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ABS3SACT

INDUCED HCMOTYPIC SPROUTING OP SEROTONERGIC 

RAPHE-HIPPOCAMPAL SYSTIM 

AND ITS REGULATION BY CORTICOSTERONE

t y

Peng C. Zhou 

A dvisor: Dr. E fra in  C. A zm itia

Most s tu d ie s  o f neuronal p l a s t i c i t y  have concen tra ted  on reg e n e ra tio n  

o r  h e te ro ty p ic  sp ro u tin g . Hamotypic s ro u tin g  has th e  advantage of 

r e s to r in g  ho th  m orphological and fu n c tio n a l connections w ith  r e la t iv e  

ease . A model o f homotypic sp ro u tin g  u sin g  th e  r a t  raphe-hippocam pal 

(RH) system  has dem onstrated s t r u c tu r e ,  b iochem ical, and fu n c tio n a l 

r e s to ra t io n  of 5 ,7 -d ih y d ro x y try p tan in e  (5,7-DHT) le s io n s  in  t h i s  

s y s ts n .

In  th e  p re sen t work th e  5-HT neurons which p ro je c t  to  th e  d o rsa l 

hippocampus (DHipp) v ia  th e  cingulem bundle (CB) and fim b ria  fo rn ix  

(PP) a re  found to  c o n s is t  o f  two homologous groups in  th e  median raphe 

nucleus (MEN), The te rm in a tio n  o f which have been s tu d ie d . These 

f ib e r s  te rm in a te  in  a  coherent p a tte rn , and densely  in n e rv a te  the  

f a s c io la  c in e r ia .  These d a ta  provide an anatom ical c o n tr ib u tio n  to  the

i v



RH model o f  homotypic sp ro u tin g .

Three days a f t e r  5,7-DHT le s io n s  in  th e  CB, a  decrease  was observed in  

th e  number o f 5-HT neurons in n e rv a tin g  DHipp (by HRP tra c in g )  and in  

th e  f ib e r  d e n s ity  o f  t h e i r  p ro je c tio n s  in  th e  DHipp (by 

immunocytochemistry). This decrement i s  n o t com pletely reversed  u n t i l  

21-42 days p o s t- le s io n . The r e s t i t u t i o n  i s  a  r e s u l t  o f p r o l i f e r a t io n  

o f  undamaged 5-HT f ib e r s  f ra n  th e  PP. T his i a  an example o f hamotypic 

c o l l a t e r a l  sp ro u tin g .

T his hcmotypic compensatory growth in  th e  DHipp i s  suppressed  by 

adrenalectom y (ADX). The number o f  RH neurons ranained  low 21 days 

p o st-C B -les ion  in  th e se  ADX anim als (64$ lower than  sham). However, 

th e  su p re ss io n  i s  reversed  by subcutaneuous im p lan ta tio n  o f 

c o r t ic o s te ro n e  p e l l e t s .

5,7-DHT le s io n  in  th e  CB and PP removed most o f th e  MRN in n e rv a tio n  to  

th e  DHipp. No reg e n e ra tio n  f ra n  th e  MRN occurred a s  l a t e  as 42 days 

p o s t- le s io n . However, c o l l a t e r a l  sp ro u tin g  from DRN neurons, which 

norm ally in n e rv a te  th e  v e n tra l  hippocampus, i s  observed in n e rv a tin g  th e  

DHipp.
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nm m JC T ioH

New growth a f t e r  damage in  th e  c e n tr a l  nervous system (CNS) i s  

g ra d u a lly  accepted as a  common phenomenon, h u t m orphological and 

fu n c tio n a l recovery from th e  damage i s  f a r  more unusua l. Most a ttem p ts  

a t  inducing reg e n e ra tio n , o r th e  regrow th o f  le s io n ed  ends o f  neurons 

back to  t h e i r  o r ig in a l  t a r g e ts ,  f a i l  because o f  g l i a l  s c a r  form ation  

(review  see B jorklund and S te n ev i, 1979). F ib e rs  sp ro u tin g  from in ta c t  

f i b e r s  fre q u e n tly  expand w ith in  th e  denervated a re a . "H etero typ ic  

sp ro u tin g " , in  which sp ro u tin g  f ib e r s  c a rry  d i f f e r e n t  t r a n a n i t t e r s ,  

r e s u l t s  in  a  chem ical inbalance  w ith in  th e  te rm in a l f i e l d  and produces 

abnormal behav io rs (McCouch e t  a l . ,  1958). The a b e rra n t sp ro u ts  have 

been shown in  c e r ta in  cases  to  p reven t th e  r e s to ra t io n  o f  th e  normal 

ba lance  when th e  p roper chem ical f ib e r s  reg e n e ra te  back toward th e  

denervated  t a r g e t  (Viklund and M ollgard, 1979; B e rn s te in  and B e rn ste in , 

1971). "Homotypic sp ro u tin g " , on th e  o th e r  hand, r e f e r s  to  sp ro u tin g  

f ib e r s  th a t  c a rry  th e  same t r a n a n i t t e r ,  r e s u l t in g  in  m orphological and 

fu n c tio n a l r e s to ra t io n  o f th e  l o s t  connections (A zm itia e t  a l ,  1978).

A number o f re sea rch  s tu d ie s  have su c c e ss fu lly  dem onstrated 

fu n c tio n a l recovery by sp ro u tin g  (G-oldberger and Murray, 1974; Lund e t  

a l . , 1973; Loesche and Steward, 1977; lynch e t  a l . , 1973; S cheff and 

Cotman, 1977; Steward e t  a l . ,  1973)- I n te r e s t in g ly ,  a l l  o f  th e se  cases 

involve i p s i l a t e r a l  le s io n s  o f b i l a t e r a l  p ro je c tio n s . P a r t ia l  

fu n c tio n a l recovery r e s u l t s  from homotypic sp ro u tin g  o f p ro je c tio n  

f ib e r s  from th e  c o n tr a la te r a l  s i t e .  These s tu d ie s  o f  sp ro u tin g  using  

b i l a t e r a l  in n e rv a tio n  models do not allow  unequivocal s ta tem en ts  to  be

1



made about th e  n a tu re  o f  th e  "sp ro u tin g  s ig n a l"  s in c e  most o f  th e  cases  

involve d e s tru c tio n  o f m u ltip le  chem ical system s. Whether sp ro u tin g  i s  

tr ig g e re d  by th e  raaoval o f  th e  same f ib e r  type  (homotypic) o r a 

d i f f e r e n t  f ib e r  type (h e te ro ty p ic )  cannot be answered.

P resen t s tu d ie s  prov ide d i r e c t  evidence th a t  homotypic sp ro u tin g  

can be tr ig g e re d  by a  s p e c if ic  le s io n  o f  se ro to n e rg ic  (5-HT) f ib e r s ,  

and th e  fu n c tio n a l abnorm ality  o f  t h i s  neu ro tox ic  le s io n  i s  reversed  by 

th e  homotypic sp ro u tin g  (A zm itia e t  a l . ,  1978) from a  homologous 

neuronal group in  th e  raphe-hippocam pal system . Furtherm ore, t h i s  

homotypic sp ro u tin g  appears to  be reg u la ted  by th e  c o rtic o s te ro n e  in  

th e  c i r c u la t in g  blood.

P l a s t i c i ty  During Development

During th e  development o f th e  nervous system , neuronal p l a s t i c i t y  

i s  a  normal p rocedure. A s in g le  neuron can e s ta b l is h  m u ltip le  

connections and ev en tu a lly  make th e  proper co n ta c t w ith  i t s  ta r g e t  

c e l l s .  I t  was g e n e ra lly  b e liev ed  th a t  th e  neuronal p l a s t i c i t y  

g ra d u a lly  dim inished during  m atu ra tion  of th e  nervous system . However, 

more re c e n tly  s tu d ie s  have shown th a t  i t  i s  not l o s t  b u t "dorm ant". I t  

r e a c ts  to  many s tim u li  and accommodate i t s e l f  to  vary ing  c ircum stances.

During th e  developm ental s ta g e , nerve c e l l s  can sp ro u t axonal 

b ranches and absorb old  ones in  o rder to  change t h e i r  3hape, and make 

c o n ta c t w ith  t h e i r  proper t a r g e ts .  The l iv in g  sp ro u ts  were f i r s t  seen 

and described  in  t i s s u e  c u ltu re  by H arrison  (19C8, 1910). He observed 

th a t  th e  growth cone in  th e  sp ro u t t i p  was advancing as an amoeba.
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S p e id e l 's  o b se rv a tio n s  {1933) on l iv in g  nerves growing in to  th e  

tra n s p a re n t  t a i l s  o f th e  tad p o les  were as fo llow s (see  f ig u re  1):

"Tadpole no. 602. June 29 th , ty p ic a l  ameboid motion 

i s  e x h ib ited  by one o f  th e  te rm in a l m yelin-em ergent 

b ranches (3 ) . June 30 th , a lthough  q u ite  a c t iv e ,  t h i s  

cone progressed  during  th e  24 hour period  only 18 u.

J u ly  2nd, sp ro u ts  R and T become a c t iv e .  S r e t r a c t s  

somewhat. J u ly  4 th , P and Q become a c t iv e .  3 r e t r a c t s  

f u r th e r .  . . .  J u ly  10th, an a c t iv e  cone again  appears 

a t  S ."  (p . 19)

The s ig n if ic a n c e  o f  th e se  o b se rv a tio n s  i s  th a t  i t  g iv e s  us a  v iv id  

continuous p ic tu re  o f  nerve growth. Many s tu d ie s  o f  nerve growth 

in c lu d in g  to d a y 's  so p h is tic a te d  ones, a re  a  montage o f  fragm ented 

s t a t e s ,  la c k in g  con tinous o b se rv a tio n s  o f a  s in g le  s tu d ied  su b je c t . In  

development, nerve growth appears not to  be a  programmed expansion, b u t 

a  t r i a l  and e r ro r ,  o r  a  "withdrawing" and growing p rocess . The growth 

and r e t r a c t io n  reaches a  ba lance  in  th e  a d u lt .  For example, what he 

did no t d e sc rib e  b u t had drawn in  d e ta i l  ( f ig u re  1) was a  c o l la te r a l  

sp ro u t emerging f ra n  th e  node o f R anvier du ring  th e  r e t r a c t in g  o f 

sp ro u t 3 . dcwever, t h i s  sp ro u t r e t r a c te d ,  when sp ro u t S regained  i t s  

growth.



F igu re  1: Development o f  a  l iv in g  nerve in  the  t a i l  o f  a  tad p o le . 

The advancing and r e t r a c t io n  o f  th e  nerve te rm in a l during  th e  s ix  days 

o f  normal growth. The d e ta i l  i s  d escrib ed  in  page
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In  th e  chicken, four m illio n  o p tic  f ib e r s  a re  growing toward th e  

l a t e r a l  g e n ic u la te  n u c le i and tectum  on embryonic day 10 and 11. By 

th e  tim e they  reach t h e i r  t a r g e t  on day 18, only 2 .4  m ill io n  f ib e r  

remained (Rager, 1978). D egeneration occurred in  p a r a l le l  w ith  growth 

du ring  day 9 to  day 15-

S p ec ia l a t te n t io n  i s  drawn to  t h i s  a sp ec t because in  th e  a d u lt  

b ra in  sp ro u tin g  can be induced ty  damage or degenera tion  o f  ne ighboring  

nervous elem ents. The recovery  o f  damaged connection  might be s im ila r  

to  th e  s i tu a t io n  in  th e  s ta g e s  o f  development.

A p rev ious l i t e r a t u r e  described  th e  growth a sso c ia te d  w ith  

d egenera tion  in  more th an  30 sp e c ie s  du ring  t h e i r  development (E rn s t 

1926; K a lliu s , 1931; Glucksmann, 1951; Hamburger e t  a l . , 1949; Cowan 

and Wenger, 1967; 1968; C larke e t  a l . ,  1976; P i a t t ,  1946; P re s t ig e ,

1967 a ,b ;  Landmesser and P i la r ,  1974 a ,b ; Hughes and LaV elle, 1975; 

Landmesser, 1976; Chu-Wang and Oppenheim, 1978 a ,b ; Knyihar e t  a l . , 

1978; and Rager, 1980; f o r  good review see  E rn s t, 1926 and Rager,

1981). These re p o r ts  agreed on two p o in ts : (1) Redundancy: More axonal 

sp ro u ts  and more c e l l s  a re  produced th an  necessary  fo r  c o n s tru c tin g  th e  

a d u lt  neuronal system . A consequence o f t h i s  overproduction  i s  th a t  

th e  s iz e s  o f p ro je c tin g  and re c e iv in g  system s do not match i n i t i a l l y .  

The m atching i s  subsequently  brought about by d egenera tion . (2) 

E qu ilib rium : The development a s  w e ll a s  th e  maintenence o f th e  nervous 

system o f v e r te b ra te s  r e s u l t s  more f ra n  a  balance o f fo rc e s  than  f ra n  a  

r ig id  g e n e tic  fo rm ula tion .

However, a t  the  end o f the  development, neuronal connection
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s ta b i l iz e d  and degenera tion  subsided . E longation  and sp ro u tin g  i s  

stopped. Ramon y  C a ja l concluded in  1928: "Once th e  development was 

ended the  fo u n ts  o f growth and reg en era tio n  o f  th e  axons and d e n d rite s  

d r ie d  up irrev o cab ly . In  a d u lt c e n tre s  th e  nerve pa th s a re  something 

f ix e d , ended, immutable. E very th ing  may d ie ,  no th ing  may be 

r  egenera ted ."  ( p . 750)

What has been changed in  th e  b ra in  du ring  th e  m atu ra tion  p rocess 

ranained  a  m ystery. W ill th e  m atured nervous system be capable to  grow 

ag a in  in  th e  a d u lt CHS ?

P la s t i c i ty  In  The Adult

The a d u lt  nervous system does grow, m ostly  a s  a  r e s u l t  o f  

s tim u la tio n . In  th e  e a r ly  n ig h teen th  c en te ry , C a ja l described  

sp ro u tin g  buds emerging f ra n  damaged axons in  th e  a d u lt b ra in : "A fter 

axotcmy, th e  ju v en iled  axon regained  i t s  f l u i d i t y .  New growth cones 

reform ed. Damaged axons buded and e lo n g a te d ." . "However," he fu r th e r  

observed " th e se  p rocesses r e t r a c te d  and axons w ithered  long befo re  

re -e s ta b lish m e n t o f o r ig in a l  c o n ta c ts ."  (1928).

The reg en era tio n  o f end f ib e r s  to  re in n e rv a te  t h e i r  l o s t  

connections i s  w e ll documented and reviewed in  e a r ly  developm ental 

s ta g e s  in  th e  p e rip h e ra l nervous system (PNS) (C a ja l, 1928; Guth, 1956; 

and Weddell e t  a l . ,  1941), in  sp in a l  cord (Druckman, 1955; Clemente, 

1964; Windle and Chamber, 1950; and Puchala and W indle, 1977) and in  

rec en t years in  monoaminergic systems (B jorklund and S ten ev i, 1979; 

3 jo rk lund  e t  a l . , 1981).
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A bortive a ttem pts o f reg e n e ra tio n  in  mammalian CHS were w idely 

encountered. Axotcmized neurons reg en era te  bu t w ith in  two to  th re e  

weeks th e  new sp ro u ts  a re  r e t r a c te d  o r reabsorbed due to  (1) g l i a l  

s c a rs  form ing an im penetrable b a r r ie r  (Windle e t  a l . ,  1952; Clemente, 

1964; and Kao e t  a l . ,  1977), o r  (2) p o st trau m atic  autoim m unization 

(F e rin g a  e t  a l . , 1973; 1975; and B erry  and R iches, 1974).

During th e  1950 's , m ajor e f f o r t s  were made to  improve reg e n e ra tio n  

o f  a  trau m atic  le s io n  in  th e  sp in a l  cord by reducing  th e  fo rm ation  of 

th e  g l i a l  s c a r  (Clemente 1954; Windle and Chambers, 1950; Sugar and 

G erard, 1940) u s in g  b a c te r ia l  pyrogens and s te r o id s .  These s tu d ie s  met 

w ith  lim ite d  su ccess .

In  th e  meantime, major achievem ents were made in  th e  d iscovery  

th a t  axonal sp ro u tin g  o f " in ta c t  neurons” could be induced by th e  

damage o f  ne ighboring  n e u ra l elem ents in  th e  CNS. The p ioneer study  

was repo rted  by L iu  and Chambers (195Q), who dem onstrated c o l l a t e r a l  

sp ro u tin g  from in ta c t  axons a f t e r  p a r t i a l  denervation  o f  th e  descending 

pathway using  th e  H auta s t a in  f o r  d eg en era tin g  axons. A s im ila r  

phenomenon was observed a f t e r  p a r t i a l  denervation  o f sym pathetic 

gang lion  by Murray and Thompson (1957). A decade l a t e r ,  Raianan (1969) 

rep o rted  th a t  damage o f m edial fo re b ra in  bundle (MFB) induced 

c o l l a t e r a l  sp ro u tin g  o f th e  septo-hippocam pal f ib e r s .  Many examples o f 

sp ro u tin g  axons were dem onstrated in  th e  CNS s in c e  then : in  th e  s p in a l 

cord a f t e r  le s io n  o f d o rsa l ro o t (G oldberger and Murray, 1974), in  th e  

thalam us a f t e r  p a r t i a l  denervation  o f  sp in a l  a f f e r e n ts  (W all and Egger, 

1971), in  th e  l a t e r a l  g e n ic u la te  body a f t e r  le s io n in g  o f i t s  c o r t ic a l  

a f f e r e n ts  (Goodman and K orel, 1967; R a ls to n  and Chow, 1972; S tenevi e t



a l . ,  1972; and Wong-Riley, 1972), in  th e  o lfa c to ry  tu b e rc le  a f te r  

le s io n in g  o f th e  o lfa c to ry  bulh  (Grilad and R eis , 1979, R eis and Ross, 

1975; and Moore e t  a l . , 1974), in  th e  cerebellum  a f t e r  le s io n in g  o f  i t s  

peduncle (P ic k e l e t  a l . , 1974), in  th e  su p e rio r  c o l l ic u lu s  a f te r  

le s io n in g  o f  r e t i n a l  a f f e r e n ts  (Lund e t  a l . ,  1971; 1975), in  th e  

hippocampus a f t e r  le s io n in g  o f  th e  e n to rh in a l co rtex  (Cotman e t  a l . ,  

1975; 1977; lynch  e t  a l . ,  1972; 1976; Steward e t  a l . ,  1974; 1976; 

1978a,b; S tom -M ath isen , 1974; Zimmer e t  a l . , 1975; 1975; West e t  a l . , 

1975; Lee, e t  a l . , 1977), a f t e r  le s io n in g  o f th e  s e p ta l  a f f e re n t  

(Raianan 1973), and a f t e r  p a r t i a l  d en erv a tio n  o f  ra jh e  a f f e r e n ts  to  th e  

hippocampus (A zm itia  e t  a l . ,  1978).

In  1970, chem ical neu ro tox ic  le s io n s  were developed ach iev ing  a 

s p e c i f ic  and more lo c a liz e d  le s io n  in  th e  CNS. Furtherm ore, by 

in je c t io n  o f  neuro tox in  in to  th e  v e n tr ic le ,  th e  g l i a l  s c a r  was g re a t ly  

reduced (Nygren and Olson, 1977). 6-hydroxydopamine (6-OHDA) was f i r s t  

d iscovered  by T ranzer and Thoenen (1967) f o r  producing s e le c tiv e  

le s io n in g  o f  ad renerg ic  neurons. The r a t io n a le  fo r  t h i s  ta rg e t  

d ire c te d  neuro tox ic  a c tio n  i s  th a t  6-OHDA i s  g e n e ra lly  a  cy to to x ic  

agen t s e le c t iv e ly  accumulated by catecholam ine (CA) neurons.

T herefo re , th e  degenera tive  a c tio n  o f th e  compound was l im ite d  to  th e  

s t r u c tu r e s  th a t  accum ulate i t .  The chem ical le s io n  was extended to  

k a in ic  ac id  fo r  s e le c t iv e ly  le s io n in g  g lu tam in erg ic  neurons (Cotman e t  

a l . ,  1979)» and 5 ,6-dihydroxytryptam ine ( 5 ,6-DHT) and

5 ,7-d ihydroxytryptam ine (5,7-DHT) f o r  le s io n in g  se ro to n e rg ic  (5-HT) 

neurons (Baumgarten e t  a l . ,  1972), and f o l i c  acid  fo r  le s io n in g  

gamma-aminobutyric acid (GABA) neurons (McGeer e t  a l . ,  1983).
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Using e l e c t r i c a l ,  m echanical and e s p e c ia lly  chem ical le s io n s ,  w ith  

th e  a id  o f h is tochem ical f lu o re sc e n t methods and t r a n a n i t t e r  

sy n th e s is in g  enzyme a ssay s, s tu d ie s  o f p l a s t i c i t y  o f monoaminergic 

system were ra p id ly  developed in  th e  70*s . S evera l chem ical systems 

have been shown to  reg en era te  and sp ro u t a f t e r  damage to  t h e i r  axons or 

t h e i r  neighboring  axons. These inc lude  th e  ad ren erg ic  system (NA) 

(B jorklund e t  a l . , 1971; 1975; 1979; Moore e t  a l . ,  1971; Katzman e t  

a l . ,  1971; 1977; S tenev i e t  a l . ,  1972; Nygren e t  a l . ,  1976; 1977;

P ic k e l e t  a l . ,  1975; Nadi e t  a l . ,  1981; McRae-Degueurce e t  a l . , 1982), 

c h o lin e rg ic  system  (Cotman e t  a l . ,  1975; lynch  e t  a l . ,  1972; Steward 

and Messenheimer,' 1978; S to ra-M ath isen , 1974; B jorklund and s te n e v i, 

1977; 1979; N adler e t  a l . ,  1977a), dopam inergic (DA) system (Kazrnan e t  

a l . , 1971; H eis and Ross, 1975; R eis e t  a l . , 1978; G ilad  and R e is ,

1979; T assin  e t  a l . ,  1979; Nadi e t  a l . ,  1981), gamna-am inobutyric acid  

(GABA) system  (N adler e t  a l . ,  1977b; Goldowitz e t  a l . ,  1982) and in  

se ro to n e rg ic  system  (B jorklund e t  a l . ,  1971; 1976; Nobin e t  a l . , 1975; 

Nygren e t  a l . ,  1974; V uttke e t  a l . ,  1977, Wiklund and B jorklund, 1978; 

and Azm itia e t  a l . , 1978).

An e x ten siv e  study o f  p l a s t i c i t y  in  a monoaminergic system ’was 

performed in  th e  5-HT b u lb o sp in a l system a f t e r  neu ro tox in  (5,6-DHT or

5,7-DHT) le s io n s .  The reg e n era tin g  f ib e r s  appeared from th e  su rv iv in g  

proxim al axon stumps by 4-5 days a f t e r  th e  le s io n  was induced. The 

sp ro u ts  had th e  appearance o f d e l ic a te ,  anooth, o r  f in e -v a r ic o s e  f ib e r s  

observed h is to ch em ica lly  to  have a  h igh  flu o rescen ce  in te n s i ty  

(B jorklund e t  a l . , 1975, 1979; Nobin e t  a l . ,  1975). During th e  

subsequent weeks th e  sp ro u ts  grew ra p id ly  to  cover p ro g re ss iv e ly  w ider
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a re a s  o f  th e  lower m edulla and upper sp in a l  cord . Ely 3-6 months normal 

o r  even supranormal le v e ls  were e s ta b lish e d  in  th e  e n t i r e  lower 

b ra in s tem , and c ra n ia l  p a r t  o f th e  s p in a l  co rd . The reg e n e ra tin g  5-HT 

f ib e r s  were a b le  to  extend along th e  sp in a l cord a l l  th e  way frcm the  

upper c e rv ic a l  segments down to  th e  lumbar sp in a l  cord , a  d is ta n c e  a t  

l e a s t  5 cm in  th e  r a t  ( f ig u re  2 ) .  The biochem ical d a ta  had shown th a t  

th e  reg e n e ra tio n  was p a ra l le le d  by a  recovery  o f  th e  5-HT le v e ls  and 

^H-5-HT uptake in  th e  s p in a l cord (Wiklund e t  a l . ,  1978; 1980). 

Monoaminergic neurons seem to  r e ta in  a  h ig h e r degree o f  m orphological 

p l a s t i c i t y  in to  adulthood. Most o f  them be ing  norm yelinated o r weakly 

m yelinated  possess s ig n i f ic a n t  reg e n e ra tiv e  c a p a c i t ie s ,  whereas 

a b o rtiv e  o r  fe e b le  reg e n e ra tio n  may be c h a r a c te r i s t ic  only f o r  th e  long 

m yelinated axons (Bnson e t  a l . ,  1977). Thus, monoaminergic neuron 

system s may se rve  a s  u se fu l models f o r  study ing  th e  neuronal growth, 

reg e n e ra tio n , sp ro u tin g  and t h e i r  re g u la tio n .
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F igu re  2: Schematic re p re se n ta tio n  o f  th e  reg e n e ra tio n  o f  th e  
b u lb o sp in a l se ro to n in  system a f t e r  5»6-DHT. L e ft:  p ro je c tio n s  o f  th e  
m edullary se ro to n e rg ic  c e l l  groups to  th e  gray  m a tte r  o f  th e  sp in a l  
co rd , in f e r io r  o liv e  (01 ), sp in a l  tr ig e m in a l nucleus (5 s p in ) , f a c i a l  
nucleus (nc 7) and hypoglossal nucleus (nc 12). Middle: e x te n t o f 
axonal degenera tion  and d i s t r ib u t io n  o f  th e  su rv iv in g  axon stumps 
a c u te ly  a f t e r  trea tm e n t. R igh t: regenera ted  axonal p a th s  and te rm in a l 
system s a f t e r  long-term  su rv iv a l. The p r in c ip a l  neuroanatcm ical 
f e a tu re s  have been reform ed, b u t th e re  i s  an abnormal p ro x im o -d ista l 
d i s t r ib u t io n  o f  te rm in a ls . In  th e  in f e r io r  o l iv e ,  th e  regenera ted  
p lex a  have invaded p a r ts  o f th e  n u c lea r complex, which norm ally a re  
devoid o f  se ro to n e rg ic  te rm in a ls , (frcm  Wiklund and B jorklund, 1980).

V
NORMAL ACUTELY LONG TERM



In  th e  tu rn  o f th e  7 0 'a to  8 0 's ,  a t te n t io n  was g rad u a lly  drawn in  

comparing th e  c h sn ica l c h a ra c te rs  o f  sp ro u tin g  f ib e r s  w ith  th o se  o f th e  

denervated  f ib e r s .

Im p lan ta tio n  o f  chem ically  a p p ro p ria te  neurons in to  a  chem ical 

d e f ic ie n t  b ra in  reg ion  has been th e  newly developed model f o r  study ing  

t h i s  p rocess . A zm itia e t  a l  (1981) dem onstrated th a t  fo llow ing  a

5,7-DHT le s io n  in  5-HT a f f e r e n t  f ib e r s  from th e  median raphe nucleus, 

th e  d o rsa l hippocampus was denervated o f  immunocytochemi c a l ly  s ta in e d

5-HT f ib e r s .  However, fou r weeks a f t e r  t r a n s p la n ta t io n  o f f e t a l  raphe 

in to  th e  raphe a f f e re n t  o f  th e  denervated d o rsa l hippocampus o r 

ad jacen t l a t e r a l  v e n tr ic le ,  th e  d o rsa l hippocampus was re in n e rv a ted  

w ith  5-HT s ta in e d  f ib e r s  derived  from th e  im planted neurons.

S im ila r  s tu d ie s  were performed in  n ig r o s t r i a ta l  DA system , 

fo llow ing  6-OHDA le s io n  o f  DA f ib e r s  in  th e  u n i la t e r a l  n ig r o s t r i a ta l  

ro u te . The s t r i a tu n  was deprived o f  DA f ib e r s  and abnormal u n i la te r a l  

r o ta t io n  subsequently  r e s u lte d . These d e f i c i t s  were p a r t i a l l y  

compensated by an im plant o f f e t a l  s u b s ta n t ia  n ig ra  in to  denervated 

s tr ia tu m  neighborhood. R einnervation  o f  DA f ib e r s  in  s tr ia tu m , 

dem onstrated by flu o rescen ce  h is to c h s n ic a l  s ta in in g , p a ra l le le d  th e  

p a r t i a l  re v e rsa l  o f  asym m etrical tu rn in g  in  a  T-maze (Perlow , 1979; 

Freed e t  a l . ,  1980; Dunnett, e t  a l . , 1981 a ,b ; B jorklund, e t  a l . ,

1981).

G enetic  d e f i c i t  o f v e so p ress in , an a n t i - d iu r e t ic  hormone in  

hypothalamo-hypophyaeal system o f B ra tteb o ro  r a t s ,  were a lso  repo rted  

reversed  by im plant o f f e t a l  a n te r io r  hypothalam ic neurons in to  th e
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median eminence (ME) o f  B ara ttebo ro  r a t s .  The growth o f  th e  f ib e r s  o f 

th e  im planted neurons in to  to  th e  ME was d sn o n stra ted  by 

immunocytochemical s ta in in g . D aily  w ater consumption was d ram a tic a lly  

reduced (Gash e t  a l . ,  1990). C ongenital hypogonadian o f  male mice was 

s im ila r ly  p a r t i a l l y  reversed  a f t e r  im p lan ta tio n  o f  f e t a l  p reo p tic  

nucleus (K rieg e r, e t  a l . ,  1982).

P l a s t i c i t y  A fte r Lesion

Although many s tim u li  a re  e f f e c t iv e  to  induce p l a s t i c i t y ,  

e s s e n t ia l ly  a l l  s tu d ie s  on a d u lt p l a s t i c i t y  have made use  o f  le s io n s  to  

in v e s tig a te  t h i s  phenomenon and i t s  m echanian. On th e  o th e r  hand, th e  

m ajor goa l o f  study ing  p l a s t i c i t y  i s  to  prov ide in s ig h t  in to  i t s  n a tu re  

and recovery  a f t e r  b ra in  damage. Many type o f  p l a s t i c i t i e s  were 

observed. For th e  convenience o f  nom enclature, a  connection  th a t  does 

n o t e x is t  in  normal animal w i l l  be termed "ec to p ic"  in  d is t in c t io n  to  

"normal" connections.

R egeneration , o r a  re in n e rv a tio n  o f d isconnected  ta r g e ts  frcm th e  

damaged f ib e r  ( f ig u re  3 ) .  has p rev io u sly  been d esc rib ed . In  many 

c a se s , a f t e r  axotomy o f th e  f ib e r s ,  th e  a p p ro p ria te  d ire c tio n s  fo r  

axo tan ized  axons a re  prevented by g l i a l  s c a r  fo rm ation . These f ib e r s  

do not reach  o r approach th e i r  l o s t  t a r g e ts  b u t wander in  th e  lo c a l  

reg ion  o r form ec to p ic  connections. Thus, " re g e n ra tiv e  sp ro u tin g "  was 

named to  d is t in g u is h  i t s e l f  frcm "reg en era tio n "  in  th a t  th e  growing
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axons do not r e e s ta b l is h  connection  w ith  t h e i r  normal ta r g e ts  (Moore,

1974) (see  f ig u re  3)*

B e rn s te in  and B e rn s te in s ' (1971) e le c tro n  m icroscopic study  o f 

regrcw th  in  th e  tra n se c te d  sp in a l  cord  provided evidence th a t  such 

reg e n e ra tiv e  sp ro u tin g  produce abundant sy n ap tic  c o n ta c ts  in  th e  gray 

m a tte r  proxim al to  th e  le s io n . The p o ss ib le  fu n c tio n a l s ig n if ic a n c e  o f 

t h i s  gynaptic  reo rg a n iz a tio n  i s  obscure. R egenerative  sp ro u tin g  by 

o p tic  axons o f  g o ld f is h  was examined d i s t a l  to  th e  s i t e  o f  a  crush . 

Norm ally, o p t ic  nerves o f  g o ld f is h  co n ta in  approxim ately  2x1 (P 

m yelinated axons. The number o f  axonal p ro cessses  increased  fo u rfo ld  

du rin g  th e  f i r s t  3 month p o s t- le s io n  and th en  re tu rn ed  toward 

p re - le s io n e d  number 3 months l a t e r  (Murray, 1982). The excess number 

o f  axonal p rocesses prov ide excess sy n a p tic  c o n ta c ts  and p e rs is te d  fo r  

s e v e ra l  months. The reg e n e ra tiv e  sp ro u tin g  f ib e r s  w ith  e c to p ic  

c o n ta c ts  a re  dim inished overtim e, y e t  th e  re g e n e ra tio n  f ib e r s  w ith  

a p p ro p ria te  c o n ta c ts  a re  re ta in e d . This i s  somewhat s im ila r  to  what we 

have described  in  th e  developm ental s ta g e  (se e  p. 5 ) . The re tu rn  o f 

normal v is u a l  fu n c tio n  i s  tem porally  a sso c ia te d  w ith  th e  red u c tio n  o f 

excess number o f  p rocesses  and sy n ap tic  (ec to p ic )  c o n ta c ts .

C o l la te ra l  sp ro u tin g  i s  b road ly  defined  to  r e f e r  to  any "ec to p ic"  

in n e rv a tio n  f ra n  an undamaged neuron o r f ib e r  in to  a  denervated zone or 

new t e r r i t o r y .  Many a re a s  o f  th e  b ra in  were repo rted  to  p rese rv e  such 

p o te n t i a l i ty  (se e  p rev ious re fe re n c e , p. 8 and f ig u re  3)*

A neuron, separa ted  from i t s  p r in c ip a l  ta r g e ts  by a trau m atic  

le s io n ,  re a c te d  as though i t  were in  developm ental s ta g e , th u s
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producing a  "shunt" sp ro u tin g  in  th e  proxim al reg ion  in  compensation 

fo r  th e  lo s s  o f i t s  d i s t a l  a rb o r iz a tio n s . Schneider (1973) re fe re d  to  

such a  shunted sp ro u tin g  as a  "pruning  e f fe c t"  ( f ig u re  3 ) .

le s io n s  p reven ting  th e  growth o f  one branch o f  th e  neuron re su lte d  

in  a  compensatory overgrowth from o th e r branches (Devor and Schneider

1975)- This phenomenon su g g ests  th a t  a  le s io n  o f one p a r t  o f  th e  

axonal t r e e  may t r ig g e r  sp ro u tin g  from th e  in ta c t  te rm in a ls  o f th e  same 

neuron. B esides S chneider’s oberva tion  on th e  v isu a l system , t h i s  

phenomenon was observed mainly in  lo cu s  ce ru leu s  (LG) neurons which 

have many c o l l a t e r a l  p ro je c tio n s  to  d i f f e r e n t  b ra in  reg io n s . The 10 

f i b e r s  sp ro u t in  th e  hippocampus (P ic k e l, 1974); in  th e  neocortex  

(Robinson e t  a l . ,  1977); in  th e  d i f f e r e n t  a re a s  o f  cerebellum  (Robinson 

e t  a l . ,  1977) and in  th e  o lfa c to ry  tu b e rc le  (R eis and Ross 1973; G-ilad 

and R e is , 1979) a f t e r  having "pruned" t h e i r  c o l l a t e r a l s  in  th e  

cerebellum .

A group o f  p a r t i a l  denervated neurons can be re in n e rv a ted  by th e  

su rv ived  a f f e re n t  which a re  norm ally lo ca te d  w ith in  th e  denervated  

zone. This p rocess i s  c a lle d  " re a c tiv e  synatogenesis" (Colanan 1976) 

(se e  f ig u re  3)* S ince re in n e rv a tio n  f ib e r s  o f  t h i s  type a re  lo ca te d  in  

th e  ad jacen t v ic in i ty  o f  th e  denervated zone. S evera l models have been 

repo rted  o f t h i s  type . In  th e  m edial septum, removal o f c h o lin e rg ic  

hippocampal a f fe re n t  causes an expansion o f th e  am inergic a f f e r e n t  

f ib e r s  which ascend along th e  MFB. On th e  o th e r  hand, tra n s e c tio n  of 

MFB to  th e  septum caused sp ro u tin g  o f  c h o lin e rg ic  f ib e r s  from th e  

hippocampus in  th e  m edial septum (Raiaaan, 1969; Raisman and F ie ld ,

1973)- In ano ther model, u n i la te r a l  le s io n  o f th e  e n to rh in a l co rtex
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denervated  60“£ o f  th e  synapses on th e  g ranu le  c e l l s  o f th e  d en ta te  

gy rus. The l o s t  inpu t i s  rep laced  by f ib e r s  frcm th e  septum (lynch  e t  

a l . ,  1972; Cotxaan e t  a l . ,  1977; Stom-Methisen, 1974; Steward and 

V insan t, 1978) and f ra n  th e  i p s i l a t e r a l  and c o n tr a la te r a l  CA4 inpu t 

(Zimmer e t  a l . ,  1977; West e t  a l . ,  1975; Lee e t  a l . ,  1977). In  a l l  

th e se  ca se s , th e  re in n e rv a tin g  f ib e r s  con tained  d i f f e r e n t  c h sn ica l 

t r a n a a i t t e r s  from th o se  o f  denervated f ib e r s ,  and th u s , fu n c tio n a l 

s ig n if ic a n c e  i s  lim ite d . However, re a c t iv e  synap togenesis o r ig in a tin g  

from f ib e r s  o f  homologous neurons can produce p a r t i a l  fu n c tio n a l 

r e s to ra t io n  in  th e  les io n ed  a d u lt  b ra in  (se e  nex t s e c t io n ) .
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F igure  3: Schematic re p re se n ta tio n  o f  d i f f e r e n t  type o f  regrcw th 
in  response to  a  le s io n  in  one s id e  o f  th e  b i l a t e r a l  p ro je c tin g  n erves. 
The dash l in e s  rep re se n t m id lin e . The doted l in e s  re p re se n t growing 
f ib e r s  a f t e r  le s io n . Oval c i r c le s  rep re se n t th e  a re a  o f in n e rv a tio n , 
(a) R egeneration  i s  th e  regrow th o f  th e  damaged f ib e r s  back to  
denervated a re a , w hile  reg e n e ra tiv e  sp ro u tin g  f ib e r s  grow toward 
e c to p ic  a re a , (b) The growth o f  th e  c o l l a t e r a l  f ib e r s  a f t e r  damage to  
axon o f  a  same neuron i s  c a lle d  pruning , (c) The regrow th o f  undamaged 
f ib e r s  in  response to  damage o f  neighboring  f ib e r s  i s  g e n e ra lly  c a lle d  
c o l l a t e r a l  sp ro u tin g , w h ile  th e  compensatory regrow th o f  undamaged 
f ib e r s  which a re  lo ca ted  w ith in  denervated zone i s  defined  a s  re a c tiv e  
synaptogenes i s .

ion

i t iv e
ling

Pruning

:tva

C o tln ta n l
Sprouting
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Homotypic And H e tero ty p ic  Sprou ting

Hcmotypic sp ro u tin g  i s  a  compensatory growth o f  undamaged f ib e r s  

which c a rry  th e  same t r a n s m it te r  as  th e  damaged f ib e r s ,  w hile 

h e te ro ty p ic  sp ro u tin g  i s  th e  growth o f  a  d i f f e r e n t  chem ical f ib e r  type  

in  response to  damage o f  neighboring  f ib e r s  ( f ig u re  4 ) .

F ig u re  4 : Homotypic sp ro u tin g  i s  th e  sp ro u tin g  o f a  f ib e r s  which 
c a rry  th e  same t r a n s m it te r  as th e  damaged f ib e r .  H e tero typ ic  sp ro u tin g  
f i b e r s ,  on th e  o th e r  hand, c a r ry  d i f f e r e n t  t r a n a n i t t e r  a s  compared to  
th e  damaged one. Dash l in e s  rep re se n t degenera ting  o r degenerated  
f ib e r s .  Dash and d o tted  combined l in e s  rep re se n t regrowing f ib e r s .
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Previous s tu d ie s  on c o l l a t e r a l  sp ro u tin g  f a l l  in to  two genera l 

c a te g o rie s :

1. H e tero ty p ic  convergence; S prou ting  o f  mixed a f f e r e n ts  take  

p lace  in  response to  p a r t i a l  denervation  o f  a  group o f  mixed a f f e re n ts  

a r i s in g  from a  d i f f e r e n t  b ra in  reg ion . Such sp ro u tin g  has been 

dem onstrated in  th e  sp in a l  cord a f t e r  removal o f  d o rsa l ro o t a f f e re n ts  

(L iu  and Chamber, 1958; G oldberger and Murray, 1974), in  cerebellum  

a f t e r  removal o f  th e  in f e r io r  and m iddle peduncles (P ic k e l e t  a l . ,

1974) and in  th e  sep tun  a f t e r  removal o f  th e  m edial fo re b ra in  bundle 

(Raianan, 1969; Raianan and F ie ld , 1973).

2 . B i la t e r a l  convergence: D enervation o f  i p s i l a t e r a l  a f f e r e n ts  to  

a  g iven  reg ion  r e s u l t s  in  sp ro u tin g  o f  th e  c o n tr a la te r a l  a f f e r e n ts  frcm 

th e  homologous a re a  o f  th e  opposite  s id e  o f th e  b ra in  ( f ig u re  3 ) . 

Examples inc lude  th e  u n i la t e r a l  le s io n  o f th e  e n to rh in a l in p u ts  to  th e  

hippocampus (lynch  e t  a l . ,  1976; Cotman and N adler, 1978; and Stewards 

and Loesche, 1977), th e  o p tic  nerve in p u ts  to  th e  v e n tra l  l a t e r a l  

g e n ic u la te  (Goodman e t  a l . ,  1973; Lund e t  a l . , 1973), th e  v e s t ib u la r  

nerve in p u ts  to  th e  v e s t ib u la r  nucleus (D ie rin g e r and P rech t, 1977; 

1979a,b; P re tch  e t  a l . ,  1966) and in  th e  red nucleus a f t e r  

d e a f fe re n ta t io n  o f  c e re b e l la r  f ib e r s  (Nakamura e t  a l . , 1974; Murakami 

e t  a l . , 1976). In  th e se  well-known s tu d ie s ,  re in n e rv a tin g  f ib e r s  a re  

a l l  derived  frcia th e  homologous neurons in  th e  c o n tr a la te r a l  s id e , 

which norm ally has minor in n e rv a tio n s  to  th e  denervated a re a .

These two c a te g o r ie s  do no t make a c le a r  d i s t in c t io n  between 

h e te ro ty p ic  and homotypic sp ro u tin g  because th e  le s io n  d estro y s
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numerous chem ical f ib e r  ty p es .

A model o f hanotypic c o l l a t e r a l  sp ro u tin g  has been e s ta b lish e d  

u s in g  th e  se ro to n e rg ic  a f f e re n ts  to  th e  hippocampus o f th e  a d u lt r a t  

(A zm itia e t  a l ,  1978). The d o rsa l hippocampus (DHipp) o f  th e  r a t  

norm ally re c e iv e s  two se p a ra te  and anatom ically  d i s t i n c t  se ro to n e rg ic  

p ro je c tio n s  frcm th e  m idbrain raphe (MR) (A zm itia, 1978; Zhou and 

Asnnitia, 1983); (1) a  su p ra c a llo e a l pathway which ascends in  th e  MFB 

and uses th e  cingulum bundle (CB) to  in n erv a te  th e  hippocampus and (2) 

an  in f r a c a l lo s a l  p ro je c tio n  which ascends in  th e  MFB b u t jo in s  w ith  the  

fo rn ix -f im b r ia  (FF) to  in n e rv a te  th e  d o rsa l hippocampus ( f ig u re  5) 

(A zm itia and Segal, 1978). This arrangem ent o f  f ib e r s ,  sep ara ted  by 

th e  corpus callosum , allow s th e  d e s tru c tio n  o f one pathway w hile  

leav in g  th e  second pathway e s s e n t ia l ly  undamaged. Furtherm ore, 

m ic ro in je c tio n s  o f  th e  s p e c if ic  se ro to n e rg ic  neuro tox ic  drug, 5,7-DHT 

l im i t  th e  damage to  a  s in g le  f ib e r  type when used w ith  desipram ine 

(DMI, a  no rad renerg ic  reuptake b locker) p re tre a te d  r a t s .

T his neuro tox in  model i s  used to  study  th e  reo rg a n iz a tio n  o f 

m idbrain 5-HT c e l l s  p ro je c tin g  to  th e  d o rsa l hippocampus using  th e  CB 

and FF pathways. I n te r e s t in g ly ,  th e se  two ro u tes  a re  shared by a t  

l e a s t  th re e  chem ical system s: (1) th e  norad renerg ic  c e l l s  in  th e  locus 

c o eru leu s , (2) th e  c h o lin e rg ic  c e l l s  in  th e  septum, and (3) th e  

se ro to n e rg ic  c e l l s  in  th e  m idbrain  raphe n u c le i.  The p re sen t s tu d ie s  

a re  to  confirm  th e  s p e c if ic  a c tio n  o f  5,7-DHT on se ro to n e rg ic  neurons 

in  th e  MR, and to  observe th e  d y n a m ic  changes in  th e  p o p u la tio n  and 

topography o f  5-HT c e l l s  in  th e  MR and d e n s ity  o f  5-HT f ib e r s  in  th e  

DHipp a f t e r  m ic ro in je c tio n s  o f 5,7-DHT in to  th e  CB and /o r FF.

20



F igure  5: The d o rsa l hippocampus o f  r a t s  norm ally re c e iv e s  5^iT 

in n e rv a tio n  frcm MRN and IFN. The 5-HT neurons in  th e se  two n u c le i 

p ro je c t  through m edial fo rb ra in  bundle (MFB) and then  d iv ided  in to  

in f r a c a l lo s a l  pathway, th e  FF, and su p ra c a llo s a l  pathway, th e  CB, 

b e fo re  in n e rv a tin g  d o rsa l hippocampus. AC: a n te r io r  ccmrnl s su re , IP: 

in te rp ed u n cu la r nucleus, P: pons.
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G lu c o c o r t i c o id  E f f e c t  On N e u ro n a l R eg ro w th

Hormonal s te ro id s  may p lay  a  key ro le  in  m odulating neuronal 

p l a s t i c i t y .  Sex s te ro id s  have been im plica ted  in  th e  increased  

sp ro u tin g  response o f fem ale ve rsu s male r a t s  to  f im b ria l  t ra n s e c tio n  

(Loy and M ilner, 1900). E strogen , te s to s te ro n e , tr iio d o th y ro n in e  and 

c o r tic o s te ro n e  have been shown to  re g u la te  neuronal p l a s t i c i t y  in  th e  

c e n tr a l  and p e rip h e ra l nervous system . E strogen has been dem onstrated 

to  f a c i l i t a t e  axonal sp ro u tin g  and sy n ap tic  reg e n e ra tio n  in  th e  

d e a ffe re n ted  hypothalamus o f fem ale r a t s  (M atsunoto and A ra i, 1979)- 

T riiodo thy ron ine  has been observed to  s tim u la te  axon reg e n era tio n  

a c ro ss  in c ise d  wounds in  th e  te lencepha lon  o f r a t s  (F e r t ig  e t  a l . ,

1971; H ein icke, 1977)- T esto s te ro n e  was observed to  p rano te  axonal 

reg e n e ra tio n  (Yu and S rin iv asan , 1981; and Yu, 1982). G lucoco rtico id s 

have been shown to  in h ib i t  th e  outgrowth o f  neuronal p rocesses  in  th e  

c u ltu re d  sym pathetic  neurons (U nsicker e t  a l . ,  1978), and to  r e ta rd  the  

les io n -in d u ced  c h o lin e rg ic  axon sp ro u tin g  in  th e  r a t  hippocampal 

d e n ta te  gym s (S cheff and Cotaan 1980, 1982). On th e  o th er hand, 

g lu c o c o rtic o id s  have been rep o rted  to  f a c i l i t a t e  growth o f ganglion  

c e l l s  in  th e  newborn r a t s  (C osta  e t  a l . ,  1974) a s  w e ll as  to  in c rease  

th e  popu la tion  o f sm all in te n se ly  f lu o re sc e n t c e l l s  in  sym pathetic 

g a n g lia  (Eranko e t  a l . ,  1972). Furtherm ore, g lu c o c o rtic o id s  have been 

shown to  p lay  a  "perm issive" ro le  in  normal development o f 5-HT neurons 

in  th e  m idbrain (Sze, 1980).

S ero tonerg ic  neurons appear to  be d i r e c t ly  in fluenced  by ad rena l 

s te ro id  hormones. G lucoco rtico id s have been rep o rted  to  e le v a te  5-HT 

sy n th e s is  in  th e  te lencephalon  o f normal (M illa rd  e t  a l . , 1972) and in
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th e  b rainstem  o f  ad ren a l ectam ized r a ta  (A zm itia e t  a l . ,  1970); to  

acu te ly  e le v a te  5-HT le v e ls  in  th e  m idbrain, hypothalamus, and amygdala 

o f normal r a t s  and rev e rse  th e  decrease  in  5-HT c o n ten t in  th e  m idbrain 

and hypothalamus o f  adrenalectcm ized  r a t s  (Telegdy and Vermes, 1975); 

to  dep ress whole b ra in  5-HT le v e ls  o f  normal anim als (Curzon and Green, 

1968); to  enhance tryp tophan  uptake in to  synaptosomes prepared  frcm 

whole b ra in  (Neckers and Sze, 1975); to  norm alize th e  decrease  in  5-HT 

uptake and re le a s e  by synaptosomes o f  hypothalam i o f  adrenalectcm ized  

r a t s  (Vermes e t  a l . , 1976); and to  in h ib i t  monoamine oxidase a c t iv i ty  

in  b ra in s  o f  normal anim als (Parvez and Parvez, 1973)- The presence o f 

g lu c o c o rtic o id s  may be  re sp o n s ib le  fo r  th e  in c rease  in  a c t iv i t y  o f  th e  

r a te - l im it in g  enzyme fo r  5-HT sy n th e s is , tryp tophan  hydroxylase, seen 

in  th e  whole b ra in  fo llow ing  e th an o l in to x ic a tio n  (Sze and N eckers,

1 974). Moreover, c o r t ic o s te ro n e  appears to  be necessary  fo r  th e  normal 

developm ental r i s e  o f  tryp tophan  hydroxylase beyond 12 days p o s tn a ta lly  

in  th e  r a t  (Sze, 1980). Thus, g lu c o c o rtic o id s  appear to  p lay  a  ro le  in  

th e  fu n c tio n a l m aintenance o f  se ro to n e rg ic  neurons.

In  th e  b ra in , h igh a f f i n i t y  re c e p to rs  fo r  c o r tic o s te ro n e  a re  

concen tra ted  m ostly in  pyram idal c e l l s  o f  th e  com u Ammonia and 

g ran u la r  c e l l s  o f th e  d e n ta te  gyrus in  th e  hippocampus (McEwen e t  a l . ,  

1970). Furtherm ore, c o r t ic o s te ro id s  modify no t only th e  m etabolian  

(Withrow e t  a l . ,  1972), b u t a lso  th e  e l e c t r i c a l  a c t iv i t y  o f  hippocampal 

neurons (Segal 1976; Taylor e t  a l . ,  1971). Work by lynch  and 

co lleag u es  (S tgen e t  a l . , 1979) suggests  th a t  th e  a c t io n  of 

g lu c o c o rtic o id s  in  th e  hippocampus may involve a l t e r a t io n  o f  th e  

sy n th e s is  and/or deg radation  o f  tu b u lin . A rec en t study  (Cousin e t
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a l . , 1982) has shown c o rtic o s te ro n e  to  a c u te ly  in c re a se  o rn ith in e  

decarboxylase  a c t iv i t y  in  th e  hippocampus in  a  dose-dependent manner. 

O rn ith in e  decarboxylase i s  noted to  have an im portant ro le  in  RNA and 

p ro te in  sy n th e s is  v ia  sy n th e s is  o f  polyam ines.

Thus, evidence e x is ts  fo r  a  s p e c i f ic  in te r a c t io n  between se ro to n in  

and c o r t ic o s te ro n e  and between th e  hippocampus and c o rtic o s te ro n e . The 

e f f e c t  o f  th e  c o rtic o s te ro n e  in  th e  sp ro u tin g  o f  se ro to n e rg ic  

raphe-hippocam pal system i s  s tu d ie d .

S ero to n erg ic  System In  The CMS

S ero to n in  (5-hydroxytryptam in , 5-HT) was f i r s t  d e tec ted  in  

g a s t r o in te s t in a l  mucosa by V ia l l i  and Erspamer in  1933 a s  an 

a n t i - p e r i s t a l s i s  substance  and named "en teram ine". L a te r, Rapport 

(1949) is o la te d  a  substance  frcm ox blood, which could cause 

v a so c o n s tr ic tio n , and naned i t  se ro to n in , a  serum f a c to r .  F in a lly , 

enteram ine and se ro to n in  were shown to  sh a re  th e  same chem ical n a tu re , 

5-hydroxy t r yptam ine (Rand and Reid, 1951; Haid and Reid, 1952 and 

Erspamer and Asero, 1952). A y e a r l a t e r ,  5-HT was found p resen t 

b iochem ically  in  th e  dog b ra in  by Twarog and Page in  1953* Bogdansky 

e t  a l . ,  (1956) fu r th e r  confirm ed using  f lu o r im e try , th a t  5-HT i s  

p re se n t in  s ig n i f ic a n t  q u a n tity  in  th e  mesencephalon and diencephalon 

(e s p e c ia l ly  h igh in  th e  hypothalam us). Since th en , i t s  mechanian o f 

sy n th e s is  and s to rag e  in  th e  neurons ( f ig u re  6 and 7 ) ,  re le a s e  from 

p resy n ap tic  te rm in a ls , a c tio n  in  th e  p o s t-sy n a p tic  elem ent, and
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in a c tiv a tio n  by a  a n ta g o n is t were s tu d ie d . Today 5-HT i s  widely- 

accepted  as a  n e u ro tra n a a it te r  in  th e  CNS.

F ig u re  6: Diagram showing th e  sy n th e s is  and d eg rad a tio n  o f  5-HT. 

Adapted from A zm itia, 1978.
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F ig u re  7 : Schematic view o f  a  5 -H T -synthesizing  neuron as 

describ ed  in  f ig u re  6 . Adapted frcm Azm itia, (1978).

IS'30 ji
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Dahlstram and Fuxe dem onstrated, in  1964 and 1965, th e  presence of 

5-HT neurons in  th e  b ra in  stem, using  form aldehyde-induced 

flu o re sc en c e . Nine main n u c lea r groups were id e n t i f ie d  to  co n ta in  5-HT 

and designated  B1-B9* These n u c le i o f 5-HT c e l l s  were l a t e r  

reconfirm ed by immunocytochanical technique (Lidov e t  a l . ,  1980; and 

S te inbush , 1981) w ith  s im ila r  d i s t r ib u t io n .  An a d d it io n a l  group o f  

5-HT c e l l s  (b e s id es  B1-B9) in  th e  hypothalanus was id e n t i f ie d  re c e n tly  

u s in g  t h i s  method (Prankfurd and A zm itia, 1981).

Descending 5-HT system m ainly a r i s e s  from th e  n u c le i p a ll id u s , 

obscurus and magnus raphe (B1-B3), and few f ra n  th e  nucleus r e t i c u l a r i s  

and th e  nucleus r e t i c u l a r i s  p o n tis  p a rs  v e n t r a l i s  (B5) (D ah lstran  and 

Fux, 1965; Fuxe, 1965; U ngersted t, 1971; M artin , 1982; Humbertson 1979; 

S te inbush , 1981). The 5-HT c e l l s  in  th e se  n u c le i p ro je c t  to  th e  

pon tine  r e t i c u l a r  form ation , d o rsa l tegm ental n u c le i, caudal c e n tra l  

g ray , neocerebellum , lo cu s c e r lu re u s , and th e  le n g th  o f th e  sp in a l 

cord . A few 5-HT c e l l s  in  nucleus raphe d o r s a l is  (DRN, B7) reach  

e x c lu s iv e ly  to  th e  c e rv ic a l  le v e l  (M artin , 1982; Bowker, 1981). These 

5-HT b u lb o sp in a l neurons p ro je c t  to  defined  a re a s  in  lam ina I ,  I I ,

VII-X as w e ll a s  la n in a  III-V I o f  th e  s p in a l cord (C ru tcher, 1977; 

Humbertson e t  a l . ,  1979; M artin  e t  a l . ,  1982).

The m a jo rity  o f  5-HT ascending p ro je c tio n s  a r i s e  from th e  d o rsa l 

(B7) and median raphe (B8). S tu d ies  u sin g  au to rad io g rap h ic  t ra c in g  

(Conrad e t  a l . ,  1974; B o b i l l ie r  e t  a l . ,  1976, 1979; Taber e t  a l . , 1976; 

P a ren t e t  a l . ,  1981), in  com bination w ith  le s io n s  (Fuxe and Josson , 

1974; H a la r is  e t  a l.,1 9 7 6 ; Moore e t  a l . ,  1978 and Azm itia and Segal, 

1978), u sing  immunocytochemical technique (Lidov e t  a l . ,  1980;
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Steinbuach , 1981; Saavedra e t  a l . ,  1983) and in  com bination w ith  marker 

re tro g ra d e  tr a c in g  (Kohler and Chan-Palay, 1981) have co n trib u ted  to  

th e  knowledge o f th e  ascending 5-HT sy s ta n  in  th e  a d u lt  r a t s .  These 

5-HT c e l l s  have been shown to  p ro je c t  v ia  s ix  major t r a c t s  to  th e  

caudate-putam en, palludum, tem p o ro p arie ta l co rte x , thalam us, 

hypothalam us, su b th a lan u s, su p ra c h ia a a a tic  n u c le i, b ra in  stem , 

s u b s ta n t ia  n ig ra , in te rp ed u n cu la r nuc leus, mammillary body, amygdala, 

nucleus accumbens, p irifo rm  c o rte x , c in g u la te  c o rte x , habenulum, 

o lfa c to ry  tu b e rc le , c e re b ra l v e n tr ic le s ,  septum and hippocampus.

5-HT Raphe-H ippocampus System

The hippocampus i s  a  p iv o ta l  s t ru c tu r e  in  th e  lim bio-m idbrain  

system . This b ra in  reg ion  in te g ra te s  a t  l e a s t  f iv e  chem ically  s p e c if ic  

a f f e re n ts :  h is tam ine  sy s tan  from m ecencephalic r e t i c u l a r  form ation  and 

l a t e r a l  hypothalamus (Schw artz, 1975), g lu tam ate  and a s p a r ta te  system 

frcm th e  e n to rh in a l co rtex  (Iv e rse n  and Storm -M athisen, 1976; Nadler e t  

a l . ,  1976; White e t  a l . ,  1977), a c e ty lc h o lin e  system from septum 

(Schute and Lewis, 1961; Cotman e t  a l . ,  1973; Mosko e t  a l . ,  1973)* 

catecholam ine system frcm th e  locus ceru leous (B lackstad e t  a l . ,  1967, 

Swanson and Hartman, 1975; Jones and Moore, 1977; Moore and H a la r is ,

1975), and se ro to n in  system frcm th e  m idbrain  raphe (A zm itia and Segal, 

1978, Zhou and Azm itia, 1983)- The chem ical balance among th e se  

hippocampal a f fe re n ts  enab les th e  animal to  compare expected s tim u li 

w ith  a c tu a l  s tim u li  (d ray , 1982). Any d is ru p tio n  o f  th e se  t ra n s m it te r  

system s ’would be expected to  a f f e c t  th e  normal fu n c tio n  o f th e  

hippocampus. In tra c e re b ra l  m ic ro in je c tio n s  o f th e  s p e c if ic
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se ro to n erg ic  neuro tox ins to  th e  le s io n  m ibrain  raphe 5-HT neurons or 

removal o f  th e  5-HT a f f e re n ts  t r a v e l l in g  w ith in  th e  fo rn ix -f im b ria  

and /o r cingulum bundle lea d s  to  d is ru p tio n  o f  mary o f  th e  known 

hippocampal fu n c tio n s—n o c tu rn a l locom otor a c t iv i t y ,  spontaneous 

a l te r n a t io n ,  th e ta  a c t iv i t y  (Jacob, 1975; McNugjrton e t  a l . ,  1980; 

W illiam s and A zm itia, 1981) and " th e  b eh av io ra l g a tin g "  o f  th e  

e n to rh in a l a f f e re n ts  (S rebro  e t  a l . ,  1982; Winson and Abzug, 1977). 

Furtherm ore, th e  median raphe s tim u la tio n  r e s u l t s  in  a  p o te n t ia t io n  o f 

responses (p o p u la tio n  sp ike) in  th e  d e n ta te  gyrus produced by th e  

p e rfo ra n t p a th  s tim u la tio n  ( A ssaf and M ille r  1978). S im ila r raphe 

s tim u la tio n  r e s u l t s  in  a  long  la te n q y , long  d u ra tio n  in h ib i t io n  o f 

hippocampal pyram idal c e l l s  which can be antagonized by th e  5-HT 

rec ep to r  a n ta g o n is ts  m ethysergide and cyproheptadine and blocked by 

PCPA trea tm en t (S egal 1975, 1976). The g ranu le  c e l l s  o f  th e  d e n ta te  

gyrus have been shown to  be in h ib ite d  by e i th e r  io n to p h o re tic  

a p p lic a tio n  o f  5-HT (A ssaf e t  a l  1981) or by s tim u la tio n  o f  th e  median 

raphe (A ssaf and M ille r  1978). F in a lly ,  spontaneous a c t iv i t y  o f  

hippocampal pyram idal c e l l s  i s  in h ib ite d  by io n to p h o re s is  o f 5-HT 

(Segal 1975). Thus, se ro to n e rg ic  p ro je c tio n  from th e  m idbrain raphe i s  

a  c ru c ia l  chem ical component in  th e  re g u la tio n  o f  normal hippocampal 

fu n c tio n .

The hippocampus o f th e  r a t s  norm ally rec e iv e s  5-HT p ro je c tio n s  

frcm th e  m idbrain raphe (MR) v ia  th re e  d i s t in c t  ro u te s  ( f ig u re  8)

(Moore and H a la r is , 1975; A zm itia and Segal, 1978). F ib e rs  f ra n  th e  

median raphe nucleus (MRN) reach  th e  hippocampus by way o f  th e  

f o r n ix - f  im bria and th e  cingulum bundle, whereas f ib e r s  from th e  d o rsa l
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raphe nucleus (DRN) e n te r  th e  hippocampus "by way o f th e  e n to rh in a l 

c o rte x  v ia  th e  p e rfo ra n t pathway and a lveus (A zm itia, 1978).

5-HT f ib e r s  ( f ig u re  8) t r a v e l l in g  in  th e  cingulum bundle a re  

d is t r ib u te d  mainly to  th e  d o rsa l hippocampus, p r in c ip a l ly  to  th e  

s t r a tu n  lacunosom -m oleculare and th e  polymorphic la y e r  (esp . 

in fra g ra n u la r  la y e r)  o f th e  d e n ta te  gyrus and sp a rse ly  to  th e  stra tum  

radiatum  and o r ie n s  o f  CA1 (Moore and H a la r is ,  1975; A zm itia e t  a l . ,  

1978; Lidov e t  a l . ,  1981)- P ro je c tio n s  frcm th e  median rapihe c a rr ie d  

by th e  fo rn ix -f im b ria  a re  d is t r ib u te d  to  bo th  th e  d o rsa l and v e n tra l  

hippocampus in  th e  reg io n s o f  th e  stra tum  radiatum  and o r ie n s  o f 

CA2-CA4, w ith  some f ib e r s  reach ing  th e  in fra g ra n u la r  la y e r  o f  d e n ta te  

gyrus (A zm itia, 1978; A zm itia and M arovitz , 1980). D orsal raphe f ib e r s  

in n e rv a te  predom inantly  th e  m olecular reg ion  o f  th e  d e n ta te  gy rus, most 

h e av ily  in  th e  v e n tr a l  hippocampus (A zm itia and S egal, 1978).
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F igure  8 : The hippocampus o f th e  r a t s  norm ally re c ie v e s  5-HT 
p ro je c tio n s  from th e  m idbrain raphe n u c le i v ia  th re e  d i s t in c t  ro u te s . 
F ib e rs  frcm th e  MRN reach  th e  hippocampus by way o f th e  CB and the  FF, 
whereas f ib e r s  from th e  d o rsa l raphe nucleus e n te r  th e  hippocampus by­
way o f p e rfo ra n t pathway (FF) and a lveus (A1V). The 5-HT te rm in a l 
d i s t r ib u t io n  in  th e  hippocampus i s  d escribed  in  th e  t e x t ,  page 30. 
T ria n g le  re p re se n ts  pyram idal c e l l .  C irc le  re p re se n ts  g r a m la r  c e l l  of 
d e n ta te  gyrus. MFB: m edial fo re b ra in  bundle.



MATERIAL AHD METHODS

MATERIALS

1 . Experim ental Animals

Female Sprague-Dawley r a t s  (Z iv ic  M ille r  Labs, A lliso n  Park, PA) 

w eighing approxim ately 220-250g were used f o r  a l l  s tu d ie s .  

M ic ro in jec tio n  o f 5,7-DHT and h o rse rad ish  perox idase , ad renalectom ies, 

and sham o p e ra tio n s  were performed in  th e  la b o ra to ry . Animals were 

housed in  cages (1-5 p e r cage) u n le ss  o therw ise  s ta te d .  The anim als 

were m aintained in  th e  c e n tr a l  anim al f a c i l i t y  o f th e  Mount S in a i 

Medical C enter on a  24 hours c o n tro lle d  l ig h t  cy c le  (12 h r  l i g h t /  12 h r 

d a rk ) . They were fed Purina  r a t  chew, and had f r e e  access  to  ta p  w ater 

( .8 $  s a l in e  fo r  adrenalectcm ized r a t s ) . The anim als were m aintained in  

a  roan sep ara ted  frcm th e  main p a r t  o f th e  la b .

2 . Chemicals and Drugs

H orserad ish  perox idase  (HRP), 5*7-d ihydro^rtryp tsm ine (5,7-DHT), 

Pargsrline, 3,3* ,5 ,5 '- te tr a m e th y l  benzid ine  (TMB), 3 ,3 '-d iam inobenz id ine  

(DAB), L -tryp tophan , and c o rtic o s te ro n e  were purchased from th e  Sigma 

Chemical C o .(S t. L ouis, Mo). Other drugs were purchased frcm th e  

fo llow ing  companies: Desipramine hydroch lo ride , M e rr il l  Labs 

(C in c in n a ti, OH); C hloropent, F o rt Dodge Co. (F o rt Dodge, Iowa); 

N eosporin A erosol, Burroughs Wellccme (R esearch T rian g le  Park, NC).
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Methods

1 * N eurotoxic le s io n

The purpose o f  th e  neuro tox ic  le s io n  i s  to  produce lo c a liz e d , 

s p e c i f ic  damage o f  th e  5-HT f ib e r s ,  w h ile  lea v in g  o th e r types o f  f ib e r s  

and th e  b ra in  t is s u e  m ilie u  e s s e n t ia l ly  undamaged. Furtherm ore, t h i s  

chem ical le s io n  produces le s s  g l i a l  s c a r r in g  which p rev en ts  regrowing 

f ib e r s  frcm approaching t h e i r  l o s t  t a r g e ts .

A. N eurotoxin

Both 5,6-DHT and 5,7-DHT have been shown to  have a  r e la t iv e ly  

s e le c t iv e  c y to to x ic  a c tio n  on c e n tr a l  5-HT neurons ( f ig u re  

9 )(B am g arten  e t .  a l . ,  1972; 1975; 1975). Although 5,6-DHT has been 

shown to  have a  r a th e r  s e le c t iv e  degenera tive  a c tio n  on 5-HT neurons, 

w ith  lim ite d  e f f e c t s  on catecholam ine (CA) neurons, t h i s  compound 

caused a  s u b s ta n t ia l  degree o f n o n sp ec ific  damage to  non-monoamine 

nerve c e l l s .  5,7-DHT i s  a  b e t t e r  to o l  than  5,6-DHT, because i t  has a 

h ig h e r neuro tox ic  potency fo r  5-HT neurons and more lim ite d  n o n sp ec ific  

c y to to x ic  e f f e c ts  on non-monoaminergic neurons. On th e  o th e r  hand,

5,7-DHT i s  more neuro tox ic  a c tio n  to  NA neurons th an  5,6-DHT 

(Baungarten e t  a l . , 1975; B jorklund e t  a l . ,  1975b; Jacoby e t  a l . ,  1974) 

b u t t h i s  l im i ta t io n  can be circum vented by p re trea tm en t w ith  

desipram ine, a  NA neuron uptake b lo ck e r (B jorklund e t  a l . ,  1975; Gerson 

and B a ld e s s a r in i , 1975). Thus, 5,7-DHT can be used to  produce ra th e r  

s e le c t iv e  denervation  o f 5-HT neurons.
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F igure  9: The s t ru c tu re  o f  5 ,6 -  and 5 ,7-d ihydroxyriyptam ine (5 ,6 -  and

5,7-DHT) as compared to  5-hyd roxy tryp t amine (5-HT). Adapted frcm 

Baumgarten e t  a l . ,  (1977)-

 NHj
" ■ O ? " * '  " ‘ O g

OH H

W-Oihydroxytryptarmn. 5-Hydrmytrypttmm. V-Dihydrwytryotanxn.
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F igure  10: The scheme o f  h y p o th e tic  re a c tio n  fo r  th e  o x id a tio n  o f

5.7-DHT w ith  form ation  o f  5,7-DHT qu inones, I^02 , superoxide 

(02~ ) # and hydroxy (OH*) r a d ic a ls .  The p o te n t ia l ly

cy to to x ic  compounds a re  denoted w ith  s t a r s .  MO: monoamine oxidase,

5 .7-DHIA: 5 ,7-d ihydoxyindo le-aceta ldehyde.

MO

5,7-DHT

t o
OH *

HH

MAOr
5 ,7 -D H IA

HODehydro-
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35



The s e l e c t iv i ty  o f  th e  c y to to x ic  e f f e c t  o f  5,7-DHT i s  derived  from 

th e  s p e c i f i c i ty  o f  th e  a c tiv e  uptake mechanian fo r  th e  compound a t  th e  

plasma, membrane o f  th e  nerve te rm in a l. The c y to to x ic  a c tio n  occurs 

when a  c r i t i c a l  in tra n eu ro n a l c o n ce n tra tio n  o f  th e  amine i s  achieved, 

through th e  a c tio n  o f  t h i s  tra n s p o r t  mechanian. The c y to to x ic  e f f e c t  

o f  5,7-DHT i s  n o t y e t c le a r ly  understood , b u t in  many re sp e c ts  i s  

s im ila r  to  th e  e f f e c t  o f  6-OHDA. S evera l mechanians have been 

proposed, a l l  o f which invoke rap id  o x id a tio n  o f th e  compound to  form 

an i n i t i a l  o x id a tio n  p roduct, th e  h ig h ly  re a c tiv e  quinone sp e c ie s  (se e  

f ig u re  10). These mechanians involve e i th e r  fo rm ation  o f  to x ic  ag en ts , 

such a s  hydrogen peroxide, superoxide, and hydroxyl r a d ic a l ,  o r  

ex ten siv e  c ro s s - l in k in g  o f  quinones w ith  in tra n eu ro n a l p ro te in s .

B efore undertak ing  any o th e r  in v e s tig a t io n , th e  e f fe c tiv e n e s s  and 

s e l e c t i v i ty  o f 5,7-DHT were fu r th e r  examined in  th e  c lo s e ly  re la te d  NA 

LC-hippocampal and 5-HT MR-hippocampal system s.

B. M ic ro in jec tio n  o f  5,7-DHT

Adult fem ale Sprague-Dawley r a t s  were in je c te d  in tr a p e r i to n e a l ly  

( i . p . )  w ith  desipram ine (DMI, a  norep inephrine  uptake b locker)

(1m g/lX g  body weight) and 30 m inutes l a t e r  were a n es th e tiz ed  w ith  

ch lo ropen t ( in tr a p e r i to n e a l  in je c t io n ,  0 .25  ml p e r 100 gn body 

w e ig h t) . The anim als ’were th en  p laced  in  a s te re o ta x ic  appara tu s  w ith  

th e  e a rb a rs  p o sitio n ed  so as to  p e n e tra te  th e  a n im a l's  eardrum s, and 

th e  in c is o r  b a r s e t  to  3*2 mm below th e  in te ra u ra l  l in e .  The sk in  

o v erly in g  th e  s k u ll  was shaved f r e e  o f  fu r ,  and an in c is io n  was made in
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th e  sk in  a f t e r  app ly ing  a lc o h o l. The underly ing  c ra n ia l  muscle and 

f a s c ia  was removed u sin g  a  p a ir  o f  su rg ic a l  tw eezers. An opening in  

th e  s k u ll  was made u sin g  a  d e n ta l d r i l l ,  and th e  underly ing  dura  was 

p ie rced  w ith  a  f in e  d e n ta l hock under th e  o p e ra tin g  m icroscope.

The p ip e t te  was s t e r i l i z e d  u t i l i z i n g  70^ a lco h o l and washed w ith  

s a l in e  b e fo re  use . The m ic ro in je c tio n s  o f  5,7-DHT were a l l  made 

u n i la t e r a l ly  through a  g la s s  m ic ro p ip e tte  ( f ig u re  11) ( t i p  d iam eter 

80-100 um) in to  th e  CB (5 ug in  400 n l  a sco rb ic  s a l in e , co o rd in a te s  

w ith  re sp ec t to  bregma: 15°, AP=1.0  mm p o s te r io r ,  L*1 .3  mm l a t e r a l ,  

V=2.4 mm v e n tra l  to  s k u l l  su rface ) and /o r th e  FF (6 .25 ug in  500 n l ,  

co o rd in a te s : 15°, AP=1.0 -1 .2  mm depending on lambda-bregma 

d is ta n c e , L=1.3  mm 7=4*5 mu) a t  th e  r a te  o f  50 n l/m in  by s te p  

in je c t io n .  The m ic ro p ip e tte  was l e f t  in  p lace  f o r  an a d d it io n a l  minute 

b e fo re  be ing  slow ly removed. The sk in  in c is io n  i s  c losed  w ith  wound 

c l i p s ,  swabbed w ith  io d in e , and sprayed w ith  H eosporin A erosol. The 

anim al i s  l e f t  to  recover from a n a e s th e s ia  under th e  warmth o f  a  b r ig h t  

l i g h t .  The exac t lo c a tio n  and spread o f th e  5,7-DHT le s io n  in  th e  

fo rn ix  and CB have been d iscussed  (W illiam s and Azm itia, 1981). Shams 

received  u n i la te r a l  in je c t io n s  o f  v e h ic le  du ring  id e n t ic a l  o p e ra tio n s . 

For le s io n in g  th e  5-HT neurons in  th e  mesencephalon, 5,7-DHT (25 ug in  

2u l  a sco rb ic  sa lin e )  was m ic ro in jec ted  in to  th e  m id line  raphe 

(co o rd in a te s : 90° w ith  re sp e c t to  lambda, m id lin e , AP=0.2 mm, V=7.8 

mm) w ith  th e  s u rg ic a l procedures d isc r ib e d  above.
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F igure  11: A diagram o f th e  m ic ro p ip e tte  system used to  d e liv e r  

n a n o li te r  q u a n ti t ie s  o f  s o lu t io n  "by p re s su re . The p ip e t te  i s  used both  

to  take-up  and d e liv e r  p re c ise  amount o f so lu tio n  under v is u a l  

in sp e c tio n . The sm all apace between th e  p lunger and th e  g la s s  t i p  i s  

f i l l e d  w ith  o i l  and produces a  anooth and s e n s i t iv e  e je c t io n  o f  f lu id .
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2 . H o r s e r a d is h  P e r o x id a s e  N e u r o h is to c h e m is t r y

A. The Enzyme Marker and I t s  Mechanian

The enzyme h o rse rad ish  perox idase  (HRP) has a  wide range o f  

a p p lic a tio n s  fo r  t r a c in g  n eu ra l connections. HRP was used as a  marker 

in  our s tu d ie s  to  1) observe th e  connections o f th e  raphe-hippocampus 

and LC-hippocampus system s, 2) q u a n tify  th e  te rm in a l d i s t r ib u t io n  o f 

raphe c e l l s  in  th e  hippocanpus, and 3) observe th e  reo rg a n iz a tio n  o f 

MHN 5-HT c e l l  popu la tion  in  response to  s p e c if ic  neu ro tox ic  le s io n  to  

t h e i r  f ib e r s  in  th e  connecting  pa th s .

HRP i s  taken  up in to  neurons through endocy to sis  in  th e  f ib e r  

te rm in a ls . The membrane-delimited endocy to tic  v e s ic le s  which co n ta in  

th e  enzyme a re  th en  tra n sp o rte d  along  n e u ra l p rocesses  th a t  emanate 

frcci th e  s i t e  o f  a d m in is tra tio n . While th e  HRP m olecule i s  no t i t s e l f  

v i s ib le ,  a  re a d ily  d e te c ta b le  re a c tio n  product i s  obtained  by enzymatic 

a c tio n  a t  th e  s i t e  o f  a d m in is tra tio n , as w e ll a s  a t  s i t e  to  which i t  

has been tra n sp o rte d .

The enzymatic a c t iv i t y  o f  HRP a r i s e s  f ra n  th e  c y c lic  red u c tio n  and 

o x id a tio n  o f  th e  iro n  a ta a  in  th e  hem atin group, which i s  then  

c o v a len tly  bound to  th e  g ly co p ro te in  apoenzyme. In  s u i ta b le  medium, 

tissue-bound  HRP re a d ily  combines w ith  i t s  s u b s tra te , hydrogen 

perox ide , and th e  r e s u l ta n t  [HRP.HjOj] canplex can ox id ize  a  

wide v a r ie ty  o f  chranogenic hydrogen donors. These chramogens (CHRCM) 

assume a  dense c o lo r  in  th e  oxidized s t a t e  and p r e c ip i ta te  a s  re a d ily  

d e te c ta b le  m arkers fo r  HRP a c t iv i t y .  The g en era l re a c tio n  i s  shown as
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fo llo w s:

HRP + HgOg = [HRP.HgOj]

[HRP.HgOg] + CCHRCM)!  ̂=
(0HBCM)preolp. + HRP + 2^0

The up take, th e  t r a n s p o r t ,  th e  f ix a t iv e  used , th e  re a c tio n  

param eters , th e  choice o f chrangens and th e  p o s t- re a c t io n  s t a b i l i z a t io n  

o f  HRP were e x c e lle n tly  and com pletely d iscussed  by M. Mesulsm (1982).

B. M ic ro in jec tio n  o f  HRP

The r a t s  o f  v a rio u s  experim ental c o n d itio n s  were a n e s th e tiz e d , 

p o s itio n e d , and s u rg ic a l ly  m anipulated a s  described  e a r l i e r .  The HRP 

(Sigma type  VI, lOOnl o f 10^ in  normal s a lin e )  was u n i la te r a l ly  

m ic ro in jec ted  in to  th e  DHipp according  to  th e  same s u rg ic a l  procedures 

described  above (co o rd in a te s  w ith  re sp e c t to  lambda: 90°, AP=4.5 mm 

a n te r io r ,  1^1.5 mm, V=3*7 mm) a t  r a te  o f  15 n l/m in . The m ic ro p ip e tte  

was l e f t  in  s i t u  fo r  an e x tra  m inute b e fo re  be ing  slow ly p u lled  o u t.

C. H istochem ical Procedures

Twenty-four hours a f t e r  HRP in je c t io n ,  th e  r a t s  were deeply
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an es th e tiz ed  w ith  ch lo ropent and perfused  w ith  th e  fo llow ing  procedures 

through th e  ascending a o r ta :  (1) rap id  p e rfu s io n  w ith  15O-20Cml normal 

s a l in e  u n t i l  e f f lu e n t  c le a r  (about 2 -5  m inu tes), and (2) 20-30 m inutes 

w ith  300 ml o f  sodiun phosphate b u ffe r  (FB, 0.1 M, pH=7.4) c o n ta in in g  

2 .5#  g lu ta ra ld eh y d e  f ix a t iv e  and 0 .1 #  MgSO  ̂ . The b ra in s  were 

removed, c u t in to  hippocampal co rte x  and b ra in  stem b lo ck s , and 

p o s t- f ix e d  in  th e  same s o lu tio n  fo r  2 hours b e fo re  b e in g  tra n s fe re d  to  

3# sucrose-phosphate  b u ffe r  fo r  th re e  hours. The b locks were then  

tra n s fe re d  to  phosphate b u ffe r  ( a t  5°C) and l e f t  o v e rn ig h t. Frozen 

coronal s e c tio n s  (50 um) were c u t on a  L e itz  f re e z in g  microtome and 

subsequen tly  processed fo r  HRP a c t iv i t y  acco rd ing  to  Mesulam's methods 

(1978) u sing  th e  TMB chramogen. The s e c tio n s  were p reincubated  w ith  

TMB (0.005#) fo r  20 m inutes, and th en  1 ^ 2  (0.003#) was added.

The re a c tio n  was allowed to  run fo r  20 m inutes a t  19°-22°C 

under a  dimmed l i g h t .  The se c tio n s  were then  tra n s fe re d  to  a  5# 

a c e ta te  b u ffe r , c o lle c te d  on c lean  s l id e s ,  and d ried  in  a  37°C oven 

o v e rn ig h t b e fo re  c o u n te rs ta in in g  w ith  0 .5#  a c e ta te -b u ffe re d  methyl 

green .

D. Time Course o f R etrograde T ransport In  The Raphe-Hippocampal Sjystem

I n i t i a l  experim ents were performed to  e s ta b l is h  th e  tim e course  

f o r  optim al la b e lin g  o f  m idbrain  raphe c e l l s .  R ats were in je c te d  w ith  

100nl o f 10# HRP in to  DHipp and k i l l e d  a t  v a rio u s  tim es. The number o f 

la b e le d  c e l l s  counted (c o r re c tio n  f a c to r  included , see  below) was 0 a t  

2 h (n= 2 ), 165 and 198 a t  12 h (n=2), 223+37 a t  18 h (n*4), 294+46 a t  

24 h (n=10), 324+58 a t  36 h (n=3) and 156+27 a t  48 h (n=4). In  a l l
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subsequent experim ents th e  anim als were perfused  24 h a f t e r  th e  HRP 

in je c t io n ,  s in c e  i t  was convenient fo r  our experim ental design .

The HRP in je c t io n  s i t e s  in  th e  hippocampus were processed w ith  th e  

same method to  v e r i f y  th a t  th e  in je c t io n  c e n te r  was lo ca te d  between CA1 

and th e  d e n ta te  gyrus o f  th e  d o rsa l hippocampus ( f ig u re  12).

F ig u re  12: Schematic drawing o f  co ronal s e c tio n  o f  in je c t io n  o f 
100 n l  10jC o f  HRP in to  th e  d o rsa l hippocampus, c lo sed  c i r c le s  
re p re se n t pyram idal c e l l s ,  open c i r c l e s  re p re sn t g ranu le  c e l l s .  Two 
hours a f t e r  HRP in je c t io n  in to  th e  d o rsa l hippocamopus, most o f  th e  
d o rsa l hippocampus was covered w ith  HRP shown by sm all d o ts . T his HRP 
d is t r ib u t io n  extended r o s t r a l l y  to  near th e  hippocampal commissure and 
cau d a lly  to  th e  isthm us o f  th e  d o rsa l and v e n tra l  hippocampus. 
Twenty-four hours a f t e r  in je c t io n ,  th e  HRP was lo c a liz e d  to  a  s n a i l  
a re a  shown by th e  dense d o ts . There was no d if fu s io n  o f  HRP in to  th e  
c o n tr a la te r a l  s id e  o f  th e  d o rsa l hippocampus.

Ob 'c b o °
o bENTATE
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3- 5-HT Immunocytochemistry

A. Anti-5HT Antiserum

5-HT immunocytochanical s ta in in g  was performed u sin g  th e  in d ir e c t  

an tibody  enzyme method o f  S terriberger (1970) ( f ig u re  13), w ith  minor 

m o d ifica tio n s  (F ra n k fu rt and A a n itia , 1983)- The anti-5HT antiserum  

used in  t h i s  s tudy  was a  generous g i f t  o f  Dr. J .  Lauder. This 

a n tis e m n  was made from ra b b i ts  th a t  were s e n s it iz e d  w ith  lim ulus 

hsnocyanin conjugated  5-HT a n tig en  ( f ig u re  13), and was c h a rac te rize d  

by F ra n k fu rt and A a n itia  as fo llow s: S ec tio n s o f  d o rsa l raphe nucleus 

(DRN) were incubated f o r  18 h r w ith  5-HT a n t i  serum (1 :20Q0) th a t  had 

been preabsorbed w ith  v a rio u s  c o n ce n tra tio n s  ranging frcm 10” ^ to  

10 M, o f  5-HT, no rep inephrine  (NA), dopamine (DA), and tryp tam ine . 

In c re a s in g  c o n ce n tra tio n s  o f  5-HT re s u l te d  in  decreased s ta in in g  and no 

s ta in in g  was apparen t above 10~*̂ M 5-HT in  th e  DRN. T his was a lso  

t ru e  fo r  tryp tam ine . DA reduced th e  in te n s i ty ,  b u t not th e  number, o f  

s ta in e d  c e l l s  in  th e  d o rsa l raphe a t  h igh  c o n ce n tra tio n s . NA did  no t 

have any e f f e c t  on 5-HT s ta in in g .  Areas known to  co n ta in  dopaminergic 

c e l l s ,  such a s  th e  s u b s ta n tia  n ig ra  and hypothalam ic nucleus were a lso  

used as 5-HT immunostaining c o n tro ls .  In  th e  s u b s ta n t ia  n ig ra , th e re  

was m oderate s ta in in g  o f c e l l  bod ies in  anim als th a t  were p re tre a te d  

w ith  p a rg y lin e  and L -tryp tophan . However, th e  in te n s i ty  o f  s ta in in g  

was low and in  no way resem bled th a t  observed in  c e l l s  o f th e  DRN. In  

th e  a rc u a te  nucleus o f th e  hypothalamus, no s ta in in g  was observed.
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F igure  13: Diagram o f 5-HT immunocytochemical method. The 5-HT 

an tibody  i s  prodused a g a in s t hanocyanin conjugated 5-HT a n tig en  in  

r a b b i ts .  T issue i s  incubated w ith  t h i s  5-HT an tibody , sheep 

a n t i - r a b b i t  an tibody  (S .A .R .) ,  and perox idase  a n ti-p e ro x id a se  (P .A .P .) 

s e q e n t ia l ly .  The linked  P.A.P. i s  v is u a liz e d  a f t e r  re a c tio n  w ith  

diam ino-benzedine (D.A.B.) in  th e  l i g h t  m icroscopic le v e l  o r  w ith  

OsO^ and n ic k e l s a l t s  in  th e  u l t r a s t r u c tu r a l  l e v e l .
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B. D rug P r e t r e a im e n t

Two p re tre a ta e n ts  were used to  enhance s ta in in g  o f  5-HT f i b e r s ,  to  

compensate fo r  th e  lew endogenous le v e ls  o f  5-HT. P argy line  

(200mg/Kg), an in h ib i to r  o f monoamine ox idase , th e  major deg rad a tio n  

enzyme o f  5-HT and L -tryp tophan  (200 mg/Kg), a  p recuso r o f  5-HT 

b io s y n th e s is , were in je c te d  ( i . p . )  1 .5  and 1 h , re s p e c t iv e ly , p r io r  to  

p e rfu s io n .

C. Immunocytochemical Procedures

A ll th e  anim als processed fo r  immunohistochemical s ta in in g  were 

p re tre a te d  w ith  L -tryp tophan  and p a rg y lin e . Each animal was th en  

perfused  in tr a c a r d ia l ly  fo r  3 min w ith  0 .9#  s a l in e  (4°C) c o n ta in in g  

0 .1 #  MgSO ,̂ follow ed im m ediately by a  30 min p e rfu s io n  w ith  250 ml 

o f  4# formaldehyde (fb e sh ly  prepared and f i l t e r e d ,  p u r if ie d  grade) in  a  

0.1 M phosphate b u ffe r  (ph 7*4, 4°C) c o n ta in in g  0 .1#  MgSO  ̂ and 

3# sucrose . The b ra in  was removed, and th e  hippocampal co rte x  and 

b ra in  stem were cu t in to  b locks . These b locks were p o s t- f ix e d  in  th e  

f ix a t iv e  (same a s  above) fo r  2 h r a t  4°C, and then  r in se d  se v e ra l 

tim es in  0.1M phosphate b u ffe r  c o n ta in in g  3# sucrose  and 0 .1 #  MgSÔ  

(4°C ).

The t is s u e  b lo ck s were co ro n a lly  sec tio n ed  a t  30 um w ith  a 

Vibratome (O xford). S ec tions were c o lle c te d  in  phosphate b u ffe r  

co n ta in in g  .9# NaCl (PBS) a t  4°C. and rin sed  3 tim es (5 min per 

r in se )  in  ic e  cold  PBS, and 3 tim es in  ic e  cold  o.lM , pH 7 .4 , T ris  

B uffer co n ta in in g  0 .9#  Nacl (TBS). A lte rn a te  s e c tio n s  were incubated
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w ith  5-HT antiserum  a t  1/1500 or 1/2000 d i la t io n s .  The antiserum  and 

a l l  subsequent rea g en ts  were made in  TBS co n ta in in g  0 .2#  T riton-X -100 

and 1# normal sheep serum. A ll s e c tio n s  were incubated in  th e  

fo llo w in g  sequence: 1) in  prim ary a n t i  serum a t  4°C f o r  18 h r . 2) 

in  sheep a n t i - r a b b i t  a n tib o d ie s  (1 :100, A ntibodies I n c . ,  Davis, CA) a t  

22°C f o r  50 min, 3) in  p e ro x id a se -a n ti-p e ro x id a se  (PAP) complex 

(1 :100, M iles, E lk h a rt, IN) a t  4°C f o r  an h r ,  and 4) in  0 .05#

3 ,3-diam inobenzidine and 0.003# H2O2 a t  22 °C f o r  4-Q min.

Between incubations se c tio n s  were r in se d  3 tim es (5 min per r in se )  in  

TBS. Following th e  immunocytochemical s ta in in g ,  th e  se c tio n s  were 

mounted onto albumin coated  g la s s  s l id e s .  The s l id e s  were th en  d ried  

o v ern ig h t in  a  45°C oven, dehydrated , co u n te rs ta in ed  w ith  methyl 

g reen , co v ers lip p ed , and viewed w ith  a  L e itz  O rthoplan m icroscope w ith  

l i g h t  and dark f i e l d  illu m in a tio n .

4. Sim ultaneous L abeling  o f  5-HT and R etrog radely  T ransported HEP

In  order to  id e n t i fy  th e  ch an ica l c h a ra c te r  o f th e  neurons in  the  

MHN, which p ro je c t  to  th e  d o rsa l hippocampus, th e  t r a c in g  enzyme HRP 

and th e  5-HT o f  th e  lab e le d  c e l l s  were s ta in e d  sim u ltaneously .

A. P e rfu sio n

The anim als were deeply  a n es th e tiz ed  w ith  ch lo ropen t and perfused  

in t r a c a r d ia l ly  by th e  fo llow ing  procedure: 1) 150-200 ml normal s a l in e  

u n t i l  th e  e f f lu e n t  became c le a r  (about 2 m in), 2) 3*6-4# formaldehyde 

f ix a t iv e  con ta in ing  0 .1#  MgSÔ  in  phosphate b u f fe r , w ith  th e
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p e rfu s io n  r a te  ad ju s ted  so th a t  th e  in fu s io n  o f  1000 ml was completed 

w ith in  40-50 min, 3) co ld  10# sucro se  phosphate b u ffe r  fo r  60 min 

( about a  1200 ml p e rfu s io n ) .

Each b ra in  was then  removed, p laced in  th e  same sucrose  s o lu t io n , 

and sec tio n ed  through th e  b ra in  stem (th ic k n e ss  30 urn) on a v ib ra tan e  

(O xford),

B. H istoghem ical Procedures

The s e c tio n s  were c o lle c te d  in  co ld  phosphate b u ffe r  and processed 

a s  fo llow s: 1) r in s e  th re e  tim es in  PB, 2) r in s e  th re e  tim es in  T r is  

b u f fe r  (TB), 3) in cu b a te  in  0 .5#  CoCl2 TB fo r  10 min, 4) r in s e  

th re e  tim es in  TB, 5) r in s e  th re e  tim es in  FB, 6) incubate  in  0 .02# DAB

in  PB s o lu tio n  fo r  10 min, 7) incubate  in  same s o lu t io n  above w ith

0 .01# H202 f o r  10 min, and 8) r in s e  th re e  tim e in  PB. Each

r in s e  in  th e  above b u ffe rs  was about 5 min. The s e c tio n s  were th en

tra n s fe re d  to  PBS f o r  immunocytochemical s ta in in g  o f  5-HT acco rd ing  to  

th e  method described  b e fo re .

5 . B i la t e r a l  A drenalectom ies

B i la te r a l  adrenalectom ies and shem o p e ra tio n s  were performed 

imm ediately fo llow ing  5,7-DHT o r sham le s io n s  in  th e  lab  w hile  th e  

anim als were s t i l l  under deep a n e s th e s ia . Animal were shaved f re e  o f 

fu r  on th e  lower d o rsa l tru n k . L ong itud inal in c is io n s  were made 

b i l a t e r a l l y ,  through th e  sk in  and underly ing  m uscles, 2 cm frcm th e  

v e rte b ra e  and below th e  r ib s ,  u sing  a  p a ir  o f s t e r i l i z e d  s u rg ic a l
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s c is s o r s .  The ad ren a l g lands were then  lo c a liz e d , s ta b liz e d  w ith  a 

p a ir  o f  tw eezers and c a re fu l ly  removed b i l a t e r a l l y  w ith  f in e  s u rg ic a l  

s c i s s o r s .  The in c is io n  was su tu red  c lo sed , and th e  anim al was in je c te d  

w ith  10 u n i ts  o f p e n ic i l l i n  in tra m u scu la rly  1, 2 , and 7 days 

p o s to p e ra tiv e ly . Sham o p e ra tio n s  co n s is ted  o f  th e  same s u rg ic a l  

p rocedures except f o r  removal o f  th e  ad ren a l g lands.

6 . Im p lan ta tio n  o f  C o rtic o s te ro n e  P e l le t s

S o lid  c o r t ic o s te ro n e  p e l l e t s  were subcutaneously  im planted in  

b i l a t e r a l l y  adrenalectcm ized  r a t s  accord ing  to  th e  method o f  Meyer, e t  

a l  (1979)* 1005« p e l l e t s  were made by m eltin g  pure c o r t ic o s te ro n e  in  a

25 eg v i a l  over a  low gas flam e. The m elted s te ro id  was then  poured 

in to  a  6 mm d im e te r  h o le  in  a p a ra f f in  b lo ck . A fte r th e  p e l l e t s  had 

s o l id i f i e d ,  th ey  were removed from th e  p a ra f f in  and trimmed to  th e  

c o r re c t  w eight (approxim ately  100 mg). Follow ing adrenalectom y, th e  

p e l l e t s  were im planted in  th e  nape o f th e  neck o f  a n es th e tiz ed  an im als. 

A fte r th e  sk in  in  th e  a re a  had been shaved and a  a n a l l  in c is io n  made, 

th e  underly ing  f a s c ia  was sp read , and th e  p e l l e t  was placed under th e  

sk in  a t  l e a s t  1 .5  cm caudal to  th e  in c is io n . The in c is io n  was then  

c lo sed  w ith  wound c l ip s .  P e l le t s  were rep laced  every  7 days to  in su re  

th e  m aintenance o f s ta b le  c i r c u la t in g  le v e ls  o f  c o r t ic o s te ro n e . With 

t h i s  method o f  replacem ent therapy , th e  la rg e  v a r i a b i l i ty  in  plasma 

hormone le v e ls  a sso c ia te d  w ith  c o rtic o s te ro n e  in je c t io n  were avoided 

(Meyer e t  a l ,  1979)*
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7 . Measurement and S t a t i s t i c s

A ll th e  "brain s e c tio n s  fo r  HRP a c t iv i t y  were cu t through th e  "brain 

stem , each s e c tio n  a t  50 urn. The lab e le d  c e l l s  were counted in  s e r i a l  

s e c tio n , and th e  s iz e  o f  c e l l s  was measured usin g  a  l i g h t  m icroscope 

f i t t e d  w ith  an o cu la r m icrom eter. The long and sh o r t axes o f th e  c e l l  

w ith  nucleus were averaged to  determ ine th e  d iam eter (d ) .  The t i s s u e  

th ic k n e ss  ( t )  was 50 m icrons as in d ic a te d  on a  L e itz  f re e z in g  microtcme 

du rin g  se c tio n in g . The m odified th ic k n e ss  a f t e r  p ro cess in g  was 

measured by in te rp r e t in g  th e  focus d is ta n c e  o f  a  o i l  le n s  (64X) l ig h t  

m icroscope o b je c tiv e . C e lls  were designated  as lab e le d  c e l l s  when th e  

number o f  HRP re a c tio n  g ran u les  exceeded 15 w ith in  perikaryon . The 

n u c le i  o f  th e se  c e l l s  were fre q u e n tly  masked by re a c tio n  g ran u le s . The 

number o f  c e l l s  counted (n i)  was ob tained  by m anually co u n tin g  a l l  the  

lab e le d  c e l l s  in  each s e r i a l  s e c t io n s . In  o rd e r to  c o r re c t  fo r  

coun ting  th e  same c e l l  tw ice in  ad jacen t s e c tio n s , a  c o rre c tio n  fa c to r  

o f  0 .67  fo r  MHN counts and 0 .55  f o r  LC count was c a lc u la te d  and used 

acco rd ing  to  th e  A bercrom bie's form ula. The c o rre c te d  number o f 

lab e led  c e l l s  (N) i s  c a lc u la te d  a s  below:

N * n i  x [ t  /  ( t  + d )]

The c o n d itio n s  fo r  th e  q u a n ti ta t iv e  HRP s tu d ie s  were c o n s tan t fo r  

a l l  anim als. In  a l l  c a se s , experim ental and c o n tro l anim als were 

processed a t  th e  same tim e.
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The s ig n if ic a n c e  o f th e  d if fe re n c e s  between mean values fo r  

c o n tro l and experim ental groups a re  assessed  using  S tu d e n t 's  t - t e s t  and 

a n a ly s is  o f  valance and le v e ls  o f  s ig n if ic a n c e .

8 . Photography

A L e itz  l i g h t  m icroscope w ith  1GX, 25X, 40X, and 63X 

planapochrom atic o b je c tiv e  le n se  was used w ith  a  35mm photographic 

attaghm ent and Panatanic-X  f ilm  (32 ASA, f in e  g ra in  panchrom atic). A ll 

b lack  and w hite  photographs were p r in te d  on Ilfo ap eed  paper u s in g  

D ektol (Kodak) and Kodak rap id  f ix e r .

Experim ental Design

1. The L esion ing  E ffe c t o f  5 ,7-DHT

Twenty-two r a t s  were m ic ro in jec ted  in  th e  CB and th e  FF w ith

5,7-DHT as p rev iously  d escribed  ( f ig u re  13)- At v a rio u s  p o s t- le s io n  

tim es (ze ro  hour, 1 h r ,  1 day, 2 days, and 3 days, each w ith  4 anim als) 

th e  anim als were i p s i l a t e r a l l y  in je c te d  w ith  100nl o f 10$ HRP in to  th e  

d o rsa l hippocampus as p rev io u sly  d e sc rib e d . Two g o n tro l groups were 

used : a  sham c o n tro l (rt=3), in  which anim als were in je c te d  w ith  

a sco rb ic  s a l in e  in  th e  CB and FF, and a  DMI c o n tro l (n=4), in  which
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anim als were p re tre a te d  w ith  DMI b e fo re  re c e iv in g  an in je c t io n  o f 

a sco rb ic  s a l in e  in  th e  CB and PP.

A ll th e  anim als were perfused  tw en ty -four hours a f t e r  th e  HRP 

in je c t io n . The brainstem s were sec tio n ed , and incubated fo r  th e  HRP 

a c t iv i t y  as described  b e fo re . A ll th e  lab e led  c e l l s  in  th e  MRN and the  

LC were counted in  s e r i a l  s e c tio n s . The number o f  lab e led  c e l l s  was 

then  ad ju sted  w ith  A bercrom bie's form ula based on th e  th ic k n e ss  o f th e  

s e c tio n  and th e  s iz e  o f  th e  c e l l s .

2 . D if f e re n t ia t io n  o f  Two Raphe-Hippocampal C e ll Croups

Twenty-seven fem ale r a t s  were sep ara ted  in to  f iv e  groups. 

M ic ro in jec tio n s  o f  5,7-DHT were made in to  th e  CB (n |6 ) ,  th e  PP (n=5) or 

b o th  th e  CB and th e  PP ( n=5)■ Normal c o n tro ls  {n=6) and v e h ic le  

in je c te d  c o n tro ls  (n=5) were used. F o rty -e ig h t hours a f t e r  th e

5,7-DHT-DMI in je c t io n s ,  a l l  r a t s  were in je c te d  w ith  HRP in to  th e  DHipp, 

and were perfused  24 hours a f t e r  th a t .  The HRP a c t iv i t y  in  th e  

b rainstem  was s ta in e d  u sin g  th e  same method. The lab e led  c e l l s  were 

then  counted in  th e  MR.

3 . S ero tonerg ic  and N on-3erotonerglc raphe-DHipp neurons

Pour anim als were m icro in jec ted  w ith  2 u l  (25 ug) 5,7-DHT in to  MR 

(co o rd in a te s : 90° w ith  re sp e c t to  lambda, m id lin e , AP=0.2 mm, V=7.9 

mm). Two o f th e  anim als were in je c te d  w ith  HRP in to  th e  DHipp two days 

a f t e r  le s io n . The anim als were perfused  24 hours a f t e r  in je c t io n  and
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processed  fo r  HRP re a c tio n . The o th e r  two anim als were perfused  two 

days a f t e r  le s io n  and processed fo r  5-HT immunocytochemistry.

A group o f  th re e  anim als was in je c te d  w ith  HRP in to  DHipp and 

processed  fo r  sim utaneously s ta in in g  o f  5-HT and HRP in  th e  MR by th e  

method p rev io u s ly  d escrib ed . The s ta in e d  c e l l s  were examined in  th e  

MR.

4 . Homotypic C o l la te r a l  S prou ting ; An HRP Study

Animals were sep ara ted  in to  four groups, each group co n ta in in g  

sub-groups o f v a rio u s  tim es p o s t- le s io n . The normal c o n tro ls  group 

were th e  anim als in je c te d  w ith  HRP only (n=6). The sham c o n tro l 

anim als were in je c te d  w ith  v e h ic le  a lone , and then  subsequently  w ith  

HRP e i th e r  5 . 21, o r 42 days l a t e r  (each  w ith  3 an im als). The 

experim ental anim als were le s io n ed  in  th e  cingulum bundle w ith  5>7-DHT, 

and HRP in je c t io n s  were made a t  3 (n=6), 7 (rt=4), 14 (n= 5)f 21 (n=6), 

o r 42 (n=6) days p o s t- le s io n . The double le s io n e d  c o n tro l group was 

tr e a te d  id e n t ic a l ly  to  th e  experim ental group, b u t a  second le s io n  was 

made in  th e  fo rn ix  two days b e fo re  HRP in je c t io n s  a t  1, 19, and 40 days 

(each w ith  3 an im als). A ll th e  anim als were perfused 24 h r a f t e r  HRP 

in je c t io n  and processed  f o r  HRP a c t iv i t y  in  th e  b ra in  stem. The number 

o f  lab e le d  c e l l s  in  MRH and rPFT o f  v a rio u s  group anim als were counted 

and ad ju sted  w ith  A bercrom bie's form ula.

A se p a ra te  group o f  anim als was la rg e ly  denervated o f  5-HT f ib e r s  

from th e  DHipp. Animals were le s io n ed  in  th e  CB and th e  TP on th e  same 

day. These anim als were in je c te d  w ith  HRP 3 (n=4), 14 (n=3)» and 42

52



(n=3) days post-C B -FF-lesion , and perfused  24 h r a f t e r  th e  HRP 

in je c t io n .  The "brains were co ro n a lly  sec tio n ed  through th e  b ra in  stem , 

and processed fo r  HRP a c t iv i ty .  The lab e led  c e l l s  were counted in  th e  

MR and ad ju s ted  a s  b e fo re .

5 . Homotypic C o l la te r a l  S prouting : An Immunocytochemical Study

Animals were u n i la t e r a l ly  m ic ro in je c ted  w ith  5,7-DHT (dose, 

c o o rd in a te s , and procedures as befo re) in  th e  CB, and subsequently  

s a c r i f ie d  3 (n=4), 14 (rt=3), and 42 days (n=3) p o s t- le s io n . These 

anim als were p re tre a te d  w ith  p a rg r l in e  and L -tryp tophan  p r io r  to  

p e rfu s io n  w ith  co ld  4% formaldehyde in  phosphate b u ffe r  so lu tio n .

T heir b ra in s  were co ro n a lly  sec tio n ed  through th e  hippocampal a re a  to  

immuno-stain th e  5-HT f ib e r s  w ith  1:2000 anti-5HT a n t i  serum. The 

procedures were a s  p rev io u s ly  d esc rib ed .

6 . The G lu co co rtico id  E ffe c t On S prou ting

Animals were sep ara ted  in to  5 groups which inc lude  a  sham in je c te d  

c o n tro l (n^7 ), an ADX c o n tro l (n=3), a  5 ,7-DHT le s io n  in  th e  CB (n=6),

5,7-DHT le s io n  in  th e  CB o f  ADX r a t s  (n=6 ) ,  and a  5,7-DHT le s io n  in  th e  

CB o f  ADX r a t s  w ith  subcutanous im p lan ta tio n  o f c o r tic o s te ro n e  p e l l e t s  

(n=5). Animals were micro in je c te d  w ith  HRP in to  th e  i p s i l a t e r a l  DHipp 

e i th e r  a t  5 o r 21 days p o s t- le s io n , and processed fo r  HRP a c t iv i t y  in  

th e  brainstem  a re a . The number o f  lab e le d  c e l l s  were counted in  th e  

MRN and ad ju s ted .
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HESOIffS

1 . E f fe c t and S p e c if ic i ty  o f 5 ,7-DHT D esigning 

In tro d u c tio n

In  o rd e r to  make a  s p e c if ic  le s io n  o f 5-HT f ib e r s ,  to  study t h e i r  

homotypic sp ro u tin g , an e f f i c ie n t  and s p e c if ic  neu ro tox in , such as

5,7-DHT, i s  c ru c ia l .  The s p e c i f i c i ty  o f  th e  5,7-DHT depends upon i t s  

up take by neurons as an analogue o f  t r a n a n i t t e r .  Both 5-HT and NA 

neurons s e le c t iv e ly  take  up 5,7-DHT. The 5-HT neuronal uptake 

mechanian has a  16 fo ld  h ig h er a f f i n i t y  than  th a t  o f  NA f o r  5,7-DHT 

{Baimgarten e t  a l . ,  1978a). N ev erth e less , 5,7-DHT causes a  40-50# 

red u c tio n  o f NA in  b ra in  and sp in a l  cord (Baim garten e t  a l . ,  1974; 

G-erson e t  a l . ,  1974). However, th e  decrease  in  th e  le v e l  o f  NA by even 

100 ug o f 5,7-DHT can be prevented by p re tre ah n e n t o f r a t s  w ith  

desipram ine {DMl){Gerson e t  a l . , 1975, Breese e t  a l . ,  1978). DMI has 

been found to  b lock  th e  uptake mechanian o f  NA neurons (Baumgarten e t  

a l . , 1978b; L idbrink  e t  a l . ,  1971). The p re sen t study p rov ides 

m orphological evidence o f  th e  s p e c i f i c i ty  o f  5,7-DHT a f t e r  p re trea tm en t 

w ith  DMI, in  b lock ing  5-HT v e rsu s  NA f ib e r s  in  th e  raphe-hippocampal 

and LC-hippocampal system s. Furtherm ore, a lthough  th e  use o f  5,7-DHT 

has been ga in ing  p o p u la r ity  as a  technique fo r  producing s p e c if ic  

le s io n s  o f th e  5-HT system , l i t t l e  i s  known about how e f f i c ie n t ly  i t  

works o r how qu ick ly  i t  b locks 5-HT f ib e r s .  The tim e course o f 5,7-DHT 

le s io n s  was s tu d ied .

M ic ro in jec tio n s  o f 5,7-DHT were made in to  th e  CB and th e  FF. The
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neuronal connection  tr a c in g  m arker, HRP, was in je c te d  in to  th e  DHipp a t  

v a rio u s  tim es. The su rv iv in g  connections were counted hy th e  HRP 

lab e le d  c e l l s  in  th e  MRN and th e  LC. The HRP lab e led  c e l l s  in  th e  MRN 

and th e  LC were counted and considered  to  re p re se n t th e  su rv iv in g  

connections ( f ig u re  14).

R e su lts

In je c t in g  HRP in to  th e  d o rsa l hippocampus imm ediately a f t e r  th e  

in je c t io n  o f 5,7-DHT reduced th e  MRN la b e lin g  (normal=273+26) by h a lf .

A d e lay  o f  two days b e fo re  th e  in je c t io n  o f  HRP reduced th e  number o f 

lab e le d  c e l l s  to  6 .5 $  o f  th e  t o t a l  number seen in  c o n tro ls  ( f ig u re  15). 

A s im ila r  number o f  HRP la b e le d  c e l l s  was seen a f t e r  a  de lay  o f  3 days. 

DMI, a  no rad renerg ic  uptake b lo ck e r, had no s ig n if ic a n t  e f f e c t  on th e  

re tro g ra d e  tra n s p o r t  o f HRP by c e l l s  lo c a te d  w ith in  th e  MRN and th e  LC. 

The s p e c i f i c i ty  o f  th e  5,7-DHT in tr a c e re b ra l  m ic ro in je c tio n s  i s  shown 

by comparing neurons counted in  th e  LC w ith  th e  number in  th e  MRN.

T his no rad renerg ic  monoamine system a lso  u ses  th e  CB and th e  FF 

pathways to  in n e rv a te  th e  hippocampus (Jones and Moore, 1977; L in d v a ll 

and BJorklund, 1974). The number o f  lab e led  neurons in  th e  LC was not 

s ig n i f ic a n t ly  decreased  from th a t  found in  th e  two c o n tro l groups (see  

F ig u re  15)•
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Figure  14: Diagram shews design ing  o f  HRP method to  measure th e

5.7-DHT neuro tox ic  e f f e c t  on 5-HT raphe-hippocam pal system and NA locus 

ceruleus-hippocam pal system . A fte r th e  CB and FF pathway le s io n e d  w ith

5.7-DHT, th e  connections o f  th e se  two 5-HT and NA system  a re  examined 

by HRP re tro g ra d e  tra n s p o r t  from hippocampus to  raphe n u c le i and locus 

c e ru le u s  (LC).
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Figure  15: Time course  showing e f f e c t  o f  5.7-DHT on 5-HT f ib e r s  

and NA f ib e r s .  The percen tage  o f  th e  t o t a l  number o f HRP lab e le d  c e l l s  

in  LC and MRN a re  compared to  th e i r  c o n tro ls . The sham + DMI groups 

(C) were tak en  a s  100$ c o n tro ls . The c o n tro l v a lu es  were 275+24 

neurons f o r  MRN and 94+24 neurons fo r  LC. S t a t i s t i c s  shows s ig n i f ic a n t  

d if fe re n c e s  from th e  normal c o n tro ls  ( s tu d e n t 's  t - te s t) :* p < 0 .0 5 ;

* * p < 0 . 0 0 1 .
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D iscussion

S tu d ies  have shown th a t  H EP-retrograde la b e lin g  o f  neurons can be 

q u a n tif ie d  and used to  study dynamic changes in  an a f f e re n t  system .

HRP q u a n ti ta t iv e  s tu d ie s  in  th e  p e rip h e ra l nervous system dem onstrated 

enhanced la b e lin g  o f c e l l s  by p h y s io lo g ic a l s tim u la tio n  (Eiserm an and 

A zm itia, 1982) and e s ta b lish e d  th e  tim e course  o f  reg e n e ra tio n  a f t e r  

neuronal in ju ry  (Yu and S rin iv asan , 1981). In  th e  CNS, HRP 

q u a n ti ta t iv e  s tu d ie s  compared v a rio u s  m o d ifica tio n s  o f th e  o r ig in a l  

diaminobenzidine-HRP method (Mesulam and Rosene, 1979; M orre ll e t  a l . ,  

1981), and e s ta b lish e d  th e  tim e course  o f  degenera tion  and sp ro u tin g  

a f t e r  le s io n  (Goldschmidt and Steward, 1980).

The r e la t iv e  number and n u c lea r lo c a tio n  o f  th e  lab e led  neurons 

a f t e r  HRP m ic ro in je c tio n  in to  d o rsa l hippocampus were compared in  

normal r a t s  and in  r a t s  in je c te d  w ith  5,7-DHT in to  e i th e r  th e  CB o r  th e  

PP. 5,7-DHT produced an immediate, s e le c t iv e ,  and n e a rly  complete 

d is ru p tio n  o f th e  raphe neurons p ro je c tin g  to  th e  d o rsa l hippocampus 

(>93#). The tim e course study  o f  th e  e f f e c t  o f 5,7-DHT on th e  neurons 

o f  MRN and LC su g g ests  th a t :  (1) 5,7-DHT can s ig n i f ic a n t ly  b lock 

re tro g ra d e  tra n s p o r t  in  th e  5-HT f ib e r s  alm ost imm ediately a f t e r  

in je c t io n  (50# red u c tio n  in  lab e led  c e l l s  w ith in  one ho u r). (2)

5.7-DHT i s  s e le c t iv e  f o r  le s io n in g  5-HT f ib e r s  w h ile  le a v in g  th e  NA 

f ib e r s  la rg e ly  undamaged when th e  anim als a re  p re tre a te d  w ith  DMI.

T h is p rovides d i r e c t  m orphological evidence o f  th e  s e l e c t i v i ty  o f

5.7-DHT w ith in  th e se  two monoaminergic system s, and extends prev ious 

biochem ical s tu d ie s  which showed no decrease  in  h igh a f f i n i t y  ^H-NA
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in  hippocampal s l i c e s  a f t e r  in tr a c e re b ra l  in je c t io n s  o f  5,7-DHT 

(A zraitia e t  a l . ,  1978; McNaughton e t  a l . ,  1980). (3) The maximal

b lock ing  e f f e c t  o f th e  5-HT f ib e r s  in  th e  CB and th e  FF f ib e r  pathways 

i s  achieved w ith in  2 days a f t e r  le s io n in g  by 5,7-DHT (93*5^ o f  lab e led  

c e l l s  were e lim in a te d ) . Immunocytochetnical s tu d ie s  support th e  p resen t 

f in d in g  th a t  5,7-DHT in je c t io n s  in to  CB and FF removes a l l  th e  5-HT 

immunoreactive f ib e r s  in  th e se  two pathways w ith in  2 to  3 days. A 

fu r th e r  study  was performed to  in v e s tig a te  th e  surv ived  c e l l s  a f t e r

5,7-DHT le s io n . The p resen t re p o r t ag rees w ith  Baumgarten e t  a l  

(Baungarten e t  a l . ,  1981), who repo rted  th a t  th e  5,7-DHT e f f e c t  on 5-HT 

i s  s u b s ta n t ia l ly  decreased  by 24 h and th e re  i s  l i t t l e  f u r th e r  

red u c tio n  in  th e  5-HT le v e l  by th e  e ig h th  day.

2 . D if f e re n t ia t io n  o f  Two Raphe-Hippocampal C e ll  Groups 

In tro d u c tio n

In  o rd er to  observe th e  p l a s t i c i t y  among th e  two groups o f  5-HT 

c e l l s  which p ro je c t  through th e  CB an d /o r th e  FF to  in n e rv a te  th e  

DHipp, th e  p o p u la tio n , morphology and lo c a tio n  o f th e  two c e l l  groups 

were s tu d ied  a t  th e  l ig h t  m icroscopic le v e l .  The 5-HT f ib e r s  in  th e  CB 

o r  th e  FF were s e le c t iv e ly  les io n ed  to  observe th e  p ro je c tin g  neurons 

in  th e  o th er pathway. The lab e le d  neurons were counted a f t e r  HRP was 

in je c te d  in to  th e  DHipp, t h e i r  topographic d i s t r ib u t io n  was mapped, and 

t h e i r  genera l morphology was s tu d ied  in  th e  raphe-CB-hippocampal and 

raphe-FF-hippocampal system s.

59



R e s u l t s

Among th e  approxim ately  3000 neurons in  th e  MRN, I t  i s  found th a t  

about 300 neurons in n erv a te  th e  d o rsa l hippocampus. They g e n e ra lly  

occupy th e  e n t i r e  le n g th  o f  th e  MRN (about 2 .5  mm). The c e l l s  a re  

sp in d le -sh ap ed , w ith  d iam eters o f  approxim ately  12 um x 18 urn. The 

c e l l  bod ies a re  u su a lly  o r ie n te d  w ith  t h e i r  long  axes along th e  same 

a x is  as th e  nucleus i t s e l f .

Raphe-CB-hippocampal neurons and raphe-FF-hippocam pal neurons have 

a  ve ry  s im ila r  d i s t r ib u t io n  p a t te rn  in  th e  MRN ( f ig u re  16). The shape 

and genera l c h a r a c te r i s t i c s  o f th e  c e l l s  in  th e se  two groups a re  

in d is tin g u is h a b le  (se e  f ig u re s  16 and 17)* However, in  th e se  two 

MRN-hippocampal pathways, th e re  were more neurons p ro je c tin g  through 

th e  CB (55# o f th e  t o t a l  MRN-hippocampal p ro je c tio n )  th an  through th e  

FF (21# o f  th e  to ta l )  ( ta b le  1 ). The ran a in d e r o f  th e  f ib e r s  (23# o f 

th e  t o t a l  MRN-hippocampal neurons) appear to  have branched in to  bo th  

pathways.

In te r e s t in g ly ,  la b e le d  c e l l s  were seen  in  an in te r f a s c ic u la r  group 

o f  c e l l s  (IFN ), lo c a te d  between th e  two m edial lo n g itu d in a l 

f a s c ic u la re s ,  in  th e  c o n tro l and th e  FF le s io n  groups. These IFN c e l l s  

were not seen  a f t e r  a  le s io n  was made in  th e  CB ( ta b le  1 and f ig u re  

18). Thus, th e  lab e le d  IFN c e l l s  p ro je c t  e x c lu s iv e ly  through th e  CB to  

in n e rv a te  th e  d o rsa l hippocampus (F igu re  19)-
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Figure  16: The photom icrographs show co ronal s e c tio n s  o f th e  MRN 
a long  th e  m id line  o f  b rainstem , (a) lab e le d  neurons in  MRN o f  normal 
an im al, where bridged neurons { in d ica ted  by crossed  arrow) a re  
f re q u e n tly  observed, (b) neurons in  MRN p ro je c tin g  through CB ( a f t e r
5,7-DHT m ic ro in je c tio n  in  to  th e  FF , and (c) neurons p ro je c tin g  
through FF ( a f t e r  5,7-DHT in je c t io n  in to  th e  CB). The HRP was in je c te d  
in to  th e  d o rsa l hippocampus. The arrows in d ic a te  th e  HRP-lableled 
neuron. These MRN-hippocampal neurons a re  surrouned by a  network o f 
median raphe blood v e s se ls  ( in d ic a te d  by arrow h e ad ).



F igure  17: Mapping o f median raphe neurons which in n e rv a te  th e  
d o rsa l hippocampus. The schem atic drawings a re  re p re se n ta tiv e  coronal 
s e c tio n s  (50 urn) o f  th e  r a t  b rainstem , approxim ately 400 urn a p a r t .
Each c i r c le  re p re se n ts  a  s in g le  neuron lab e led  by re tro g ra d e ly  
tra n sp o rte d  HRP from th e  d o rsa l hdippocampus. Closed c i r c le  re p re se n ts  
neuron p ro je c tin g  through CB. Open c i r c l e  re p re se n ts  neuron p ro je c tin g  
thorugh FF.
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F igu re  18: 'The photom icrographs show coronal s e c tio n s  in  m edial 

lo n g itu d in a l f a s c ic u la r is  (m lf) a re a  o f th e  b rainstem . Labeled neurons 

which in n e rv a te  hippocampus from th e  in te r f a s c ic u la r  nucleus (ITU) are  

on ly  seen in  th e  normal (a) and F F -lesioned  (b) an im als, b u t not in  th e  

CB-lesioned anim als ( c ) .
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Table 1. The number o f  HRP lab e led  c e l l s  (mean + SD) in  MRN and IFN a f t  

s e le c t iv e  5,7-DHT le s io n s  o f  CB/FF.

N MR IFN

Normal 6 295+39 4C+18

Sham CB 3 312+23 38+4

Sham FF 2 296+23 43+2

L esion  CB 6 132+14 *** 2+1

Lesion FF 5 232+33 * 30+10

L esion CB & FF 5 32+9 *** > 2

S tu d e n t 's  t - t e s t ,  s ig n i f ic a n t  d if fe re n c e  f ra n  normal c o n tro l:  

* p<0.05

** p<0.02

* * *  p<0.001
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F ig u re  *9: - e ro to n e rg i  : in re rv a t  :or. z f  *r.n> io rs a -  . . ppr x > ’ . 

MRN ta k e s  th e  C3 and th e  7? pa.tnvp.ys to  inr.erva*^ •cam iy *ott : :  

hippocam pus. IFN p r o je c ts  only  th rough  *he "3 * t reacr. tr.e lo rc a . 

hippocam pus.

HIPPOCAMPUS

CB P F
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* *vi * ?r-s -re* e-? t - .-.rough t.-.e - "

.: ^rr carv  *r •* r i a r ® :  : f  t.-.e :el_3 cay nave branches

v "  m*nvnT*. The find ing  *na* t.-.e 7; :a  tr.e a a jc r  MRN pathway ia  

. r^,3~*rr* * \ tr. tr.e o bserve t: or, th a t  tingu l-C  hurdle  tra n s e c t  icr.

--<.i~es r ry ;r. t.-.e io r3 o -ced ;a l aspect of tne  h irpocsm uis. 

wn._* combined ieaiona 7r and ?r produced a decrease  o f between

to ta l '-6 7  -.;ppocaecpal le v e ls  "tohs—'dat.tisen and 1-cliberg.

' ~ L . ?irc.nermcre, measurement of tryptophan hydroxylase a f te r  

-.euro to x in  in je c t io n  Tug of c.^-CHT in to  th e  75 snowed a 6?^ decrease 

. n enzymatic a c t iv i ty  witr.ir. 6 days H avana and Azm itia, *962, - 

-■..tally, m io re in je c tio n  in to  th e  7? decrease  th e  high a f f i n i t y  uptake 

~f M-5—HT le s s  tnan =;0^ a il l is m s  and Aza i t i a ,  ’ 98  ̂ . These 

tiocr.«Biical s tu d ie s  taken to g e th e r  w ith our norpfcological fin d in g s  

s tro n g ly  suggest th a t  th e  73 i s  th e  predominant 5-KT ro u te  to  the  

io rs a l  hippocsmjxis.

The labe led  in te r f a s c ic u la r  neurons p ro je c t e x c lu s iv e ly  through 

th is  m ain-route 7B to  th e  d o rsa l hippocampus. Although th i s  group of 

t e l l s  i s  t r a d i t io n a l ly  c la s s i f ie d  as p a rt o f d o rsa l raphe, i t  p ro je c ts  

to  dorsa l hippocampus along w ith  c e l l s  in  th e  MRN. This group of 

c e l l s ,  along w ith c e l l s  in  th e  l a t e r a l  wings o f th e  DRN, a l30  innerva te  

th e  v e n tra l hippocampus. Thus, t h i s  a re a  may rep re se n t a  t r a n s i t io n a l  

zone between th e  MRN and th e  DRN. This i s  o f in te r e s t  s in c e  th e se  two 

n u c le i subserve d i f f e r e n t  behav io rs (A zm itia, 1978).

The MHN-CB-Hi ppocampal and th e  MRN-FF-Hippocampal neurons p ro je c t
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through tmntom loully d ie t I  not. .‘irui se p a ra ta  pathways. Yet they appear 

to  be Itirgaly a homotypic group o f c e l l s  having a  number o f 

c h a r a c te r i s t ic s  In ocmmon. They c a rry  th e  some neu ro tnurusn itte r and 

a re  both blocked l\y the  se ro to n e rg ic  neuro tox in , b,7-PUT. They have a 

s im ila r  general morphology In th a t they a re  both aplndle-ahnped c e l l s  

w ith  a  d inm ater o f approxim ately 1- um x 18 tan and have overlapp ing  

d i s t r ib u t io n s  throughout the MRN. These c e l l s  ahara n i a i l a r  

hippocampal term inal t e r r i t o r i e s .  They produce the sums d is ru p tio n  of 

th e  s e p ta l  d r iv in g  o f hippocampal th e ta  rhythm and a d d itiv e  r e s u l ts  art* 

ob tained  a f t e r  combined In fe c tio n s  (McNuughton e t  a l . ,  1980). F in a lly , 

and moat im portant, long terra s tu d ie s  a f t e r  9,7-DHT m iaro in jeo tlo n n  

In to  the  CB showed th a t  FF 8-itT f ib e r s  could re s to re  both th e  normal 

anatamucal and fu n c tio n a l p a tte rn e  o f  the  destroyed se ro to n e rg ic  aynttro 

w ith in  th e  hippocampus. (Aumitla e t  a l . ,  1970; "hou nnd Aemitia,

1981). I t  may be concluded th a t  th ese  heterogeneous se ro to n e rg ic  

pathways a re  fu n c tio n a lly  homogeneous w ith in  th e  hippocampus.

S ero tonerg ic  -'ind Norm arotonerglc Neurona in  Hnphe-DHlpp System 

In tro d u c tio n

Are a l l  the rnphe neurons which in n erv a te  the  hippocampus 

sero tonerg ic '?  Todny, more evidence suggests  that, nuc le i o r neuronal 

reg ions a re  not necessary  comprised o f chem ically  homogeneous neurons, 

vIorv-serotonergic neurons were observed -«nong the  se ro to n e rg ic  neurons 

in th e  PRN-onuduta-putnmen system t^t.cinbusoh, 1')90l, in the  ^-!IT
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bulbosp inal aynt-nm o f ru ts  (Powker, 1\)81), *uid in  rn p h e -a tr lu tn l  syntara 

in  monkeys (Pruiik and Paalk, 19CVM.

rNo a d d itio n a l e f f o r t s  were mode to  id e n tify  th e  chem ical 

c h a ra c te r  of rnphe-hippooumpal neurone in  a d d itio n  to  e p e o lf lc  le s lo n a  

o f th e i r  5-HT oxonu towards the  hippocampus: 1) Study o f  the  

MRN-hippooumpal oonneotione using  HR? tra c in g  fo llow ing  neuro tox ic  

d e s tru c tio n  o f  5-HT neurons in the  MR and 2) fUmultanoeus la b e lin g  o f 

ImraunornuatlVH 5-HT c e l l s  and HRP-retrograde labe led  c e l lo  in  th e  same 

n a u tio n •

Rasul ta

Five dnye a f t e r  a  2 u l 5,7-DHT in je c t io n  in to  th e  MR, the  5-HT-IR 

neurons in  th e  DRN, MRN, and B9 were t o t a l ly  removed. D egenerating 

5-HT-rn d e b ris  was observed in  these  rnphe a re a s . In  such neuro tox in  

tre a te d  anim als, ^6 and 22 HRP labe led  neurons o f each animal were 

s t i l l  observed in  the  MRN a f t e r  HRP was in je c te d  in to  the  DHipp. There 

were no labeled  c e l l s  in  e i th e r  the TFN or the  DRN ( f ig u re  20).

A fte r sim ultaneous in je c tio n  o f  HRP in to  th e  DHipp, and 

imraunoytoohuraloul s ta in in g , th ree  c a te g o rie s  o f  s ta in e d  c e l l s  were 

observed In th e  MRN (f ig u re  21). The m ajo rity  were 5-HT-IR w ithout 

HRP. The 5-HT-IR c e l l s  labe led  w ith HRP were d i f f i c u l t  to  v is u a l is e ,  

s in c e  th e  CoCL, enhonoed dark HRP labeled  g ranu les were freq u e n tly  

masked by dark brown 5-HT-tR s ta in in g . F in a lly , c e l l s  were HRP

labeled  w ithout 5-HT-IR s ta in in g .



Figure  20: The 5-HT and non-5-HT neurons in  th e  MRN-DHipp system . 
The 5-HT immunoreactive (5-HT-IR) c e l l s  a re  observed in  th e  median 
(MRN), d o rsa l (DRN) raphe and B9 o f  th e  b ra in  stem (a) .  A fte r 2 u l  
in je c t io n  o f 5,7-DHT in to  m idbrain raphe a re a , th e  5-HT-IR c e l l s  were 
t o t a l l y  degenerated  and g rad u a lly  removed. The degenerated  d e b ris  i s  
shown by arrow in  (b) and ( c ) .  However, a f t e r  HRP in je c t io n  in to  DHipp 
o f  such tr e a te d  anim als, a  few HRP lab e led  c e l l s  a re  s t i l l  observed in  
th e  MRN ( d ) .
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F igure  21: A fte r HRP in je c t io n  in to  d o rsa l hippocampus, th re e  

groups o f c e l l s  were observed d i s t in c t ly  by anti-5HT an tiserum  re a c tio n  

and HRP-diaminobenzedine s ta in in g :  5-HT immunoreactive (5-HT-IR) c e l l  

{a ) , HRP re a c t iv e  c e l l  (b ) , and 5-HT-IR and HRP double la b e le d  c e l l

( c ) .

a
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D iscussion

Previous d a ta  have shown le s s  th an  7# o f th e  MRN-hippocampal c e l l s  

were s t i l l  lab e led  a f t e r  bo th  th e  CB and FF pathways were chem ically  

le s io n e d . S evera l p o s s ib i l i t i e s  e x is t  to  e x p la in  th e se  rem aining MRN 

c e l l s .  1. M yelinated F ib e r s : The e f f ic ie n c y  o f  5,7-DHT may not be 

eq u al in  a l l  5-HT c o n ta in in g  f ib e r s .  For example, m yelinated f ib e r s  

immunoreactive to  a  5-HT antibody  have been seen in  th e  m edial 

fo re b ra in  bundle o f th e  r a t  (A zm itia and Gannon, 1983). 2 . A lte rn a te

Pathways : A dd itiona l ro u tes  to  th e  d o rsa l hippocampus o u ts id e  o f th e  

CB and FF mqy not be damaged by th e  in je c t io n s .  The e x is te n ce  o f  

s e v e ra l minor pathways have been observed u sin g  bo th  radioautography 

w ith  ^H-5-HT and immunocytochemistry w ith  a  5-HT antibody (A zm itia, 

unpublished o b se rv a tio n ). 3 . N on-Serotonergic c e l l s ; The e x is te n c e  o f 

n o n -se ro to n e rg ic  neurons in  th e  m idbrain  raphe p ro je c tin g  to  th e  d o rsa l 

hippocampus has been rep o rte d . In  a  p rev ious study  from our 

la b o ra to ry , 15# o f th e  raphe neurons re tro g ra d e ly  la b e le d  by HRP were 

not lab e le d  try ^H-5-HT in je c t io n s  in to  th e  d o rsa l hippocampus 

(A zm itia, 1978). Kohler and S teinbusch  b e lie v e  th a t  a  q u a r te r  o f th e  

MRN-hippocampal c e l l s  a re  no n -se ro to n erg ic  s in c e  they  found th a t  a f t e r  

in je c t io n  o f g ran u la r b lue in to  th e  hippocampus 25# o f th e  re tro g ra d e ly  

la b e le d  c e l l s  in  th e  MRN were no t 5-HT immunoreactive (K ohler and 

S te inbusch , 1982). F in a lly , th e  tra n s p o r t  o f  HRP from th e  hippocampus 

to  th e  MRN was s t i l l  d e tec ted  in  about 29 o f 300 MRN-hippocampal 

neurons fo llow ing  5,7-DHT le s io n s  d i r e c t ly  in to  th e  MRN and DRN, While 

s im ila r  p o rtio n  o f neurons (about 10#) were HRP lab e le d  in  MRN by 

in je c t io n  in  DHipp bu t not 5-HT immunocytochemically s ta in e d . The
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r e s o lu tio n  o f th e  d isc rep a n c ie s  in  th e  percen tage  o f nonsero tonerg ic  

neurons (7(&-25#) re q u ire s  fu r th e r  work, e s p e c ia l ly  s in ce  

e le c tro p h y s io lo g ic a l s tu d ie s  have found th a t  th e  v a s t  m a jo rity  o f 

m idbrain raphe c e l l s  w ith  long axons can be pharm acologically  

id e n t i f ie d  as se ro to n e rg ic  (A ghajanian e t  a l . , 1978).

4 . Homotypic S prou ting ; An HRP Study 

In tro d u c tio n

The dynamic change o f 5-HT f ib e r s  in  th e  hippocampus a f t e r  a

5,7-DHT le s io n  in  th e  CB was s tud ied  u s in g  HRP techn ique . The a b i l i t y  

o f  raphe te rm in a l f ib e r s  in  th e  DHipp to  tak e  up HRP and t r a n s p o r t  i t  

in  a  re tro g ra d e  fa sh io n  to  t h e i r  neurons in  th e  MR was used as a 

param eter to  study th e  dynamic change a f t e r  le s io n in g . The 

reo rg a n iza tio n  o f  th e  pop u la tio n , th e  lo c a tio n  and th e  morphology o f  

th e  lab e led  c e l l s  in  MR were s tu d ied  a f t e r  damage to  t h e i r  5-HT axons 

in  th e  CB usin g  th e  neurotoxin-HRP com bination method ( f ig u re  22).
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Figure  22: Normally th e  5-HT and NA te rm in a l f ib e r s  w ith in  th e  HRP 
in je c t io n  s i t e  o f d o rsa l hippocampus (DHipp) w i l l  take-up  HRP which 
w i l l  be re tro g ra d e ly  tra n sp o rte d  to  t h e i r  neurons in  th e  median raphe 
nucleus (MRN) and lo cu s c e ru leu s  (LC) (shaded c i r c l e s ) .  A fte r 5,7-DHT 
le s io n  In  th e  CB, th e  5-HT f ib e r s  a re  degenerated (shown in  dash l in e )  
and th o is  r e s u l t s  in  an un labeled  c e l l  in  th e  MRN (open c i r c l e ) .  When 
sp ro u tin g  occurs in  th e  5-HT f ib e r s  p ro je c tin g  through FF, th e  
sp ro u tin g  f ib e r s  (shown in  d o tted  l in e )  w i l l  take-up  e x tr a  HRP and 
r e s u l t  in  newly lab e le d  c e l l s  o r more in te n s iv e  lab e le d  c e l l s  in  th e  
MRN (so lid  c i r c l e ) .

5,7-DHT
CB

HRP in DHipp

FF

MRN

MFB

LC
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The 5-HT f ib e r s  in  th e  CB were le s io n ed  using  5,7-DHT. The 

re o rg a n iz a tio n  o f  lab e led  c e l l s  3* 7, 14, 21, and 42 days p o st 

C B -lesion were compared w ith  anim als sham -lesioned a t  se v e ra l o f th ese  

tim e p o in ts , a s  w ell a s  norm als. S eq u en tia l 5,7-DHT le s io n s  were made 

in  th e  FF to  id e n t i fy  th e  c h a ra c te r  o f th e  regrowing f ib e r s .

A fu th e r  study o f  th e  re o rg a n iz a tio n  o f  th e  raphe-hippocampal 

system  was performed by le s io n in g  o f bo th  major MRN-hippocampal 

connec tions. The reo rg a n iza tio n  o f  lab e le d  c e l l s  in  th e  MR was 

subseqen tly  observed 3, 14, and 42 days p o st CB-FF-lesion.

R e su lts

The d o rsa l hippocampi were sec tio n ed  and s ta in e d  w ith  

diam inobenzidine (DAB) to  a ssu re  th e  co n sis ten cy  o f  in je c t io n  

c o o rd in a te s . A 100 n l  in je c t io n  o f a  IQ# H RP-saline s o lu tio n  was 

confined to  th e  i p s i l a t e r a l  s id e  o f th e  d o rsa l hippocampus. The 

s ta in e d  neurons in  th e  b ra in  stem a re a  were observed m ainly in  th e  MRN, 

lo cu s  c e ru leu s , and th e  in te r f a s c ic u la r  nucleus (IFN).

(A) R eorgan iza tion  o f C e ll Population

( I )  Median raphe nucleus

The number o f lab e le d  c e l l s  in  MRN (see f ig u re  23) o f normal
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c o n tro l (303+37) and sham c o n tro l (296*33 ) no t s t a t i s t i c a l l y  

d i f f e r e n t  frcm each o th e r . 5,7-DHT has an immediate, s p e c i f ic ,  and 

alm ost complete b lock ing  e f f e c t  on se ro to n e rg ic  f ib e r s  o f  DMI 

p re tre a te d  r a t s .  Three days a f t e r  5,7-DHT le s io n  in  CB, th e  number o f 

lab e le d  c e l l s  was s ig n i f ic a n t ly  decreased  about 54# frcm normal 

(132+14). The number o f  lab e led  c e l l s  in  MRN remained s ig n i f ic a n t ly  

low a t  7 days (136+46) and-14 days (144+24) p o s t- le s io n . These c e l l s  

were m ostly  sp ind le-shaped  w ith  d iam eters o f  approxim ately  12um x 18um,

21 days pos1> lesion , th e  number o f  HRP lab e led  c e l l s  in  th e  MRN 

re tu rn ed  to  a  normal le v e l  (2# lower than  normal c o n tro l and 7# lower 

th an  corresponding  sham c o n tr o l ) . 42 days p o s t- le s io n  th e  number o f

lab e le d  c e l l s  increased  to  38# above th e  corresponding  sham c o n tro l .

Although th e  number o f lab e le d  c e l l s  in  long-term  CB-lesioned (21 

and 42 days p o s t - le s io n ) , m orphologically  and to p o g rap h ica lly , th e  

lab e le d  c e l l s  o f  long-term  CB-lesioned anim als a re  in d is tin g u ish a b le  

frcm  those  seen 3 days p o s t- le s io n  or normal ( f ig u re  24 ). The d e n s ity  

o f  H RP-reactive g ranu les i s  ap p re c ia b le ly  in creased  in  th e  lab e led  

c e l l s  in  th e  MRN o f  long-term  CB-lesioned anim als.

To determ ine whether the  newly lab e le d  c e l l s  tra v e le d  in  th e  CB 

( reg en era tin g  f ib e rs )  o r in  th e  HP ( c o l l a t e r a l  sp ro u tin g  f i b e r s ) , a 

second 5,7-DHT le s io n  in  th e  FF was made 2 days b efo re  HRP in je c t io n  in  

p rev io u s ly  CB-lesioned anim als. The number o f  lab e led  neurons in  MRN 

was alm ost t o t a l l y  e lim ina ted  in  3, 21 and 42-day CB-lesioned anim als 

(3# 7# and 10# l e f t  r e s p e c tiv e ly ) . The number o f lab e led  c e l l s  l e f t  

a f t e r  th e  FF le s io n  o f long-term  CB-lesioned r a t s  was s im ila r  to  th e
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number o f lab e led  c e l l s  seen a f t e r  combined CB-FF neu ro tox in  le s io n s  

(32+9) but was much lower th an  th e  number o f c e l l s  seen a f t e r  FF 

le s io n s  in  normal r a t s  (232+33)*

( I I )  I n te r f a s c ic u la r  nucleus

A group o f HRP lab e le d  c e l l s  i s  seen c lu s te re d  between th e  MLF 

a f t e r  in je c t io n  in to  th e  DHipp o f  normal r a t s .  These c e l l s  a re  sp in d le  

shaped and have a  v e r t i c a l  o r ie n ta t io n  which d i f f e r s  frcm lab e le d  c e l l s  

in  e i th e r  th e  MRN o r DRN, which a re  o r ie n te d  h o r iz o n ta lly  o r o b liq u e ly  

( f ig u re  18). A p rev ious study  has shown th a t  c e l l s  in  t h i s  group, th e  

in te r f a s c ic u la r  nucleus (IFN ), t r a v e l  only through th e  CB to  in n e rv a te  

d o rsa l  hippocampus (Zhou and A zm itia, 1983). N early a l l  o f  th e  c e l l s  

in  th e  IFN were e lim in a ted  by th e  5,7-DHT le s io n  in  th e  CB. The number 

o f  la b e le d  c e l l s  in  IFN remained low even a t  42 days p o s t- le s io n  (Table 

2 ) ,  a lthough  a t  th e se  long te rn  s u rv iv a l tim es th e  number o f HRP 

lab e le d  c e l l s  in  th e  MRN had s ig n i f ic a n t ly  in c reased .

( I I I )  The la b e le d  c e l l s  in  DRN a f t e r  th e  CB and th e  FF le s io n

Normally, th e  lab e le d  c e l l s  a f t e r  HRP in je c te d  in to  DHipp, were 

observed in  th e  MRN (about 300), th e  IFN (35£l5) and few, i f  any, in  

th e  URN near th e  ju n c tio n  o f  IFN. Three and fo u rtee n  days a f t e r

5,7-DHT in je c t io n  in to  th e  CB and th e  FF, th e  number o f lab e led  c e l l s  

in  MRN a f t e r  HRP in je c te d  in to  DHipp was reduced about 91# and 93# 

re s p e c tiv e ly . The lab e led  c e l l s  in  IFN were e lim ina ted  , w hile DRN 

remained un labe led . However, a t  42 days CB-FF le s io n , th e  number of
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lab e le d  c e l l s  in  MRN (31+9) and IFN (2+1) remained lew. But a  group o f 

HRP lab e led  c e l l s  (82+13) were observed appeared in  th e  i p s i l a t e r a l  

wing o f CRN near th e  aqueduct in  a l l  th re e  anim als ( f ig u re  25 ).
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Figure  23: Diagram shows th e  number o f HRP lab e led  c e l l s  in  th e  
CB-lesioned anim als ( s o l id  square) a f t e r  HRP in je c t io n  in  th e  DHipp a t  
v a rio u s  p o s t- le s io n  tim e. The number o f lab e led  c e l l s  i s  su b s ta n tia lly -  
decreased  3-day post-CB le s io n  a s  can pared to  normal (open c i r c le )  
(P<-002) and corresponding  sham (open square) (P< .002). The number o f 
HRP lab e le d  c e l l s  rem ains lew in  7 and 14 day post-CB le s io n . However, 
th e  number o f HRP lab e le d  c e l l s  i s  s ig n i f ic a n t ly  increased  a t  21-day  
and 42-day post-CB le s io n . (3-day vs 21-day : P<.001; 21-day vs 
42-day:P< .002). However, when th e  FF o f  th e  CB-lesioned groups were 
le s io n ed  2 days b e fo re  HRP in je c t io n ,  th e  number o f lab e led  c e l l s  
(so lid  c i r c le ;  in  MRN a re  m ostly  removed in  3-day, 21-d ay , and 42-day 
post-CB le s io n e d .
S o lid  sq u ares : C B -lesion groups 
S o lid  c i r c le s :  CB-FF-lesion groups 
Open squares: corresponding  sham 
Open c i r c le :  normal

too-

X
0  3  7 14 21 4 2

Days Post-Lesion
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Figure  24: The photom icrographs show coronal s e c tio n  o f  th e  MRN in  

th e  b rainstem . The lab e led  neurons a f t e r  HRP in je c t io n  in  DHipp a re  

shown in  th e  normal ( a ) ,  3-day ( b ) , 21-day  ( c ) ,  and 42-day (d) post-CB 

le s io n  anim als. The number o f HRP lab e led  c e l l s  were s ig n i f ic a n t ly  

decreased  a t  3-day p o s t- le s io n , b u t increased  to  about normal le v e l  a t  

21-day  and above normal a t  42-day p o s t- le s io n . The arrows in d ic a te  

lab e le d  c e l l s .
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Table 2: The number o f lab e led  c e l l s  in  th e  in te r f a s c iu la r  nucleus 

throughout th e  tim e course . Note th a t  n early  a l l  o f  th e  c e l l s  in  

th e  IFN were e lim ina ted  by a  5,7-DHT le s io n  in  th e  CB. These 

c e l l s  did  not reg en era te  back in to  th e  hippocampus even a t  th e  

42 days p o st le s io n .

group number days p o s t- le s io n  number o f  c e l l s  in  IFN

normal

3ham 3

21

42

38+3

32+5

39*18

CB le s io n 6

6

5

3

21

42

2+1

2+1

3*1

CB*FF le s io n  3 

3

3

3

21

42

2+1

1+2

2+2
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Figure  25: Photom icrographs show co ronal s e c tio n  in  th e  m idbrain 

le v e l .  The lab e led  c e l l s  a f t e r  HRP in je c t io n  in  th e  DHipp a t  42-day 

post-CB and FF le s io n , th e  lab e le d  c e l l s  a re  m ostly removed in  th e  

MRN. However, a  group o f lab e le d  c e l l s  appears in  th e  i p s i l a t e r a l  wing 

o f  th e  DRN. This group o f  c e l l s  i s  no t norm ally la b e le d  by HRP 

in je c t io n  in  th e  DHipp but by HRP in je c t io n  in to  th e  v e n tra l  

hippocampus. Arrows in d ic a te  th e  HRP lab e le d  c e l l s .  A: aq u id u c t.



D iscussion

Normally th e re  a re  303+57 HRP lab e le d  c e l l s  d e tec ted  in  th e  MRN 

a f t e r  in je c t io n  o f  100nl o f  10^ HRP in to  DHipp. Three days a f t e r

5,7-DHT in je c t io n  in to  CB, approxim ately  158 c e l l s  (54^) l o s t  t h e i r  

connections w ith  th e  hippocampus a s  a  r e s u l t  o f  damage to  t h e i r  f ib e r s .  

At t h i s  s ta g e , th e  lab e le d  c e l l s  which have su rv ived  a f t e r  CB le s io n  

a re  predom inately  p ro je c tin g  through th e  FF because a  second le s io n  3 

days a f t e r  th e  f i r s t  in je c t io n  in to  th e  CB in  t h i s  pathway reduced th e  

number o f lab e le d  neurons to  28^24. The c e l l s  in  th e  CB-lesioned group 

have no p a r t ic u la r  topographic  d is t r ib u t io n  to  d is t in g u is h  them from 

neurons in  th e  FF le s io n ed  group (excep t fo r  IFN, see  below ). The s iz e  

o f  th e se  lab e le d  c e l l s  a f t e r  CB in je c t io n s  a re  s im ila r  to  th a t  o f  

a d ja ce n t un labe led  neurons.

The number o f  lab e le d  c e l l s  in  MRN remained s ig n i f ic a n t ly  low 7 

and 14 days p o s t- le s io n . However, by 21 days a f t e r  CB le s io n , th e  

number o f  la b e le d  c e l l s  s ig n i f ic a n t ly  in creased  as compared to  3 days 

poBl>-lesion and approached th e  normal l e v e l .  Approximately 155 more 

neurons in  MRN were now lab e le d  by HRP re tro g ra d e  t r a n s p o r t  from th e  

d o rsa l hippocampus. These r e s u l t s  suggest th a t  th e  f ib e r s  o f  the  MRN 

c e l l s  in  hippocampus spared by th e  CB le s io n  had in creased  th e  amount 

o f  HRP tra n s p o rte d  presunably  by expansion o f t h e i r  te rm in a ls  w ith in  

th e  denervated  a re a . Tryptophan hydroxylase a c t iv i t y  in  th e  

hippocampus o f CB le s io n ed  anim als dropped a t  3, 7 , and 14 days 

p o s t- le s io n  and s ta r te d  to  in c re a se  by 28 days p o s t- le s io n  (Clewans and 

A zm itia, 1932). Thus, th e  biochem ical s tu d ie s  show a  s im ila r  tem poral

82



p a tte rn .

The increased  number o f lab e le d  c e l l s  in  42-days le s io n ed  anim als

compared to  normal anim als (F igu re  23) su g g ests  h y p e rin n e ra tio n  by MRN

f ib e r s  in  th e  hippocampus. An average o f  90 (29*7#) more c e l l s  in  MRN

a re  in n e rv a tin g  th e  hippocampus. A s im ila r  h y p e rin n e rv a tio n  in  th e
•x

d e n ta te  gyrus was observed by an te rog rade  tra n s p o r t  o f  H -p ro l in e  

frcm th e  MRN 90 days a f t e r  CB le s io n  (A zm itia e t  a l . , 1978). Evidence 

f o r  h y p erinnerva tion  by reg e n e ra tin g  5-HT f ib e r s  a f t e r  long-term

5,7-DHT le s io n  has a lso  been rep o rted  in  th e  hypothalamus (F ran k fu rt 

and A zm itia, 1982) and in  th e  m edulla (Wiklund e t  a l . ,  1980).

Two a d d it io n a l  e x p lan a tio n s  o f th e  increased  c e l lu l a r  la b e lin g  in  

th e  long-term  CB-lesioned r a t s  i s  th a t  th e  amount o f  HRP re tro g ra d e ly  

tra n sp o rte d  i s  in c reased  in  e x is t in g  f ib e r s  due to  lo s s  o f  com petition  

from o th e r  f ib e r s  in  th e  in je c t io n  a re a  o r to  changes in  uptake and 

t r a n s p o r t  r a t e s .  S u rv iv ing  f ib e r s  in  th e  te rm in a l a re a  would have a  

g re a te r  o p p o rtu n ity  to  se q u e s te r  HRP m olecules i f  a  m ajor inpu t was 

removed, such as th e  e n to rh in a l a f f e re n ts  (se e  d isc u ss io n  by S tew art 

and V insan t, 1978; Goldschmidt and S tew art, 1980). However, th e  

se ro to n e rg ic  in n e rv a tio n  d e n s ity  in  th e  hippocampus i s  approxim ately 

100 bou tons/10,000 u which re p re se n ts  about 0 .5#  o f th e  t o t a l  

bouton d e n s ity  in  th e  hippocampus (Koda and Bloom, 1977). S im ila r ly , 

in  th e  c e re b ra l c o rte x , th e  percen tage  o f  boutons co n ta in in g  5-HT i s  

0 .1 #  (Beaudet and D e sc a rr ie s , 1976).

The o th e r  a l te rn a t iv e  ex p lan a tio n  i s  th a t  th e  HRP uptake r e f l e c t s  

a  in c re a se  in  uptake by undamaged axons. E le c t r ic a l  (L itch y , 1973;

S3



N ishino e t  a l . ,  1979) and chem ical (Elseman and A zm itia, 1982; Dolivo 

e t  a l . ,  1977) s tim u la tio n  o f p e rip h e ra l nerves in c re ases  e i th e r  th e  

uptake and re tro g rad e  tra n s p o r t  o f HRP. Axotcmy o f  th e  o p tic  nerve 

reduces th e  uptake o f HRP in  th e  f i r s t  fo u r hours and th en  in c re a ses  

th e  uptake o f HRP f o r  th e  nex t fo u rte e n  hours a f t e r  le s io n  (H alperin  e t  

a l. ,1 9 7 5 ) -  The re lev an ce , i f  any, o f  th e se  o b se rv a tio n s  to  s tu d ie s  o f 

long-term  sp ro u tin g  i s  not known.

(A) S prou ting  v e rsu s  reg e n e ra tio n

I s  th e  in c re a se  in  th e  number o f  HRP lab e le d  c e l l s  due to  th e  

re g e n e ra tio n  o f  raphe-hippocam pal f ib e r s  through th e  CB o r  to  

c o l l a t e r a l  sp ro u tin g  f ib e r s  through th e  FF? A second neuro tox in  le s io n  

in  th e  PP pathway o f  p rev io u s ly  CB le s io n e d  anim als was found to  

e lim in a te  th e  lab e le d  c e l l s  in  th e  MRN (F igure  23)• The second le s io n  

was made in  th e  FF r a th e r  than  th e  CB because perform ing two tem porally  

sep a ra ted  le s io n s  in  th e  same s i t e  (CB) might be confounded by a  

"co n d itio n a l le s io n in g  e f fe c t"  -  axonal reg en era tio n  fo llow ing  an 

axotomy i s  a l te r e d  as a  r e s u l t  o f  axon having undergone a  p revious 

in ju ry  (M cquarrie e t  a l .  , 1973, 1978; Forman e t  a l . ,  1980). Our 

r e s u l t s ,  th e re fo re ,  in d ic a te  th a t  th e  in c re a se  in  th e  number o f  lab e led  

c e l l s  in  th e  MRN o f  long-term  anim als i s  due to  th e  growth o f  undamaged 

5-HT f ib e r s  t r a v e l in g  w ith in  th e  FF. I t  i s  a  canpensatory  growth o f 

in ta c t  f ib e r s  in  response to  th e  s e le c t iv e  and lo c a liz e d  damage o f  5-HT 

f i b e r  in  CB.

The second f a c t  in  favo r o f c o l l a t e r a l  sp ro u tin g  i s  th e
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o b se rv a tio n  th a t  c e l l s  in  th e  IFN did not reappear. The IFN i s  a  group 

o f  neurons s i tu a te d  between th e  MLF, which only  tak e s  th e  CB ro u te  to  

in n e rv a te  hippocampus (Zhou and A zm itia, 1983)- HRP lab e led  neurons in  

th e  IFN were e lim in a ted  by 5,7-DHT le s io n  in  CB, bu t not a f fe c te d  by

5,7-DHT le s io n  in  th e  FF. Label in  t h i s  group o f  neurons never re tu rn s  

even a f t e r  42 days post-C B -lesion . T his o b se rv a tio n  i s  c o n s is te n t  w ith  

th e  in te rp r e ta t io n  th a t  th e  HRP lab e le d  c e l l s  which appear a f t e r  21 

days a re  no t reg e n era tin g  damaged f ib e r s  in  th e  CB.

In  th e  CB and FF le s io n ed  anim als a f t e r  HRP in je c t io n  in  th e  

DHipp, la b e le d  c e l l s  in  MRN were m ostly  removed 3 days p o s t- le s io n .

T his low le v e l  o f  HRP la b e lin g  have remained up to  42 days. W ithout 

s ig n i f ic a n t ly  in c re a se . S ince th e  MRN i s  th e  major resou rce  o f  5-HT 

p ro je c tio n  to  DHipp, obviously  th e re  were no reg e n e ra tio n  from MRN or 

th e  reg e n e ra tin g  f ib e r s  can not reach  th e  DHipp in  42 day p o s t- le s io n .

I n te r e s t in g ly ,  a t  t h i s  s ta g e , a  group o f  HRP lab e led  c e l l s  were 

observed in  th e  l a t e r a l  wing o f  CRN which u su a lly  send 5-HT f ib e r s  to  

v e n tra l  hippocampus (VHipp). The 92 DRN c e l l s  obviously  sp ro u ts  new 

f ib e r s  frcm th e  VHipp to  in n e rv a te  th e  denervated DHipp, when 

reg e n e ra tin g  f ib e r s  frcm MRN f a i l  to  do so a t  42 days p o s t- le s io n . The 

com petition  o f  th e se  two d i f f e r e n t  regrow th i s  fu r th e r  d iscussed  in  th e  

g en era l d isc u ss io n  se c tio n .

(B) Homotypic versus h e te ro ty p ic  sp ro u tin g

Homotypic sp ro u tin g  i s  a  compensatory growth o f undamaged f ib e r s  

which c a rry  th e  same t r a n a n i t t e r  as th e  damaged f ib e r s ,  w hile
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h e te ro ty p ic  sp ro u tin g  i s  th e  growth o f a  d i f f e r e n t  chem ical f ib e r  type 

in  response to  damage o f a  neighboring  f ib e r .  In  th e  p re sen t study 

u s in g  th e  raphe-hippocampal dual in n e rv a tio n  model, th e  m ic ro in je c tio n  

o f  5,7-DHT l im i ts  th e  damage to  a  s in g le  f ib e r  type (5-HT) in  th e  CB 

pathway. Furtherm ore, a  t e s t in g  le s io n  using  5,7-DHT in je c t io n  in to  

th e  sp o ru tin g  t r a c t  in  th e  FF o f  long-term  CB les io n ed  anim als 

e lim in a ted  most o f  th e  increased  la b e lin g . This su p p o rts  th e  

h y p o th esis  th a t  th e  sp ro u tin g  f ib e r s  in  th e  FF a re  a lso  se ro to n e rg ic . 

Thus, sp ro u tin g  o f  5-HT f ib e r s  t r a v e l in g  in  th e  FF i s  a  response to  th e  

removal o f  a  s in g le  type  5-HT f ib e r s  in  th e  CB, a  homotypic sp ro u tin g .

5 . Homotypic S prouting : An Immunocytochemical Study 

In tro d u c tio n

The o rg an iz a tio n  o f 5-HT f ib e r s  in  th e  hippocampal te rm in a l f i e ld  

a f t e r  p a r t i a l  denervation  was a lso  s tu d ie d . In  th e  1970 's , f lu o re sc e n t 

h is to ch e m is try  provided a  d e ta ile d  p r o f i le  o f  degenera tion  and regrcw th 

o f  re a c t iv e  f ib e r s  a f t e r  damage. However, t h i s  technique has two major 

drawbacks: th e  f lu o re sc e n t product o f  5-HT, th e  b e ta -c a rb o lin e , i s  

extrem ely s e n s i t iv e  to  u l t r a v io l e t  l i g h t .  This r e s u l t s  in  a  rap id  

decom position and fad in g  o f  th e  yellow  f lu o re sc e n t product. Secondary, 

re c e n t m ethodological m o d ifica tio n s  o f f lu o rescen ce  s ta in in g  rem arkably 

in c re a se  i t s  s e n s i t iv i ty  fo r  catecholam ine, b u t do not seem to  provide 

any c le a r  improvement in  v is u a l iz a t io n  o f indolam ine ( IA ).
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Furtherm ore, i t  i s  o f te n  d i f f i c u l t  to  d is t in g u is h  between th e  green and 

yellow  flu o rescen ce .

Immunocytochemical s ta in in g  provided d i r e c t  v is u a l iz a t io n  o f 5-HT 

c o n ta in in g  f ib e r s  w ith  a  h igh degree o f  s e n s i t iv i t y  and s p e c i f i c i ty .

The d i s t r ib u t io n  and th e  morphology o f  th e  5-HT f ib e r s  in  th e  CB, th e  

FF, and th e  DHipp were examined u sin g  immunocytochemical s ta in in g .

R e su lts

In  normal an im als, th e  th ic k , s t r a ig h t  5-HT immunoreactive 

(5-HT-IR) axons in  th e  CB were observed to  be accumulated in  th e  m edial 

p o r tio n  o f  t h i s  bundle, throughout i t s  le n g th , p ro je c tin g  backwards to  

e n te r  th e  d o rsa l hippocampus, w hile  in  th e  fo m ix - f im b r ia  th ey  were 

s c a t te re d  evenly in  th e  whole bundle b e fo re  e n te r in g  th e  hippocampus.

In  th e  d o rsa l hippocampus, a r e s t r i c te d  lam inar p a t te rn  c h a ra c te r iz e s  

th e  5-HT in n e rv a tio n  o f th e  hippocampus ( f ig u re  2 6 ). T ortuous, f in e  

5-HT-IR f ib e r s  w ith  la rg e  v a r i c o s i t i e s  a re  densely  d is t r ib u te d  in  th e  

stra tum  lacunosom -m oleculare and stra tum  o r ie n s  o f  th e  cornu Ammonia, 

and in  th e  in f ra -g ra n u la r  la y e r  o f th e  d e n ta te  gyrus. The r e s t  o f th e  

hippocampus had fewer o f th e se  f ib e r s ,  in  vary ing  amounts. Super-dense 

5-HT-IR f ib e r s  w ith  abundant v a r ic o s i t i e s  were ev id en t in  th e  f a s c io la  

c in e re a  (FC, between CA1 and subiculum ).

Three days a f t e r  a  CB le s io n , th e  5-HT-IR f ib e r s  in  th e  CB d i s t a l  

to  and around th e  le s io n  were degenerated and m ostly ab sen t, w ith  dark 

d ro p le t l ik e  stumps (DDS) s c a t te re d  around, w hile  on th e  c o n tr a la te r a l
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s id e , th e  5-HT-IR f ib e r s  in  th e  CB were norm ally d is t r ib u te d  w ith  

s l i g h t  degenera tion  near th e  m id line . The 5-HT-IR f ib e r s  in  th e  

CB-lesioned d o rsa l hippocampus were d is t r ib u te d  in  a  p a t te rn  s im ila r  to  

th e  normal, b u t th e  d e n s ity  was reduced, e s p e c ia l ly  in  CA1 a re a  and th e  

in fra g ra n u la r  la y e r  o f  th e  low arm in  th e  d e n ta te  gyrus ( f ig u re  27 ).

DDS were d e te c te d , and were most prom inent in  th e  a re a  o f  th e  PC.

At 14 days p o s t- le s io n , no evidence o f in c re a se  in  d e n s ity  o f  th e  

5-HT-IR f ib e r s  was shown, nor was th e  d i s t r ib u t io n  p a tte rn  changed in  

th e  d o rsa l hippocampus a s  compared w ith  th a t  o f a  3-day C B -lesion. DDS 

g ra d u a lly  d isappeared . However, a  few f in e  5-HT-IR f ib e r s  were 

observed budding f ra n  th e  ran a in in g  DE6 ( f ig u re  2 8 ).

At 42 days p o s t- le s io n , th e  5-HT-IR f ib e r s  were densely  

d is t r ib u te d  in  th e  d o rsa l hippocampus i p s i l a t e r a l l y  a s  compared to  

th o se  in  c o n tr a la te r a l  s id e  and norm als ( f ig u re  2 9 ). They were more 

dense i p s i l a t e r a l l y  th an  c o n tr a la te r a l ly  in  th e  PC. No r e s to r a t io n  o f 

5-HT-IR f ib e r s  in  th e  i p s i l a t e r a l  CB was shown, b u t a  d ram atic  in c rease  

o f  5-HT-IR f ib e r s  in  th e  i p s i l a t e r a l  f im b ria  ad jacen t to  th e  

hippocampus was observed a s  compared w ith  th e  c o n tr a la te r a l  s id e  and 

normals ( f ig u re  30).

98



F igure  26: Dark f i e l d  photom icrographs shew th e  normal 
d is t r ib u t io n  o f 5-HT f ib e r s  in  th e  d o rsa l hippocampus. 5-HT 
immunoreactive (5-HT-IR) f ib e r s  a ttach ed  w ith  la rg e  v a r i c o s i t i e s  a re  
densely  d is t r ib u te d  in  th e  in fra r-g ran u la r la y e r  o f th e  d e n ta te  gyrus 
(DG) (B). and in  th e  s t r a tu n  lacunosom -m oleculare (3.L-M) (C) o f  cornu 
Ammonia (CA). The r e s t  o f  th e  a re a  i s  sp a rse ly  d is t r ib u te d  in  v a r ia n t  
degree. A super-dense  5-HT-IR f ib e r s  w ith  abundant v a r ic o s i t i e s  i s  
observed in  th e  f a s c io la  c in e re a  (FC) (A). CC: corpus callosum ; OR: 
g ran u le  la y e r .
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F igu re  27: 5-HT immunoreactive (5HT-IR) f ib e r s  in  d o rsa l 
hippocampus o f  3-day post-CB le s io n  anim als. The 5-HT-IR f ib e r s  in  th e  
d o rsa l  hippocampus a re  d is t r ib u te d  in  a  p a tte rn  s im ila r  to  th e  normal, 
b u t th e  d e n s ity  i s  reduced in  a l l  th e  a re a , e s p e c ia l ly  in  CA1 a re a  and 
in fra g ra n u la r  la y e r  in  th e  d e n ta te  gyrus (DG). CC: corpus callosum ,
CA1: cornu Ammonia a re a  1, FC: f a s io la  cinereum , ip s i :  i p s i l a t e r a l  s id e  
o f  th e  le s io n , Pr: pyram idal c e l l s  la y e r .
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Figure  28: R egenerating f ib e r s  (shown by arrow) observed budding 

from a  stunp  o f degenera ting  f ib e r  in  th e  cingulum bundle 14 days a f t e r

5,7-DHT le s io n .
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F igure  29: 5-HT inununoreactive (5-HT-IR) f ib e r s  in  d o rsa l 
hippocampus o f  42-day post-CB le s io n e d  anim als. The d e n s ity  o f  5-HT-IR 
f ib e r s  i s  g re a t ly  in c re a se  in  th e  f a s io la  cinereum (FC), th e  
in f r  ag ranu lar la y e r  o f  th e  d e n ta te  gyrus (DG), and th e  stra tum  
lacunoeonw noleculare o f CA1 to  CA3- A supra-norm al d e n s ity  o f  th e  
5-HT-IR f ib e r s  i s  observed in  th e  FC as compared w ith  i t s  c o n tr a la te r a l  
s id e . CC: corpus c a llo su n , CA: cornu Ammonis, DF: do rs  fo rn ix , GR: 
g ran u le  c e l l s  la y e r ,  ip e i :  i p s i l a t e r a l  s id e  o f  th e  le s io n .
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Figure  30 : The 5-HT inununoreactive (5-HT-IR) f ib e r s  in  th e  f im b ria  

o f  42-day post-CB le s io n  anim als (upper) a re  more dense in  th e  

i p s i l a t e r a l  s id e  ( r ig h t  s id e ) than  in  th e  c o n tr a la te r a l  s id e  and in  th e  

norm als (low er). LV: l a t e r a l  v e n tr ic le .

S(J ur n  I------------1
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D iscussion

The 5-HT-IR te rm in a l f ib e r s  were c le a r ly  observed only a f t e r  

p re trea tm en t w ith  L -tryp tophan  and p a rg y lin e . The 5-HT-IR te rm in a l 

f ib e r s  in  th e  DHipp were observed d is t r ib u te d  in  a  s im ila r  lam inar 

p a t te rn  to  th a t  p rev io u s ly  rep o rted  by A zm itia (1980), who used 

au to rad io g rap h ic  lo c a l iz a t io n  o f %-5-HT reu p tak e , and by Lidov e t  

a l  (1980), who used a n t i  serotonin-BSA im m unohistochanical s ta in in g . 

Abundant 5-HT-IR f ib e r s  w ith  extrem ely dense v a r ic o s t ie s  in  th e  PC 

( f ig u re  26, A) a re  rep o rted  h e re  fo r  th e  f i r s t  tim e. I t  w i l l  be 

in te r e s t in g  to  in v e s tig a te  th e  e le c tro p h y s io lo g ic a l p a t te rn  and 

fu n c tio n a l s ig n if ic a n c e  o f 5-HT synapses in  t h i s  a re a .

At 5 days p o s t C B -lesion , th e  degenera tion  p r o f i le  o f  5-HT f ib e r s  

in  th e  DHipp and th e  CB were s im ila r  to  th a t  rep o rted  in  th e  sp in a l 

cord  and m edulla a s  e lu c id a te d  by h is to f lu o re sc e n c e  s ta in in g  (Wiklund 

and B jorklund, 1980). The most prominent fe a tu re s  o f  t h i s  p e riod  i s  

th e  occurrence o f sw ollen  and d is to r te d  densely  s ta in e d  axons, and DDS 

on th e  proxim al s id e  o f  le s io n ed  5-HT f ib e r s .  These th ic k  5-HT-IR 

axons and DDS a re  presumably dependent on th e  accum ulation o f  5-HT by 

continued an terog rade  tra n s p o r t  in  th e  le s io n e d  neurons. The DDS were 

most fre q u e n tly  observed in  th e  PC, th e  CA1 a re a  and th e  in fra g ra n u la r  

la y e r  o f  th e  d e n ta te  gyrus, e s p e c ia l ly  in  th e  CB. A la rg e  number of 

le s io n e d  te rm in a l 5-HT-IR f ib e r s  d isappeared  in  th e  DHipp. T his i s  

c o n s is te n t  w ith  th e  low number o f lab e le d  c e l l s  in  th e  MRN a f t e r  HRP 

in je c t io n  in to  th e  DHipp a t  t h i s  s ta g e .

At 14- d^ys p o st C B -lesion, no apparen t d iffe re n c e  in  th e  d e n s ity
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o f  5-HT-IR te rm in a l f ib e r s  was observed as compared w ith  th a t  o f 5 days 

p o st CB-lesioned, except th a t  th e  amount o f  DDS and o f sw ollen  axons in  

th e  CB were decreased . A number o f f in e  reg en e ra tin g  f ib e r s  were 

ev id en t budding from DDS among th e  th ic k  axons in  th e  m edial p o r tio n  of 

th e  CB. The c lea ran ce  o f degenera ting  d e b ris , th e  onse t o f 

reg e n e ra tio n  from les io n ed  stumps, and th e  p rep a ra tio n  o f  homotypic 

sp ro u tin g  from su rv iv in g  5-HT f ib e r s  in  th e  DHipp c h a ra c te r iz e d  t h i s  

s ta g e .

However, a t  42 days p o st C B -lesion , th e  d e n s ity  o f  5-HT-IR f ib e r s  

was g re a t ly  increased  in  th e  FC, th e  in fra g ra n u la r  la y e r  o f  th e  d e n ta te  

gyrus, and th e  stra tum  lacunosom -m oleculare o f CA1 to  CA3. The d e n s ity  

o f  th e  5-HT-IR f ib e r s  was g re a te r  in  th e  i p s i l a t e r a l  PC as canp&red 

w ith  th e  c o n tr a la te r a l .  T his h y p erin n e rv a tio n  i s  tem porally  co in c id en t 

w ith  an abnorm ally h igh  number o f  lab e le d  c e l l s  in  th e  MRN a f t e r  HRP 

in je c t io n  in to  th e  DHipp o f  42 days p o st CB-lesioned an im als.

These high d e n s ity  5-HT-IR f ib e r s  were follow ed along t h e i r  

pathways to  th e  CB and th e  PF. There was no r e s to ra t io n  o f  5-HT-IR 

f ib e r s  d i s t a l  to  th e  le s io n  in  th e  CB. However, a  h igh  d e n s ity  o f 

5-HT-IR f ib e r s  was observed in  th e  i p s i l a t e r a l  FP, near th e  en tran ce  to  

th e  DHipp, in  th e se  long-term  CB-lesioned anim als, as compared w ith  

th o se  o f c o n tr a la te r a l  and o f  norm als.

These dense 5-HT f ib e r s  in  th e  DHipp were traced  back to  th e i r  

o r ig in  by re tro g rad e  tr a n s p o r t  o f  HRP from DHipp. An average o f 90 

more neurons th an  in  normals were lab e led  in  th e  MRN a t  t h i s  s ta g e .

When th e  5-HT f ib e r s  in  th e  PP were le s io n ed  by 5,7-DHT, only 32+9
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lab e led  neurons In  th e  MRN remained. Thus, th e  s p e c if ic  damage o f 5-HT 

f ib e r s  in  th e  CB i s  capab le  o f inducing a  p r o l i f e r a t io n  o f 5-HT f ib e r s  

from th e  undamaged FF, an example o f  compensatory homotypic sp ro u tin g .

6 . The G lucoco rtico id  E ffe c t On Sprou ting  

In tro d u c tio n

The g lu co c o rtic o id  e f f e c ts  on growth in  th e  a d u lt  nervous sy s tan  

a re  in te r e s t in g .  They have been repo rted  to  enhance axonal 

reg e n e ra tio n  (by c o r tic o tro p in )  in  th e  severed o lfa c to ry  bu lb  (F e r t ig  

e t  a l . ,  1971) and in  th e  sp in a l  cord (McMaster e t  a l . ,  1962), to  have 

no e f f e c t  on reg e n e ra tio n  o f  p e r ip h e ra l nerve tra n sp la n te d  in  th e  

cerebrum (Knowles and B erry , 1978), to  r e ta rd  h e te ro ty p ic  sp ro u tin g  of 

c a m n is su ra l-a sso c la tio n a l f ib e r s  in  th e  d e n ta te  gyrus a f t e r  i p s i l a t e r a l  

e n to rh in a l le s io n  in  th e  r a t  (S c h e ff e t  a l ,  1980; 1982) and to  re ta rd  

sp ro u tin g  o f v a so p ress in -co n ta in in g  f ib e r s  in  th e  zona in te rn a  o f th e  

median eminence a f t e r  e l e c t r i c a l  le s io n  o f  mixed f ib e r s  o f th e  

p a ra v e n tr ic u la r  nucleus (S ilvennan  and Zimmerman, 1982). The p resen t 

study  prov ids evidence th a t  c o rtic o s te ro n e  i s  a  n e c e ss ity  fo r  th e  

"homotypic sp rou ting" o f 5-HT system  in  th e  d o rsa l hippocampus.

R esu lts

The t o t a l  number o f neurons in  th e  MRN p ro je c tin g  to  th e  d o rsa l 

hippocampus decreased by 56^ a t  5 days post CB-lesion as compared w ith
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sham in je c te d  c o n tro l (sham: 295+48 neurons lab e le d  w ith  100 n l o f 10# 

HRP in je c te d  in to  th e  DHipp). This red u c tio n  re tu rn ed  to  c lo se  to  

normal le v e ls  by 21 days p o s t- le s io n . However, a t  t h i s  tim e th e  number 

o f  lab e le d  neurons in  th e  MRN remained s ig n i f ic a n t ly  reduced (64# lower 

th an  sham in je c te d  c o n tro l)  in  CB-lesioned ADX anim als. The ADX 

c o n tro l group, sham in je c te d  c o n tro l group, and normal c o n tro ls  showed 

no d if fe re n c e s  in  c e l l  la b e lin g .

However, th e  red u c tio n  o f  lab e le d  c e l l s  in  th e  MRN o f  21-day  post 

CB-lesioned ADX anim als i s  reversed  by subcutaneous im p lan ta tio n  o f 

c o r tic o s te ro n e  p e l l e t s  (288*53 neurons lab e led ) (see  ta b le  3 and f ig u re  

3 1 ).
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Table 3: The e f f e c t  o f ADX and c o r tic o s te ro n e  replacem ent on 

number o f HRP-labeled c e l l s  (mean+SD) in  MRN a f t e r  HRP in je c t io n  in to  

d o rsa l hippocampus o f CB-lesioned anim als.

Treatm ent groups Days p o s t- le s io n

0 3 21

Normal/CB le s io n ed  295+48 n=7 132+14 n=6# 280+41 rt=6

ABX/CB le s io n e d  286+13 n=3 121+18 n=3# 106+19 n=6£*

ADX/CB les io n ed  -  -  288+53 n=5

/Replacement

0 day gorups re p re se n t sham -lesioned groups. ANOVA, *= P < .001 

w ith  re sp e c t to  e f f e c t  o f  ADX, th e  v a rio u s  ADX groups a re  compared w ith  

normal ( w ithou t ADX) gorups a t  e i th e r  0 , 3 or 21 days correspond ing ly . 

#= P < .001: w ith  re sp e c t to  time cou rse , 3 and 21 days p o s t- le s io n  

groups i s  compared w ith  0 day groups (sham -lesioned co n tro l)  in  e i th e r  

CB le s io n ed  o r ADX/CB-lesioned anim als.

93



F igure  31: Photom icrographs show la b e le d  c e l l s  in  th e  MRN a f t e r  
HRP in je c t io n  in  th e  d o rsa l hippocampus. The number o f la b e le d  c e l l s  
a re  s ig n i f ic a n t ly  reduced a t  3-day post-CB le s io n  (b) as compared to  
normal ( a ) t b u t re tu rn s  to  normal le v e l  a t  21-day  p o s t- le s io n .
However, when anim als a re  adrenalectcm ized (ADX) du ring  th e  CB le s io n , 
th e  number o f  HRP lab e le d  c e l l s  rem ains low a t  21-day  post-CB le s io n  
( d) .  When c o r tic o s te ro n e  p e l l e t s  a re  im planted in  ADX r a t s ,  th e  number 
o f  lab e le d  c e l l s  again  in c re a se s  a t  21-day  post-CB le s io n  ( e ) .
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D iscussion

The sp ro u tin g  o f  homotypic f ib e r s  in  th e  FF a f t e r  th e  5,7-DHT 

le s io n  in  th e  CB has been s tu d ie d . There were more c e l l s  p ro je c tin g  

in to  th e  DHipp a s  a  r e s u l t  o f  homotypic sp ro u tin g  in  21-day  p o st 

C B -lesion anim als th an  in  5-day p o s t C B -lesion  an im als. However, t h i s  

sp ro u tin g  was re ta rd ed  by ADX. The number o f c e l l s  p ro je c tin g  to  th e  

DHipp remained low in  21-day  p o s t C B -lesion r a t s  which had been ADXed.

A subsequent rep lenishm ent o f c o r tic o s to ro n e  by subcutaneous 

im p lan ta tio n  o f  s o l id  c o r t ic o s te ro n e  p e l l e t s  a f t e r  ADX re s to re d  th e  

number o f  la b e le d  c e l l s  (se e  f ig u re  51) which p ro je c t  to  th e  DHipp in  

21-day  p o st C B -lesion ADX r a t s .

S ch e ff and h is  co lleagues (1980) rep o rted  t h a t  in je c t io n  of 

a d d itio n a l c o r t ic o s te ro n e  re ta rd e d  sp ro u tin g  o f  ccm m issure-associate  

f ib e r s  in  th e  d e n ta te  gyrus a f t e r  e n to rh in o l le s io n . These au th o rs  

l a t e r  agreed t h a t  bo th  lower and h igher doses o f c o r tic o s te ro n e  

( r e l a t iv e  to  p h y s io lo g ic a l le v e l)  in h ib i t  th e  sp ro u tin g  (1982). The 

p re se n t o b se rv a tio n  has shown th a t  th e  ADX which removes c o r t ic o s te ro n e  

frcm th e  c ir c u la t io n ,  t o t a l l y  b lo ck s th e  sp ro u tin g . On th e  o th e r  hand, 

replenishm ent o f c o r t ic o s te ro n e  in  ADX r a t s  back to  p h y s io lo g ic a l 

le v e ls  re le a s e s  th e  supp ression  on sp ro u tin g . Thus, c o r t ic o s te ro n e  

p lay s a  p e m is s iv e  ro le  on sp ro u tin g  a f t e r  b ra in  damage in  th e  a d u lt  

r a t .

I n te r e s t in g ly ,  th e  le v e l  o f c i r c u la t in g  c o r tic o s te ro n e  may p lay  a 

c ru c ia l  ro le  in  re g u la tin g  d i f f e r e n t  neuronal sp ro u tin g . The extrem ely
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low le v e l  o f c o r tic o s te ro n e  (by ADX) in  th e  c ir c u la t io n  may in c re a se  

(S ilverm en and Zimmeraen, e t  a l  1982) o r have no e f f e c t  (S ch eff e t  a l ,  

1982) on h e te ro ty p ic  sp ro u tin g  o f  v a so p ress in  f ib e r s  in  th e  median 

eminence and pyram idal f ib e r s  in  th e  d e n ta te  gyrus, b u t suppresses 

hcmotypic sp ro u tin g  o f 5-HT f ib e r s  in  th e  hippocampus. The "perm issive 

l e v e l” in  d i f f e r e n t  type o f sp ro u tin g  need to  be s tu d ied  fu r th e r .
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F igure  32: The number o f  HRP la b e le d  c e l l s  in  MRN a t  3* 21 and 42 
days a f t e r  5,7-DHT m ic ro in je c tio n s  in to  th e  CB. In  th e  CB-lesioned 
anim als , th e re  i s  a  s ig n i f ic a n t  d e c lin e  in  th e  number o f lab e le d  c e l l s  
a t  3 days (-56# P<.001 as compared to  sh a o - le s io n ) . The number o f 
la b e le d  c e l l s  s ig n i f ic a n t ly  in c re a se s  by 21 days and 42 days 
p o s t- le s io n  (3 days' vs 21 d a y s ':  P<.001; 21 days' vs 42 d a y s ':
P<.002). However, in  th e  CB-lesioned ADX-animals th e  number o f  lab e led  
neurons rem ains s ig n i f ic a n t ly  reduced (-64# P<.001 a s  compared to  
sham -lesion) a t  21 days. However, c o r tic o s te ro n e  replacem ent in  ADX 
r a t s  r e s to re s  th e  number o f  lab e le d  c e l l s  in  MRN to  th a t  seen in  normal 
r a t s  and s ig n i f ic a n t ly  g re a te r  th an  seen  in  ADX r a t s  (CB-lesioned ADX 
vs replacem ent: P<.001) .
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1 . Model

As regards th e  p l a s t i c i t y  a f t e r  damage in  th e  CNS, a ttem p ts a t  

reg e n e ra tio n  hack to  t h e i r  o r ig in a l  ta r g e ts  have fre q u e n tly  f a i le d  

because o f g l i a l  s c a r  fo rm ation  o r some unfavoralbe co n d itio n . 

H e tero ty p ic  sp ro u tin g  conducts chem ically  wrong s ig n a ls . "Homotypic 

re a c tiv e  sy n ap to g en esis" , th e  response o f in ta c t  f ib e r s  c a rry in g  th e  

same chem ical a s  f ib e r s  in  th e  denervated zone, i s  th e o re t ic a l ly  th e  

id e a l  model f o r  re in n e rv a tin g  th e  d isconnected  t a r g e ts  and making 

fu n c tio n a l  c o n ta c ts .

R eac tive  synap togenesis has been shown to  r e s u l t  in  fu n c tio n a l 

recovery . As d escrib ed , most o f  th e se  su c c e ss fu l cases involve le s io n s  

o f  i p s i l a t e r a l  p ro je c tio n s , and fu n c tio n a l r e s to ra t io n  re s u lte d  from 

sp ro u tin g  o f a l te r n a t iv e  homologous f ib e r s  from th e  c o n tr a la te r a l  3 ide. 

During ev o lu tio n  system s in  which b i l a t e r a l  p ro je c tio n  a re  received  

from chem ically  id e n t ic a l  neurons o f each s id e  developed in  many b ra in  

reg io n s . " B i la te r a l  innerva tion" may not be p h y s io lo g ic a lly  

s ig n i f ic a n t ,  bu t i t s  developnent may have preserved  th e  c a p a b il i ty  o f a  

neuronal system to  recover and su rv iv e  a f t e r  damage o f  i t s  p ro je c tio n s  

to  b ra in  reg io n s . The undamaged f ib e r s  o r ig in a tin g  from th e  

c o n tr a la te r a l  s id e  ca rry  th e  same t r a n s m it te r  and make homologous 

connections as th e  damaged f ib e r s .  Furtherm ore, a lread y  p re sen t in  th e  

denervated  a re a , th ey  do not have to  t r a v e l  f a r  from d i s t a l  le s io n  

s i t e .  In c o n tra s t ,  reg e n e ra tin g  f ib e r s  may have to  t r a v e l  m illim e te rs
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o r cen tim ete rs  and w ith  d i f f i c u l ty  o f  n e c ro s is . G eographically , th ese  

sp ro u tin g  f ib e r s  a re  in  a  b e t t e r  p o s it io n  and should be more e f f ic ie n t  

th an  reg e n era tio n  in  r e s u l t in g  in  re in n e rv a tio n . However, most o f  th e  

b i l a t e r a l  in n e rv a tio n  cases  involved le s io n s  o f  more th an  one type  of 

f ib e r s .  The q u estio n s  o f whether homotypic sp ro u tin g  can be tr ig g e re d  

by damage to  th e  same type f ib e r s  rem ains to  be t e s te d .  U n fo rtu n a te ly , 

fu n c tio n a l recovery  by c o n tr a la te r a l  compensation sometimes r e s u l t s  in  

abnormal l a t e r a l i z a t i o n ,  such a s  in  m o to r-v isua l system (Schneider, 

1973). In  t h i s  case abnormal l a t e r a l i z a t i o n  could be overcome by 

homotypic sp ro u tin g  to  a  b ra in  reg ion  o f  th e  same s id e .

There a re  se v e ra l advantages o f th e  raphe-hippocam pal model fo r  

a n a ly s is  o f  th e  re a c tio n  o f  th e  CNS to  in ju ry : 1. I t  i s  a  homotypic 

re a c tiv e  synap togenesis model. The hippocampus rec e iv e s  5-HT f ib e r s  

v ia  th e  CB and th e  FF from two homologous group o f neurons. S e le c tiv e  

le s io n in g  o f 5-HT f ib e r s  in  th e  one pathway induces homotypic sp ro u tin g  

from th e  o th e r. 2. Homotypic and h e te ro ty p ic  sp ro u tin g  in  response to  

removal o f a  s in g le  chem ically  id e n t i f ie d  f ib e r  type  can be s tu d ie d . 

Three d i f f e r e n t  chem ical systems a f f e re n t  to  d o rsa l hippocampus u se  th e  

CB and th e  FF: 1}c h o lin e rg ic  system  (Shute and Lewis, 1961; Cotman e t  

a l . ,  1973, Mosko e t  a l . , 1973), 2) no readrenerg ic  system (B lackstad  e t 

a l . ,  1967; Moore and H a la r is ,  1975; Jones and Mooore, 1977), and 3) 

se ro to n e rg ic  system  (U ngersted t, 1971; A zm itia and Segal, 1978; Lidov 

e t  a l . ,  1980; Shou and A zm itia, 1983). 3* The HRP method can id e n tify

th e  c e l l s  o f o r ig in  o f th e  sp ro u tin g  f ib e r s  during  th e  period  in  ■'which 

sp ro u tin g  i s  a c tu a l ly  o ccu rrin g , w hile  immunocytochemical s ta in in g  of 

5-HT f ib e r s  d i r e c t ly  p rovides evidence o f dynamic changes in  5-HT
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te rm in a tio n  p a tte rn s  in  th e  hippocampus a f t e r  le s io n .

2 . Homotypic S p rou ting

Homotypic sp ro u tin g  should meet s e v e ra l c r i t e r i a :  R einnervating  

f ib e r s  should 1) o r ig in a te  from an undamaged neuronal p o p u la tio n  which 

i s  homologous to  th a t  o f  th e  damage f ib e r s ,  2) c a rry  th e  same chem ical 

t r a n a n i t t e r  a s th a t  o f th e  denervated f ib e r s ,  and 3) subserve th e  same 

fu n c tio n  as th o se  o f th e  le s io n ed  f ib e r s .  S evera l l in e s  o f  evidence 

su p p o rt th e  id ea  t h a t  neurons o f th e  Raphe-CB-Hippocampal system and 

Raphe-FP-Hippogampal system a re  m orphologically  (Zhou and A zm itia,

1963) , b iochem ically  (A zm itia e t  a l ,  1978, McNaughton e t  a l ,  1980) and 

e le c tro p h y s io lo g ic a lly  (McNaughton e t .  a l . ,  1980) homologous. 5,7-DHT 

m ic ro in je c tio n  in to  th e  FF o f  long-term  CB-lesioned anim als e lim ina ted  

alm ost a l l  th e  increased  HRP la b e lin g  seen in  th e  MRN su g g estin g  th a t  

th e  sp ro u tin g  f ib e r s  in  th e  FF a re  se ro to n e rg ic . D irec t evidence of 

sp ro u tin g  a lso  comes from immunocytochemical s tu d ie s .  5-HT f ib e r s  were 

dim inished in  th e  CB-lesioned anim als, b u t near normal in  long-term  

CB-lesioned anim als. The fu n c tio n a l recovery  o f  asym m etrical tu rn in g  

a f t e r  u n i la te r a l  CB le s io n s  has been dem onstrated to  be due to  

sp ro u tin g  o f 5-HT f ib e r s  from th e  FF (see  nex t s e c t io n ) . These d a ta  

support th e  id ea  th a t  ranoval o f se ro to n e rg ic  f ib e r s  i s  s u f f ic ie n t  and 

necessa ry  fo r  th e  in d u c tio n  o f  homotypic c o l l a t e r a l  sp ro u tin g  o f  th e  

hippocampal se ro to n e rg ic  f ib e r s  and th e se  new sp ro u ts  r e s to re  bo th  

normal morphology and fu n c tio n  o f th e  raphe-hippocam pal system .
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3 . F u n c t i o n a l  R e s t o r a t i o n

A fu n c tio n a l c o r r e la te  o f sp ro u tin g  in  the  raphe-hippocam pal 

system  has been observed by A zm itia e t  a l .  (1978). A behav io r which 

re v e a ls  a  u n i la te r a l  hippocampal dy sfu n c tio n  due to  5-HT inba lance  was 

chosen f o r  t h i s  s tu d y . The tu rn in g  o f  anim als in  an u n fam ilia r  

environm ent was considered  to  be such a  b ehav io r, a s  th e  hippocampus 

has been im plica ted  in  n ove lty  d e te c tio n .

R ats were placed in  a  c i r c u la r  bowl (50 cm in  d iam eter) and 

observed fo r  20 m inuts b e fo re  and 30 m inuts a f t e r  th e  in je c t io n  of 

L-5-hydroxytryptophan (5-HTP, a  p recusor o f 5-HT). This trea tm en t 

re s u lte d  in  a  s p e c if ic  s t im u la tio n  o f  5-HT re c e p to rs  (Jacobs e t  a l . , 

1977). Three days a f t e r  u n i la t e r a l  C B -lesion, th e  r a t s  tu rned  to  th e

c o n tr a la te r a l  s id e  b e fo re  5-HTP and to  th e  i p s i l a t e r a l  s id e  a f t e r  5-HTP

( f ig u re  33)* Sham in je c te d  r a t s  showed no d if fe re n c e s  in  tu rn in g  in

th e  two d ire c tio n s  b e fo re  o r a f t e r  5-HTP. At 14-28 days a f t e r

m ic ro in je c tio n , th e re  were no d if fe re n c e s  in  tu rn in g  b e fo re  5-HTP, bu t 

a  marked c o n tr a la te r a l  tu rn in g  a f t e r  in je c t io n .  These o b se rv a tio n s 

sug g est th a t  5-HT re c e p to rs  had become su p e rse n s itiv e  to  5-HT on th e  

les io n ed  s id e  by day 14. T his i s  s im ila r  to  changs observed in  on 5-HT 

re c e p to rs  in  th e  s p in a l cord (Nygren e t  a l . ,  1974) and a c e ty lc h o lin e  

re c e p to rs  in  muscle f ib e r s  (M iledi and P o tte r , 1971). At 42-56 days 

a f t e r  CB le s io n , th e  r a t s  no longer d isp layed  any c o n s is te n t  d ire c tio n  

o f  tu rn in g  b e fo re  o r a f t e r  5-HTP a d m in is tra tio n  ( f ig u re  3 3 ). However, 

a  s tro n g  c o n tr a la te r a l  tu rn in g  reappeared w ith  5,7-DHT in je c t io n  in to  

th e  m id line  of th e  PP in  th e  long term  anim als.
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The change in  tu rn in g  response i s  not due to  g en era lized  motor 

dysfu n c tio n  because th e  an im als' t o t a l  a c t iv i t y  remained unim paired 

a f t e r  u n i la te r a l  CB le s io n  and th e  asym m etrical tu rn in g  behav io r 

continued to  h a b itu a te  ra p id ly  over th e  20 min t e s t  pe riod  (75# 

o ccu rrin g  in  th e  f i r s t  4 m in).

At p re se n t, fu n c tio n a l r e s to ra t io n  i s  thought to  r e s u l t  frcm 

hcmotypic re in n e rv a tio n  (sp ro u tin g  o r re g e n e ra tio n ) . However, 

fu n c tio n a l r e s to ra t io n  does not n e c e s sa r ily  always r e f l e c t  

m orphological re c o n s tru c tio n . D enervation s u p e r s e n s i t iv i ty  ( f o r  rec en t 

review , se e  T h e s le ff  and S e l l in ,  1980), unmasking o f p h y s io lo g ic a lly  

s i l e n t  in n e rv a tio n  (Dostrovsliy e t  a l . ,  1976; Basbaun and V a i l ,1976;

V a il  and Eggar, 1 9 7 0 , and rearrangem ent o f  c o rte x  p re s e n ta tio n  

(sensory-m otor) through a  fo re ig n  re in n e rv a tin g  f ib e r s  to  a  p a r t i c u la r  

body reg ion  (Brinkman e t  a l . ,  1983) have been rep o rted  to  rev e rse  

fu n c tio n a l ab n o rm alitie s  frcm neuronal damage in  th e  absence of 

s u b s ta n t ia l  re in n e rv a tio n . The d e f in i t io n  o f  fu n c tio n a l r e s to ra t io n  

depends on th e  ta sk  th a t  anim als perform . For example, in  th e  p rocess 

o f  rem odeling o f c e n tr a l  v is u a l  c i r c u i t r y  fo llow ing  le s io n s  o f th e  

su p e rio r  c o ll ic u lu s  (SC) o f  th e  developing  ham ster, r e t i n a l  axons th a t  

would norm ally in n e rv a te  th e  damaged SC, a re  grow in to  th e  

c o n tr a la te r a l  SC (S chneider, 1973; Schneider and Jh a v e r i ,  1974). The- 

consequenge o f t h i s  re o rg a n iz a tio n  i s  th a t  th e  anim als reg a in  th e  

a b i l i t y  to  v is u a liz e  but e x h ib it  abnonnal o r ie n ta t io n  to  s tim u li  

p resen ted  in  th e  v isu a l f i e ld  o f th e  eye t h a t  was deprived o f  i t s  

c e n t r a l  t a r g e ts .  Animals may not ca tch  food frcm th e  a ffe c te d  s id e , 

b u t they  can perceive  th e  approaching p red a to r  and escape.
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F igure  33: The n e t tu rn in g  (Til) a t  v a rio u s  tim es a f t e r  u n i la t e r a l  
in je c t io n  o f  5,7-DHT in to  th e  r ig h t  CB i s  expressed as th e  d if fe re n c e  
in  130° tu rn s  b e fo re  (od) and a f t e r  (d) 5-hydrojty try p tophan (5-HTP)
[TN = (R -  L)od -  (R -L)dj. At 3 day th e  r a t s  showed in c re a se  l e f t  
( c o n t r a la te r a l )  tu r in g  b e fo re  and r ig h t  ( i p s i l a t e r a l )  tu rn in g  a f t e r  
5-HTP. However a t  10, 14, and 28 days a f t e r  le s io n , th e  s i tu a t io n  i s  
reversed  w ith  r a t s  d isp la y in g  no d iffe re n a c e  in  tu r in in g  b e fo re , b u t a  
m arkedly in c rease  l e f t  tu rn in g  a f t e r  5-HTP in je c t io n .  The n e t tu rn in g  
a t  42, and 56 days a f t e r  CB le s io n  dem onstrated th a t  th e  r a t s  a re  no 
lo n g er showing any s ig n if ic a n t  asym m etrical tu r in g  behav io r. However 
i f  a  m id line  in je c t io n  o f  5,7-DHT i s  made in to  FF o f  42-day C B -lesion 
r a t s ,  th en  th e  n e t  tu rn in g  (d o tte d  l in e )  i s  s im ila r  to  th a t  observed 
14-day C B -lesion a lone , bu t s ig n i f ic a n t ly  d i f f e r e n t  from a  comparable 
group o f  r a t s  a t  56-day C B -lesion. Adapted form A zm itia e t  a l . ,  1978.
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4 .  M echanism

The Mechanism Of th e  Regrowth Of th e  Nervous system

At p re se n t, th e re  i s  no s in g le  mechaniaa which can apply  to  a l l  

phenomena o f regrow th. Most a ttem p ts to  e lu c id a te  mechanisms o f 

regrearth succeed only p a r t i a l l y .  Perhaps d i f f e r e n t  forms o f regrow th 

have d i s t in c t  mechanians.

Most o f  th e  t r a i n 's  m olecu lar s t r u c tu r e ,  a s  in  o th e r p a r ts  o f th e  

body, i s  in  a  s t a t e  o f c a ta b o lic  and anabo lic  ba lance . In  th e  axon, 

t h i s  ba lance  r e s u l t s  in  e lo n g a tio n , r e t r a c t io n  and m aintenance o f  th e  

axon. Axonal sk e le to n  p ro te in s  e s s e n t ia l  fo r  axonal growth , such as 

a c t in  and tu b u lin  and components o f n eu ro filam en ts , a re  tra n sp o rte d  

down to  axon. The assembly and disassem bly o f m icro tubu les and 

neu ro filam en ts i s  balanced by continuous tra n s p o r t  o f th e se  p ro te in s  

and by a  calcium  dependent d isassem bling  enzyme, p ro te a se , in  th e  axon 

te rm in a l (Hofftnan and Lasek, 1975). I t  i s  assumed th a t  o th e r  elem ents, 

g ly c o p ro te in s , l i p id s ,  e tc ,  a re  modulated in  a  s im ila r  manner. 

M anipulation o f p ro tea se  a c t iv i t y ,  by th e  c o n cen tra tio n  o f Ca4"* in  

th e  axon te rm in a l, might a l t e r  th e  equilibrum  between polymerized 

m icro tubu les and f r e e  tu b u lin , and in  tu rn  a f f e c t  axonal e lo n g a tio n . 

Lasek and Hofflnan 0 9 7 6 ) propose th a t  axonal sp ro u tin g  i s  norm ally 

prevented by c o n tin u a l d isassem bly o f  neu ro filam en ts and m icro tubules 

in  th e  axonal te rm in a ls  due to  e n try  o f Ca4"*" in to  th e  nerve 

te rm in a l th a t  norm ally occurs as a p relude  to  t r a n s m it te r  re le a s e .
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Most regrowth has been observed a f t e r  a  b ra in  reg ion  was le s io n e d . 

L esion ing  has m u ltip le  e f f e c t s ,  which inc lude  degenera tion , in a c t iv i ty  

o f  t a r g e t  re c e p to rs , th e  re le a s e  o f tro p h ic  or in h ib i t in g  f a c to r s ,  and 

in creased  g l i a l  a c t iv i t y .  Each phenomenon has been proposed as th e  

s tim u lu s  fo r  i n i t i a t i n g  regrow th in  one o r  more form s, and has been 

in d iv id u a lly  te s te d .

A. N eurotrophic In te ra c t io n

A ll le s io n s  r e s u l t  in  degenera tion  o f  n e u r i te s .  R elease  of 

humoral neu ro troph ic  f a c to r s  can be induced by deg en era tio n  o f 

p resy n ap tic  elem ents. Ramon y C a ja l w rote in  1928 th a t  "The 

degenerated  nerves o f  th e  p e r ip h e ra l stump give out in to  th e  sc a r  some 

substance—an enzyme, n u t r i t i v e  substance , o r o th e r m a te r ia l—which 

s tim u la te s  th e  a s s im ila tio n  and growth o f  th e  sp ro u ts  " .

Hofflnan (1950) found th a t  e x tr a c ts  o f degenera tion  products induce 

sp ro u tin g  o f f ib e r s  in n e rv a tin g  in ta c t  m uscles. This e x tr a c t  was 

subsequently  id e n t i f ie d  a s  an u n sa tu ra ted  f a t t y  acid  in  th e  m yelin 

sh ea th  and named " n e u ro c le t in " . The p roducts  o f  nerve d eg en era tio n  can 

a lso  cause s u p e r s e n s i t iv i ty  o f  p o s t-sy n a p tic  re c e p to rs  s im ila r  to  th a t  

caused by d enerava tion . (Jones and V yskocil, 1975; Lano and W estgaard, 

1975; Jones and Vrbova, 1974; Vrbova, 1967).

The e f f e c ts  o f degenera tion  products a re  probably  n o n sp ec ific  w ith  

re sp e c t to  regrow th. This hypo thesis  may apply  to  reg en e ra tio n  and 

re a c tiv e  synaptogenesis bu t no t to  pruning . Furtherm ore, t h i s  

mechanism c o n tra d ic ts  sp ro u tin g  dem onstrated in  th e  absence of
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d e g e n e r a t io n  a a  d e s c r ib e d  b e lo w .

Denervated t a r g e ts  gan a lso  induce nerve growth by th e  r e le a s e  of 

s im ila r  tro p h ic  f a c to r s .  In a c tiv e  muscles gan cause sp ro u tin g  o f  t h e i r  

nerve supp ly , and show re c e p to r  h y p e rs e n s it iv i ty  to  them (Fhmbrough, 

1979; Edwards, 1979; B u rt, 1978; Purves and Lichtman, 1978; Pestrorik 

and Drachman, 1976; Lavoie and C o l l ie r ,  1976; Lomo and W estgaard,

1975). A so lu b le  humoral agent e x tra c te d  frcm denervated  m uscles, has 

been shown to  work as a  n eu ro troph ic  f a c to r ,  inducing sp ro u tin g  (van 

H arreveld , 1947). T etrodo tox in , causing  muscle in a c t iv i ty  by b lock ing  

im pulse p ropagation  (Brown and Iro n to n , 5977); botulinum  to x in , 

b lo ck in g  neurom uscular tran sm iss io n  by p rev en tin g  a c e ty l ch o lin e  

re le a s e  (I ro n to n  e t  a l . ,  1978); D -tubocurarine  (Wernig and S tover,

1979) and a lpha-bungaro tox in  (H olland amd Brown, 1980; P estrank  and 

Draghman, 1978), b lock ing  a c e ty lg h o lin e  b ind ing  on muscle re c e p to rs , 

were a l l  rep o rted  to  induce sp ro u tin g  w ith in  3 to  5 days w ithout 

damaging nerve f ib e r s .  These experim ents in d ic a te  th a t  t a r g e t  d isu se  

gan cause sp ro u tin g  in  neuro-m uscular ju n c tio n s . Muscle in a c t iv i ty  per 

s e  cannot be a  d i r e c t  s tim u lu s , a s suggested  by Cotman e t  a l ,  (1981). 

What i s  im p lic i t  in  th e  h ypo thesis  i s  th a t  in a c tiv e  m uscles s e c re te  a 

substance  th a t  induces sp ro u tin g  o r th a t  in a c tiv e  m uscles cease to  

s e c re te  a  substance  th a t  p reven ts sp ro u tin g . S im ila rly  a  tro p h ic  

f a c to r s  may be involved in  reg e n e ra tio n  and re a c tiv e  synap togenesis, 

b u t i s  probably no t involved in  pruning.

On th e  o th e r  hand, neuronal regrow th can be a  r e s u l t  o f  r e le a s e  

frcm normal in h ib i t io n .  In  o th e r  words, neurons may norm ally se c re te  

humoral f a c to r s  in h ib i t in g  th e  regrow th o f th e  o th e r  neurons. In  th e
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salam ander, le s io n  o f  sp in a l nerve 16 induced c o l l a t e r a l  sp ro u tin g  o f 

th e  two ad jacen t sp in a l  nerves (15 and 17) in to  th e  denervated 

t e r r i t o r y  o f  nerve 16 in  th e  hindiim b. I d e n t ic a l  r e s u l t s  were oberved 

a f t e r  trea tm en t o f nerve 16 w ith  c o lc h ic in e , w ithou t in te r ru p tin g  nerve 

im pulses nor causing  degenera tion  (Cooper e t  a l ,  1977; Diamond e t  a l . ,  

1976; and A guilar e t  a l . ,  1973). These r e s u l t s  were expanded upon by 

Diamond e t  a l .  (1976), who dem onstrated th a t  a  f a c to r  in h ib i t in g  

sp ro u tin g  t r a v e ls  to  th e  nerve endings by axonal t r a n s p o r t ,  and i s  

l ib e ra te d  th e re  to  co u n te rac t a  growth-prom oting stim u lus con tinuously  

se c re te d  by th e  ta r g e t  t i s s u e .  S im ila r f in d in g s  were rep o rted  in  

mammalian neurom uscular ju n c tio n  (Guth e t  a l . , 1980) and hippocampus 

(Goldowitz and Cotman, e t  a l . ,  1980).

Again, t h i s  h y p o th esis  may account fo r  re a c tiv e  synap togenesis, 

b u t i t  cannot ex p la in  pruning.

B. P r in c ip le  o f C onservation

Many hypotheses regard ing  th e  mechanism o f  regrow th do not 

adequate ly  address th e  sp ro u tin g  responsive to  pruning.

The so -c a lle d  p r in c ip le  o f co n serv a tio n , a r t ic u la te d  dy Dever and 

3chneider (1975), a p p lie s  to  such phenomenon. According to  t h i s  

p r in c ip a l ,  neurons a re  in t r i n s i c a l ly  programmed to  e la b o ra te  a  defined  

q u a n tity  o f te rm in a l a rb o r iz a tio n s  during  development. L esions 

p rev e n tin g  th e  growth o f one branch o f th e  neuron r e s u l t  in  a  

compensatory overgrowth frcm th e  o th er b ranches. This has a lso  been
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c a l l e d  t h e  " p r u n in g  e f f e c t "  ( S c h n e id e r ,  1 9 7 3 )-

The p r in c ip le  a lso  holds tru e  w ith  re sp ec t to  th e  converse 

s i tu a t io n .  E xcessive a rb o r iz a tio n  during  development ( re fe re n c e s  see  

in tro d u c io n , p. 15) and a f t e r  a le s io n  in  th e  ad u lt (Murray, 1982) 

o ccu rrs  but in n e rv a tio n  ev en tu a lly  re tu rn s  to  th e  normal le v e l  as 

programmed. However, t h i s  p r in c ip a l  seems c o n tra d ic to ry  to  re a c tiv e  

synap togenesis and o th e r  types o f c o l l a t e r a l  sp ro u tin g  th a t  g en era te  

e x tr a  a rb o r iz a tio n s  to  a  denervated t e r r i t o r y .

C. G lia l  In te r a c t io n

A ro le  fo r  th e  g l i a l  c e l l s  in  neuronal r e p a ir  and reg e n e ra tio n , 

a lthough s t i l l  in co n c lu s iv e , has long been proposed. Ramon y C a ja l 

proposed in  h is  s tu d ie s  o f reg e n e ra tio n  th a t  g l i a l  c e l l s  p lay  a  

fundam ental ro le  by s tim u la tin g  axon endings to  form new branches.

G lia l  c e l l s  have been rep o rted  to  p r o l i f e r a te  in  th e  denervated a re a , 

m ig ra te  to  th e  v ic in i ty  o f th e  in ta c t  f ib e r s  (G a ll e t  a l . ,  1979) and 

a s s o c ia te  them selves w ith  newly formed sp ro u ts  (S p e id e l, 1941).

D ivid ing  g l i a  induce axons to  grew. This was f i r s t  observed by 

S peidel in  th e  l iv in g  tad p o le  (1937; 1941). D ividing Schwann c e l l s  

cause th e  axon to  sp ro u t c o l l a t e r a l s ,  w ith  conccm itant form ation  o f a 

node o f R anvier (Edds, 1953; S p eid e l, 1941). The negative  s id e  i s  th a t  

X-ray i r r a d ia t io n  to  in h ib i t  g l i a l  c e l l  d iv is io n  did not seem to  

in flu e n ce  regrowing f ib e r s  (Edds, 1953). Futhermore, g l i a l  a c t iv i t y  

d e c lin e s  b e fo re  regrowth i s  i n i t i a t e d  in  th e  CJIS (G all and lynch , 1979, 

McWilliams and lynch , 1978; and Lee e t  a l . ,  1977).  However, the



d eg en era tin g  te rm in a ls  a re  ra p id ly  removed by g l i a  frcm posh -synap tic  

s i t e .  T his may in d ic a te  th a t  th e  g l i a l  a c t iv i ty  p repares a  s u i ta b le  

environm ent fo r  growth by v a rio u s  a f f e re n ts .

G lia  may a lso  s e c re te  n eu ro troph ic  f a c to r s  (Varon and Somjen,

1979; Varon and Bunge, 1979). Trophic substances re le a sed  by g l i a  such 

a s  NOT (L evi-M ontalcin i and Hamburger, 1951; L evi-M ontalc in i, 1976; 

Bradshaw and Young, 1976) and g l ia l - r e le a s e d  p ro te in  (GRP) (Arenander 

and D eV ellis 1981 a ,b ) have been proposed to  i n i t i a t e  regrow th.

The H ypo the tica l Mechanism o f  G lu co co rtico id  E ffe c t on 

Homotypic Sprou ting

There a re  th re e  p o ss ib le  ways which g lu c o c o rtic o id s  can in flu en ce  

hcmotypic sp ro u tin g  o f 5-HT f ib e r s  in  th e  hippocampus.

A. Hippocampal tro p h ic  f a c to r

The hippocampus i s  th e  p r e f e r e n t ia l  uptake s i t e  fo r  endogenous
•T

c o rtic o s te ro n e  as w e ll as fo r  exogenous H -co rtico ste ro n e  (McEwen 

and Micco, 1980) in  th e  CNS. Both pyram idal and g ran u la r neurons have 

a  h igh a f f i n i t y  uptake mechanian fo r  g lu c o c o rtic o id s . The b ind ing  of 

g lu c o c o rtic o id  occurs f i r s t  in  th e  c y to so l, and then  th e  m olecule i s  

tra n s lo c a te d  to  th e  necleus (McEwen and V allach , 1975; Rhees e t  a l . ,  

1975; Turner and McEwen* 1980). t h i s  ro u te , g lu c o c o rtic o id s  may 

in flu e n ce  t r a n s c r ip t io n  o f hippocampal tro p h ic  f a c to r  -which in  tu rn  

reprograms th e  m etab lic  balance in  p resy n ap tic  neurons.
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B. G l i a l  i n t e r a c t i o n

G lucoco rtico id s have been repo rted  to  in c re a se  a c t iv i t y  o f 

a s tro c y te s  (S ch eff e t  a l . ,  1980). A strocy tes a re  an e s s e n t ia l  element 

in  m ain ta in ing  th e  neuronal a c t iv i ty .  On th e  o th e r  hand, 

g ly cero l-3 -p h o sp h ate  dehydrogenase (GPDH), a  phospholip id  sy n th e tic  

enzyme e s s e n t ia l  fo r  th e  m yelination , i s  reg u la ted  throughout th e  b ra in  

by g lu c o c o rtic o id s  (De V e l l is  and In g lis h , 1968). In  a d u lt r a t s ,  ADX 

cause a  60$ decrease  in  GPDH a c t iv i t y .  A dm in istra tion  o f ACTH or 

g lu co c o rtic o id  p reven ts t h i s  decrease  in  enzyme a c t iv i t y .  GPDH was 

l a t e r  confirmed as be ing  lo ca te d  in  o ligodendrocy tes (L e v e ille  e t  a l . ,  

1980). NJyelination by o ligodendrocy tes p rov ides guidance to  th e  

growing axons (R eference see  above). I n te re s t in g ly ,  on th e  o th e r  hand, 

g lu co c o rtic o id  a d m in is tra tio n  to  developing r a t s  was repo rted  to  

in h ib i t  n y e lin a tio n  { F rie d ric h  and Bohn, 1980). The d iv e r s i ty  o f 

g lu co c o rtic o id  e f f e c ts  i s  a lso  exem plified  by th e  ob serv a tio n  th a t  

th e se  s te ro id s  re g u la te  hcmotypic sp ro u tin g  o f 5-HT f ib e r s  (p re se n t 

s tu d ie s )  and h e te ro ty p ic  sp ro u tin g  o f  c h o lin e rg ic  and pyram idal f ib e r s  

(S ch eff e t  a l . , 1980, 1982). The co n ce n tra tio n s  o f g lu co c o rtic o id  

req u ired  in  th e  re g u la tio n  o f th e se  v a rio u s  p rocesses might be th e  key 

to  th e  v a r ia t io n .

Futhermore, The e x is te n c e  o f g lu c o c o rtic o id  re c e p to rs  in  g l i a l  

c e l l s ,  a lthough l i t t l e ,  has been id e n t i f ie d .  A utoradiographic s tu d ie s  

w ith  ^H-dexamethasone rev e a l a  r a th e r  uniform  d is t r ib u t io n  of 

r a d io a c t iv i ty  ac ro ss  b ra in  reg ions and p o in t to  a  la b e lin g  o f n e u ro p il. 

L o c a liz a tio n  to  c e l l  n u c le i ty p ic a l  o f g l i a l  c e l l s  was d e tec ted  (Rees 

e t  a l . ,  19T5, Rhees e t  a l . , 1975; Varembourg, 1975). Bindings in  g l i a l
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c e l l s  i3 a lso  both c y to s o lic  and n u c lea r. G lucoco tico ids may a lso  p lay  

a  ro le  in  re g u la tin g  t r a n s c r ip t io n  o f g l i a l  tro p h ic  f a c to r .

C. E ffe c t on t r a n a n i t t e r  development

A p e c u lia r  c h a ra c te r  of g lu c o c o rtic o id  makes i t  a  s u i ta b le  

cand ida te  fo r  re g u la tin g  hcmotypic sp ro u tin g . The g lu co c o rtic o id  has a  

s e le c t iv e  e f f e c t  on t r a n a a i t t e r  development. I t  i s  p o ss ib le  to  

experim en ta lly  c o n tro l  th e  type o f  t r a n s m it te r  in  sym pathetic  neurons 

through m anipu lation  o f th e  hormonal environment surrounding them 

(Bunge e t  a l . ,  1978; P a tte rso n , 1978; LeDouarin, 1980). Normally a l l  

neurons in  th e  neonata l r a t  su p e rio r  c e rv ic a l  ganglion  (SCO-) d isp la y  

catecholam ine flu o rescen ce  (Erahko, 1972). Biochem ical assays 

dem onstrate t h a t  th e  neurons a re  capable  o f  sy n th e s is in g  and 

accum ulating catecholam ines, b u t no t a c e ty lc h o lin e  (P a tte rso n  and Chun, 

1977b). I n te r e s t in g ly ,  th e se  same sym pathetic neurons can become 

c h o lin e rg ic  through th e  in flu en ce  o f some f a c to r s  o f non-neuronal c e l l s  

(P a tte rso n  and Chun 1977a, Landis, 1980; H avrot, 1930). The neurons 

develop th e  cap a c ity  to  produce a c e ty lc h o lin e  and form fu n c tio n a l 

c h o lin e rg ic  synapses (Ko e t  a l . ,  1976; O'Lague e t  a l . , 19^3; Eurshpan 

e t  a l . , 1976; Nurse and O'Lague, 1975). However, c o r tic o s te ro n e  

in h ib i t s  th e  development o f c h o lin e rg ic  p ro p e r t ie s  (McLennan e t  a l . ,

1980), and f a c i l i t a t e s  th e  development o f  catecholam ines in  th e  3CG. 

Normally a f t e r  14 days in  c u l tu re ,  c h o lin e  a c e ty l t r a n s fe ra s e  (an 

a ce ty lc h o lin e  sy n th e tic  enzyme) a c t iv i ty  i s  h igh  and ty ro s in e  

hydroxylase (TH, catecholam ine sy n th e tic  enzyme) le v e ls  have f a l le n ;

10~°M c o rtic o s te ro n e  in  th e  medium p rev en ts  t h i s  change and 

d ecreases th e  cho line  a ce ty l- tra n s fe ra se /T H  a c t iv i t y  r a t io  te n fo ld
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(Mclennan e t  a l ,  1930). Thus, g lu c o c o rtic o id s  p r e f e r e n t ia l ly  

f a c i l i t a t e  catecholam ine and in h ib i t  a c e ty lc h o lin e  development in  th e  

SCO.

As d esc rib ed , g lu c o c o rtic o id s  a re  a ls o  involved in  th e  development 

o f b ra in  tryp tophan  hydroxylase (TrH). I t  p lays a  perm issive ro le  in  

TrH m atu ra tion  during  development (Sze, 1976; 1980) a s  w e ll as in  

m ain ta in ing  TrH a c t iv i t y  in  th e  a d u lt r a t  (A zm itia and McEwen, 1969). 

Thus, g lu c o c o rtic o id s  may provide a  fav o rab le  environment s p e c i f ic a l ly  

f o r  th e  growth o f homotypic 5-HT f ib e r s ,  w hile  su p re ss in g  h e te ro ty p ic  

growth o f pyram idal and c h o lin e rg ic  f ib e r s  in  th e  hippocampus.



F igure  34: The th re e  p o s ib le  ways th a t  G lucoco rtico id s can 
in flu e n ce  growth a f t e r  damage in  th e  hippocampus. The g lu c o c o rtic o id s  
may h ind  to  th e  n u c le i o f th e  pyram idal o r g ran u la r c e l l s ,  and 
in flu e n ce  t r a n s c r ip t io n  o f hippocampal tro p h ic  f a c to r .  They may e f f e c t  
g l i a l  c e l l s  which provide tro p h ic  f a c to r s  or physio-chem ical guidence 
fo r  growing f ib e r s .  Or, they  may d i r e c t  in flu e n ce  th e  development o f 
th e  t r a n s m it te r  in  th e  growing 5-HT f ib e r s .
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5 .  C o m p e ti t io n

A fte r in ju ry  to  a  b ra in  reg ion , many ty p es  o f regrowth ra th e r  than  

a  s in g le  form may occur.

R egeneration , re g e n e ra tiv e  sp ro u tin g , re a c t iv e  synap togenesis , and 

pruning may occur a t  th e  same tim e. D iffe re n t f ib e r s ,  h e te ro ty p ic  o r 

hcm otypic, may grow. They may c o e x is t o r compete, o r  th e re  may be a 

h ie ra rc h y  o r  p r io r i t y  among them.

Only one system  o f f ib e r s  seems to  be a b le  to  s ta b l iz e  and make 

permanent connections w ith  d isconnected  ta r g e ts .  Those f a i l in g  to  make 

c o n ta c ts  ev en tu a lly  d ie .  How th e se  d i f f e r e n t  f ib e r s  compete or 

compromise one ano ther rm a in s  a  m ystery.

S prou ting  and reg e n era tin g  f ib e r s  q u i te  o f te n  seem to  be competing 

w ith  each o th e r . In  th e  p e r ip h e ra l nervous sy s ta n  (HIS), re in n e rv a tio n  

by sp ro u ts  occurs sooner (from hours to  days) th an  re in n e rv a tio n  by 

reg e n e ra tin g  f ib e r s  (from weeks to  months) a f t e r  p a r t i a l  dennervation  

(G ra f3 te in  and McQuarrie, 1978). When th e  re g e n e ra tin g  f ib e r s  reach  

t h e i r  muscle t a r g e ts ,  th e  end p la te s  formed by ’'fo re ig n  nerve" sp ro u ts  

a re  d isp laced  by reg e n e ra tin g  f ib e r s  (B ennett e t  a l . , 1979; Stephenson, 

1979; Dennis and Yip, 1978; Thompson, 1978; Brown and Iro n to n , 1978; 

Denburg e t  a l ,  1977; X u ffle r  e t  a l . ,  1977; Haimann e t  a l ,  1976; 

Fangboner and Vanable,1974; and Cass e t  a l . ,  1973)*

In  th e  CNS, d e s tru c tio n  o f th e  se ro to n e rg ic  in n e rv a tio n  o f th e  r a t  

subcommissural organ r e s u l t s  in  h e te ro ty p ic  re in n e rv a tio n  o f th i s
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reg ion  by non-5-HT f ib e r s .  5-HT f ib e r s  can be seen reg e n era tin g  bu t 

appear no t to  reach  t h e i r  t a r g e t  organ to  rep la ce  th e  h e te ro ty p ic  

sp ro u ts  by 8 months (Wiklund and M ollgard, 1979). In  our case , 

reg e n e ra tiv e  sp ro u tin g  occurs in  th e  CB e a r l i e r  (14 days) th an  

homotypic sp ro u tin g  (21 days). iy  th e  tim e (42-day CB-lesion) 

hcmotypic sp ro u ts  had re in n e rv a ted  th e  DHipp, re g e n e ra tin g  f ib e r s  were 

perhaps s t i l l  on t h e i r  way. Most sp ro u tin g  occurs proxim al to  th e  

d isconnected  t a r g e ts ,  whereas reg e n e ra tio n  u su a lly  s t a r t s  in  a  d i s t a l  

le s io n  s i t e .  This might no t be a  f a i r  com petition  based on th e  

d is ta n c e  to  be tra v e le d  by growing f ib e r s .  A fte r  th e  5-HT f ib e r s  in  

th e  CB were le s io n e d , hcmotypic f ib e r s  sp rou ted  through th e  FF and 

re in n e rv a ted  th e  DHipp. I f  th e se  hamotypic f ib e r s  in  th e  PP were no t 

a v a ila b le , more d i s ta n t  hcmotypic f ib e r s  f r a a  th e  v e n tra l  hippocampus 

m ight se rve  t h i s  fu n c tio n . On th e  o th e r hand, th e  growth o f new f ib e r s  

does occur in  th e  le s io n ed  CB, b u t i t  may tak e  much longer f o r  th e  new 

growing f ib e r s  to  reach  t h e i r  d e s t in a tio n  from th e  damaged ends, i f  

they  reach  i t  a t  a l l .  Thus, when HRP was in je c te d  in  th e  DHipp o f 

42-day CB-FF-lesioned anim als, th e re  was no re tu rn  o f  la b e lin g  in  th e  

MEN. In s te a d , a  group o f  c e l l s  were la b e le d  in  th e  CRN. The ERH 

norm ally p ro je c ts  to  th e  v e n tra l  hippocampus. In  t h i s  in s ta n c e , i t  

extends i t s  in n e rv a tio n  to  th e  d o rsa l hippocampus a f t e r  le s io n in g  o f 

5-HT f ib e r s  in  th e  CB and th e  PP. However, in  some cases when 

reg en era tin g  f ib e r s  a re  th e  only hcmotypic source o f re in n e rv a tio n  and 

hcmotypic f ib e r s  in  th e  denervated reg ion  a re  t o t a l l y  removed, they  a re  

a b le  to  grow long d is ta n c e s  and re in n e rv a te  t h e i r  t a r g e ts .  5-HT f ib e r s  

grow a t  l e a s t  5 on from th e  p o in t o f le s io n  in  th e  m edulla to  

lu m b ar-sacra l sp in a l cord (Wiklund and BJorklund, 1980, BJorklund and
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Wiklund, 1980).

The f i r s t  cycle  o f  sy n ap tic  tu rnover may no t have "ch au ica l 

p re fe ren c e" , bu t r a th e r  have a  "proxim ity  p re fe ren ce" . F ib e rs  near th e  

denervated  zone rece iv e  tro p h ic  f a c te r s  o r a re  re le a sed  frcm in h ib i t io n  

and grow in to  th e  zone on a  " f i r s t  cane, f i r s t  served" b a s is ,  

re g a rd le s s  o f chem ical ty p e . When a  second cyc le  a r r iv e s ,  th e  ta r g e t  

c e l l  seems to  p re fe r  hcmotypic reg e n e ra tin g  f ib e r s  fo r  a  permanent 

re la t io n s h ip  (P ro c to r  e t  a l . ,  1979; Roper and Ko, 1978; N ja and Purves, 

1978; and Guth and B e rn s te in , 1961).

With re sp e c t to  hanotypic  sp ro u tin g  competing w ith  re g e n e ra tio n  o f 

hcmotypic f ib e r s ,  th e  f i r s t  corner to  th e  denervated t a r g e ts  a re a  may 

suppress th e  regrow th o f  th e  l a t e  comer, in  which case  th e  reg e n e ra tin g  

f ib e r s  a re  u su a lly  a t  d isadvan tage . A longer ob serv a tio n  i s  req u ired  

f o r  t h i s  study o f  th e  p re sen t model. Ongoing experim ents a re  

p ro g ress in g  to  t e s t  hanotypic com petition . A group o f anim als had 

f e t a l  raphe tra n sp la n te d  in to  th e  DHipp. The re la t io n s h ip  o f th e  

e s ta b lish e d  h o st 5-HT f ib e r s  and th e  newly tra n sp la n te d  growing 5-HT 

f ib e r s  in  th e  DHipp w i l l  be assessed .

R egeneration and c o l l a t e r a l  sp ro u tin g  obviously  occur in  very  

d i f f e r e n t  ways. T heir mechanisms remain unknown. S everal 

le s io n -in d u ced  neu ro troph ic  f a c to r s  have been is o la te d :  n e u ro c le tin  

(Hofflnan and S p r in g e ll , 1952), hippocampal growth f a c to r  (C ru tcher and 

C o llin s , 1982, B jorklund e t  a l ,  1981), n eu ro troph ic  f a c to r  

(Nieto-Sampedro e t  a l . ,  1932). The presence o f nerve growth f a c to r s  

has an e f f e c t  on reg e n e ra tio n  and /o r d i f f e r e n t  types o f sp ro u tin g , bu t
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th e  means by which th e  n e u r i te  recogn izes th e se  f a c to r s  as a  s tim u lus 

to  reg en e ra te  o r to  sp ro u t i s  u n c e rta in .

Wiklund has re c e n tly  hypothesized  th a t  th e  mode o f  axonal 

te rm in a tio n  may a lso  p lay  a  ro le  in  determ in ing  th e  n a tu re  o f axonal 

regrow th. He proposes th a t  n o n -ju c tio n a l 5-HT in n e rv a tio n  ( la c k  of 

ty p ic a l  membranous s p e c ia l iz a t io n  in  synapsis) ten d s  to  fav o r 

re g e n e ra tio n , w h ile  ju n c tio n a l 5-HT in n e rv a tio n  (w ith  ty p ic a l  dense 

p la t e  in  th e  synapsis) fav o rs  c o l l a t e r a l  sp ro u tin g . T his i s  due to  th e  

lo o se  o r r ig id  r e la t io n s h ip  between th e  p re -  and th e  p o s t-sy n a p tic  

elem ents in  th e  sy n ap tic  ju n c tio n . I t  w i l l  be in te r e s t in g  to  

in v e s tig a te  th e  type  o f  sy n ap tic  co n ta c t o f raphe-pyram idal connection .

For m u ltip le  f i b e r  systems to  c o e x is t in  a  te rm in a l f i e l d ,  They 

must compromise m orpholog ically . Lam ination i s  very  o f te n  e s ta b lis h e d  

among v a rio u s  a f f e r e n ts  ( in  th e  c in g u la r  gyrus, hippocampus and many 

o th e r  c o r t i c a l  a r e a s ) . Damage o f one f ib e r  system in  a  te rm in a l f i e l d  

d is tu rb s  th e  e s ta b lish e d  ba lan ce . The p l a s t i c i t y  o f  a f f e r e n ts  to  th e  

d e n ta te  gyrus has been e x te n s iv e ly  s tu d ie d . A fte r u n i la t e r a l  

d e s tru c t io n  o f  th e  e n to rh in a l co rtex  in  th e  a d u lt ,  h e te ro ty p ic  

sp ro u tin g  o f c h o lin e rg ic  f ib e r s  frcm th e  s e p trn , and 

assoc ia tion -ccm m issu ra l f ib e r s  from CM pyram idal c e l l s  was observed. 

Hcmotypic sp ro u tin g  was observed frcm th e  c o n tr a la te r a l  e n to rh in a l 

c o rte x . R egeneration  o f c h o lin e rg ic  f ib e r s  was rep o rted  a f t e r  

t r a n s e c tio n  o f th e  fo rn ix . How do th e se  regrowing f ib e r  systems 

compete fo r  ta r g e ts  o r sh a re  t h e i r  new t e r r i to r y ?  I t  appears th a t  one 

system can m anipulate th e  response o f  an o th er. CM f ib e r s  appear to

122



se rve  a s  th e  c r i t i c a l  a f f e re n t  th a t  e s ta b l is h e s  th e  p a t te rn  o f  s e p ta l  

growth and re o rg a n iz a tio n  (Lewis and Cotman, 1980; Cohaan, 1979)* In  

th e  d e n ta te  gyrus, th e  m ajor in p u ts  to  th e  m olecular la y e r  a re  frcm 

e n to rh in a l and CM hippocampal neurons, F ib e rs  f ra n  th e  i p s i l a t e r a l  

e n to rh in a l co rtex  (w ith  a  few from c o n tr a la te r a l  s id e ) p ro je c t  to  th e  

o u te r  3 /4  o f  th e  m olecular la y e r  o f  th e  d e n ta te  gyrus, w hile  CM 

neurons p ro je c t  to  th e  in n er 1 /4 - A su p rag ran u la r band o f s e p ta l  

f ib e r s  i s  lo ca te d  ju s t  beneath  CA4 f i b e r s ,  w hile  a  m oderately dense 

p ro je c tio n  o f s e p ta l  f ib e r s  c o -e x is ts  a long  w ith  e n to rh in a l f ib e r s  in  

th e  o u te r  zone. The CM zone c o n ta in s  very  few i f  a ry  s e p ta l  f ib e r s .

When e n to rh in a l c o rte x  i s  le s io n e d , th e  CM f i b e r  in  th e  inner 

zone expand toward th e  o u te r . The s e p ta l  and c o n tr a la te r a l  e n to rh in a l 

f ib e r s  in  th e  o u te r  zone re p la c e  th e  i p s i l a t e r a l  e n to rh in a l t e r r i t o r y  

b u t avoid th e  a re a  o f expanded CA4 t e r r i t o r y .  The in n e r dense band of 

s e p ta l  f ib e r s  under th e  supp ression  o f  CM f ib e r s  does no t expand.

When CA4 neruons a re  t o t a l l y  removed b i l a t e r a l l y ,  s e p ta l  f ib e r s  in  th e  

dense in n er band a re  th en  a b le  to  p r o l i f e r a te  in to  th e  CM f i b e r  a re a . 

Incom plete d e s tru c tio n  o f  CM f ib e r s  p r o h ib i ts  such p r o l i f e r a t io n  o f 

s e p ta l  f i b e r s .  Thus, a  h ire a rc h y  o f in te r a c t io n s  e x is ts  among th e  

f i b e r  system s. This has been c a lle d  th e  " c r i t i c a l  a f f e re n t  theory" of 

lam in a tio n  (Cohnan e t  a l . ,  1981). I t  i s  a  s p e c ia l  type o f com petitive  

mechanism where th e  c r i t i c a l  a f f e r e n t  en joys a  s p e c ia l  advantage. The 

au th o rs  a lso  hypothesized th a t  e n to rh in a l f ib e r s  may s e le c t iv e ly  

suppress th e  p r o l i f e r a t io n  o f CA4 f ib e r s  b u t th ey  do no t a f f e c t  th e  

growth o f  septohippocam pal f ib e r s .  In  a  m u ltiin n e rv a ted  system , a  

mechanism must e x is t  to  s e le c t  th e  d i f f e r e n t  in p u ts  in d iv id u a lly . A
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c r i t i c a l  a f f e r e n t  could provide th e  s e le c t io n  mechaniaa.

6 . R egu la tion

Many f a c to r s  have been proposed to  in flu en ce  neuronal p l a s t i c i t y ,  

in c lu d in g  type o f damage, d is ta n c e  o f re in n e rv a tio n , age and sex o f  th e  

an im als, and n eu ro tro p h ic  f a c to r s .  At p re se n t, how to  re g u la te  

neuronal p l a s t i c i t y  i s  s t i l l  in  i t s  in fa n t  s ta g e .

Hormonal re g u la tio n , such a s  by g lu c o c o r tic o id s , has been repo rted  

to  p lay  a  perm issive ro le  ( th e  p re se n t s tu d y ) , r e ta rd ,  have no e f f e c t  

on regrow th ( re fe re n c e s  see  p. 96) and reduce th e  r a t e  o f  axonal 

sp ro u tin g  (Cotman and S ch e ff, 1979). Thyroxine (D iaz-G uerrero  e t  a l . , 

1947) and tr iio d o th y ro n in e  (H ein icke, 1977; Mclsaac and K iernan, 1975; 

C ockett and K iernan, 1973 and F e r t ig  e t  a l . ,  1971) have been rep o rted  

to  s tim u la te  reg e n e ra tio n . E strogen  has been dem onstrated to  

f a c i l i t a t e  axonal sp ro u tin g  and sy n ap tic  reg e n e ra tio n  (M atsunoto and 

A rai, 1979). T esto s te ro n e  was observed to  promote axonal reg e n e ra tio n  

(Yu, 1982; Yu and S rin iv asan , 1981).

In  a d d itio n  to  hormonal re g u la tio n , a  m echanical s tim u la tio n  was 

found to  in c re a se  regrow th. E le c t r ic a l  s t im u la tio n  o f undamaged nerves 

i s  a b le  to  enhance t h e i r  sp ro u tin g  to  p a r t i a l  denervation  in  th e  nerve 

in n e rv a tio n  o f  m uscles (Maehlen and N;)a, 1979; R utledge, 1978a,b; 

R utledge e t  a l . ,  1974).

Furtherm ore, th e  c o n d itio n in g  le s io n  e f f e c t  i s  used as a  stra tegem  

to  enhance neuronal regrow th. A minor f i r s t  le s io n  In c reases  th e  r a te  

o f sp ro u tin g  fo llow ing  a  second le s io n  (McQuarrie e t  a l . ,  1977;
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McQuarrie and G raf s t e in ,  1973; S cheff e t  a l . ,  1978). I t  appears th a t  a  

i n i t i a l  minor le s io n  can p repare  th e  neuron fo r  th e  subsequent regrow th 

in  response to  a fu tu re  damage.

CCOCXDBXCHS

In  th e  p re se n t 5-HT raphe-hippocam pal model, a f t e r  le s io n in g  o f 

5-HT f ib e r s  in  th e  CB o f  a  group o f MRN c e l l s ,  compensatory sp ro u tin g  

i s  t r ig g e re d . The sp ro u tin g  f ib e r s  o r ig in a te  from a  fu n c tio n a lly  and 

m orpho log ica lly  homologous and chem ically  id e n t ic a l  neuronal group.

T his group o f  5-HT c e l l s  p ro je c t  through th e  FF to  in n erv a te  th e  

s im ila r  t e r r i t o r y  in  th e  d o rsa l hippocampus — a  hcmotypic re a c tiv e  

synap togenesis .

R egenerative  sp ro u tin g  o f  le s io n ed  5-HT f ib e r s  in  th e  CB does 

occur, b u t does n o t reach  th e  denervated a re a  in  th e  d o rsa l hippocampus 

a t  th e  lo n g es t tim e p o in t (42 days) o f  p re sen t study . A p runing  e f f e c t  

might have occurred , s in c e  some p o rtio n  o f MRN 5-HT c e l l s  have 

c o l l a t e r a l s  th a t  p ro je c t  v ia  bo th  th e  CB and th e  FF to  in n erv a te  th e  

d o rsa l  hippocampus. Thus, th e  growth o f 5-HT f ib e r s  in  th e  FF may be a  

response ( in  a  p a r t)  to  th e  pruning o f  t h e i r  c o l l a t e r a l s  in  th e  CB. 

However, th e se  growing sp ro u ts  in  response to  pruning a ls o  p ro je c t  to  

th e  denervated a re a . Thus, i t  i s  a  pruning  as w ell a s re a c tiv e

125



synap togenesis .

I f  bo th  m ajor 5-HT raphe-DHipp connections ( th e  CB and FF) a re  

le s io n e d , MRN c e l l s  f a i l  to  re in n e rv a te  th e  d o rsa l hippocampus, bu t a  

sp ro u tin g  f ib e r s  frcm URN a re  tr ig g e re d  to  in n erv a te  th e  d o rsa l 

hippocampus. Normally th e se  DRN c e l l s  in n e rv a te  th e  v e n tra l  

hippocampus through th e  p e rfo ra n t pa th .

C o rtico ste ro n e  i s  shown to  re g u la te  th e  hcmotypic sp ro u tin g  o f 

5-HT f ib e r s  in  th e  d o rsa l hippocampus. ADX supp resses t h i s  sp ro u tin g . 

However, th e  supp ression  i s  reversed  by replacem ent o f th e  

c o r t ic o s te ro n e . T his hormone appears to  p lay  a  perm isive ro le  in  

hcmotypic sp ro u tin g  o f  5-HT f i b e r s  in  th e  d o rsa l hippocampus.

SKanncATCB

Hcmotypic c o l l a t e r a l  sp ro u tin g  i s  one o f th e  n a tu ra l recovery 

p rocesses a f t e r  an in ju ry  has occurred in  th e  c e n tr a l  nervous system . 

In  th e  p re sen t work, t h i s  phencmenum i s  s tu d ied  in  two anatom ically  

d i s t in c t  se ro to n e rg ic  p ro je c tio n s  to  th e  hippocampus, by focusing  on 

th e  se ro to n e rg ic  f ib e r s  w ith in  th e  hippocampus, and u sin g  

chem o-neurosurgical techn ique  (5,7-DHT) le s io n in g  in  one pathway w hile 

observ ing  hcmotypic c o l l a t e r a l  sp ro u tin g  frcm th e  o th e r  pathway, 

in s ig h t  in to  s p e c if ic  growth i s  gained . F in a lly , th e  hormonal 

re g u la tio n  o f  hcmotypic and h e te ro ty p ic  sp ro u tin g  by c o r t ic o s te ro id s
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can be e x p lo ited  to  maximize hcmotypic ( fu n c tio n a l)  sp ro u tin g  r e la t iv e  

to  h e te ro ty p ic  (n o n -fu n c tio n a l) sp ro u tin g .
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ABERB7IATIGB3

A aqueduct
AC a n te r io r  ccmmissure
ADX adrenalectcm y
ALV alveus
BC brachiim  co n ju n c tiv a
CA catecholam ine
CB cingu lan  "bundle
CC Corpus callosum
cc Crus c e re b r i
c c i in f e r io r  c o l l i c u la r  canm issure
CHRCM chranogen
c i f in f e r io r  c o l l ic u iu s
CHS c e n tr a l  nervous system
cs su p e rio r  c o ll ic u lu s
DA dopamine
DAB V  ,3 -d ian inobenzid ine
dbc d ecu ssa tio n  o f brachivm co n ju n c tiv a
DDS dark  d ro p le t stump
Deg degenera tion
DG d e n ta te  gyrus
DHipp d o rsa l hippocampus
5,6-DHT 5 ,6-dihydroxyt ry p t amine
5.7-DHT 5 ,7 -d ih id ro o x y trp ta n in e
DMI d e s ip ran in e
DRN d o rsa l raphe nucleus
FC f a s c io la  cineretm
FF fim b ria -fo rn ix
GABA gamma-aminobutyric acid
GFDH g ly cero l-5 -p h o sp h ate  dehydrogenase
GRP g l ia l - r e le a s e d  p ro te in
5-HIAA 5-OH-indole a c e t ic  acid
Hipp Hippocampus
HRP h o rse ra d ish  perox idase
5-HT se ro to n in
5-HT-IR se ro to n in  immunoreactive
5-HTP 5-hyd oxyt ry p t ophan
IA indolam ine
IFN in te r f a s c ic u la r  nucleus
ip in te rp ed u n cu la r nucleus
ip s i i p s i l a t e r a l
LC lo cu s  c e ru leu s
Ln l a t e r a l  lan n iscu s
ME median eminance
MFB m edial fo re b ra in  bundle
m lf m edial lo n g itu d in a l f a s c ic u la r is
MR m idbrain raphe
MRN medain raphe nucleus
HA norep inephrine , n o read rena line
nc 12 hypoglossal nucIleus
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nc 7 f a c ia l  nucleus
NMT m esencephalic nucleus o f tr ig e m in a l nerve
6-OHDA 6-hydoxydopamine
01 in f e r io r  o liv e
P pons
PAP peroxidase  a n ti-p e ro x id a se  antiserum
PB phosphate b u ffe r
PBS phosphate b u f fe r  co n ta in in g  .9^  NaCl
p c i in f e r io r  c e re b e l la r  peduncle
pcm m iddle c e re b e l la r  peduncle
pcs su p e r io r  c e re b e l la r  peduncle
FF p e rfo ra n t pathway
FNS p e rip h e ra l nervous system
p re c ip p re c ip i ta t io n
Pr pyram idal neuron
rag reg en e ra tio n
SAL s t i l l  a l e r t  a c t iv i t y
SAR sheep a n t i - r a b b i t  antiserum
S. L-M s tr a tu n  lacunosom -m oleculare
s n r s u b s ta n t ia  n ig ra
5 sp in s p in a l tr ig e m in a l nucleus
sub subiculum
TH ty ro s in e  hydroxylase
TMB 5 ' , 3 , 5 ' , 5- te tra m e th y l benz id ine
TP tryp tophan
TrH tryp tophan  hydroxylase
V v e n tr ic le
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