dental drill us ing  drill bits (1.5 m m  and 1 m m ) m ad e  burr  holes over  the e lec trode  

im planta tion sites. T he drill w as not a llow ed to penetrate  the skull in such a m an n er  as 

to d is turb  the under ly ing  dura  m atter  o r  cortical hem ispheres .  The sc rew s w ere  then 

im planted  and secured  in p lace with a single  d rop  o f  glue. T he  dura w as then burst 

using a sterile syringe needle. This was done to  a llow  easy  insertion o f  the electrodes. 

T he rat w as  then p laced  in the stereo tax ic  reco rd ing  appara tus  (A S l In s trum ents)  in 

p re p a ra t io n  for the  im p lan ta t io n  o f  e le c tro d es  in to  the C A l  a rea  o f  the dorsa l  

h ip p o cam p u s .  F o llo w in g  satisfac tory  localisa tion  o f  the e lec trodes  (F igu re  2 .1 ) the 

e lectrode assem bly  w as fixed in p lace for the duration o f  the experim ent using glue and 

dental cement.

2.5 C annula  Implantation.

D ru g s  th a t  w e re  n o t  ab le  to  p a s s  th e  b lo o d  b ra in  b a r r ie r  w e re  d e l iv e r e d  

in tracerebroven tricu lar ly  using a cannula . C annu lae  w'ere m ade  from a s tain less steel 

h y p o d erm ic  need le  (22 gauge , 0.7 m m  ou te r  d iam ete r)  w h ich  w as  cut to 13mm in 

length. T he  bevelled  end o f  the need le  w as  g ro u n d  dow n  to a length o f  1.5 m m  to 

reduce the angle o f  the exposed  tip. W hen the cannu la  w as not in use an internal plug 

consis t ing  o f  sta in less steel wire (28 gauge , 0 .36 m m  d iam eter)  w as used  to preven t 

b lockages  from occurring . The cannu la  w as inserted  1.5 m m  anter ior  to  b regm a, 0.5 

m m  lateral to the m id line and 3.55 m m  below  the d u ra ’s surface. T hese  coord ina tes  had 

been show n previously  by our laboratory to be effective for injecting into the ventricles. 

V erification o f  the location o f  the cannula  w as carried out post-m ortem  by checking  the 

spread  o f  dye  (Ind ian  ink) after i.c.v. in jection. F o llow ing  im p lan ta t ion  in the right 

lateral cerebral ventric le  the cannu la  w as sea led  with g lue and dental cem ent.  A lO^l 

H am ilton syringe to w hich  an internal cannula  (28 gauge, 0 .36 m m  outer d iam eter)  was
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attached was used to deliver drug solutions i.c.v. The internal cannula was fixed so as 

to pro trude  1.8 mm below the end o f  the cannula  assem bly. The drugs were 

administered in a 5|il volume over a 5 minute period. Following injection the injector 

w'as slowly removed and the stainless steel plug replaced.

2.6 Recording Apparatus.

The electrophysiological equipm ent was surrounded by a Faraday cage to remove 

environmental electrical interference. In addition all electrical equipment was grounded 

to a central point to eliminate 50 Hertz noise. The electrophysiological equipment 

comprised o f  a constant current isolation unit (Grass Instrument Co. photoelectric 

stimulus isolation unit) linked to the stimulating electrode. The evoked response was 

transmitted via a pre-amplifier (gain 11) to an analogue-to-digital coverter (MacLab 4S, 

Analog Digital Instruments) operated by Scope Program versions 3.28 and 3.5 using an 

Apple Machintosh Power PC G3.

2.7 Location of Recording and Stimulating Electrodes during Surgery.

The rat w'as placed in the stereotaxic and the electrodes lowered to the surface o f  the 

brain. This was taken as point ‘O’. The position o f  the electrodes moving through the 

cortical and hippocampal layers to the dendrites o f  stratum radiatum was constantly 

monitored as they were lowered through the tissue. Evoked responses (0.1 ms duration, 

2 ms delay, 4V pulse through the stimulating electrode at a frequency o f  0.1 Hz) were 

displayed on the computer screen as the electrodes were lowered into place in the CAl 

area. Both the cerebral cortex and the h ippocam pal form ation possess laminar 

structures. When a local depolarisation such as an excitatory post-synaptic potential 

(EPSP) was created, a current was set up along a vertical superficial-deep axis. A phase 

reversal was encountered when this dipole was crossed, indicating that this was the area 

generating electromotive forces and the response recorded was not from a distal site by 

voltage conduction. By this m ethod it was possible to determine which layer the
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electrodes were in by referring to the electrophysiological criteria determined for each 

region o f  the hippocampus as defined by Leung (1980).

The monopolar recording electrode was positioned initially to a depth o f  2.5 mm below 

the surface o f  the dura. The bipolar stimulating electrode was then positioned initially 

to a depth o f  1.6 mm below the surface o f  the dura. The stimulating electrode was then 

lowered in increments o f  0.05mm to approximately 2.5 mm below the dura. The first 

potential recorded was the evoked positive response as the s tim ulating electrode 

penetrated the alveus. A larger positive response was seen as the stimulating electrode 

penetrated the stratum oriens. Upon approaching the cell body layer the amplitude o f  

the evoked response becam e sm aller  and reversed as the stim ula ting  electrode 

penetrated through from the cell body layer o f  stratum radiatum into the dendritic layer. 

Further small adjustments (increments o f  20jj,m.) were made in the positioning o f  the 

stim ulating electrode to m axim ize  the EPSP amplitude. O nce satisfied m inor 

adjustments (10 !_u t i ) were made to the position o f  the recording electrode to further 

maximize EPSP amplitude. Electrode position were verified post-mortem by manual 

dissection.

2.8 Input/Output curves.

Once found, evoked responses (0.033 Hz) were recorded continuously for the duration 

o f  the experiment. The animal was allowed a recovery period o f  1 hour post electrode 

implantation after which an 1/0 curve was recorded. The 1/0 curve was constructed by 

recording the average amplitude o f  four evoked responses induced by each o f  a series 

o f  stimulating intensities (2-10 V at 1 V intervals).

2.9 Excitatory Post-Synaptic Potential (EPSP) Recordings.

Test excitatory post-synaptic potentials (EPSPs) were evoked by a single square wave 

pulse o f  current at low frequency (0.033 Hz, 0.1 ms duration with a voltage o f  4V) 

generated by a constant current isolation unit. The test stimuli were set to evoke
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responses of 50-55% maximum EPSP amplitude. Baseline synaptic transmission was 

recorded for at least 1 hour. High frequency stimulation (HFS) was used to induce LTP. 

The HFS protocol comprised 10 trains of 20 pulses, interpulse interval o f  5 ms (200 

Hz) and intertrain interval of 2s. The intensity of stimulation was raised to give 75% of 

maximum EPSP amplitude for the HFS. For Wistar rats an increase in transmission of 

15% or greater at 60min post HFS was regarded as LTP. For Sprague Dawley animals 

an increase in transmission of \ 0% or greater at 60min post HFS was regarded as LTP. 

Electrophysiological experiments carried out on acutely stressed animals involved the 

application of two sets o f  HFS trains. The first HFS was given after baseline recording. 

Stress was deemed to have blocked LTP (i.e. have been effective) if the level of 

potentiation at 60min post HFS w'as less than 15%. In the rare event when this was not 

the case the stress protocol was said to have failed and the experiment concluded. In 

this way each animal acted as its own control.

2.10 Inescapable Stress Protocol.

The stress protocol consisted of placing the animal on a clear platform (25cm x 25cm) 

at a height of approximately 150cm from ground level. The room was brightly lit. The 

animal was required to remain on the platform for 30 minutes. This protocol has been 

shown previously to reliably raise corticosterone levels and to block the induction of 

LTP in the CAl region of the hippocampus (Shakesby et al. 2002). Physical parameters 

which indicate stress levels were recorded which included piloerection, faecal deposits, 

incidence of urination and time spent immobile (Table 2.1). Following exposure to the 

stress protocol the animal was anaesthetised immediately and placed back on the 

platform to allow the anaesthetic to take effect.
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CAl in vivo
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Figure 2.1 S chem atic  d iagram  o f  the rat h ip p o cam p u s  sh o w in g  the s t im ula tion  and 

record ing  sites. T he record ing  e lec trodes  (R E C ) are p laced  in the dendrit ic  layers o f  

stratum radia tum  in C A l  and stimulation (ST IM ) is applied  to Schaffer collateral inputs 

from CA3 (A dap ted  from Row an et al. 2004).
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Figure 2.2 Representa tive  EPSP from a single expe rim en t during  which  the e lec trodes  

w ere  lowered into place. M onito ring  o f  the charac teris t ic  shape ind icated  position  o f  

elec trodes  in the h ippocam pus.  (A ) Potential recorded  from the alveus. (B) Potentia l 

recorded  from the cell body  layer. (C) Reversal o f  po tential as e lec trodes  en ters  the 

C A l region. (D) A djustm ent o f  electrodes to obtain best possible  EPSP.
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Number of  

faecal 

deposits

Incidence of 

urination

Exhibition

of

piloerection

Time spent 

immobile 

(min)

Rat 1 9 3 + 27

Rat 2 8 5 + 28

Rat 3 8 6 + 27

Rat 4 6 6 + 28

Rat 5 9 2 + 28

Rat 6 6 3 + 25

Average 7.7 4.2 + 27

Table 2.1 The effects  o f  e leva ted  platform  stress on behavioural  param eters  from 6 

random ly  chosen m ale  W istar rats. A (+) indicates that p iloerection  was present for at 

least 15 m inutes.  T he t im e that an an im al w as  im m obile  w as  coun ted  to the nearest  

w hole  minute. The data were co llec ted  only for the tim e spent on the elevated platform.
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2.11 Learned Helplessness Protocol.

The Learned helplessness protocol was carried out by B. Volimayr, M annheim, 

Germany. The animals are placed individually in an operant conditioning chamber 

(48.5x30x21.5cm) consisting o f  a steel rod floor, steel walls, shock generator, white 

light and lever (Operant Behavior System Mannheim Type 259900).

The protocol was carried out over 2 consecutive days. On the shock (Training) day 

(Day 1) the lever was withdrawn and the animal exposed to a 40 minute session o f  

0.8mA inescapable shock consisting o f  single shocks with inter-shock intervals ranging 

from 5 to 15 seconds as determined randomly by a computer. In total each animal was 

exposed to 20 minutes o f  shock, then marked for identification purposes and returned to 

their home cage. On the test-day (Day 2) 15 shocks were applied (phase duration o f  

200ms and intensity 0.8 mA). Each shock lasted 60 seconds with an inter-trial interval 

o f  24 seconds. The current was accompanied by a light cue to facilitate detection o f  the 

lever and discrimination to the inescapable shock session. Animals could stop the shock 

by pressing the lever but must release and depress lever again to terminate the next 

shock. If  an animal failed to terminate the shock on more than 10 occasions it was 

classified as ‘learned helpless’ (Ih). Animals with less than 5 failures were considered 

‘non-learned helpless’ (nih). Animals w'ith between 5 and 10 failures w'ere considered 

as having an intermediate phenotype. cNLH animals receive both shock and testing. 

cLH animals receive testing only.

2.12 Maternal Separation Protocol for Flinders Depression Model.

The Flinders rats were provided by A. Mathe, Karolinska Institute, Stolkholm, Sweden. 

Flinders Resistant Line and Flinders Sensitive Line rats pups were randomly selected 

for maternal separation. The maternal separation protocol was performed in Sweden 

and consisted o f  180 minutes separation per day from PND 2-14. During this time the 

rat pup siblings were placed collectively on a heated blanket in order to maintain their 

temperature.
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2.13 Drug Treatment.

All drugs required for the acute experiments were dissolved in water and administered 

i.p. or i.c.v. as indicated. For the Flinders study, escitalopram was administered as a 

constituent o f  the food pellet, available ad libitum for a period o f  two weeks. Two 

d ifferent concentrations o f  escitalopram  pellet w ere provided (340m g/kg  pellet 

administered up to PND 57 and 408mg/kg pellet administered post PND 57). This was 

to ensure that a constant dose was administered taking into account the rats increase in 

weight during treatment.

2.14 Data Analysis.

EPSP amplitude was taken as a measure o f  excitatory synaptic transmission. Data is 

expressed in epochs o f  10 minutes. A stable baseline was recorded for 30 minutes 

before HFS or pharmacological intervention. LTP is expressed as a percentage o f  the 

average EPSP amplitude o f  the proceeding 30 min (baseline). Statistical comparisons 

are made between average baseline EPSP amplitude (10 minutes proceeding HFS) and 

post HFS (50-60minute epoch) unless otherwise stated. Data are expressed as averages 

± S.E.M. Paired and unpaired Student’s t-test are used as appropriate and p<0.05 is 

interpreted as significant. Care should be taken when interpreting significant results 

following multiple use o f  t-tests due to the increased risk o f  type 1 errors. Paired Pulse 

Facilitation (PPF) was expressed as the percentage o f  the second EPSP (EPSP2) minus 

the first EPSP (E P S P l)  divided by the first. Data were analysed using .IMP 3.2.1 

Statistical software.
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2.15 Compounds and Solutions.

D-AP5 (D-2-Ainino-5-phosphononpentanoic 

acid)

Tocris Cookson Ltd. 

Northpoint, Fourth Way, 

Avonmouth BSl 18TA, UK.

BW723c86 (a-M ethyl-5-(2-thienylmethoxy)-1 

H-indoie-3-ethanamine hydrochloride)

Tocris Cookson Ltd. 

Northpoint, Fourth Way, 

Avonmouth BSl 18TA, UK.

Cinanserin (N-[2-[[3-Dimethylamino)propyl]

thio]phenyl]-3-phenyl-2-propenamide

hydrochloride)

Tocris Cookson Ltd. 

Northpoint, Fourth Way, 

Avonmouth BSl 18TA, UK.

Dental Acrylic Liquid Associated Dental Products Ltd., 

Kemdent Works, Purton, Swindon, 

SN5 9HT, UK.

Dental Acrylic Powder Associated Dental Products Ltd., 

Kemdent Works, Purton, Swindon, 

SN5 9HT, UK.

Escitalopram pellet ((s)-l-[3-(dimethyl 

amino)propyl]-1 -(4-fluorophenyl)-1,3-dihydro 

-5-isobenzofurancarbonitrile hydrobromide)

H. Lundbeck Ltd., 

Copenhagen, Netherlands.

(±)Fenfluramine ((±)-N-Ethyl-a-methyl-m- 

[trifluoromethyljphenethylamine)

Sigma-Aldrich Corporation, 

St. Louis, Missouri 63178, 

USA.
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(+)FenfluraiTiine ((+)-N-Ethyl-a-methyl-m- 

[trinuoromethyljphenethylamine)

Sigma-Aldrich Corporation, 

St. Louis, Missouri 63178,

(-)Fentluramine ((-)-N-Ethyl-a-methyl-m- 

[trifluoromethyljphenethylamine)

USA.

Sigma-Aldrich Corporation, 

St. Louis, Missouri 63 178, 

USA.

Indian Ink George T. Gurr Ltd., 

London, SW6, UK.

mCPP (1 -(3-Chlorophenyl)piperazine 

hydrochloride)

Tocris Cookson Ltd., 

Northpoint, Fourth Way, 

Avonmouth BSl 18TA, UK.

MK-212 (6-Chloro-2-( 1-piperazinyl) 

pyrazine hydrochloride)

Tocris Cookson Ltd., 

Northpoint, Fourth Way, 

Avonmouth BSl 18TA, UK.

Norocaine (lignocaine hydrochloride and 

aderenaline acid tartrate)

Norbrook Laboratories Ltd., 

Newry, BT35 6JP, UK.

RS67333 ( l-(4-Amino-5-chloro-2-methoxy 

phenyl )-3-[ 1 -butyl-4-piperidinyl]-1 -propanone 

hydrochloride)

Tocris Cookson Ltd., 

Northpoint, Fourth Way, 

Avonmouth BSl 18TA, UK.

Urethane (Ethyl carbamate) Sigma-Aldrich Corporation,

St. Louis, Missouri 63178, 

USA.
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III. Results



3.1 Effect of HFS in non-stressed control animals.

This initial experiment was designed to ascertain the level o f  LTP inducible in vivo in 

C A l by HFS in urethane anaesthetised inbred male Wistar strain rats provided by the 

Bioresources Unit, TCD, under the conditions which pertained in our laboratory. Firstly 

a stable baseline was obtained for 30 minutes (101 .3±I.3% , n=8 for the 10 minutes 

prior to HFS). A single HFS (parameters outlined in Section 2.9) was applied. There 

was an immediate and statistically significant increase in glutamatergic transmission, 

short term potentiation, at 10 minutes post HFS (144.4±13.7%, n=8, p<0.05 compared 

with baseline, paired student’s t-test) which reduced to stable LTP (132.3±4.6% at 60 

min post HFS, n=8, p<0.001, paired student’s t-test). This experiment was repeated at 

regular intervals so as to ensure that the level o f  LTP inducible in C A l remained 

relatively constant.

3.2 Effect of acute mild elevated platform stress on LTP induction in 

C A l.

This experiment was designed to assess the effect o f  stress on the ability o f  HFS to 

induce LTP. Each animal was exposed to elevated platform stress as outlined in Section 

2,10. A stable baseline was obtained for at least 30 minutes (101.6±0.8%, n=5, for the 

10 minutes prior to HFS 1). A first high frequency stimulation (HFS 1) was then applied. 

There  was no sign if ican t increase in synaptic  t ransm iss ion  fo llow ing  H FSl 

( 102.4±4.9% at 60 min post H F S l,  n=5, p>0.5 compared with baseline, paired student’s 

t-test; p<0.01 com pared  with 60 min post HFS in non-stressed control animals, 

unpaired student’s t-test). At 90 minutes post HFSl a second HFS (HFS2) was then 

applied. Again there was no significant increase in synaptic transmission (109.8±4.7% 

at 60 minutes post HFS2, n=5, p> 0 .1 compared with baseline, paired student’s t-test). 

These data clearly show that exposure to elevated platform stress immediately prior to 

anaesthesia blocks the induction o f  LTP several hours later in CAl .  Thus it appears that
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the anaesthetic acts to “ freeze” the brain in the emotional state o f  the animals last 

waking moments.

3.3 Effect of (±) fenfluramine on stress-induced inhibition of LTP.

This experim ent was designed to assess the effect o f  raising ex tracellu lar 5-HT 

concentrations on stress-induced LTP blockade. First the animals were exposed to 

elevated platform stress and then anaesthetised. A stable baseline was obtained for 30 

minutes (103.4±1.0%, n=7, for the 10 minutes prior to H F S l) .  HFSl failed to induce 

LTP (108.8±7.0% at 60 minutes post H F S l,  n=7, p>0.1 compared with baseline, paired 

student’s t-test) confirming that the stress exposure had been successful in blocking 

LTP. At 60 minutes post HFSl an i.p. injection o f  (±)fenfluramine (5mg/kg) was 

administered. (±)Fentluram ine had no effect on baseline transmission at this dose. 

Thirty minutes following (±)fentluramine administration a second HFS (HFS2) was 

applied. HFS2 induced a statistically significant and stable LTP (I40 .0±9 .1%  at 60 

minutes post HFS2, n=7, p<0.01 compared with baseline, paired student’s t-test). The 

level o f  recovery o f  LTP was on average numerically greater than that seen in control 

non-stressed animals ( 140.0±9.1% vs 132.3±4.6%). I ’his difference was not statistically 

significant (p>O.I, unpaired student’s t-test). This suggests that raising extracellular 5- 

HT levels may mediate recovery o f  LTP previously blocked by mild elevated platform 

stress exposure.
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Figure 3.1 Effect of high frequency stimulation (HFS) on synaptic transmission.

(A) Insets show typical traces o f  fEPSPs recorded ~ 5 min before (1) and 60 min after 

HFS. (B) Application o f  HFS induced an immediate and enduring increase in synaptic 

transmission (132±5%  at 60 min post HFS, n==8, p<0.001 compared with baseline, 

paired student’s t-test). Data expressed as mean±s.e.m.

39



B

O)

.s
*
c/5

£
0>

X5
3

a
Cl.
c/:
C u

0.4mV

3 ms

20

10

iOO

90

80

HFS HFS2

70
100 120 140 160 1800 20 40 60 80

Tim e (min)

Figure 3.2 Effect of acute platform stress on the induction of LTP by HFS.

(A) Insets show typical traces o f  fEPSPs recorded ~  5 min before (1) and 60 min after 

HFSl (2) and 60 min after HFS2 (3). (B) Mild stress prevented the induction o f  LTP by 

HFSl (102±5%, at 60 min post H F S l,  n=5, p>0.5 compared with baseline). A second 

HFS (HFS2) also failed to induce LTP ( 1 10±5% at 60 min post HFS2, n=5, p>0.1 

compared with baseline). Data expressed as mean±s.e.m.
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Figure 3.3 Effect of (±)fenfluramine on stress induced LTP blockade.

(A) Insets show typical ffiPSPs recorded ~ 5 min before (1) and 60 min after (2) H F S l , 

and 60 min after HFS2 (3). (B) Mild stress prevented the induction o f  LTP by high 

frequency stimulation (H F S l)  (109±7%, at 60 min post H F S l,  n=7, p>0.1 compared 

with baseline). Administration o f  (±) fenfluramine (5mg/kg), a 5-HT releasing agent 

overcomes LTP inhibition, a second HFS (HFS2) inducing significant LTP (140±9%, 

at 60 min post HFS2, n=7, p<0.01 com pared  with baseline). Data expressed as 

mean±s.e.m.
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3.4 Effect o f (±)tianeptine pre-treatment on the (±)fenfluramine 

mediated recovery of LTP.

To determine if  the recovery o f  LTP seen post (±)fenfluramine administration in 

stressed animals was mediated via an increase in extracellular serotonin concentration it 

w'as decided to investigate the effect o f  pre-treatm ent with (±)tianeptine on this 

recovery process. (±)Tianeptine is a 5-HT uptake enhancer (Fattaccini et al. 1990; 

Kamoun et al. 1989; Broqua et al. 1992; Kato & Weitsch 1988). The animals were 

exposed to acute mild elevated platform stress. A stable baseline was obtained for 30 

minutes ( I 0 0 .3 ± | . |% ,  n=7 for the 10 minutes prior to H FSI). HFSl failed to induce 

LTP (I02.0±5.8%  at 60 minutes post HFSI, n=7 p>0.5 compared with baseline, paired 

student’s t-test). At 40 minutes post HFSI (±)tianeptine (2mg/kg) was administered i.p. 

At 60 minutes post HFSI (±)fenfluramine (5mg/kg) was administered i.p. Application 

o f  HFS2 at 90 minutes post HFSI failed to induce LTP (109.3±9.9% at 60 minutes post 

HFS2, n - 1 , p>0.1 com pared  with baseline, paired s tuden t’s t-test). This result 

implicates an increase in extracellular 5-HT levels as the most likely mediator o f  LTP 

recovery by treatment with (±)fenfluramine.
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Figure 3.4 Effect of (±)tlaneptine on (±)fenflurainine induced LTP recovery.

(A) Insets show typical fEPSPs recorded ~ 5 min before (1) and 60 min after (2) H F S l,  

and 60 min after HFS2 (3). Mild stress prevented the induction o f  LTP by HFSl 

(102±6%, at 60 min post H F S l,  n=7, p>0.5 compared with baseline). Administration 

o f  ( i) t ianep tine  (2mg/kg, i.p.), a 5-HT uptake enhancer prevented (±)fenfluramine 

(5mg/kg, i.p.) overcoming LTP inhibition (109±10% at 60 min post HFS2, n=7, p>0.1 

compared w'ith baseline). Data expressed as mean±s.e.m.
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3.5 Effect o f (+)fenfluramine on LTP induction in non-stressed rats.

Previously it was shown by Shakesby et al. (2002) that (±)fenfluramine (5mg/kg) 

blocked LTP in non-stressed rats. As (+)fenfluramine is said to be a more active 

enantiomer than (-)fenfluramine it was decided to investigate the effect o f  

(+)fentluramine (2.5mg/kg) on LTP induction in non-stressed animals in vivo. A stable 

30 minute baseline was obtained (100.2±1.4%, n=5 in the 10 minutes prior to 

(+)fenfluramine administration). Following baseline recordings an i.p. administration of 

(+)fentluramine (2.5mg/kg) was administered. (+)Fenfluramine (2.5mg/kg) did not 

have any effect on baseline transmission (101.8±5.1%, n=5 for the 10 minutes prior to 

HFS). 30 minutes post (+)fentluramine administration application o f  FIFS induced a 

stable and robust LTP (142.1 ±14.2%, n=5 at 60 minutes post HFS, p<0.05 compared 

with baseline, paired student’s t-test). The level o f  LTP was not statistically 

significantly greater than that seen in non-stressed control animals (142.1±14.2% vs 

132.3±4.6%, p>0.1, unpaired student’s t-test).

3.6 Effect o f (-)fenfluramine on LTP induction in non-stressed rats.

The effect of (-)fentluramine (2.5mg/kg) on LTP induction in non-stressed rats was also 

investigated. A stable baseline was obtained for 30 minutes (100.4±0.7%, n=5 for 10 

minutes prior to (-)fenfluramine administration). Following baseline recordings an i.p. 

injection of (-) fenfluramine (2.5mg/kg) was administered. Injection of (-)fentluramine 

did not affect baseline transmission (103.6±3.2%, n=5 for the 10 minutes prior to HFS). 

HFS was applied 30 minutes post (-)fenfluramine injection. HFS resulted in robust and 

stable LTP (147.5±7.9%, n=5 at 60 minutes post HFS, p<0.01, compared with baseline, 

paired student’s t-test). The level o f  LTP was on average numerically greater but not 

statistically significantly different from that o f  control animals (147.5±7.9% vs 

132.3±4.6%, p>0.05 unpaired student’s t-test).
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Figure 3.5 Effect o f  (+)fenfluram ine on LTP induction in non-stressed rats.

(A) Insets show typical fEPSPs recorded ~ 5 min before (1) and 30 min after (2) 

(+)fenf1uramine (2.5mg/kg, i.p.) adm inistration, and 60 min after (3) HFS. (B) 

Application o f  HFS induced a statistically significant LTP (142±14%  at 60 min post 

HFS, n=5, p<0.05 compared with baseline). Data expressed as mean±s.e.m.
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Figure 3.6 Effect of (-)fenfluramine on LTP induction in non-stressed rats.

(A ) Insets show typical fEPSPs recorded ~ 5 min before (1) and 30 min after (2) 

(-)fenfluram ine (2.5mg/kg, i.p.) administration, and 60 min after (3) HFS. (B) 

Application o f HFS induced a statistically significant LTP (148±8% at 60 min post 

HFS, n=5, p<0.01 compared with baseline). Data expressed as mean±s.e.m.
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H aving  show n a role for the sero tonerg ic  system  in o v erco m in g  stress induced  LTP 

b lo ck ad e  this next set o f  experim ents  set ou t to identify  w h ich  m em b er  o f  the 5 -H T  

recep to r  family m ay  be involved  in m ed ia ting  LTP recovery . Shakesby  et al. (2002) 

have show n how  fluoxetine (an SSRl an tidepressant) w as  able to prevent the inhibition 

o f  L T P  fo l lo w in g  acu te  e lev a ted  p la tfo rm  stress .  A fu r th e r  p ap e r  p u b l ish ed  by 

S ven n in g sso n  et al. (2 0 0 2 ) sugges ted  that f luoxe tine  w as  m ed ia t in g  its the rapeu tic  

effects via D A R PP-32  phosphorylation  and hypo thesised  that this process  was linked to 

5-HT2,5-HT4 or 5-HT6 receptor activation. S -H Tt and  5 -H T 4 receptors  w ere  therefore  

ta rg e ted  for in v es t ig a t io n  into the  re cep to r  m e c h a n ism  in v o lv ed  in the e f fec t  o f  

( i ) fen f lu ra m in e  on stress-induced inhibition o f  LTP.

3.7 Cinanserin prevents (±)feRfluramiRe-induced recovery o f LTP 

inhibited by acute elevated platform stress.

This set o f  experim ents  w ere  designed  to investigate w he the r  5 -H T 2 receptor ac tivation 

can m edia te  LTP recovery  post stress exposure. A n im a ls  w ere  exposed  to acu te  m ild 

elevated p la tfonn  stress. A 30 m inute stable baseline w as  recorded  (101 .9±0 .5%  for the 

10 m in u te s  p r io r  to H F S l) .  F o llo w in g  H F S l  there  w as  no s ign if ican t  inc rease  in 

synap tic  t ransm iss ion  ( 9 9 .4 % ± l l .7 % ,  n=5, p>0.5  c o m p ared  with  base line).  A t 40 

m inutes  post H F S l an i.p. injection o f  cinanserin  (30m g/kg), a nonsub type  selec tive 5- 

H T 2 receptor antagonist (Leysen et al. 1981; Pierce et al. 1992) w as adm inistered. At 60 

m inu tes  pos t  H F S l  an i.p. in jection o f  (± )fen f lu ram ine  (5 m g/kg)  w as adm in is te red .  

Thirty  m inu tes  later H FS2 w as applied. This  second  H FS also  failed to  induce LTP 

( 1 07 .7±13 .1% , n=5 at 60  m in  post  H FS2, p>0.5  c o m p ared  w ith  b ase lin e ,  pa ired  

s tu d en t’s t-test). H ow ever, due to the variability  in this data  set the d iffe rence betw een  

co-treated  anim als (cinanserin  and (± )fenflu ram ine) w hen  com pared  to (± )fenflu ram ine 

only  t rea ted  an im als  w as  not quite  s ta tis tica lly  s ign if ican t  (p= 0 .062  at 60 m in  post 

HFS2, unpaired s tuden t’s t-test).

P re treatm ent with cinanserin  (30m g/kg) prevented  (± )fenflu ram ine  (5m g/kg) m ediating  

the recovery  o f  LTP. This suggests that 5 -H T 2 receptors  m ay  be im portant in m ediating  

fen flu ram ine’s ability to enable LTP induction in prev iously  stressed animals.
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Figure 3.7 Effect of cinanserin on (±)fenfluramine-induced LTP recovery 

following acute stress exposure.

(A) Insets show typical t'EPSPs recorded ~5 min before ( I )  and 60 min after (2) HFSl, 

and 60 min after HFS2 (3). (B) M ild  stress prevented the induction on LTP by HFSl 

(99±12% at 60 min post HFS l, n=5, p>0.5, compared w ith baseline). Cinanserin 

(30mg/kg, i.p.) a non-subtype selective S-HT: receptor antagonist prevented 

(±)fentluramine (5mg/kg, i.p.) overcoming LTP inhibition (107±13%, at 60 min post 

HFS2, n=5, p>0.5 compared with baseline). Data expressed as mean±s.e.m.
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3.8 mCPP, a 5-HT2b/2c receptor agonist overcomes the inhibition of 

LTP by stress.

To further investigate the role that 5-HT2 receptors play in regulating synaptic plasticity 

subsequent to stress exposure it was decided to investigate various 5-H T2 receptor 

agonists.

The rats were exposed  to acute mild elevated platform stress. A stable baseline was  

recorded for 30 minutes (1 0 0 .4 ± | .1 % , n=6 for the 10 minutes prior to HFS l ) .  

Application o f  HFSl  failed to induce LTP (94.8±6.0%  at 60  minutes post HF S l ,  n=6, 

p>0.1 compared with baseline, paired student’s t-test). Administration o f  mCPP  

(lOm g/kg, i.p.), a 5-HT2b/2c receptor agonist (Curzon et al. 1990; Hoyer et al. 1994; 

Porter et al. 1999) at 60 mmutes post HFSl  resulted in an initial small reduction in 

synaptic transmission which returned to baseline values within 30 minutes post 

injection (96.4±5.8% , n=6). At 90 minutes post HFSl  a second HFS was applied. HFS2 

resulted in a stable induction o f  LTP ( 146.2±14.3% , n=6 at 60 minutes post HFS2, 

p<0.05 compared with baseline, paired student’s t-test). There was no significant  

difference between the level o f  recovered LTP and control LTP in non-stressed rats 

(146.2±14.3%  vs 132.3±4.6%, p > 0 .1, unpaired student’s t-test). This suggests that the 

serotonergic mediated recovery o f  LTP fo llow ing stress may be mediated, at least in 

part, by 5-HT2b/2c receptor activation.
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Figure 3.8 Effect of mCPP on LTP induction in stressed rats.

(A) Insets show typical fEPSPs recorded ~ 5 min before (1) and 60 min after (2) HFSI 

and 60 min after (3) HFS2. (B) Mild stress prevented the induction o f  LTP by HFSI 

(95±6% at 60 min post H FSI, n=6, p > 0 .1 compared with baseline). Administration o f  

mCPP (a 5-HT21V2C receptor agonist, 1 Omg/kg, i.p.) recovers LTP (146±14% at 60 min 

post HFS2, n=6, p<0.05 compared with baseline). Data expressed as mean±s.e.m.
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3.9 mCPP does not cause a change in baseline synaptic transmission in 

stressed animals.

This experim ent was designed to determ ine i f  m CPP had an effect on synaptic 

transmission in stressed animals independent o f  HFS.

Animals were exposed to acute mild elevated platform stress. A stable baseline for 30 

minutes was obtained (98.9±1.5% for the 10 minutes prior to HFS). Application o f  HFS 

did not result in LTP (109.5±4.5% at 60 minutes post HFS, n=5, p>0.1, compared with 

baseline, paired s tudent’s t-test). Administration o f  m CPP (lOmg/kg, i.p.) did not 

statistically significantly alter synaptic transmission ( 1 14.4±2.8%, at 90 min post HFS, 

n=5, p > 0 .1 compared with 10 minute epoch pre injection, paired student’s t-test). There 

was no application o f  a second HFS. This data set clearly shows that the LTP shown in 

Figure 3.8 was due to high frequency stimulation and not simply attributable to a mCPP 

mediated increase in baseline synaptic transmission.
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Figure 3.9 Effect of mCPP on baseline synaptic transmission in stressed rats.

(A ) Insets show typical ffiPSPs recorded ~ 5 min before (1) and 60 min after (2) HFS 

and 90 min post mCPP (lOmg/kg, i.p.) administration (3). (B) M ild  stress prevented the 

induction o f LTP (109±4% at 60 min post HFS, n=5, p>0.1 compared with baseline). 

Administration o f mCPP did not significantly alter synaptic transmission (114±3% at 

90 min post i.p. injection, n=5, p>0.1 compared with 10 min epoch pre-injection). Data 

expressed as mean±s.em.
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3.10 BW723c86, a 5-HT2b receptor agonist overcomes stress-induced 

inhibition of LTP.

As mCPP is both a 5-HT2b/2c receptor agonist it was decided to investigate agonists 

which had a more selective 5-HT profile. BW 723c86 is a 5-HT2b receptor selective 

agonist (Baxter et al. 1995; Kennett et al. 1997a). Animals were exposed to acute 

elevated platform stress. A stable baseline was recorded for 30 minutes (99.7±0.8%, 

n=5 for the 10 minutes prior to H FSI). Application o f  H FSl failed to induce LTP 

(I03 .8±2 .3% , n=5 at 60 minutes post H F S l,  p>0.1 compared with baseline, paired 

student’s t-test). At 60 minutes post HFSl BW 723c86 (30mg/kg) was administered i.p. 

There  was no ev idence  to suggest that BW 723c86  affected  baseline synaptic  

transmission. Thirty minutes after BW 723c86 administration HFS2 was applied. HFS2 

induced stable LTP (121.3±6.3% at 60 minutes post HFS2, n=5, p<0.05 compared with 

baseline, paired student’s t-test). Although this LTP was numerically not very large it 

was statistically significantly different from baseline transmission values. Furthermore, 

the level o f  LTP was not statistically significantly less than the level o f  LTP in non­

stressed controls (121.3±6.3% vs 132.3±4.6%, p>0.1, unpaired student’s t-test). This 

result implicates 5-HT2b receptor activation in the process by which LTP is recovered 

in stressed animals due to manipulation o f  the serotonergic system.
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Figure 3.10 Effect of the 5-HT2b receptor agonist BW 723c86 on L TP  in stressed 

rats.

(A) Insets show typical tEPSPs recorded ~ Smin before ( ! )  and 60 min after (2) HFSl, 

and 60 min after HFS2 (3). (B) M ild  stress prevented the induction o f LTP by HFSl 

(I04±2%  at 60 min post HFSl, n=5, p>0.05 compared w ith baseline). Administration 

o f BW723c86 (30mg/kg, i.p.) a 5-HT2b receptor agonist overcomes stress-induced 

inhibition o f LTP fo llow ing HFS2 (121±6%, n=5, p<0.05 compared w ith baseline). 

Data expressed as mean±s.e.m.
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3.11 MK-212, a 5-HT2C receptor agonist overcomes stress-induced  

inhibition of LTP.

Animals were exposed to acute mild elevated platform stress. A stable baseline was 

recorded for 30 minutes (100.4±0.7%, n=6 for the 10 minutes prior to HFSl). 

Application o f  HFSl failed to induce LTP (106.5±3.2% at 60 minutes post HFSl, n=6, 

p>0.05, compared with baseline, paired student’s t-test). At 60 minutes post HFSl, 

MK-212 (3mg/kg) a 5-HT2C receptor selective agonist (Conn & Sanders-Bush 1987; 

Lee et al. 1992; Hemrick-Luecke & Fuller 1996) was administered i.p. There was no 

evidence to suggest that MK-212 (3mg/kg) had any effect on baseline synaptic 

transmission in the intervening period between its administration and HFS2. HFS2 

resulted in a stable and robust LTP (130.8±5.3% at 60 minutes post HFS2, n=5, p<0.01, 

compared with baseline, paired student’s t-test). There was no statistically significant 

difference between the level of recovered LTP (shown here) and that found in control 

non-stressed animals (130.8±5.3% vs 132.2±4.6%, p>0.5, unpaired student’s t-test). 

This suggests that activation o f  5-HT2C receptors has the ability to overcome stress- 

induced inhibition of LTP.
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Figure 3.11 Effect of the 5-HT2c receptor agonist IVlK-212 on LTP in stressed rats.

(A) Insets show typical ffiPSPs ~ 5 min before (1) and 60 min after (2) H F S l,  and 60 

min after HFS2 (3). (B) Mild stress prevented the induction o f  LTP by HFSl (I07±3%  

at 60 min post HFSl n=6, p>0.05 compared with baseline). Administration o f  MK-212 

(3mg/kg, i.p.) a 5-HT2c receptor agonist overcame LTP inhibition ( I3 I± 5 %  at 60 min 

post HFS2, n=6, p<0.05 compared with baseline). Data expressed as mean±s.e.m.
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3.12 Adm inistration of RS67333, a 5 -HT4 receptor partial agonist is 

not sufficient to overcome stress-induced inhibition of LTP.

T his  e x p e r im en t  w as  des igned  to assess  the ab ility  o f  a 5 -H T 4 re cep to r  agon is t  to 

o v e rco m e  s tress-induced  LTP inhibition. R S67333 is a partial 5 -H T 4 recep to r  agonist 

(E glen  et al. 1995, 1995; F ontana et al. 1997). A n im als  w ere  exposed  to acu te  m ild  

elevated  stress. A stable baseline was obtained for 30 m inutes ( I0 5 .3 ± l  .7%, n=6 for the 

10 m inu tes  prior to H F S l) .  A pplication  o f  HFS 1 failed to induce LTP (106 .9±5 .7%  at 

60 m inu tes  post H F S l ,  n=6, p>0.5  co m p ared  w ith  base line , pa ired  s tu d e n t’s t-test). 

Adm inis tra tion  o f  RS67333 ( lO m g/kg , i.p.), a 5 -H T 4 receptor partial agonist at 60 min 

post H F S l  did not affect baseline synaptic transm ission. A pplication  o f  HFS2 at 90 min 

post H F S l  failed to induce LTP ( 1 1 5 .0 ± 1 1.9% at 60 m inutes  post H FS2, n=6, p>0.1 

co m p ared  with baseline , paired  s tu d en t’s t-test). H ow ever,  the level o f  LTP w as not 

s ta tis tica lly  s ign ifican tly  less than the level o f  LTP in non-s tressed  control an im als  

( 1 15 .0 ± 1 1.9% vs 132.3±4.6%, p>0.1, unpaired  s tuden t’s t-test).

3.13 Effect of RS67333, a 5 -H T4 receptor partial agonist in non­

stressed rats.

This set o f  experim ents  involved investigating  the effects o f  5 -H T 4 receptor ac tivation 

in non-stressed  rats. A stable base line  w as ob ta ined  for 30 m inu tes  (99 .82±0 .2% , n=6 

for the 10 m inu tes  p r io r  to R S67333  adm in is tra tion).  F o llow ing  base line  record ing , 

R S67333 (lO m g/kg),  a 5 -H T 4 recep to r partia l agonis t  w as adm in is te red  i.p. RS67333 

did not affect baseline transm ission. 30 m inutes  after RS67333 adm inistration  HFS was 

applied. T he variability  in the post HFS data  w as such that a lthough num erically  there 

exists a c lear  LTP (129.0±13.0%>) it is not statis tically  s ignifican t (p=0 .074  com pared  

with base line , n=6, paired  s tu d en t’s t-test). H ow ever,  the d iffe rence  be tw een  the 10 

m inute epoch  p re -H FS  and 60 m inutes  post HFS w as statis tically  s ignificant (p=0.05, 

n=6, paired  s tu d en t’s t-test). In addition, there w as no s ign ifican t d iffe rence betw een
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the LTP induced in this experiment and that induced in the control study (129.0±I3.0%  

vs 132.3±4.6% at 60 min post HFS, p>0.5, n=6, unpaired student’s t-test).
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inhibit ion o f  LTP.

(A ) Insets show  typical fEPSPs recorded  ~  5m in before (1) and 60 m in after (2) HFS 1, 

and 60 m in after HFS2 (3). (B ) Mild stress p reven ted  the induction o f  LTP by H F S l 

(107±6% , at 60m in  post H F S l ,  n=6, p>0.5 com pared  with  baseline). A dm inis tra tion  o f  

RS67333 (1 Omg/kg, i.p.), a 5 -H T 4 partial agonist failed to overcom e inhibition o f  LTP 

follow ing a second HFS (H FS2) ( 1 15±12% at 60 m in post H FS2, n=6, p > 0 .1 com pared  

with baseline). Data expressed as m ean±s.e .m .
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Figure 3.13 Effect of RS67333 on LTP in non-stressed rats.

(A) Insets show typical fEPSPs ~ 5min before (1) and 30 min after (2) RS67333 

administration and 60 min after (3) HFS. (B) Administration o f  RS67333, a 5 -HT4 

partial agonist ( lOmg/kg, i.p.) did not affect the induction o f  LTP by HFS (129±13% at 

60 min post HFS, n==6, p=0.05 compared with 10 min epoch pre-HFS). Data expressed 

as meanis.e.m.
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3.14 Effect of D-AP5 (100 nmol) on LTP induction in CAl in vivo.

It w as  dec id ed  to d e te rm in e  the spec if ic ity  o f  the  ab il i ty  o f  the 5 -H T  re lease r  to 

ov erco m e the inhibition o f  LTP by stress by exam in ing  its effects on LTP inhibition by 

D -A P5, a com petit ive  N M D A  receptor antagonist.  First w e  ex am in ed  the ability  o f  a 

re la tively  low dose  o f  D-A P5 to prevent the induction o f  LTP in C A l  in non-stressed  

anim als. A fter record ing  30 m inutes o f  s table synaptic  transm ission, D -A P5 (100 nm ol) 

w as in jec ted  i.c.v. co n co m itan t  to i.p. veh ic le  ad m in is tra t io n .  A pp lica t ion  o f  HFS 

re su lted  in a n u m erica l ly  very  sm all a l though  s ta t is t ica l ly  s ig n if ican t  inc rease  in 

sy n ap tic  t ran sm iss io n  (1 0 9 .6 ± 2 .4 % , n=8, p<0.01 co m p a re d  w ith  base line ,  p a ired  

s tu d e n t ’s t-test). A control set o f  experim ents  was also undertaken  in w hich  distilled  

w ater (vehic le) (5^1) w as  injected i.c.v. in p lace  o f  D -A P5. T here  w as  no s ign ificant 

i.c.v. injection effect on synaptic transm ission. A pplication  o f  HFS resulted in a robust, 

s table  and  sta tis tica lly  s ign ificant LTP (129.1 ± 8 .5% , at 60 m inu tes  post H FS, n=6, 

p<0.05  co m p ared  with  baseline , paired  s tu d e n t ’s t-test). T he  trea tm ent with  D -A P5 

resu lted  in sign ificantly  less po tentiation  o f  synap tic  transm iss ion  w hen co m p ared  to 

vehicle  i.c.v. injected anim als (109 .6±2 .4%  vs 129.1 ±8 .5% , p<0.05, unpaired  s tu d en t’s 

t-test). Therefore , the inhibition o f  LTP by D-A P5 a l though not entirely com ple te  w as 

both num erically  very considerable and statistically significant.
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Figure 3.14 Effect of D-AP5 on LTP in non-stressed rats.

(A) Insets show typical fEPSPs recorded ~ 5 min before (1) and 30 min after (2) D-AP5 

(i.c.v) and Vehicle (i.p.) coadministration and 60 min after (3) HFS. (B) Insets show 

typical ffiPSPs recorded ~ 5min before (1) and 30 min after (2) vehicle (i.c.v. and i.p.) 

coadministration and 60 min after (3) HFS. (C) Administration o f  D-AP5 (100 nmol) 

causes a statistically significant reduction in LTP ( # ,  D-AP5 + Vehicle 110±2%, n=8; 

O, Vehicle + Vehicle 129±9%, n=6 at 60 min post HFS, p<0.05,unpaired student’s t- 

test). Data expressed as mean±s.e.m.
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3.15 Effect of co-administration of (±)fenfluramine on the inhibition of 

LTP due to D-AP5.

This experiment was designed to investigate whether a compound which modulates 

extracellular serotonin levels and has been shown to have the ability to overcome a 

stress induced LTP block may also overcome a block in LTP due to another mechanism 

i.e. N M D A receptor antagonism. Non-stressed animals were anaesthetised and a 30 

minute baseline was recorded (102.0±0.3%, n=5 for the 10 minutes prior to drug co­

adm inistra tion). D-AP5 (lOOnmol, i.c.v.) was adm inis tered  concom itan tly  with 

(±)fentluramine (5mg/kg, i.p.). After 30 minutes o f  further baseline recordings, HFS 

was applied. HFS failed to induce a statistically significant STP (105.9±6.9%, n=5, for 

the Hrst 10 minute epoch post HFS, p>0.5 compared to baseline, paired s tudent’s t- 

test). However, at 60 minutes post HFS there was a significant increase in synaptic 

transmission (LTP) (126.8±7.3% at 60 minutes post HFS, n=5, p<0.05 compared with 

baseline, paired student’s t-test). The level o f  LTP was greater than the magnitude o f  

potentiation seen in D-AP5 (i.c.v) and vehicle (i.p.) treated animals (126.8±7.3% vs 

I09 .6±2.4% , p<0.05, unpaired s tuden t’s t-test). Also the level o f  LTP w as not 

significantly  less than that o f  the vehicle only (i.c.v and i.p.) treated anim als 

(I26 .8±7.3%  vs 129.1 ±8.5%, p>0.5, unpaired student’s t-test). This suggests that the 

ability o f  the serotonergic system to overcome LTP blockade is not confined solely to 

LTP which has been blocked by stress.
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Figure 3.15 Effect of (±)fentluramine on the D-AP5 mediated block of LTP.

(A) insets sinow typical tEPSPs recorded ~ 5min before ( I )  and 30 min after (2) D-AP5 

(i.c.v.) and (±)Fen (i.p.) co-administration and 60 min post HFS (3). (B) The induction 

o f LTP is significantly greater fo llow ing co-administration o f D-AP5 (100 nmol) and 

(±)Fen (5mg/kg) when compared to co-administration o f D-AP5 (100 nmol) and 

Vehicle (# ,  D-AP5 + (±)Fen 127±7%, n=5; O, D-AP5+Vehicle 110±2% n=8 at 60 min 

post HFS p<0.05 unpaired student’s t-test). Data expressed as mean±s.e.m.
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The Flinders Model of Depression.

This next set o f  experiments were designed to investigate i f  synaptic plasticity in the 

C A l area was impaired in the Flinders model o f  depression. As well as investigating 

the intact model itself, manipulations such as maternal separation and chronic anti­

depressant drug treatment were also investigated.

3.16 Effect o f HFS in Flinders Resistant Line (FRL) rats.

The Flinders resistant line rats are the control ‘non-depressed’ rats in the Flinders 

depression model. A stable 30 minute baseline was recorded (101.1±1.6%, n=7, for the 

10 minutes prior to HFS). Application o f  HFS resulted in robust LTP. There was an 

immediate increase in synaptic transmission (121.3±4.5%  at 10 minutes post HFS, 

p<0.01 when compared with baseline, paired s tudent’s t-test) which then stabilized 

(127.1 ±8.0% at 60 minutes post HFS, p<0.01 compared with baseline, paired student’s 

t-test).

3.17 Effect of HFS In chronic escitalopram treated FRL rats.

This experim ent was designed to assess the effect o f  chronic escitalopram (anti­

depressant) treatment on the ability o f  HFS to induce LTP in FRL rats. Escitalopram 

was administered as a constituent o f  the food pellet. This pellet was available ad libitum 

for 2 weeks prior to experimentation. A stable baseline was obtained for 30 minutes 

(100.4±0.9% , n=6, for the 10 minutes prior to HFS). Application o f  HFS failed to 

induce LTP (102.8±7.2%  at 60 minutes post HFS, n=6, p>0.5 when compared to 

baseline, paired student’s t-test). Also, there was a statistically significant difference in 

synaptic transmission post HFS between FRL control animals and FRL escitalopram 

treated animals (127.1 ±8.0% vs 102.8±7.2% at 60 minutes post HFS, p<0.05, unpaired 

student’s t-test).
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3.18 Effect of HFS in maternally separated FRL rats.

T h is  e x p e r im en t  w as  d es ig n ed  to assess  the e ffec t  o f  m aterna l  sepa ra t ion  on  LTP 

induction  in FRL rats. For m aternal separation  pro toco l see Section  2.12. A stable 

b ase line  w as ob ta ined  for 30 m inu tes  (9 9 .2±1 .0% , n=7, for the 10 m in u tes  p r io r  to 

HFS). A pplication  o f  HFS induced a small a lthough statistically  s ignificant increase in 

synap tic  t ransm iss ion  ( 1 15.0±4.9%  at 60  m inu tes  pos t  H FS, n=7, p< 0 .05 ,  co m p ared  

with  baseline , paired  s tu d en t’s t-test). A lthough  the level o f  LTP w as num erica l ly  on 

a v e ra g e  c o n s id e r a b ly  less  than  tha t  o f  F R L  co n tro l  a n im a ls  (127.1  ± 8 .0 %  vs 

1 15.0±4.9% ), this reduction was not statistically sign ifican t (p>0.1, unpaired  s tu d en t’s 

t-test).

3.19 Effect o f HFS in chronic escitalopram  treated m aternally  

separated FRL rats.

This experim ent w as designed to assess the effect o f  chronic  esc ita lopram  trea tm ent on 

m aternally  separated  FRL rats. A lthough chronic esc ita lopram  trea tm ent inhibited LTP 

induction in control FRL rats (F igure 3.18) it w as hypo thes ised  that esc ita lopram  m ay 

en h an ce  LTP in an im a ls  that had p rev iously  u n d erg o n e  a ch ron ic  s tresso r  such  as 

m aternal separation.

A stable base line  w as obta ined  for 30  m inu tes  (98 .9 ± 1 .5 % , n=6, for the 10 m inu tes  

p r io r  to HFS). A p p lica t io n  o f  H FS failed to induce  a s ta tis tica lly  s ig n if ican t  LTP 

(1 1 1 .6 ± 7 .1 %  at 60 m in u tes  post  H FS, n=6, p>0.1 c o m p ared  with  base line ,  pa ired  

s tu d e n t ’s t-test).  T he  level o f  po ten tia t io n  w as  on av e rag e  less than  the level o f  

po ten tia tion  seen in m aternally  separated  rats (1 15.0±4.9%  vs 11 L 6 ±7 .1% ).  H ow ever  

there  w as no s ign ifican t statistical d iffe rence be tw een  these  g roups  (p>0 .5 ,  unpaired  

s tuden t’s t-test).
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Figure 3.16 Effect o f  HFS on synaptic transmission in Flinders Resistant Line 

(FRL) rats.

(A) Insets show typical tEPSPs recorded ~ 5 min before (1) and 60 min after (2) HFS.

(B) Application o f  HFS induced stable LTP (127±8%, at 60 min post HFS, n=7, p<0.01 

compared with baseline). Data expressed as mean±s.e.m.
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Figure 3.17 Effect of HFS on synaptic transmission in escitalopram treated FRL 

rats.

(A) Insets show typical tEPSPs recorded ~ 5 min before (1) and 60 min after (2) HFS.

(B) Application o f HFS failed to induce LTP (103±7% at 60 min post HFS, n=6, p>0.5 

compared with baseline). Data expressed as mean±s.e.m.
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Figure 3.18 Effect o f  HFS on synaptic transmission in maternally separated FRL  

rats.

(A) Insets show typical fEPSPs recorded ~ 5 min before ( I ) and 60 min after (2) HFS.

(B) Application o f  HFS induced stable LTP ( 1 15±5%, at 60 min post HFS, n=7, p<0.01 

compared with baseline). Data expressed as mean±s.e.m.
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Figure 3.19 Effect of HFS on synaptic transmission in escitalopram treated 

maternally separated FRL rats.

(A) Insets show typical fEPSPs recorded ~ 5 min before (1) and 60 min after (2) HFS.

(B) Application o f HFS failed to induce LTP (1 12±6%, at 60 min post HFS, n=6, p>0.1 

compared with baseline). Data expressed as mean± s.e.m.
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3.20 Effect of HFS in Flinders Sensitive Line (FSL) rats.

The Fhnders Sensitive Line rats are the depression/stress susceptible animals in the 

Flinders model o f  depression. This set o f  experiments are designed to assess the effects 

o f  HFS on synaptic transmission in male FSL rats. A stable baseline was obtained for 

30 minutes (100.1 ±0.9%, n=7, for the 10 minutes prior to HFS). Application o f  HFS 

resulted in a numerically very small albeit statistically significant increase in synaptic 

transmission (108.1 ±2.8%, n=7, p<0.05 compared with baseline, paired s tudent’s t- 

test). This level o f  potentiation was however significantly less than the level found in 

FRL control animals (127.1 ±8.0% vs 108.1±2.8%>, p<0.05, unpaired student’s t-test).

3.21 Effect of HFS in chronic escitalopram treated FSL rats.

We also investigated whether treatment with escitalopram ad libitum would affect 

induction o f  LTP in FSL anim als. As m entioned  previously  escitalopram  was 

administered as a constituent o f  the food pellet for a period o f  2 weeks.

A stable baseline was obtained for 30 minutes (99.3±1.1%, n=6, for the 10 minutes 

prior to HFS). Application o f  HFS failed to induce LTP (95.4±6.5%, at 60 minutes post 

HFS, n=6, p>0.5 compared with baseline, paired student’s t-test). This paralleled the 

negative impact o f  escitalopram treatment on FRL animals. There was no statistically 

significant difference between FSL escitalopram treated animals and FRL escitalopram 

treated animals (95.4±6.5%> vs 102.8±7.2%), p>0.5, at 60 minutes post HFS, unpaired 

s tudent’s t-test). However, there was a trend towards statistical significance between 

FSL control animals and FSL escitalopram treated animals (108.1±2.8%> vs 95.4±6.5% 

at 60 minutes post HFS, p< 0 .1, unpaired student’s t-test).
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3.22 Effect of HFS in maternally separated FSL rats.

This experiment was designed to investigate the effect o f  maternal separation on LTP 

induction in FSL rats. A stable baseline was obtained for 30 minutes (101 .2±1.5%, n=6, 

for the 10 minutes prior to HFS). Application o f  HFS induced an increase in synaptic 

transmission (118.2±6.3% , n=6, at 60 minutes post HFS). W hile this increase was 

num erica lly  reasonably  large it was not quite statistically  s ign if icant (p=0.065 

compared with baseline, paired student’s t-test). Furthermore, there was no statistically 

significant difference between the level o f  HFS induced potentiation seen in FSL 

m aternally  separa ted  rats and FRL m aternally  separated  rats (118 .2±6 .3%  vs 

115.0±4.9%, p>0.5, unpaired student’s t-test). In addition the level o f  potentiation seen 

here was on average numerically greater although not statistically different from that 

seen in FSL control animals ( 1 18.2±6.3% vs 108.1±2.8%, at 60 minutes post HFS, 

p > 0 .1, unpaired student’s t-test).

3.23 Effect o f  HFS in chronic escitalopram  treated m aternally  

separated FSL rats.

A stable baseline was obtained for 30 minutes (100.9±0.4%, n=7, for the 10 minutes 

prior to HFS). Application o f  HFS failed to induce LTP (105.8±7.8% , n=7, at 60 

minutes post HFS, p>0.5 compared with baseline, paired student’t t-test). There was no 

significant difference at 60 minutes post HFS between escitalopram treated maternally 

separated FSL animals and FSL control animals (105.8±7.8% vs 108.1 ±2.8%, p>0.5, 

unpaired student’s t-test). There was no significant difference in synaptic transmission 

post HFS between non-treated maternally separated FSL animals and escitalopram 

treated maternally separated FSL animals ( 1 18.2±6.3% vs 105.8±7.8%, p>0.1, unpaired 

student’s t-test). Also there was no significant difference between FRL escitalopram 

treated maternally separated animals and FSL escitalopram treated maternally separated 

animals (111 .6±7.1 % vs 105.8±7.8%, p>0.5, unpaired student’s t-test).
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Figure 3.20 Effect o f  HFS on synaptic transm ission in Flinders Sensitive Line 

(FSL) rats.

(A) Insets show typical fEPSPs recorded ~ 5 min before ( I ) and 60 min after (2) HFS.

(B) Application o f  HFS induced a significant increase in EPSP amplitude (108±3%, at 

60 min post HFS, n=7, p<0.05 com pared  with baseline). Data expressed  as 

mean±s.e.m.
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Figure 3.21 Effect o f  HFS on synaptic transmission in escitalopram treated FSL 

rats.

(A) Insets show typical fEPSPs recorded ~ 5 min before (1) and 60 min after (2) HFS.

(B) Application o f  HFS failed to induce stable LTP (95±7% at 60 min post HFS, n=6, 

p>0.5 compared with baseline). Data expressed as mean±s.e.m.
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Figure 3.22 Effect of HFS on synaptic transmission in maternally separated FSL 

rats.

(A) Insets show typical ffiPSPs recorded ~  5 min before ( I ) and 60 min after (2) HFS.

(B) Application o f  HFS failed to induce stable LTP ( 1 18±6%, at 60 min post HFS, n=6, 

p>0.05 compared with baseline). Data expressed as mean±s.e.m.

75



0.8mV

5 ms

10-

100-

a

HFS

30 900 10 20 40 50 60 70 80

Time (min)

Figure 3.23 Effect of HFS on synaptic transmission in escitalopram treated 

maternally separated FSL rats.

(A ) Insets show typical recordings o f fEPSPs ~ 5 min before (1) and 60 min after (2) 

HFS. (B) Application o f HFS failed to induce stable LTP (106±8%, at 60 min post 

HFS, n=7, p>0.5 compared with baseline). Data expressed as mean±s.e.m.
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3.24 Paired Pulse Facilitation (PPF) in Flinders Depression Model.

Each group (except FSL control animals) showed decreasing levels o f  paired pulse 

facilitation with increasing time interval between initial stimulus and second stimulus. 

There was a significant reduction in PPF at 40ms between FRL control animals and 

FSL control animals (34.5±4.9% vs 17.0±3.6%, p<0.05, unpaired student’s t-test). The 

difference between all other FSL groups and their respective counterpart FRL groups 

was not statistically significant. However the difference in PPF between FSL control 

animals and FRL control animals at 120ms did border on statistical significance 

(25.0±3.0% vs 14.7±4.2%, p=0.069, unpaired student’s t-test). Correlation studies were 

undertaken to see if  the level o f  PPF inducible pre-HFS was correlated with subsequent 

potentiation at 60min post HFS. FRL control anim als showed a strong positive 

correlation between PPF at 40ms and potentiation at 60min post HFS (Correlation 

coefficient:0.759, p<0.05, n=7). In addition FRL control animals also showed strong 

positive correlation between PPF at 80ms and potentiation at 60 min post HFS

(Correlation coeftlcient:0.898, p< 0 .0 l ,  n=7). FSL control animals showed a strong

positive correlation between PPF at 40m s and potentiation at 60m in post HFS

(Correlation coefficient: 0.899, p<0.05, n=7).
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Table 3.24 Paired Pulse Facilitation in the Flinders Depression Model.

GRO UP 40ms 80ms 120ms

FRL control (n=7) 34.5+4.9% 27.8+5.1% 25.0+3.0%

FRL maternally 

separated (n=7)

44.0+9.3% 38.9+7.5% 25.6+3.7%

FRL escitalopram 

treated (n=6)

27.1+8.8% 25.2+4.6% 21.9+4.1%

FRL maternally 

separated & 

escitalopram treated 

(n=6)

41.6+11.3% 36.0+11.7% 24.3+7.6%

FSL control (n=7) 17.0+3.6% 26.9+5.3% 14.7+4.2%

FSL maternally 

separated (n=6)

49.1 + 11.5% 42.0+10.0% 30.8+8.1%

FSL escitalopram 

treated (n=6)

37.2+15.6% 25.2+8.0% 14.4+5.1%

FSL maternally 

separated & 

escitalopram 

treated (n=7)

44.4+7.4% 34.2+6.8% 24.6+4.9%

The above table shows the paired pulse facilitation data for the Flinders Depression 

Model at 40ms, 80ms and 120ms intervals respectively. PPF is expressed as [((EPSP2- 

E P S P 1 )/EPSP 1 )X 100)%]. Data expressed as mean±s.e.m.

78



0.4m V L
Sms

60

40
PPF

20 ♦♦

0 20 40 60

% Change

B

PPF

80

0.4m V  L 
Sms

60-

40

♦ ♦
20 .

♦

0 20 40 60 80

% Change

0.4m V  L  
Sms

PPF

- 1 0

% Change

0,4m V

D Sms

PPF

- 1 0

% Change

Figure 3.24 Initial PPF correlates with H FS-induced changes in certain Flinders 
subgroups.
Insets show examples o f PPF traces from individual rats.(A) FRL at 40ms r=0.759, p<0,05, n=7 
(B) FRL at 80ms r=0.898, p<0.01, n=7 (C) FSL at 40ms r=0.899, p<0.05, n=7 (D) FSL at 80ms 
r=0.194, p>0.5, n=7.
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Figure 3.24.1 Paired Pulse Facilitation at 40ms for the Flinders Depression Model

The above figure shows the paired pulse facihtation at 40ms associated with each 
of the subgroups of the Flinders Depression model.
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Figure 3.24.2 Paired Pulse Facilitation at 80ms for the Flinders Depression Model.

The above figure shows the paired pulse facihtation at 80ms associated with each o f the 
sungroups of the Flinders Depression model.
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Figure 3.24.3 Paired Pulse Facilitation at 120ms for the Flinders Depression Model.

The above figure shows the paired pulse facihtation at 120ms associated with each of the 
subgroups of the Flinders Depression model.
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3.25 Input/Output curves for the Flinders Depression Model.

The input/output curves o f  the various groups o f  treated and untreated FUnders animals 

were analysed. The current required to elicit 50% maximal EPSP response was used as 

the comparable measure. FRL control animals required statistically significantly less 

current to elicit a 50% maximum EPSP response when compared to all other groups 

studied. In particular FRL control animals were statistically different in terms o f  current 

required to elicit a 50% maximum  EPSP response when com pared to FSL control 

animals (5.25±0.18mA vs 6.1±0.26mA, p<0.05, unpaired student’s t-test). There was 

no statistical difference between any other non-control FRL group and their respective 

FSL counterpart . There was no statistical difference in test EPSP amplitude between 

FRL and FSL animals. However the reduction in EPSP amplitude in the escitalopram 

treated FSL animals did border on statistical significance when compared to FRL 

escitalopram animals (p=0.068, unpaired student’s t-test).
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Table 3.25 Current required to induce a 50% IVlaximal EPSP response.

Group Current (mA) 50% Of M aximum EPSP 

amplitude (mV)

FRL control (n=7) 5.36±0.18 1,4±0.3

FRL maternally separated 

(n=7)

7.05±0.41 1.1 ±0.3

FRL escitalopram treated 

(n=6)

6.76±0.34 1.2±0.2

FRL maternally separated 

& escitalopram treated 

(n=6)

6.70±0.40 0.9±0.3

FSL control (n=7) 6.09±0.25 1.3±0.4

FSL maternally separated 

(n=6)

6.44±0.33 1.1 ±0.3

FSL escitalopram treated 

(n=6)

6.90±0.50 0.7±0.1

FSL maternally separated 

& escitalopram treated 

(n=7)

6.53±0.34 1.8±0.5

The above table shows the current required to elicit a 50% maximal EPSP response for 

the different subgroups o f  the Flinders study. Also shown is the average EPSP size for 

each o f  the groups. Data expressed as mean±s.e.m.
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The Learned Helplessness Model of Depression.

This next set o f  experiments were designed to investigate i f  synaptic plasticity in the 

C A l  area  was im paired  in the  congen ita l  Learned  H elp lessness  m odel o f  

depression/stress. This study focused on rats which had been derived from a breeding 

program used to generate higher yields o f  each particular ‘learned helpless’ phenotype. 

Barbara Vollmayr, Mannheim, Germany supplied 3 distinct subgroups groups o f  the 

congenital learned helplessness model. The first subgroup were rats which were 

congenita lly  non-learned  help less and which expressed  a non-learned  helpless 

phenotype (cNLH-nlh). These rats are resistant to learned helplessness. The second 

group w ere congenitally  learned helpless (exhibit a helpless phenotype w ithout 

exposure to uncontrollable shock) and expressed the learned helpless phenotype (cLH- 

Ih). The third group were congenitally learned helpless but expressed a non-learned 

helpless phenotype (cLH-nlh). All experiments in this section were carried out “blind” .

3.26 Effect of HFS on synaptic transmission in rats with congenital 

non-Learned Helplessness (non-learned helpless phenotype).

This study was designed to assess the effect o f  HFS on congenital non-learned helpless 

(non-leamed helpless phenotype) rats. These rats are the ‘non-depressed’ animals in the 

‘Learned Helplessness’ depression model. The animals were classified with regards to 

their ‘learned helplessness’ phenotype as outlined in Section 2.11. As these are ‘non­

depressed’ animals it was hypothesised that these animals should show the greatest 

level o f  LTP.

A stable baseline was obtained for 30 minutes (100.1 ±0.9%, n=l 1, for the 10 minutes 

prior to HFS) Application o f  HFS induced a statistically significant, albeit numerically 

small LTP ( 1 13.6±4.3% at 60 min post HFS, n=l 1, p<0.01 compared with baseline, 

paired student’s t-test).
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3.27 Effect of HFS on synaptic transmission in rats with congenital 

Learned Helplessness (learned helpless phenotype).

These animals are the offspring o f  parents both o f  whom displayed a learned helpless 

phenotype. As these are the supposed ‘depressed’ rats it is hypothesised that these 

animals should give less than normal LTP upon HFS. The animals were classified with 

respect to their learned helplessness phenotype as outlined in Section 2.11. A stable 

baseline for 30 minutes was obtained (100.6±1.4%, n=8 for the 30 minutes prior to 

HFS). Application o f  HFS induced statistically significant LTP (129.1±6.6%, n=8, at 

60 min post HFS, p<0.01 compared with baseline, paired student’s t-test). Although 

this level o f  LTP was numerically greater, it was not statistically significantly different 

from cNLH-nlh animals (1 !3.6±4.3%, p=0.056, unpaired student’s t-test).

3.28 Effect o f HFS on synaptic transmission in rats with congenital 

Learned Helplessness (non-learned helpless phenotype).

As not all progeny from rats with congenital learned helplessness had a learned helpless 

phenotype it was decided to investigate the synaptic properties o f  congenital learned 

helpless rats which had a ‘non-learned helpless’ phenotype. As such, these rats can be 

described as having  a genetic pred isposition  for depression  although they are 

asymptomatic for the condition.

The animals were classified with respect to their learned helpless phenotype as outlined 

in Section 2.11. A stable baseline was obtained for 30 minutes (100.6±0.6%, n=10 for 

the 10 minutes prior to HFS). Application o f  HFS resulted in the induction o f  LTP 

( I3 2 .6 ± I0 .4 %  at 60 min post HFS, n=IO, p<0.05 com pared with baseline, paired 

s tuden t’s t-test). A lthough this level o f  LTP was num erically  greater, it was not 

statistically significantly different from cNLH -nlh  animals (113.6±4.3% , p=0.097, 

unpaired student’s t-test). Also, there was no significant difference in the level o f  LTP 

induced between cLH-lh and cLH-nlh animals (129.1 ±6.6% vs 132.6±10.4%, p>0.5, 

unpaired student’s t-test).

86



A
0.4mV

5ms

B

<uc

10-

3

Cl.
S

90-

HFS

300 10 20 40 50 60 70 80 90

Time (min)

Figure 3.26 Effect o f  HFS on synaptic transmission in cNLH (non-learned helpless 

phenotype) rats.

(A) Insets show typical fEPSPs recorded ~ 5 min before (1) and 60 min after (2) HFS.

(B) Application o f  HFS resulted in the induction o f  a statistically significant LTP 

( I I4±4% at 60 min post HFS, n=l I, p<O.OI compared with baseline). Data expressed 

as mean±s.e.m.
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Figure 3.27 Effect of HFS on synaptic transmission in cLH (learned helpless 

phenotype) rats.

(A) Insets show typical fEPSPs recorded ~ 5 min before (1) and 60 min after (2) HFS.

(B) Application o f HFS induced a statistically significant LTP (129±7% at 60 min post 

HFS, n=8, p<0.01 compared with baseline). Data expressed as mean±s.e.m.
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Figure 3.28 Effect of HFS on synaptic transmission in cLH (non-learned helpless 

phenotype) rats.

(A) Insets show typical t'EPSPs recorded ~ 5 min before (1) and 60 min after (2) HFS.

(B) Application o f  HFS resulted in the induction o f  statistically significant LTP 

( ]3 4 ± I0 %  at 60 min post HFS, n=10, p<0.05 compared with baseline). Data expressed 

as mean±s.e.m.
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3.29 Effect of HFS in male Sprague Dawley control animals.

As the results for the congenital Learned Helplessness study was somewhat unexpected 

it was decided to investigate ‘Learned H elp lessness’ in outbred Sprague Dawley 

animals.

This first set o f  experiments was designed therefore to ascertain the level o f  LTP 

inducible in untrained, non-tested Sprague Dawley rats obtained from B. Vollmayr, 

Manheim, Germany. These animals were from the same source from which the animals 

o f  the congenital learned helplessness depression model were derived. A stable 30 

m inute baseline was recorded (102.4±1.0% , n=9 for the 10 minutes prior to HFS) 

Application o f  HFS resulted in the induction o f  LTP (132.0±6.7% at 60 min post HFS, 

n=9, p<0.0l compared with baseline, paired student’s t-test).

3.30 Effect o f HFS on synaptic transmission in Sprague Dawley  

(learned helpless phenotype) rats.

Sprague Dawley rats were classified with respect to their learned helpless phenotype as 

outlined in Section 2.11.

A stable baseline was obtained for 30 minutes (99.2±1.3%, n=5, for the 10 minutes 

prior to HFS). Application o f  HFS induced an increase in synaptic transmission 

(121.4±14.8% at 60 min post HFS, n=5). However, this increase was not statistically 

significant (p>0.1, compared with baseline, paired s tudent’s t-test). There was no 

significant difference between the level o f  LTP induced in non ‘trained and tes ted’ 

Sprague Dawley animals and Sprague Dawley (learned helpless phenotype) animals 

(132.0±6.7% vs 121.4±14.8%, p>0.1, unpaired student’s t-test).
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3.31 Effect o f HFS on synaptic transmission in Sprague Dawley  

(intermediate phenotype) rats.

Sprague Dawley rats were classified with respect to their learned helpless phenotype as 

outlined in Section 2.11.

A stable baseline was obtained for 30 minutes (100.6±0.9%, n=5 for the 10 minutes 

prior to HFS). Application o f  HFS induced an increase in synaptic transmission 

( 1 19.0±1 1.8% at 60 min post HFS, n=5). However similarly to the learned helpless 

phenotype rats this increase was not statistically significantly different from baseline 

values (p>0.1 compared with baseline, paired student’s t-test). However, there was no 

significant difference between the level of LTP induced in non ‘trained and tested’ 

Sprague Dawley anim als and Sprague Dawley (intermediate phenotype) animals 

( 132.0±6.7% vs 119.0±11.8%, p>(). 1, unpaired student’s t-test).

3.32 Effect of HFS on synaptic transmission in Sprague Dawley (non­

learned helpless phenotype) rats.

Sprague Dawley rats were c lassified with respect to their learned helplessness 

phenotype as outlined in Section 2.11. A stable baseline was obtained for 30 minutes 

(99.5%±1.1% , n=8, for the 10 minutes prior to HFS). Application o f  HFS failed to 

induce LTP (106.4±2.9%  at 60 min post HFS, n=8, p>0.05 compared with baseline, 

paired student’s t-test). There was a statistically significant reduction in the level o f  

potentiation inducible between non ‘trained and tested’ Sprague Dawley animals and 

Sprague  D aw ley  (non-learned  he lp less  pheno type)  an im als  (1 3 2 .0± 6 .7%  vs 

106.4±2.9%, unpaired student’s t-test, p<0.01).
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Figure 3.29 Effect of HFS on synaptic transmission in control, untrained, non­

tested Sprague Dawley rats.

(A) Insets show typical fEPSPs recorded ~  5 min before ( I ) and 60 min after (2) HFS.

(B) Application o f  HFS induced a robust and stable LTP (132±7% at 60 min post HFS, 

n=9, p<0.0l compared with baseline). Data expressed as mean±s.e.m.
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Figure 3.30 Effect o f HFS on synaptic transmission in Sprague Dawley (learned 

helpless phenotype) rats.

(A) Insets show typical fEPSPs recorded  ~  5 m in before (1) and 60 min after (2) HFS.

(B) A p p lica t io n  o f  HFS induced  a non  statis tica lly  s ign if ican t increase  in synaptic  

transm ission  (121± 15%  at 60 min post HFS, n=5, p>0.1 com pared  with baseline). Data 

expressed  as m ean±s.e .m .
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Figure 3.31 Effect  o f  HFS on synapt ic  t ransm iss ion in Sprague  Dawley  

(intermediate phenotype)  rats.

(A) Insets show typical ffiPSPs recorded ~  5 min before (1) and 60 min after (2) HFS.

(B) Application o f  HFS resulted in a non-significant increase in synaptic transmission 

(I I9±l 1.8% at 60 min post HFS, n=5, p>0.1 compared with baseline). Data expressed 

as mean±s.e.m.
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Figure 3.32 Effect of HFS on synaptic transmission in Sprague Dawley (non­

learned helpless phenotype) rats.

(A) Insets show typical fEPSPs recorded ~ 5 min before (1) and 60 min after (2) HFS.

(B) Application o f HFS failed to induce LTP (106±3% at 60 min post HFS, n=8, 

p>0.05 compared with baseline). Data expressed as mean±s.e.m.
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A comparison between Sprague Dawley control animals and animals which have been 

‘shocked’ showed that there was significantly less LTP in anim als that had been 

shocked ( 1 14.1±5.3%, n=18 vs 132.0±6.6%, n=9, p=0.05). This would suggest that an 

early stressor (such as uncontrollable shock exposure) may have a profound and long- 

lasting effect on the ability to induce LTP in C A l .

This result coincides with the unexpected finding that cLH-lh and cLH-nlh animals 

show on average a greater degree o f  potentiation following HFS than cNLH-nlh 

animals. As only cNLH animals received ‘uncontrollable shock’ on the ‘tra in ing’ day 

as well as ‘controllable shock’ on the ‘testing’ day (see Section 2.11), these animals 

received considerably more shock than their cLH counterparts. Also the context o f  the 

shock with respect to its controllability is different. Therefore the tendency for reduced 

LTP in cNLH-nlh animals when compared to cLH-lh/nlh animals (p=0.057) may be, in 

part at least, due to the increased exposure to shock or to the effect o f  inescapable shock 

exposure as part o f  the classification process rather than any inherent depression/stress 

related genetic/physiological difference between groups.
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3.33 Paired Pulse Facilitation (PPF) in the Congenital Learned  

Helplessness Depression Model.

Each group showed decreasing levels o f  paired pulse facilitation with increasing time 

interval between initial stimulus and second stimulus. There  was no statistically 

significant difference between groups at any specific time interval. Correlation studies 

were undertaken to see if  the level o f  PPF inducible pre-HFS was correlated with 

potentia tion at 60 min post HFS. Only cLH -nLH  show ed significant positive  

corre la tion  betw een PPF at 40m s and LTP at 60 min post HFS (Correlation 

coefficient:0.665, p<0.05, n=10).

Table 3.33 Paired Pulse Facilitation in the Congenital Learned Helplessness model 

of  depression.

Croup 40ms 80ms 120ms

cLH-lh (n=8) 60.1 ±7.3% 37.8±8.3% 26.2±6.6%

cLH-nlh (n=IO) 60.3±8.0% 44.2±5.9% 30.1 ±5.7%

cnLH-nlh (n=l 1) 52.4±5.6% 38.2±5.0% 28.7±6.3%

The above table show the paired pulse facilitation data for the congenital learned 

help lessness  m odel o f  depression /s tress  at 40m s, 80m s and 120ms in tervals 

respectively. PPF is expressed as [((EPSP2-EPSPI )/EPSPl )X100)%]. Data expressed 

as mean±s.e.m.
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Figure 3.33 Initial PPF at 40ms correlates with HFS-induced changes in cLH-nlh  

rats.

The level o f  PPF inducible pre HFS is correlated with the level o f  potentiation at 60 

min post HFS (r=0.665, p<0.05, n=10).
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Figure 3.33.1 Paired Pulse Facilitation in the Congenital Learned 
Helplessness model of depression/stress.

The above figure shows the level of PPF at 40ms, 80ms, aiid 120ms for 
each of the congenital learned helpless subgroups.
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3.34 Input/Output curves for the congenital Learned Helplessness 

model.

The input/output curves o f  the various members o f  the learned helplessness depression 

model were analysed. The current required to elicit 50% maximal EPSP response was 

use as the com parable  m easure. There  was no statistically significant difference 

between any o f  the groups with respect to current. In addition there was no statistical 

difference between any o f  the groups with respect to test EPSP amplitude.
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Table 3.34 Current required to induce a 50% maximal EPSP response.

Group Current (mA) 50"/o o f  M aximum EPSP  

amplitude (mV)

Sprague Dawley control 

(n=9)

7.I6±0.26 0.93±0.17

Sprague Dawley 

(Ih Phenotype) (n=5)

6.80±0.66 0.96±0.28

Sprague Dawley 

(Intermediate Phenotype) 

(n=5)

8.42±0.96 0.61±0.I2

Sprague Dawley 

(nih Phenotype) (n=8)

7.04±0.45 0.89±0.17

Congenital non-Leamed 

Helpless (nlh Phenotype) 

( n = l l )

7.65±0.42 0.71±0.10

Congenital Learned 

Helpless (nlh Phenotype) 

(n=10)

7.37±0.69 0.72±0.I4

Congenital Learned 

Helpless (Ih Phenotype) 

(n=8)

6.76±0.93 0.77±0.16

The above table shows the current required to elicit a 50% maximal EPSP response. 

Also shown is the average EPSP size for each o f  the groups. Data expressed as 

mean±sem.
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IV. Discussion



4.1 Effect of serotonergic modulation on the inhibition of LTP in CAl 

following acute elevated platform exposure.

The present findings confirm that exposure to elevated platform stress, a relatively mild 

behavioural stressor, is sufficient to block LTP induction in CAl (Shakesby et al. 2002; 

Xu et al. 1997). This block of LTP induction was robust and lasted for hours in the 

anaesthetised animal. This is consistent with the findings o f  others who investigated 

other acute stressors ex vivo in the hippocampal slice or in awake animals (Shors et al. 

1989; Diamond et al. 1994). It appears that the anaesthesia locks the “brain” in the
i

emotional state o f  its last waking moments ensuring that the physiological effects of 

stress are felt long after the stressors removal.

Many researchers have hypothesised how acute stress may block LTP induction. As 

stress activates a multitude o f  neurotransmitter (Kim & Diamond 2002) and 

neuroendocrine systems (Lopez et al. 1999) it is unlikely that in vivo a single system 

will act independently of others but rather each system will act in concert to block LTP 

induction. Many experiments have shown how removal o f  any one o f  the many 

constituents of the stress response is sufficient to prevent the inhibition o f  LTP by stress 

(Xu et al. 1998; Kim et al. 1996; Shors et al. 1990). Therefore the integrity of the stress 

pathway as a whole is o f  greater importance than any individual constituent thereof It 

is clear that there are many points o f  the stress response at which suitable 

pharmacological intervention may inhibit the disruptive effects o f  stress on synaptic 

plasticity.

Interestingly, awake animals rapidly regain the ability to induce LTP in CAl following 

elevated platform exposure if they habituate to or are removed from the stress (Xu et al. 

1997). This clearly suggests that the effect o f  stress on LTP induction in CAl is 

transitory i.e. reversible. Two distinct mechanisms may be suggested to account for the 

ability of the awake animal to rapidly recover from stress exposure and hence elicit 

LTP. Firstly , it may be that upon s tressor rem oval, the levels o f  

neurotransmitter/neuroendocrine molecules released by the stress response rapidly
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return to normal. Although plausible this appears unlikely. More likely, LTP recovery 

may involve a physiological antagonist, that is, it involves the activation o f  a particular 

receptor whose down-stream processes allows it to by-pass the block o f  LTP induction. 

This process would have the ability to be rapid in onset.

Among the systems said to be activated following stress exposure is the serotonergic 

system (G raeff  et al. 1996; C haouloff  et al. 1993; de Kloet 2000; Joels 2001). The 

serotonergic system is o f  particular interest because most successful agents for the 

treatment o f  anxiety and depression involve activation o f  the serotonergic system. 

Serotonin has a stim ulatory  effect on hypothalam ic-pitu itary-adrenal (HPA )-axis  

horm one secretion. Furthermore corticoadrenal steroid hormones m odulate amine 

receptors in the h ippocam pus (Martire et al. 1989). Steroid horm ones also target 

g lu tam ate  (N M D A , AM PA , kainate) receptors for m odulation (W u et al. 1991; 

Rupprecht 2003). This may be o f  particular importance with regards to LTP induction. 

Interestingly, the milieu o f  steroids released is stressor specific (Pacak & Palkovits 

2001; Levine 1983). Different forms o f  stress affect the HPA-axis in different ways 

and this is mediated by different neurotransmitter systems (Van de Kar et al. 1991). 

Many studies have shown an increase in 5-HT release in the hippocampus following 

aversive stress exposure  (Joseph & Kennett 1983; V ahabzadeh & Fillenz 1994; 

W ilkinson et al. 1996; M atsuo et al. 1996; Ge at al. 1997; Kirby et al. 1997). 

Interestingly, Robertson et al. (2005) reported that there was no significant effect o f  

acute elevated platform exposure on 5-HT levels in the dorsal hippocampus. It has been 

shown that 5-HT can inhibit LTP in the CA l area o f  the hippocampus (Corradetti et al. 

1992; Passani et al. 1994; Staubli & Otaky 1994; Staubli & Xu 1995). Conversely, the 

treatment o f  anxiety and depression relies on agents which increase extracellular 5-HT. 

Therefore it can be hypothesised that the mode o f  action o f  serotonergic mediated 

antidepressants is com plicated  with respect to activation o f  distinct serotonergic 

receptors and their interaction with other systems.

The finding that (±)fenfluram ine administration enables the induction o f  LTP in 

previously stressed anim als suggests that rais ing ex tracellu lar  5-H T levels can
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overcome stress-induced inhibition o f  LTP induction. As Shakesby et al. (2002) found 

similar results following tianeptine administration it may be suggested that the level o f  

serotonin following acute stress exposure is o f  critical importance with respect to LTP 

induction and that further drug manipulation resulting in an increase or decrease in 

serotonin concentration may facilitate LTP induction. (±)Fenfluramine is a substituted 

amphetamine. It has the ability to cause a massive release o f  5-HT centrally (Carboni & 

Di Chiara 1989; Trulson & Jacobs 1976; Zaczek et al. 1990). (+)Fenfluramine is the 

more active enantiomer in triggering the release o f  5-HT. (±)Fenfluramine is rapidly 

metabolised to both (+)-norfenfluramine and (-)-norfenfluramine (Caccia et al. 1985; 

Campbell et al. 1988). All 4 species are biologically active. All are potent 5-HT 

releasing agents, in addition both (+)-norfenfluram ine and (-)-norfentluramine are 

potent 5-HT2C receptor agonists (Kact, the concentration o f  agonist necessary to induce 

h a lf  o f  its m aximal effect <20nM ). (+)-Norfenfluram ine is also a potent 5-HT2b 

receptor agonist (Rothman et al. 2000a).

To confirm that a rise in extracellular 5-HT levels enabled the induction o f  LTP in 

previously stressed animals rather than any non-specific effect o f  (±)fentluramine, 

tianeptine (Fattaccini et a l . l990 ; Kamoun et al. 1989; Broqua et al. 1992; Kato & 

Weitsch 1988) , a 5-HT uptake enhancer was pre-administered. Pre-administration o f  

tianeptine prevented (±)fentluramine overcom ing stress-induced inhibition o f  LTP. 

This would suggest that the recovery o f  LTP is mediated by an increase in extracellular 

5-HT resulting in the activation o f  specific 5-HT receptors.

Shakesby et al. (2002) reported that (±)fenfluramine (5mg/kg) administration blocked 

LTP induction in non-stressed animals. We investigated whether this block in LTP was 

enantiom er specific . N either  trea tm ent with (+)fenflu ram ine  (2 .5m g/kg) or (-) 

fenfluram ine (2 .5m g/kg) resulted  in inhibition o f  LTP. This implies that both 

enantiomers m ay need to act in concert to block LTP in non-stressed animals. 

Surprisingly, on average, following (+) or (-)fenfluramine administration LTP was 

marginally though not statistically significantly facilitated. This is more consistent with 

the findings o f  Bliss et al. (1983) that a reduction in 5-HT levels m ay inhibit LTP
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induction in the dentate gyrus thus suggesting that serotonin faciltates LTP induction. 

Indeed repeated treatment with the SSRI fluvoxamine facilitated LTP induction in the 

hippocampo-mPFC pathway in vivo  (Ohashi et al. 2002). Opposing results were found 

in the C A l area where fluvoxamine (an SSRI) was found to be inhibit LTP induction 

(Kojima et al. 2003).

As w e had shown that an agent that raises extracellular 5-HT levels could overcom e  

stress-induced inhibition o f  LTP induction our attention next turned to the 5-HT  

receptor superfamily and to the 5-HT2 receptor in particular. The 5-HT2 receptor was  

chosen as the hippocampus expresses postsynaptic 5-HT2A receptors (Vaidya et al. 

1997), 5 -HT2B receptors (Sanden et al. 2000) and 5-HT2C receptors (Clemett et al. 

2 0 00; A b ram ow sk i et al. 1995). S eco n d ly ,  the p harm aco log ica l  e f fe c ts  o f  

(±)fentluramine administration were reported to be due, at least in part, to activation o f  

5-HT2 receptors (Vickers et al. 1999; McCreary et al. 2003; Giambalvo & Price 2003).  

Interestingly, activation o f  5-HT2a/2c receptors facilitates memory formation (Buhot et 

al. 2000).

Preadministration o f  cinanserin a non-subtype selec tive  5 -H T 2 receptor antagonist  

prevented (±)fenfluram ine enabling the induction o f  LTP in previously  stressed  

animals. This result implicates 5-HT2 receptor activation in the serotonergic mediated  

relief o f  LTP inhibition following acute stress exposure.

Additional ev id en ce  o f  a role for 5-H T2 receptor activation in overcom ing stress- 

induced LTP inhibition was provided by m CPP, a 5-HT2b/2c receptor agonist. 

Administration o f  mCPP enabled the induction o f  LTP follow ing stress exposure. It 

should be noted however, that mCPP, in addition to its direct agonist properties, is a 5- 

HT releasing agent (Baumann et al. 1993). Interestingly, mCPP is the major metabolite 

o f  the antidepressant trazodone (Haria et al. 1994).

To further elucidate which 5 -HT2 receptor subtype enabled the induction o f  LTP post 

stress exposure, B W 723c86, a 5-HT2b subtype selective agonist was administered. Like
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mCPP this compound too overcame the stress induced inhibition o f  LTP. MK-212, a 5- 

HT2C receptor agonist also enabled the induction o f  LTP post stress exposure. It 

therefore appears that activation o f  either 5-HT2B or 5-HT2C receptors is sufficient to 

overcome stress-induced inhibition o f  LTP induction. This shared action o f  agonists at 

5-HT2B and 5-HT2C receptors may be because both subtypes o f  the 5-HT2 receptor 

family harness the same PLC molecular machinery. Similarly, although not tested, it 

seems likely that 5-HT2a receptor activation would also enable LTP induction 

following stress exposure.

5-HT2 receptors have been implicated in disorders o f  anxiety and stress. As yet no 

consensus has been reached regarding whether stress exposure results in subsequent 

activation or inhibition o f  5-HT2 systems. Suicide victims have been shown to have 

altered 5-HT2C receptor editing (Gurevich et al. 2002). 5-HT2c agonists have been 

reported to have antidepressant effects (Moreau et al. 1996; Martin et al. 1998). 5-HT2a 

and 5-HT2C receptor activation stimulates the release o f  HPA-axis hormones (Jorgensen 

et al. 1992; Levy & Van de Kar 1992; Lee et al. 1992; Van de Kar 2001). Specifically, 

1)01, a 5-HT2 receptor agonist has been shown to activate the hypothalamic-pituitary- 

adrenal axis (Raghavendra & Kulkarni 2000) and to increase plasma corticosterone 

levels (Welch & Saphier 1994). Interestingly, 5-HT2C receptor knockout mice are 

hyper-responsive to repeated stress (Chou-Green et al. 2003). This may suggest a 

deficit in habituation to stress or possibly an impaired coping mechanism. Stress 

exposure is reported to result in increased numbers o f  5-HT2 receptor binding sites in 

the cortex (McKittrick et al. 1995; Torda et al. 1988) and increased sensitivity to S-HTt 

receptor agonists (Gorzalka et al. 1998; Nankai et al. 1995).

5-HT2 receptor agonists have also been shown to enhance learning in two learning 

paradigms (conditioned avoidance response in rats and the nictitating membrane 

response in the rabbit) (Harvey 1996). In addition, in the frontal cortex, 5-HT2a/2c 

receptor activation has a facilitatory effect on acetylcholine release (Hirano et al. 1995). 

Moreover, in the hippocampus, activation o f  5-HT2 receptors also resulted in enhanced 

release o f  acetylcholine (Nair & Gudelsky 2004; Zhelyazkova-Savova et al. 1999).
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Furthermore, 5-HT2c receptor knockout mice show deficits in the spatial version o f  the 

water maze (Tecott et al. 1998). Somewhat surprisingly these knockout animals have 

normal LTP in both C A l and CA3. They do however exhibit reduced LTP in the 

dentate gyrus. It would be interesting to see if  acute elevated platform stress could 

block LTP induction in C A l o f  5-HT2c receptor knockout mice and if  so whether 

( i)fenfluram ine administration could relieve this block.

The behavioural effects o f  serotonin in stress and depression remain controversial 

(Zangrossi et al. 2001). Behaviourally, BW 723c86 has been shown to have anxiolytic­

like actions in the rat Vogel conflict test (Kennett et al. 1998). In addition, injection o f  

BW 723c86 into the medial amygdala was reported to be anxiolytic (Duxon et al. 

1997b). Further evidence for the anxiolytic profile o f  BW 723c86 was provided by Nic 

Dhonnchadha et al. (2003) who showed that in a mouse model BW 723c86 provoked an 

anxiolytic-like response in the Four plates test and in the elevated plus maze. They also 

reported that mCPP had an anxiolytic profile in the elevated plus maze. However, this 

is contradictory to other work which has described an anxiogenic role for a similar 

dose o f  mCPP (Gibson et al. 1994; Meert et al. 1997). The discrepancy may relate to 

subtle differences in protocol/test used or inherent differences between rat and mouse 

models. Furthermore, mCPP was reported to have both an anxiolytic and anxiogenic 

effect in the rat elevated T-maze (Mora et al. 1997). This may be accounted for by the 

fact that the elevated T-maze is a model o f  both conditioned and unconditioned fear 

which would  enable m CPP to elicit both an anxiogenic  and anxiolytic  profile. 

Interestingly, (±)fenfiuramine administration was found to alleviate anxiety in the 

elevated T-maze (Graeff et al. 1998).

O f  course, as this is an in-vivo  model we cannot rule out extra-hippocampal effects o f  

serotonin release or 5-HT2 receptor activation as possible m ediators  o f  C A l-L T P  

recovery following stress exposure. For example, the amygdala  is known to play a 

critical role in mood and emotion (Davis 1992; Ledoux 1995). Activation o f  5 -HT2 

receptors by DOl facilitates LTP in the BLA (Chen et al. 2003). These authors also 

suggested that activation o f  the 5-HT2c receptor was particularly important in this

107



process .  In add it ion  they p ro v id ed  ev idence  sho w in g  that D O I ac ts  via an N M D A  

recep to r  m ed ia ted  m echanism  to facilitate LTP. A c tiva tion  o f  5-HT2a/2c receptors  has 

also been reported  to excite G A B A erg ic  in tem eurons  in the D R N -P A G  suppressing  5- 

HT neuron  firing (Liu et al. 2000). Indeed activation o f  5 -H T 2 receptors in visual cortex 

inhibits LTP (E dagaw a et al. 2000).

In te re s t in g ly ,  K im  et al. (2 0 0 1 )  d e sc r ib ed  ho w  a m y g d a la r  les ions  p re v en t  LT P  

im pairm ent due to stress exposure  in C A l .  T hey  also found s im ilar results with regard  

to s tress- induced  m em ory  im pairm en t using the M orris  w a te r  m aze  parad igm . A s the 

am ygdala  is accep ted  as having  a role in m odula ting  m em o ry  function in various brain 

structures (G a llagher  & K napp  1978; R oozendaal et al. 1998; Packard  & C hen  1999; 

M cG au g h  2 0 0 0 )  it m ay  be that  the  ability  to  induce  L T P  in C A l  fo l lo w in g  stress  

exposure  m ay  be m ediated via se ro to n in ’s action on the am ygda la  ra ther than any direct 

action on the h ippocam pus i tse lf

A d m in is tra t io n  o f  the 5 -H T 4 re cep to r  partia l  ag o n is t  R S6 7 3 3 3  did  not a f fec t  the 

induction o f  LT P  in C A l in non-stressed  anim als. A partial agonist w as used because  a 

selective full agonis t that can cross the blood brain barrier w as  no t available at the tim e 

o f  the experim ents.  Furtherm ore in stressed an im als  i.p. adm inistration  o f  RS67333 w as 

not sufficient to enable the induction o f  LTP. This suggests  that activation  o f  the 5 -H T 4 

recep to rs  is n o t  involved  in the sero tonerg ic  m ed ia ted  re l ie f  o f  s tress - induced  LTP 

inhibition. S im ilarly , C ryan  & Lucki (2000) have show n  that the an tidep ressan t- l ike  

behavioural effects o f  the SSRI fluoxetine in a forced sw im  test are  not dependen t on 5- 

H T4 recep to r activation. H o w ev er  ac tivation o f  5 -H T 4 recep to rs  has been  reported  to 

increase the re lease  o f  5-H T in the h ippocam pus (G e &  Barnes  1996). 5 -H T 4 recep to r  

ac tiva tion  has been assoc ia ted  with im proved  cogn itive  func tion  poss ib ly  due to its 

ability  to facilita te  cho linerg ic  t ransm iss ion  (C o n so le  et al. 1994; M atsu m o to  et al. 

2001). Fon tana et al. (1997) show ed  how  RS67333 could  ov erco m e atrop ine-im paired  

perfo rm ance  in the M orris w a te r  m aze. F u rtherm ore  R S67333  can enhance  both p lace  

and object recognition m em ory  in both young  and  old rats (L am irau lt  & S im on 2001). 

M archetti  et al. (2004) reported  that neither adm in is tra tion  o f  5 -H T 4 receptor agonis ts
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nor an tagon is ts  had any effect on baseline synaptic  transm iss ion  in the dentate  gyrus. 

H o w ev er  they  did show  that R S67333 did increase  LT P  induction  and  m ain ten an ce  

w h ile  a 5 -H T 4 an tag o n is t  fac i l ita ted  d e p o ten t ia t io n  24  h o u rs  later. F u r th e rm o re  

activation  o f  5 -H T 4 receptors  stimulates adenylyl cyc lase  activ ity  in the h ippocam pus 

(Torres et al. 1995; M arkste in  et al. 1999) resulting  in increased  synthesis  o f  cA M P , a 

m o lecu le  im plica ted  in LT P  processes  (O tm ak h o v a  et al. 2000). A c tiva tion  o f  5 -H T 4 

receptors w as also found to facilitate C A l  LTP (M atsum oto  et al. 2001). H ow ever, this 

facilitation w as b locked  not only by G R l 13808 (a 5 -H T 4 recep to r  an tagonis t)  but also 

by sco p o lam in e  ind icating  an in teraction  be tw een  the sero tonerg ic  and  cho linerg ic  

system s. This  m ay indicate  that any facilitation is due to 5 -H T 4 m ed ia ted  re lease  o f  

acetylcholine . Kulla &  M anaghan-V aughan  (2002) reported  a lack  o f  effect o f  5 -H T 4 

r e c e p to r  a n ta g o n is m  in n o n s t re s s e d  ra ts  on d e n ta te  g y ru s  b a s e l in e  s y n a p t ic  

transm ission, LTP or depotentiation. They hypothesised  that 5 -H T 4 receptor activation 

plays a m odulatory  but not critical role in the elaboration  o f  these  processes. A num ber 

o f  hypotheses  m ay be presented  to explain the inability o f  R S67333  to overcom e stress 

induced LTP inhibition in C A l .  Firstly, it is possib le  that activation  o f  5 -H T 4 receptors  

s im ply does not initiate a process which results in the re lie f  o f  LTP inhibition. Secondly  

RS67333 is a partial 5 -H T 4 receptor agonist and its effect w ou ld  be expected  to depend 

on lev e ls  o f  e n d o g e n o u s  e x t ra c e l lu la r  s e ro to n in .  A s  s t re s s  ex p o su re  e lev a te s  

ex trace l lu la r  sero ton in  levels  in the h ip p o cam p u s  it m ay  be that in th is  s i tuation  

R S 67333  does  no t ac tiva te  5 -H T 4 recep to rs .  F ina l ly  5 -H T 4 re c e p to r  ac tiv a tio n  is 

hypothesised  to facilitate C A l -L T P  via acety lcholine  re lease  (M a tsu m o to  et al. 2001). 

A cety lcholine  facilitates neuronal firing in pyram idal neu rons  by m eans  o f  m uscarin ic  

receptors  (B ernardo  & Prince 1982; Cole & N icoll 1984; H alliw ell  & A d am s 1982). 

The stress response  i tse lf  induces acety lcholine re lease in the h ip p o cam p u s  (Fatranska  

et al. 1989; G ilad  et al. 1985; N ils so n  et al. 1992). F u r th e r  5 -H T 4 m ed ia ted  

ace ty lcho line  re lease  m ay  in fact be de tr im en ta l  to L T P  induction .  T h is  w o u ld  be 

sim ilar to the inverted U shape o f  the re la tionship  betw een  the effec t o f  corticosterone 

and LTP. Jorgensen et al. (1998) suggested a possib le  role for 5 -H T 4 receptor activation 

in stress induced A C T H  release.
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The N M D A  receptor has been impHcated in the pathogenesis o f  anxiety and depression  

(Petrie et al. 2000; Witkin 1995). Pre-stress treatment with N M D A  receptor antagonists 

have been shown to block the effects o f  stress on synaptic plasticity (Kim et al. 1996).  

Indeed tr icyclic  antidepressants have been reported to b lock  N M D A  receptors  

(R eynolds & Miller, 1988). The finding that D -A P5 (lOOnmol) could significantly  

attenuate LTP in C A l  was as expected. APS was previously reported to impair LTP 

induction in C A l and the dentate gyrus in vitro  (Collingridge et al. 1983; Harris et al. 

1984; Larson & Lynch 1988) and in v ivo  (Morris et al. 1986; Freir & Herron 2003 ). 

Unlike som e authors i.c.v. administration o f  D -A P5 (100  nm ol) did not com pletely  

block the induction o f  LTP. This is presumably due to the 200H z protocol resulting in 

the induction o f  N M D A -receptor independent LTP via Ca'^ influx through voltage-  

dependent ca lc ium  channels (V D C C s)  (G rover & Tyler 1990) or p o ss ib ly  an 

in su ff ic ien t  D -A P 5  concentration  at the t im e o f  HFS. C oadm in istration  o f  

(±)fenfiuramine was found to relieve this N M D A -receptor mediated block o f  LTP 

induction at 60 minutes post HFS. This LTP had a s low  onset.

The mechanism o f  action o f  (±)fentluramine enabling it to alleviate an N M D A  receptor 

dependent block in LTP is open to debate. Previously w e summarised evidence how' the 

metabolites o f  (±)fenfiuramine are agonists o f  the S-HTt receptor. It has been shown  

that activation o f  5 -H T2 receptors facilitates TBS-LTP in the rat BLA. However, this 

process was b locked  by the N M D A  receptor antagonist APS indicating that it is 

dependent on N M D A  receptor activation (Chen et al. 2003). Conversely, activation o f  

the 5-HT2 receptor family was found to inhibit LTP in the rat visual cortex (Edagawa et 

al. 2000) while administradon o f  M l 00907, a 5-HT2a receptor antagonist facilitated the 

induction o f  LTP in C A l  again in a N M D A  receptor dependent mechanism (W ang & 

Arvanov 1998). The ability o f  (±)fenfluramine to enable LTP induction in the presence  

o f  D-AP5 may suggest that in som e as yet undescribed w ay serotonin may facilitate 

VDCC mediated LTP rather than any N M D A  receptor dependent process. Indeed, 

while the 5-HT2 receptor agonist D O l facilitated N M D A  receptor dependent calcium  

infiux in the BLA (Chen et al. 20 0 3 ) this may be unlikely in our system as w e have  

blocked the N M D A  receptors w'hich should prevent any N M D A  receptor-dependent
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alleviating  m echan ism . H ow ever, as D-A P5 is a com petitive  an tagonist and the fact that 

w e did  elicit so m e LTP in its presence w e  therefore  canno t entire ly  rule out a role for 

N M D A  recep to r  ac tiva tion  in enabling  the induction o f  LTP. A m echan ism  involv ing  

V D C C s  to enab le  the induction o f  LTP in prev iously  s tressed an im als  is also unlikely 

as ra ised  5 -H T  levels inhibits Ca^^ channels  (F oehr ing  1996; C hen  & L am bert  1997; 

S and ler & Ross 1999). The m ost likely explanation for the ability o f  (± )fenflu ram ine to 

o v e rco m e  the inh ibition  o f  LTP induction due to N M D A  recep to r  an tagon is t  exposure  

m ay  involve pro te in  kinase C (PKC). Previously, p resynaptic  PK C activation  has been 

r e p o r te d  to  re s c u e  L T P  from  N M D A  re c e p to r  b lo c k a d e  in the  d e n ta te  g y ru s  

(K le sch ev n ik o v  &  R ou ttenberg  2001). Cortica l  sy n ap to n eu ro so m es  w h ich  had  been 

incubated  w ith  D -fen t lu ram in e  show ed  a t im e and dose  d ep en d en t  increase  in PKC 

ac tiv ity  (G ia m b a lv o  & Price 2003). This  increase  in PK C  activ ity  cou ld  be  partia lly  

a t te n u a te d  u s in g  th e  5 -H T 2 re c e p to r  a n ta g o n is t  k e ta n s e r in  s u g g e s t in g  th a t  D- 

fe n tlu ra m in e  m ay  ac t on PK C  in part th rough  5-H T 2 recep to r  ac tiva tion . A lso  the 

increase  in PK C  activ ity  m edia ted  by S S R ls  w as reported  to o ccu r  at the p resynap tic  

term inal.  T h ere fo re  it m ay be specula ted  that (± )fen f lu ram ine  adm in is tra tion  enables  

the induction o f  LTP in the presence o f  D-AP5 by m edia ting  increased PK C activity.

A m o n g  the m an y  m o lecu les  a ffec ted  by stress ex p o su re  is the  neu ro tro p h in  brain- 

der ived  neuro trophic  factor (B D N F). A cute stress exposure  has been show n to decrease 

h ip p o cam p a l B D N F  co ncen tra t ions  (Sm ith  et al. 1995). So too  does  co r ticos te rone  

adm in is tra t ion  ( S c h a a f  et al. 1998). B D N F  has been reported  to  be requ ired  to elicit 

LTP in the h ip pocam pus  (F igurov  et al. 1996). O f  im portance  to  the w ork  p resented  in 

th is  thesis  is the  fact that  B D N F  and sero ton in  have  been  sh o w n  to d isp lay  a c o ­

dependen t  re la tionsh ip  (M attson  et al. 2004). D ysregu la tion  o f  both has been reported  

in conditions  o f  stress and anxiety. The effect o f  B D N F on LT P  is supposedly  m ediated  

th ro u g h  the t ran sc r ip t io n  fac to r  c A M P -re sp o n se  e le m e n t  b in d in g  p ro te in  (C R E B ) 

(E rnfors  & B ram h am  2003). A ctivation  o f  5 -H T  receptors  linked  to cA M P  form ation 

and  C R E B  ac tiva tion  results in the ac tivation o f  B D N F  (M attson  et al. 2004). S S R ls  

hav e  been found  capab le  o f  a llev ia ting  this s tress induced  B D N F  dec rease  (D u m an  

2004). B lanquet & L am our (1997) show ed that B D N F stim ulates  both phoshory la tion



o f  C aM K II  and its k inase  activ ity  in rat h ippocam pal slices. C aM K II  is o f  par ticu la r  

im p o r tan ce  in LT P  (M a lin o w  et al. 1989; L ism an  e t al. 1997) and  fo l lo w in g  its 

au top h o sp h o ry la t io n  can act independen tly  o f  ca lc ium  concen tra tion  (K en n ed y  et al. 

1987). F u rtherm ore  B laquet et al. (1997) show ed that B D N F  required  PLC to activate  

C aM K II. Interestingly, they also show ed  that this P L C -m edia ted  activation  o f  C aM K II 

requ ired  re lease  o f  in tracellu lar ca lc ium  and did not involve Ca^^ influx th rough  Ca^^ 

channels. This enables the induction o f  LTP in the absence o f  an influx o f  ex tracellu lar 

Ca"^ w h ich  n eg a te s  the  re p o r ted  inh ib ito ry  effec t o f  ra ised  5 -H T  levels  on C a“  ̂

channels  . T herefore  5 -H T 2 re cep to r  agonists  m ay ov erco m e s tress-induced  inhibition 

o f  LT P  by ac tiv a tin g  the PL C  sys tem , re leas ing  in trace l lu la r  Ca^^ and  ac tiv a tin g  

C aM K II which facilitates subsequent LTP induction.

In conc lusion , ac tivation  o f  the sero tonerg ic  system , in par ticu la r  ac tiva tion  o f  5 -H T 2 

receptors  seem s able  to ov erco m e stress induced LTP inhibition by ac tiva ting  PLC to 

produce IP3 and DA G  resulting in the release o f  C a“  ̂ from  in tracellu lar stores and the 

activation o f  PKC respectively.
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4.2 Flinders Model of Depression and LTP.

The present study found that Flinders Sensitive Line (FSL) rats (an accepted genetic 

animal model o f  depression) had significantly less LTP in the CA l area in vivo  than the 

control strain, the Flinders Resistant Line (FRL) rats. As LTP induction is a putative 

m em ory mechanism  this suggests that FSL animals m ay have impaired cognitive 

performance. Such a deficit might model cognitive impairment symptom s which are 

seen in human depression sufferers. However, as yet using behavioural paradigms there 

is no evidence for any difference in cognitive performance between FRL and FSL 

groups (Bushnell et al. 1995). The reason for the reduced level o f  potentiation in FSL 

rats when com pared to FRL rats is unclear. The Flinders Sensitive  rats have 

abnorm alities  in num erous neurotransm itter systems which m ay account for this 

difference in LTP induction. Differences between FSL and FRL groups have been 

reported for the cholinergic, serotonergic, noradrenergic and dopaminergic systems. For 

example FSL rats are supersensitive to cholinergic agonists (Overstreet & Russell 

1982; Overstreet 1993, 2002). FSL rats also have abnormalities in their serotonergic 

functioning (Overstreet et al. 1994b; Wallis et al. 1988; Zangen et al. 1997). FSL rats 

have significantly higher levels o f  serotonin in the h ippocam pus than do control 

Sprague Dawley animals (Zangen et al. 1997). Serotonin has been shown to inhibit 

LTP in CA l in vitro (Corradetti et al. 1992). In addition, FSL rats have been reported to 

be supersensitive to serotonin (Schiller et al. 1991; Overstreet et al. 1992). Important 

m olecules which may account for a difference in LTP induction betw een groups 

include PKC or CaMKIl. Unfortunately to date there is no available literature in respect 

to FSL rats.

Chronic treatment with escitalopram, a clinically effective anti-depressant (SSRl) 

inhibited HFS induced LTP in FRL rats. In addition, this drug regimen had a similar 

inhibitory effect on LTP induction in FSL animals. As FRL animals represent the 

‘no rm al’ control animals for this study, and display normal LTP it is perhaps not 

surprising that chronic drug treatment should negatively impact upon LTP induction. It 

is likely that chronic SSRI treatment results in inappropriate increased serotonin levels
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in the ‘norm al’ control animal. Stewart et al. (2000) reported that repeated fluoxetine 

treatment significantly reduced LTP in the dentate gyrus o f  male Hooded Lister rats. 

These authors suggested that this may be due to a f luoxetine-induced increase in 

baseline synaptic transmission thereby occluding/saturating HFS induced LTP. Acute 

treatment with SSRls has been previously shown to be inhibit LTP induction in C A l 

(Kojima et al. 2003; Shakesby et al. 2002) in ‘norm al’ control animals. The inhibitory 

effect o f  chronic escitalopram treatment on LTP induction in FRL animals may just be 

an extension o f  the inhibitory effect o f  acute SSRI treatment. The lack o f  a positive 

effect in the present study o f  this drug regimen on FSL animals was more surprising. It 

had been hypothesised that chronic escitalopram treatment would reverse any reduction 

o f  LTP in FSL rats, since SSRIs were effective antidepressants in the FSL depression 

model (Yadid et al. 2000a). M oreover chronic milnacipran (a SNRl) treatment was 

found to reverse the impairment o f  synaptic plasticity induced by conditioned fear 

stress (Matsumoto et al. 2005). The reason why escitalopram did not enable LTP in the 

FSL animals may be that the duration o f  treatment was not sufficient, it is well 

docum ented that SSRI treatm ent in hum ans has a lag period before behavioural 

recovery is apparent. The two week chronic treatment may not be sufficient in duration 

to have a positive effect on synaptic plasticity. It should be noted however that this dose 

regimen is not without effect as it was capable o f  blocking LTP induction in the FRL 

animals. Another explanation for the lack o f  a positive effect was the possibility that the 

dose was not optimal. Finally it may be that escitalopram simply has no beneficial 

effect on LTP induction in the FSL model.

Maternal separation (neonatal isolation) is an early life stressor. This experience may be 

considered stressful as it activates the HPA axis (Hofer et al. 1993; Staunton et al. 

1988), induces analgesia (Spear et al. 1985), activates the opioid system (Harvey et al. 

1994) and increases dopamine and noradrenalin release (Kehoe et al. 1996; Harvey et 

al. 1994). Moreover the effects o f  maternal separation are long lasting and endure into 

adulthood. For example, maternal separation has been reported to result in alterations in 

behavioural, neuroendocrine, neurochemical responses as well as neuronal plasticity in 

the adult rat (Cirulli et al. 2003). As exposure to acute stress was found to inhibit the
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induction o f  LTP in C A l (Shakesby et al. 2002) we hypothesised that stress exposure 

in the form o f  maternal separation may also result in the inhibition o f  LTP in C A l in 

adult rats.

We found that exposure  to maternal separation resulted  in reduced though still 

statistically significant LTP in FRL animals. This reduction in LTP at 60 minutes post 

HFS was not statistically significant when compared to non-matemally separated FRL 

animals. Maternal separation resulted in a statistically non-significant increase in 

synaptic transmission in FSL animals. Previously, Kehoe et al. (1995) had reported a 

facilitation in both duration and size o f  LTP after 5 hours post-tetanus in the dentate 

gyrus o f  freely moving juvenile  Wistar rats which had been maternally separated. 

However, there was no difference at 1 hour post tetanization in EPSP slope between 

isolated and non-isolated groups. This is similar to our findings in FRL animals. 

Furthermore, Bartesaghi (2004) reported that dentate LTP is unaffected in the guinea 

pig following 80-90 days o f  isolation. Our results suggest that maternal separation may 

have a greater negative effect on LTP in CA l in FSL anim als than FRL animals. 

Exposure to our maternal separation protocol was not sufficient to induce an inhibition 

o f  LTP in FRL rats in adulthood. In adult FSL anim als that underwent the same 

maternal separation protocol HFS failed to induce a statistically significant LTP 

(p=0.066) but there was no statistical difference in the level o f  potentiation between 

these animals and control FSL animals (p>0.1). Therefore, the finding that exposure to 

maternal separation results in a lack o f  a statistically significant LTP in maternally 

separated adult FSL animals should be interpreted with caution.

HFS failed to elicit LTP in either FSL m aternally  separated  or FRL maternally 

separated groups that received chronic escitalopram treatment. Escitalopram treatment 

o f  the FRL maternally separated animals further reduced the level o f  potentiation 

induced in the FRL maternally separated group. This shows that escitalopram treatment 

(at least by the regimen used here) does not enhance LTP induction in maternally 

separated FRL rats. Similarly, escitalopram treatment had no facilitatory effect on LTP 

induction in FSL maternally separated rats.
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The FRL control group had ahered baseline synaptic transmission. This group required 

significantly less current to elicit a 50% maximal EPSP response. However, the average 

magnitude o f  the test EPSP for the FRL control group was not significantly different 

from any other group. This suggests that FRL C A l neurons are more excitable than 

those o f  FSL animals and this may contribute to the difference in LTP induction 

between these sets o f  animals.

Paired-pulse facilitation is a short-term form o f  synaptic plasticity sensitive to changes 

in presynaptic  glutamate release probability (Zucker 1989). Blatow et al. (2003) 

suggested that facilitation in Schaffer collaterals is most likely due to accumulation o f  

free Ca^" .̂ All groups in the Flinders study showed PPF at all interstimulus intervals 

tested. Compared with that o f  the controls (FRL), the paired-pulse facilitation at 40ms 

tor the FSL group was significantly depressed. The reason for this decrease in PPF is 

unclear. There is no report to our knowledge o f  any difference in presynaptic calcium 

between FRL and FSL animals. This result showing that FSL animals have reduced 

short-term plasticity compared with FRL animals coincides with our findings with 

respect to LTP. We did not identify any difference between any FSL treated group and 

their respective FRL counterpart with regards to PPF. There was a strong positive 

correlation between the level o f  initial PPF and subsequent LTP in some groups. Most 

interesting was the finding that both the untreated FRL and FSL rats showed this 

positive correlation. This would suggest that the initial level o f  PPF is an indicator o f  

subsequent ability to induce LTP in both FRL and FSL treatment naive animals.

In conclusion, it would appear that FSL animals have altered synaptic properties which 

may contribute to their depressive-like state and which warrant further scientific 

investigation.
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4.3 Learned Helplessness Model of Depression and LTP.

Learned Helplessness is an accepted model o f  depression (O verm ier & Seligman 

1967). Acute stress exposure results in an inhibition o f  LTP in brain areas such as the 

CA l region o f  the hippocam pus (Xu et al. 1997). Therefore, it was hypothesised that 

there may be differences in the plasticity properties between different specially bred 

subgroups o f  rats that were differentially susceptible to the learned helplessness model 

o f  depression . It w as hypothesised  that anim als that were res is tan t to learned 

helplessness (cN LH) would  have normal LTP while those animals which have an 

inherent tendency to learned helplessness, exhibiting a helpless phenotype even in the 

absence o f  uncontrollable shock (cLH) would show impaired LTP induction. Upon 

investigation, it was discovered that anim als which were congenital non-learned 

helpless and expressed a non-learned helpless phenotype elicited a small albeit 

significant amount o f  potentiation post HFS. Interestingly, congenital learned helpless 

anim als, expressing  either a learned or non-learned helpless phenotype elicited 

numerically greater LTP post HFS than did the learned helpless resistant group. This 

increase bordered on statistical significance (cI,H-lh/nlh vs cNLH-nlh, p=0.057). This 

finding is somewhat surprising and the reasons for it are unclear. This animal model is 

based on selective breeding and therefore it may be that the genetic difference between 

strains may account for this tendency for a difference in LTP induction. Diversity o f  the 

gene pool is ensured by using repeated back crosses to the paternal strain which should 

reduce the like lihood o f  incidental co-selection o f  genes not related to learned 

helplessness. Interestingly, the level o f  LTP does not seem to be dependent on the 

behavioural phenotype expressed as there was no statistical difference in LTP induced 

between cLH-lh and cLH-nlh animals (p>0.5). In addition, neither cLH nor cNLH rats 

show any hippocampal-dependent learning deficits (Vollmayr et al. 2004).

As expected, HFS induced LTP in outbred Sprague Dawley control rats that were not 

behaviouraliy  tested. In contrast, statistically significant LTP was not induced in 

outbred Sprague Dawley animals exposed to the ‘training and tes t ing’ protocol for 

learned helplessness. Thus the m agnitude o f  potentiation in the Sprague Dawley

117



outbred control animals was significantly greater than in those animals that underwent 

the ‘training and tes t ing’ procedure. I 'h is possibly suggests an explanation for the 

unexpected results o f  the congenital learned helplessness study. The training session 

involves exposure to 20 minutes o f  unpredictable and uncontrollable shock within a 40 

minute period. The testing procedure involves the delivery o f  15 controllable shocks 

each o f  a m aximum duration o f  60 seconds terminable using a lever by the animal. 

Previously, Shors et al. (1989) reported that LTP in hippocampal slices o f  animals 

exposed to inescapable shock was impaired compared to that o f  animals exposed to the 

same amount o f  controllable shock. This suggests that the context o f  stress exposure 

(controllable vs uncontrollable) in relation to its effect on subsequent LTP induction 

may be o f  greater importance than the absolute amount o f  shock delivered. cNLH 

anim als received  both the tra in ing  and testing. T herefore  they received  both 

controllable and uncontrollable shock. cLH animals o f  either behavioural phenotype (Ih 

or nlh) received testing only, i.e. they received only controllable shock. However there 

was no significant correlation between LTP induced and amount o f  escapable shock 

exposure. Taken together, this suggests that the unexpected result o f  a tendency for 

reduced level o f  LTP in cN LH  an im als  is possib ly  a result  o f  exposure  to 

uncontrollable shock (as part o f  the training procedure) and may not necessarily 

indicate a real difference between the cLH and cNLH animals with respect to LTP 

induction. The results in the outbred Sprague Dawley rats suggest that the exposure to 

uncontrollable shock results in prolonged inhibition o f  the induction o f  LTP at synapses 

in the CA l area. Indeed, there was a significant reduction in LTP between all animals 

that received ‘training and tes t ing’ both outbred and congenital animals and those 

outbred and congenital animals that received testing only (p<0.05). Our finding is 

consistent with Vollm ayr et al. (2004) who reported that cLH and cNLH animals 

having underw ent the same ‘tra in ing and te s t in g ’ procedure as outlined in our 

experiments showed no difference in their performance in the Morris Water Maze (a 

hippocampal-dependent learning paradigm). It may be that the tendency for reduced 

LTP in the CA l area o f  cNLH animals is simply a result o f  plasticity being more 

sensitive to the differences between controllable and uncontrollable shock than is the 

Morris Water Maze task. However, King et al. (2001) reported that in naive cLH and
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cNLH animals (i.e. no training or testing), cNLH animals showed a significantly 

reduced latency to find the platform in the Morris Water Maze when compared to cLH 

animals. Furthermore following exposure o f  both groups to the same amount o f  

uncontrollable stress cNLH animals showed enhanced performance in this task as 

opposed to the further compromised performance o f  the cLH animals. Therefore, it 

would be interesting in future studies to investigate naive cLH and cNLH animals (i.e. 

no training or testing) with respect to LTP induction in CAl.

Alternatively, differences in various transmitter systems between learned helpless and 

non-learned helpless animals may contribute to the tendency for reduced LTP 

induction in cNLH animals and should be investigated. Hippocampal slices from 

Sprague Dawley rats in which learned helplessness was induced by uncontrollable 

shock exposure show a significant increase in both endogenous and K -stimulated 

serotonin release (Edwards et al. 1992). Also such learned helpless animals have 

upregulation o f  beta-adrenoceptors in the hippocampus (Martin et al. 1990). Moreover 

learned helpless rats show up regulated 5-HT jb receptors in the hippocampus, cortex 

and septum (Edw'ards et al. 1991). Similar alterations in monoaminergic receptors are 

observed in cLH animals (Henn et al. 1993). cLH animals also have upregulated u 

opioid receptors in the hippocampus and cortex. These receptors are down regulated in 

the hypothalamus (Henn et al. 1993). cLH animals also have altered intracellular 

signalling when compared to Spague Dawley or cNLH animals. Vollmayr et al. (2001) 

reported that there was no difference in BDNF mRNA levels in either the dentate or 

CA3 region o f  the hippocampus. They further reported that following exposure to 

restraint stress only the cLH group failed to show a decrease in BDNF levels. BDNF 

itself is important for the expression of LTP in the hippocampus (Patterson et al. 1996) 

and alterations in its expression may account for the tendency for larger LTP in the cLH 

groups than in cNLH groups.

There was no significant difference in the current required to elicit a 50% maximum 

EPSP between groups. Furthermore there was no statistically significant difference
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between any group with respect to test EPSP am plitude. Therefore, it appears that there 

were no basal differences between groups in respect o f  baseline synaptic transm ission.

All groups elicited PPF at all interstim ulus intervals tested. There was no significant 

difference betw een groups. As PPF is sensitive to differences in glutam ate release this 

suggests that there is no difference in the presynaptic properties o f  the synapses in the 

C A 1 area betw een these groups.
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V. Conclusion



5.0 Conclusion

Elevated platform stress, a mild behavioural stressor has the ability to inhibit the 

induction o f  LTP in the CA l region o f  the hippocampus o f  urethane anaesthetised rats. 

There is evidence to suggest that manipulation o f  the serotonergic system has the ability 

to affect this stress-induced LTP blockade (Shakesby et al. 2002).

Adminstration o f  (±)fentluramine, a serotonin releasing agent enabled the induction o f  

LTP in previously stressed animals. Cinanserin, a non-subtype selective 5-HT2 receptor 

antagonist prevented (±)fentluramine enabling the induction o f  LTP in previously 

stressed animals. This result suggests that the ability o f  (±)fenfluramine to alleviate a 

stress-induced block in LTP may involve activation o f  5-HT2 receptors. Indeed 

administration o f  5-HT2 receptor agonists alleviated the stress-induced block in LTP 

induction further indicating a role for 5-HT2 receptor activation in enabling LTP 

induction in stressed animals. We found no experimental evidence to suggest that 

administration o f  a 5-HT4 receptor partial agonist enabled the induction o f  LTP in 

prev ious ly  stressed  anim als. In teresting ly , we show ed  that (± ) fen t lu ra m in e  

administration significantly enhanced LTP induction in the presence o f  D-AP5 .

Animal models o f  depression were also investigated. Flinders Sensitive Line (FSL) rats 

(an accepted genetic animal model o f  depression) had significantly reduced LTP 

induction in the C A l area o f  the h ippocam pus when com pared with their control 

animals (Flinders Resistant Line, FRL). Chronic treatm ent with escitalopram , a 

selective serotonin reuptake inhibitor failed to enhance the induction o f  LTP in either 

FRL or FSL groups. Indeed, escitalopram treatment resulted in reduced potentiation 

post-HFS in both groups mentioned. While maternal separation failed to inhibit LTP 

induction in adult FRL animals, it did result in the failure to elicit significant LTP in 

FSL animals. However this effect on FSL animals should be interpreted with caution. 

Chronic treatment with escitalopram in FRL maternally separated animals failed to 

enhance LTP induction. It also failed to enable LTP induction in FSL maternally 

separated animals. As FRL animals were found to have more excitable CA l neurons
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when compared with FSL animals we suggest that this fact may account for subsequent 

differences in LTP induction.

A second accepted animal model o f  depression, the congenital Learned Helplessness 

model was also investigated, it was found that, surprisingly, congenital learned helpless 

(cLH) animals which expressed either a learned helpless or non-learned helpless 

phenotype had a tendency for greater LTP than congenital non-learned helpless animals 

(cNLH). This may be as a result o f  differential exposure  to the training protocol 

between groups. Furthermore outbred Sprague Dawley animals which underwent the 

‘training and testing’ protocol showed significantly less LTP than control non ‘trained 

and tested’ animals. There was no apparent difference in short term plasticity in CAl 

between cLH and cNLH animals.

In conclusion, we suggest that manipulation o f  the serotonergic system does affect the 

induction o f  LTP in previously stressed animals. In particular it seems that activation o f  

5-HT2 receptors may play a particular role in enabling the induction o f  LTP in acutely 

stressed rats. As hippocampal plasticity is thought to be negatively affected in disorders 

such as depression and anxiety it may be o f  interest to investigate 5-HTt receptor 

agonists with regard to their therapeutic benefit in individuals suffering from acute 

stress disorders. Flinders Sensitive Line rats have com prom ised LTP in C A l when 

com pared  to their  controls. H ow ever, the  subsequen t  inabili ty  o f  a know n 

antidepressant (escitalopram) to ameliorate this reduction in LTP induction may lead 

one to question the predictive validity o f  the model itself or the suggested presence o f  

impaired LTP in depression. Certainly, lack o f  LTP recovery following drug treatment 

should necessarily be interpreted as indicative o f  an ineffective drug with respect to 

antidepressant treatment. While the results o f  the Learned Helplessness study were 

opposite to those predicted this may be accounted for by the differential exposure o f  

uncontrollable shock between groups. It would be o f  interest to investigate non ‘trained 

and tested’ animals with respect to LTP induction in CA l .  However it may simply be 

the case that no difference exists with respect to LTP induction between the constituent 

m em bers o f  the congenital Learned Helplessness depression  model. It m ay be
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suggested that congenital Learned Helplessness does not model the supposed negative 

impact o f  depression on synaptic plasticity. However as congenitally Learned Helpless 

animals are resistant to antidepressant therapy i.e. model refractive depression it is 

maybe not surprising that their synaptic plasticity properties should be different to 

antidepressant amenable depression models.
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