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ABSTRACT

RAT BRAIN TRYPTOPHAN HYDROXYLASE:

PROPERTIES AND EFFECTS OF 5 ,7-DIHYDROXYTRYPTAMINE

by

Carol S. Clewans

Advisor: Dr. E.C. Azmitia

I t  has previously  been shown using  anatomical methods th a t  p a r t ia l  

denervation of the  r a t  hippocampus by removal of se ro tonerg ic  (5-HT) 

f ib e r s  in  th e  cingulum bundle induces sprou ting  of in ta c t  5-HT f ib e r s  

reaching the  hippocampus in  th e  fo rn ix -fim b ria  (Azmitia e t  a l . ,  1978; 

Zhou and Azmitia, 1981). The b iochanical p ro p ertie s  o f sprouted f ib e rs  

have remained la rg e ly  uncharacterized . Thus, the  ra te - lim itin g  enzyme 

in  5-HT sy n th esis , tryptophan hydroxylase (TPOH), was stud ied  to  

determine whether new sprou ts possess th e  a b i l i ty  to  synthesize 5-HT.

Optimal assay conditions were estab lish ed  fo r  measuring TPOH 

a c t iv i ty  in  th e  presence of te trah y d ro b io p te rin  (BH^) using th e  

radiom etric method of Ichiyama e t  a l .  (1970). The e ffe c ts  o f reducing 

and phosphorylating conditions were stud ied . Enzyme a c t iv i ty  was 

maximally stim ulated  hy incubation in  the  presence of 2 mM DTT and 14 

uM Fe"H\  Phosphorylating conditions produced a  s l ig h t  but v a riab le  

increase  in  TPOH a c t iv i ty  depending on the  conditions o f enzyme 

preincubation  and on th e  co facto r used (BH  ̂ or

6 -m ethy lte trahyd rop terin ). N either a  change in  pH nor add ition  of an 

ATP-regenerating system or EDTA increased the  amount o f a c tiv a tio n  by 

phosphorylating conditions.

U n ila te ra l s te reo tax ic  in je c tio n s  of 5 ug of the  sp e c if ic  5-HT

iv



neurotoxin 5,7-dihydroxytryptam ine were made in to  the  cingulum bundle 

o f ad u lt r a ts  p re trea ted  w ith desmethylimipramine in  order to  produce 

p a r t i a l  5-HT, d ea ffe ren ta tio n  of th e  hippocampus. Three to  90 days 

a f te r  the  in je c tio n , TPOH a c t iv i ty  was measured in  ip s i la t e r a l  and 

c o n tra la te ra l  hippocampi and in  th e  m idbrain, s i t e  of neuronal c e l l  

bodies of hippocampal 5-HT p ro jec tio n s . Enzyme a c t iv i ty  was a lso  

measured in  hypothalamus and septum /preoptic a rea  3 to  14 days 

p o s t- le s io n  in  order to  estim ate th e  ex ten t o f re trograde  degeneration 

of 5-HT f ib e r s .

In  both hippocampi, enzyme a c t iv i ty  declined g radually , reaching 

minimal le v e ls  7 to  14 days p o s t- le s io n . This decrease in  enzyme 

a c t iv i ty  was p a ra lle le d  by a  decrease in  the  Vmax and an increase  in  

the  Km o f TPOH fo r  tryptophan. TPOH a c t iv i ty  increased from 28 to  60 

days and decreased again from 60 to  90 days p o s t- le s io n . In  midbrain, 

enzyme a c t iv i ty  gradually  increased , reaching le v e ls  s ig n if ic a n tly  

g re a te r  than sham a t  28 days p o s t- le s io n . Enzyme a c t iv i ty  in  th e  

hypothalamus and septum /preoptic a rea  was unaffected  3 to  14 days a f te r  

th e  le s io n .

The re s u l ts  in d ica te  th a t  5-HT f ib e r s  remaining in  the  hippocampus 

follow ing p a r t ia l  denervation a re  ab le  to  compensate biochem ically fo r  

those removed by cingulum bundle le s io n s . Changes in  hippocampal TPOH 

can be re la te d  to  simultaneous changes in  m idbrain TPOH and to  the  

appearance of sprouts from in ta c t  5-HT f ib e r s .
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INTRODUCTION

Serotonergic (5-HT) f ib e rs  have been observed to  undergo vigorous 

sprouting  in  th e  c e n tra l nervous system follow ing axotomy (see 

B j orklund and S tenevi, 1979). Regeneration o f damaged 5-HT axons has 

been shown to  lead to  normal innervation  p a tte rn s  in  some regions o f 

th e  b ra in  and to  r e s u l t  in  the  re tu rn  of normal function  in  th e  sp in a l 

cord (Nygren e t  a l . ,  1974) and hypothalamus ( lu in e  e t  a l . , 1983) in  

p a r t ic u la r . The question  of whether re innervation  and fu n c tio n a l 

re s to ra tio n  can a lso  occur by c o l la te r a l  sprouting  of chemically 

id e n tic a l but anatom ically d is t in c t  undamaged f ib e rs  has been examined 

in  a  s e r ie s  o f s tu d ies  by Azmitia and colleagues (Azmitia e t  a l . , 1978; 

Zhou and Azmitia, 1981; 1983) u t i l i z in g  th e  5-HT innervation  o f the  

hippocampus.

The hippocampus receives 5-HT input frcm th e  median raphe nucleus 

v ia  two pathways (Figure 6 ): th e  su p raca llo sa l cingulum bundle and 

indiseum griseum and the  in f ra c a llo s a l  fo rn ix -fim b ria  (Azmitia and 

Segal, 1978). An ad d itio n a l group o f f ib e r s  o rig in a te s  in  th e  dorsa l 

raphe nucleus and reaches the hippocampus by a  v e n tra l rou te  through 

th e  en to rh ina l cortex  (Azmitia, 1978). Segregation of hippocampal 5-HT 

input frcm th e  median raphe nucleus in  terms of pathway o f p ro jec tio n  

(cingulum bundle/indiseum  griseum versus fo rn ix-fim bria) has provided 

th e  b a s is  fo r  s tu d ies  on p la s t i c i ty  o f th e  5-HT innervation  of th is  

b ra in  region. These s tu d ies  by Azmitia and coworkers have s p e c if ic a lly  

addressed the  question o f whether or not in ta c t  5-HT f ib e r s  remaining 

in  the  hippocampus follow ing removal o f 5-HT f ib e r s  in  the  

su p raca llo sa l pathways can sprout to  re innervate  areas vacated by

1



damaged f ib e r s ,  and fu r th e r , whether or not these  c o l la te r a l  sprou ts 

have th e  a b i l i ty  to  compensate fu n c tio n a lly  fo r  the  lo s t  term ina ls.

In  th e  s tu d ies  by Azmitia and colleagues (Azmitia e t  a l . , 1978;
4

Zhou and Azmitia, 1981; 1983), p a r t ia l  removal o f 5-HT f ib e r s  in  the  

r a t  hippocampus was accomplished by m icro in jec tion  of th e  neurotoxin

5,7-dihydroxytryptam ine (5,7-DHT) in to  th e  region  of th e  su p raca llo sa l 

pathways. The use o f 5,7-DHT, in  animals p re tre a ted  w ith 

desmethylimipramine to  p ro te c t catecholam inergic neurons frcm damage, 

insures s p e c if ic i ty  o f denervation; thus, any re innervation  response 

occurring in  the  hippocampus can be a ttr ib u te d  to  th e  exclusive removal 

o f 5-HT f ib e r s .

Following in je c tio n  of 5,7-DHT in to  th e  cingulum bundle/indiseum  

griseum, th e re  i s  an i n i t i a l  decrease in  th e  5-HT innervation  o f th e  

do rsa l hippocampus as detected  by anterograde tra n sp o rt o f 

% -p ro lin e , high a f f in i ty  uptake of %-5-HT (Azmitia e t  a l . ,

1978), re trog rade  tra n sp o rt o f horserad ish  peroxidase (Zhou and 

Azmitia, 1981), and 5-HT immunocytochsnistry (Zhou and Azmitia, 1983)* 

Twenty-eight to  90 days a f te r  in je c tio n , 5-HT f ib e r s  remaining in  the  

hippocampus a re  observed to  have expanded th e i r  term inal f ie ld ,  

re e s ta b lish in g  a  near normal p a tte rn  of innervation . S tudies of 

tu rn ing  behavior (Azmitia e t  a l . , 1978) and o f a c q u is itio n  o f a  T-maze 

lea rn in g  ta sk  (Gage e t  a l . , 1983) in d ica te  th a t  5-HT f ib e r s  sprouting  

in  response to  p a r t ia l  d ea ffe ren ta tio n  o f the  hippocampus a re  capable 

o f su b s titu tin g  fu n c tio n a lly  fo r  those removed by neurotoxic (Azmitia 

e t  a l . ,  1978) or mechanical (Gage e t  a l . , 1983) le s io n s  of the  

su p raca llo sa l f ib e rs .
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The s tu d ie s  presented in  th is  th e s is  were undertaken to  

b iochan ica lly  ch arac te rize  th i s  sprouting  response using a  sp e c if ic  

marker o f 5-HT neurons, tryptophan hydroxylase, th e  ra te - lim itin g  

enzyme in  5-HT sy n th esis . Tryptophan hydroxylase (TPOH) a c t iv i ty  was 

measured by a  m odification  of the  coupled radiom etric assay of Ichiyama 

e t  a l .  (1970) which q u a n tita te s  th e  lib e ra te d  by

arom atic L-amino acid decarboxylase from 5-hydroxytryptophan formed 

from th e  hydroxylation o f L-[1 ^0 -]tryptophan by TPOH. In order

to  measure TPOH a c t iv i ty  under optimal assay cond itions, th e  p ro p ertie s  

o f th e  enzyme, including optimal pH, reducing, and phosphorylating 

cond itions, were in v estig a ted  in  d e ta i l .

To follow  th e  e f fe c t  of 5,7-DHT on hippocampal TPOH a c t iv i ty  over 

tim e, u n i la te r a l  in je c tio n s  of 5 ug of th e  neurotoxin were made between 

th e  cingulum bundle and indiseum griseum of male r a t s ,  and enzyme 

a c t iv i ty  was measured in  hippocampi both ip s i la te r a l  and c o n tra la te ra l  

to  th e  in je c tio n  5 to  90 days l a t e r .  The k in e tic  param eters o f TPOH 

frcm ip s i la t e r a l  hippocampi of short-term  (7 day) and long-term  (60 

day) lesioned  animals were stud ied  in  an e f fo r t  to  d e tec t any change in  

Km or Vmax re s u ltin g  from th e  denervation. The response of th e  c e l l  

bodies whose axons were damaged by th e  le s io n  was examined by measuring 

enzyme a c t iv i ty  in  the  m idbrain o f animals receiv ing  cingulum bundle 

in je c tio n s ; and the  ex ten t of re trog rade  degeneration of 5-HT axons 

a ffec ted  by th e  le s io n  was estim ated by measuring TPOH a c t iv i ty  in  the  

septum /preoptic a rea  and in  th e  hypothalamus.

Because a  u n i la te r a l  in je c tio n  of 5,7-DHT produced a b i la te r a l  

d ecline  in  hippocampal TPOH a c t iv i ty ,  a  study of th e  e f fe c t  of th e  dose
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and concentra tion  of 5,7-DHT used in  the  in je c tio n  on enzyme a c t iv i ty  

in  hippocampi ip s i la te r a l  and c o n tra la te ra l  to  the  in je c tio n  was 

performed. When i t  was found th a t  2 ug of th e  drug caused ip s i la te r a l  

damage only, the  time course o f TPOH a c t iv i ty  in  the  hippocampus was 

repeated using th is  dose. In  add ition , a  study of high a f f in i ty  uptake 

o f ^H-5-HT in to  synaptosomes prepared frcm hippocampi of

5,7-DHT-lesioned animals was ca rried  out to  determine whether changes 

in  th i s  sp e c if ic  h iochaaica l marker fo r  5-HT neurons p a ra lle le d  those 

o f TPOH a c t iv i ty .
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LITERATURE REVIEW

Serotonin was f i r s t  detected  in  th e  g a s tro in te s tin a l  mucosa of 

ra b b its  by Erspamer and h is  colleagues in  th e  l a te  1950's. These 

in v e s tig a to rs  h istochem ically  lo ca lized  th i s  substance to  

enterochrcm affin c e l ls  o f th e  d ig es tiv e  t r a c t  and app rop ria te ly  named 

i t  enteram ine. Erspamer o r ig in a lly  proposed th e  use of iso la te d  r a t  

u te ru s  fo r  b ioassay o f enteram ine, th e  a c tio n  of which re su lte d  in  a  

prolonged co n trac tion  of th e  t is s u e  (see Erspamer, 1966). In  the  l a t e  

1940 's, Rapport and h is  group iso la te d  and p u rif ie d  a  vaso co n stric tiv e  

substance from beef serum and c a lled  i t  se ro ton in  (Rapport e t  a l . ,

1948). This group was subsequently ab le  to  danonstrate  th e  in d o lic  

na tu re  of th e  molecule, i t s  id e n ti ty  w ith  5-hydroxytryptamine, and i t s  

presence as a  c re a tin in e  s u lfa te  complex (Rapport e t  a l . , 1949;

Rapport, 1949)* F in a lly  in  1952, Erspamer and Asero showed the  

chemical na tu re  of enteramine to  be id e n tic a l to  th a t  of se ro ton in .

Twarog and Page f i r s t  iso la ted  sero ton in  from dog b ra in  in  1955* 

Today sero ton in  (5-HT) i s  widely accepted as a  neu ro transm itter in  the  

c e n tra l  nervous systan . Mechanians fo r  i t s  sy n th esis , s to rage, 

re le a se , p re- and post-synap tic  e f fe c ts ,  and in a c tiv a tio n  have been 

proposed and studied  by hundreds o f n e u ro sc ie n tis ts . Although much has ■ 

been learned about these  various aspects o f th e  ro le  o f 5-HT in  the  

c e n tra l nervous system, much more remains to  be discovered.

Eigure 1 rep resen ts  a  sero tonerg ic  neuron and i t s  various 

n eu ro tran sm itte r-re la ted  a c t iv i t ie s .  A b r i e f  d iscussion  of some of 

th ese  processes and how they are a ffec ted  by sp e c if ic  drugs w il l  a id  in  

th e  understanding of inform ation presented below.



The enzymes involved in  th e  syn thesis  of 5-HT from tryptophan, 

tryptophan hydroxylase and aromatic L-amino acid decarboxylase, a re  

synthesized in  th e  neuronal c e l l  body. Enzyme molecules are  

transported  to  term inal a reas by th e  process o f slow axonal tran sp o rt 

(Meek and Neff, 1972), where the  syn thesis o f 5-HT takes p lace. The 

precurso r fo r  5-HT, tryptophan, i s  an e s s e n tia l  amino ac id , and 

th e re fo re  must be supplied by exogenous means (e .g . d ie t ) .  Tryptophan 

i s  taken up in to  the  neuron by both high and low a f f in i ty  systems 

( P a r f i t t  and Grahame-Smith, 1974). The d a ta  do not suggest a  sp e c if ic  

system fo r  the  tran sp o rt o f tryptophan: uptake of th is  amino acid i s  

in h ib ited  can p e titiv e ly  by o ther la rg e  n e u tra l amino acids' 

(phenylalanine, ty ro sin e , le u c in e ) , suggesting th a t  the  tryptophan 

uptake mechanism possesses a  wide su b s tra te  s p e c if ic i ty  ( P a r f i t t  and 

Grahame-Smith, 1974)•

Tryptophan hyroxylase i s  ir re v e rs ib ly  in h ib ited  in  vivo by 

p-chlorophenylalanine (PCPA) (Jequier e t  a l . , 1967). In h ib itio n  by 

PCPA was thought to  be due to  incorporation  of the  amino acid analogue 

in to  th e  c a ta ly t ic  s i t e  o f newly synthesized tryptophan hydroxylase 

(Gal e t  a l . , 1970). However, more recen t evidence in d ica te s  th a t  

incorpora tion  of a  ty ro sin e  molecule frcm PCPA occurs and th a t  

su b s ti tu t io n  of ty ro sin e  fo r  phenylalanine during p ro te in  syn thesis 

probably occurs a t  th e  enzyme ac tiv e  s i t e  (Gal and W hitacre, 1982). 

Enzyme in  term inals may a lso  be su scep tib le  to  in h ib itio n  by PCPA 

(Aghajanian e t  a l . ,  1973)- Decarboxylase i s  b e s t in h ib ited  c e n tra lly  

by 3-hydroxybenzylhydrazine (NSD 1015) (Carlsson e t  a l . , 1972).

The 5-HT molecule i s  sto red  in  in traneuronal granules. Storage of
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5-HT i s  impaired "by reserp in e , which causes a  marked dep le tion  of b ra in  

5-HT (Brodie e t  a l . , 1957). In traneuronal re le a se  of 5-HT provoked by 

reserp ine  may be th e  r e s u l t  o f in h ib itio n  of 5-HT binding to  "sero ton in  

binding p ro te in ,"  an in traneuronal p ro te in  ex tensively  charac terized  by 

Tamir and her colleagues (Tamir and Gershon, 1981).

Serotonin e x is tin g  ou tside  granules, f re e  in  the  cytoplasm, i s  

su b jec t to  degradation to  5-hydroxyindole a c e tic  acid (5-HIAA) by 

monoamine oxidase (MAO) probably loca ted  in  the  outer membrane of 

m itochondria (Weiner, 1960). MAO can be in h ib ited  by a v a r ie ty  of 

drugs, th e  most commonly used in  vivo being pargy line.

Upon dep o la riza tio n  o f th e  nerve term ina l, 5-HT i s  re leased  by a  

mechanism thought to  involve exocytosis. There a re  few drugs known to  

s p e c if ic a lly  in h ib i t  th e  re lease  o f 5-HT, although drugs which block 

sodium channels or dep le te  e x tra c e llu la r  calcium w il l  in h ib it  

depolarization-induced  re le a se . The re le a se  o f newly-synthesized 5-HT 

induced by high K* concentra tions in  b ra in  s l ic e s  i s  in h ib ited  by 

LSD adm inistered to  r a t s  in  vivo or included in  th e  incubation medium 

in  v i t ro  (Hamon e t  a l . , 1974). LSD may in h ib i t  5-HT re le a se  by ac ting  

on presynaptic  recep to rs located  on 5-HT term inals (Hery and Ternaux,

1981).

At le a s t  2 c la sses  o f post-synap tic  5-HT recep to rs have now been 

id e n tif ie d  (Peroutka e t  a l . , 1981; Leysen, 1981). A v a r ie ty  o f drugs 

a re  used to  antagonize 5-HT a t  the  recep to r le v e l, including 

methysergide, m etergoline, and cyproheptadine (Peroutka e t  a l . ,  1981). 

The ac tio n  of released  5-HT i s  la rg e ly  term inated by a  h ig h -a f f in ity  

reuptake mechanism p resen t a t  the presynaptic  membrane (iv ersen , 1971).



In h ib itio n  of the  reuptake mechanism by imipramine, chiorimipramine, or 

f lu o x iten e  re s u l ts  in  prolonged a c tio n  of 5-HT a t  th e  synapse (F u lle r  

and Wong, 1977).

F igure 1. Schematic diagram of a  5-HT term ina l showing 

n eu ro tran sm itte r-re la ted  a c t iv i t ie s  and th e i r  in te ra c tio n s  w ith  a  

v a r ie ty  o f drugs as d e ta ile d  in  the  te x t .  Adapted frcm Cooper e t  a l .  

(1978).
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I. Anatomy of the Serotonergic Neuronal System

With the  in troduc tion  of the  h is to ch sn ica l fluorescence technique 

fo r  the  lo c a liz a tio n  of se ro ton in  (5-HT) in  h is to lo g ic a l sec tio n s of 

b ra in  t is su e  by Falck in  1964, Swedish in v es tig a to rs  embarked on a 

pioneering in v es tig a tio n  of 5-HT neurons in  the  c e n tra l nervous system. 

Using th is  technique, Dahlstrcm and Fuxe (1964; 1965) danonstrated the  

presence of 5-HT c e l l  bodies concentrated mainly in  the  raphe nuclei of 

th e  brainstem , from the  le v e l  of th e  pyramidal decussation  through the 

le v e l  o f th e  in terpeduncular nucleus. F luorescent 5-HT term inals were 

found in  widespread a reas of the  c e n tra l nervous system, such as the  

sp in a l cord, brainstem , hypothalamus, amygdala, s tria tum , and- cereb ra l 

co rtex  (Fuxe, 1965).

Further mapping s tu d ies  have ind icated  th a t  5-HT axons in  the  

sp in a l cord a r is e  mainly from c e l l  bodies in  the  r e t ic u la r  form ation 

and raphe nucle i o f the  medulla oblongata (B1-B3) (Dahlstrcm and Fuxe, 

1965; U ngerstedt, 1971; Bowker e t  a l . , 1981), w ith a  few p ro jec tio n s 

from the  m idbrain r e t ic u la r  form ation (B9) and a very few from the  

do rsa l raphe nucleus (B7)and th e  nucleus raphe p o n tis  (B5)(Bowker e t 

a l . , 1981). A m ultitude of anatomical tra c in g  s tu d ies  m ostly using 

autoradiographic techniques alone (Conrad e t  a l . , 1974; B o b ill ie r  e t 

a l . ,  1975; 1979; Parent e t  a l . , 1981) or in  combination w ith b ra in  

le s io n s  (H alaris e t  a l . , 1976; Azmitia and Segal, 1978; Moore e t  a l . ,

1978), have contribu ted  to  our d e ta ile d  knowledge of th e  ascending 5-HT 

system. Although th ere  remain some d iscrepancies between various 

s tu d ie s , the  m ajority  o f ascending p ro jec tio n s can be said  to  a r is e  

from the dorsal (B7) and median (B8) raphe nuc le i in  the  m idbrain and
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to  t ra v e l  in  the  medial fo reb ra in  bundle. As many as 6 d is t in c t  

ascending t r a c ts  have been described -  4 o rig in a tin g  frcm the do rsa l 

raphe and 2 frcm both th e  do rsa l and median raphe (Azmitia and Segal,

1978).

Serotonergic f ib e rs  leave th e  medial fo reb ra in  bundle to  jo in  

o ther w e ll-estab lish ed  neuroanatomical pathways on th e i r  way to  

innervate  d is ta n t b ra in  reg ions. For example, 5-HT f ib e r s  can be 

observed tra v e ll in g  in  th e  s t r i a  m edullaris and fa sc ic u lu s  re tro flex u s  

to  th e  habenula, in  the  s t r i a  te rm in a lis  to  th e  amygdala, and in  the  

mammillothalamic t r a c t  to  the  thalamus (Azmitia, 1978). The 

hippocampus receives p ro jec tio n s  frcm the  m idbrain raphe nuc le i v ia  3 

major rou tes (Moore and H a la ris , 1975; Azmitia and Segal, 1978).

F ib e rs  frcm th e  median raphe nucleus reach the  hippocampus by way of 

th e  fo rn ix -fim b ria  and th e  cingulum bundle. A sm all group of 5-HT 

f ib e r s ,  a lso  a r is in g  from median raphe neurons (Azmitia and Segal,

1978), i s  associated  w ith  the  indiseum griseum along i t s  e n tire  leng th  

(Azmitia and Segal, 1978; Moore and H alaris , 1975; Parent e t  a l . ,

1981). F ibers frcm th e  do rsa l raphe nucleus en te r th e  hippocampus by 

way o f th e  en to rh inal co rtex  v ia  th e  perfo ran t pathway (v en tra l 

pathway; Azmitia, 1978).

5-HT input tr a v e ll in g  in  th e  cingulum bundle i s  d is tr ib u te d  mainly 

to  th e  dorsal hippocampus, p r in c ip a lly  to  CA1 and to  th e  polymorphic 

la y e r  of the  den tate  gyrus (Moore and H a la ris , 1975; Azmitia e t  a l . ,  

1978). P ro jec tions frcm the median raphe ca rried  by the  fo rn ix -fim b ria  

a re  d is tr ib u te d  to  both the  dorsa l and v en tra l hippocampus in  the  

regions CA2-CA4, w ith some f ib e rs  reaching th e  den tate  gyrus (Azmitia,
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1978). Dorsal raphe f ib e r s  innervate  predominantly th e  molecular 

region of the  den tate  gyrus, most heav ily  in  th e  v e n tra l hippocampus 

(Azmitia and Segal, 1978).

Figure 2. Anatcmy o f the  ascending 5-HT system in  th e  r a t .

F ib ers  frcm th e  median raphe nucleus (B8) to  th e  hippocampus (h i) s p l i t  

o f f  th e  medial fo reb ra in  bundle (MFB) to  ascend in  th e  cingulum bundle 

(CB) and the  fo rn ix -fim b ria  (F ) . A th ird  pathway (not shown) a ris e s  

from the  dorsa l raphe nucelus (B7) and reaches the  hippocampus by a 

v e n tra l rou te . Adapted frcm Parent e t  a l .  (1981).
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II. Serotonin Biosynthesis

The b iosyn thesis  o f 5-HT from L-tryptophan proceeds through a 

tw o-step sequence of enzymatic reac tio n s: L-tryptophan i s  hydroxylated 

to  5-hydroxy tryptophan (5-HTP) by tryptophan hydroxylase (TPOH), and

then  5-HTP i s  decarboxylated to  5-HT by arom atic L-amino acid

decarboxylase (AADC). I t  i s  now genera lly  accepted th a t  TPOH i s  the

ra te - lim itin g  enzyme in  th is  sequence of reac tio n s .

The f i r s t  d ire c t evidence of tryptophan hydroxylating a c t iv i ty  in  

th e  b ra in  came from a  study by Gal, Poczik, and M arshall (1963)* 

In tra c e re b ra l in je c tio n s  of rad ioac tive  tryptophan re su lte d  in  the 

ce reb ra l form ation of rad io ac tiv e  5-HT in  r a t s  and pigeons p re trea ted  

w ith  a  monoamine oxidase in h ib ito r . During th e  4 years follow ing th is  

dem onstration, TPOH a c t iv i ty  was measured in  v i t ro  in  a  v a r ie ty  of 

mammalian t is su e s  including  n eo p lastic  murine mast c e l ls  (Levine e t  

a l . ,  1964; Lovenberg e t  a l . , 1965; Hosada and G lick, 1966), human 

carcinoid  tumor (Grahame-Smith, 1964a; Lovenberg e t  a l . , 1967), r a t  and 

bovine p in ea l (Lovenberg e t  a l . , 1967), and brainstem  from severa l 

species (Grahame-Smith, 1964b; 1967; Gal e t  a l . ,  1966; Green and 

Sawyer, 1966; Lovenberg e t  a l . ,  1967)-

■III. D is tr ib u tio n  o f Tryptophan Hydroxylase

A. Anatomical

The d is tr ib u tio n  o f TPOH in  the  c e n tra l nervous systan  r e f le c ts  

the  d is tr ib u tio n  of sero tonerg ic  c e l l  bodies and th e i r  processes. 

Brownstein and coworkers (1975) measured TPOH a c t iv i ty  in  t is su e  

punches of more than 70 nuclei and regions o f the  r a t  b ra in . Their

12 :



study revealed a  43-fo ld  d ifference  "between th e  h ighest and lowest 

le v e ls  o f a c t iv i ty  measured. The raphe n u c le i, which contain  th e  soma 

o f 5-HT neurons, had th e  h ighest le v e ls  o f TPOH in  th e  "brain (w ith the  

exception o f the  nucleus raphe p o n tis ) . The enzyme was a lso  h igh ly  

concentrated in  regions of th e  "brain through which dense "bundles of

5-HT axons t r a v e l ,  p a r t ic u la r ly  in  th e  medial fo reb ra in  bundle and in  

th e  a rea  of th e  diagonal band of Broca. S u b stan tia l amounts o f TPOH 

were detected in  ind iv idual nuc le i of th e  brainstem , hypothalamus and 

p reop tic  area , septum, amygdala, hippocampus, and c ingu la te  and 

prepyriform  c o rtic e s . The den ta te  gyrus, l a t e r a l  habenular nucleus, 

en to rh inal co rtex , and p a r ie ta l  cortex  contained re la t iv e ly  lower 

le v e ls  o f enzyme a c t iv i ty ,  and th e  cerebellum possessed th e  lowest 

amount measured. No measurements were made in  the  sp in a l cord; 

however, TPOH a c t iv i ty  has been detected  in  the  sp in a l cord by o ther 

in v es tig a to rs  (Meek and Neff, 1972).

B. E ffec ts  of le s io n s  on the  anatom ical d is tr ib u t io n  o f tryptophan 

hydroxylase

Pollowing e le c tro ly tic  le s io n  of th e  m idbrain raphe n u c le i, 

fo reb ra in  (everything r o s t r a l  to  the  superio r c o l l ic u l i)  TPOH a c t iv i ty  

i s  s ig n if ic a n tly  reduced by 1 day p o s t- le s io n  (Kuhar e t  a l . ,  1971).

TPOH a c t iv i ty  declines g radually , reaching a minimum (20$ o f con tro l) 

by 8 days p o s t- le s io n , and remaining a t  t h i s  le v e l 6 days l a t e r  (day 

14) (Kuhar e t  a l . , 1971). Prom these  s tu d ie s , the  h a l f - l i f e  of 

fo reb ra in  TPOH was estim ated to  be about 2 days. S im ila rly , Meek and 

N eff (1972) estim ated th e  h a l f - l i f e  o f enzyme in  the  sp in a l cord a f te r  

sp in a l tra n se c tio n  to  be 2 days. On th e  o ther hand, Azmitia and Conrad
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(1976) ca lcu la ted  the  h a l f - l i f e  o f TPOH in  th e  hippocampus a f te r  fo rn ix  

tra n se c tio n  to  he 28 hours. In  th e i r  study, a  s ig n if ic a n t  drop in  

enzyme a c t iv i ty  was observed already  6 hours a f te r  tra n se c tio n  and 

enzyme a c t iv i ty  was maximally reduced (22$ of con tro l) in  the 

hippocampus by 8 and 30 days p o s t- le s io n . TPOH a c t iv i ty  in  th e  septum 

remained s ig n if ic a n tly  unchanged, whereas m idbrain TPOH a c t iv i ty  f e l l  

i n i t i a l l y ,  only to  re tu rn  to  normal le v e ls  by 30 days a f te r  

tran sec tio n .

A reg iona l study o f TPOH a c t iv i ty  in  r a t s  receiv ing  midbrain raphe 

le s io n s  a t  l e a s t  2 weeks p r io r  to  s a c r i f ic e  (Kuhar e t  a l . , 1972) 

ind icated  a  70-90$ lo ss  o f TPOH in  th e  hypothalamus-thalamus, an 80-90$ 

lo s s  in  c o r t ic a l  and hippocampal reg ions, and a  45-65$ reduction  in  the  

s tria tu m .

C. S ubcellu lar d is tr ib u tio n

I n i t i a l l y ,  TPOH a c t iv i ty  was almost exclusively  lo ca liz ed  in  the  

p a r t ic u la te ,  presumably m itochondrial, f ra c tio n  o f b ra in  t is su e  

homogenates (Grahame-Smith, 1964b; Green and Sawyer, 1965; 1966; Gal e t  

a l . ,  1966). S ubcellu lar f ra c tio n a tio n  s tu d ies  o f ra b b it h indbrain  

(Grahame-Smith, 1967) and guinea p ig  b ra in s tsn  (ichiyama e t  a l . , 1968) 

demonstrated th a t  p a r t ic u la te  TPOH was contained mainly in  p inched-off 

nerve endings, o r synaptosomes. P orty  to  50$ o f t o t a l  enzyme a c t iv i ty  

was lo ca lized  to  the  synaptosomal f ra c tio n . Moreover, enzyme frcm the  

p a r t ic u la te  f ra c tio n  was re leasab le  in to  the  supernatant follow ing 

homogenization and cen trifu g a tio n  in  hypotonic b u ffer (Grahame-Smith, 

1967; Ichiyama e t  a l . , 1968; Robinson e t  a l . , 1968). Whereas 

p a r t ic u la te  enzyme did not requ ire  added cofacto r fo r  a c t iv i ty ,  so luble
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enzyme depended upon the  ad d itio n  of co facto r fo r  optim al hydroxylating 

a c t iv i ty  (Grahame-Smith, 1967; Ichiyama e t  a l . ,  1968; 1970; Robinson e t  

a l . ,  1968), suggesting th e  presence of endogenous co facto r in  

synaptosomal p a r t ic le s .

Although i t  i s  now apparent th a t  the  bulk of TPOH a c t iv i ty  i s  

found in  the  so lub le  f ra c tio n  under appropria te  conditions of t is su e  

p repara tion , i t  i s  s t i l l  unknown whether TPOH i s  p rim arily  a 

cytoplasmic enzyme or whether homogenization procedures used to  e x tra c t 

th e  enzyme merely d is ru p t any asso c ia tio n  of the  molecule w ith 

su b c e llu la r o rganelles. With respec t to  th i s  l a t t e r  p o s s ib i l i ty ,  using 

a  sp e c if ic  antibody ag a in st TPOH p u rif ie d  frcm the  raphe a rea , Joh e t  

a l-  (1975) and P ickel e t  a l .  (1976) have immunocytochariically 

lo ca lized  TPOH in  the  m idbrain o f r a t s  to  o rganelles having th e  s ize  

and d is tr ib u tio n  of m icrotubules and sm all and la rge  synaptic  v e s ic le s . 

I f  i t  i s  th e  case then th a t  TPOH i s  a  p a r t ic u la te  enzyme, i t s  a c t iv i ty  

might depend on th e  lo c a l  c e l lu la r  environment, notably on membrane 

phospholipid composition. Tong and Kauftnan (1975) fa i le d  to  d e te c t any 

e f fe c t  o f various phospholipids on TPOH p a r t ia l ly  p u rif ie d  frcm rab b it 

h indbrain . On the  o ther hand, Hamon e t  a l .  (1978a) danonstrated a 

d e f in ite  stim ula to ry  e f fe c t  o f some phospholipids and gangliosides on 

th e  a c t iv i ty  o f TPOH p a r t i a l ly  p u rif ie d  frcm r a t  brainstem . The 

a f f in i ty  o f the  enzyme fo r  i t s  co factor (6-MPH^) was enhanced in  

th e  presence o f phospholipids. The da ta  o f Hamon e t  a l .  (1978a) 

suggest th a t  endogenous phospholipids p lay a  ro le  in  th e  reg u la tio n  of 

TPOH a c t iv i ty  in sid e  th e  sero tonerg ic  neuron and provide support fo r  

th e  idea th a t  th e  enzyme i s  a c tu a lly  membrane-bound. Hori e t  a l .

(1976) have provided more d ire c t b iochanical evidence fo r  the



p a r t ic u la te  na tu re  o f TPOH. These in v e s tig a to rs  found th a t  a f te r  

high-speed cen trifu g a tio n  o f TPOH from "bovine raphe nuc le i followed "by 

preincubation  w ith  d i th io th r e i to l  and Fe++, °Ofo o f th e  enzyme i s  

recovered in  th e  p a r t ic u la te  f ra c tio n .

IV. P roperties  o f Tryptophan Hydroxylation

Hydroxylation o f tryptophan to  5-HTP req u ires  both a  p te r in  

co facto r (Lovenberg e t  a l . , 1967; 1968; Jequ ier e t  a l . , 1969; Friedman 

e t  a l . ,  1972) and molecular oxygen (Green and Sawyer, 1966; Lovenberg 

e t  a l . , 1967; 1968). I t  i s  thought by most in v e s tig a to rs  th a t  the  

n a tu ra l co facto r involved in  tryptophan hydroxylation is  

te trah y d ro b io p te rin  (EH^) (Friedman e t  a l . ,  1972; Gal, 1981). The 

syn th esis  of BĤ  frcm guanosine-5’-tr ip h o sp h a te  by r a t  b ra in  

p repara tions has been rec en tly  demonstrated, although th e  na tu re  and 

sequence of th e  in term ediate  products i s  s t i l l  co n tro v e rs ia l (Gal, i 

1981 ; Kapatos e t  a l . , 1982). N evertheless, many s tu d ies  of the  

biochemical p ro p e rtie s  o f TPOH have used the  model co facto rs 

6 -m ethy lte trahydropterin  (6-MPH^) and 6 ,7 -d im ethy lte trahydrop terin  

(DMPH^). As w il l  be discussed below in  d e ta i l ,  th e  k in e tic  

p ro p e rtie s  of the  enzyme are  h igh ly  dependent on the  nature  of the  

co fac to r used.

For each mole o f co facto r oxidized, one mole of 5-HTP i s  formed 

(Friedman e t  a l . , 1972). The same holds tru e  when DMPĤ  or

6-MPH  ̂ i s  used as co facto r in  the  rea c tio n  (Tong and Kauflnan,

1975)* The sto ichiom etry  o f the  reac tio n  i s  as follow s:

L-Tryptophan + BĤ  + 02 ------ > 5-HTP + quinonoid dihydro-
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b io p te r in  + HgO

The observation th a t  tryptophan hydroxylation was stim ulated by 

p u rif ie d  sheep l iv e r  d ihydropterid ine reductase p lus reduced pyridine 

nucleo tides ind icated  th a t  the  product o f BĤ  ox idation  was 

quinonoid d ihydrobiopterin  (Friedman e t  a l . , 1972). Quinonoid 

d ihydrobiopterin  had been previously  shown to  be the  su b s tra te  fo r  th e  

d ihydropterin  reductase by Kaufinan (1964). The product o f th i s  

reac tio n , in  tu rn , was BH .̂

BE, + NADH + H+ ------ > BĤ  + NAD+

Quinonoid d ihydrobiopterin  reductase (QDPR) can u t i l i z e  e ith e r  

NADH or NADFH as su b s tra te  but i s  f a r  more ac tiv e  w ith  NADH (Craine e t  

a l . ,  1972). Thus, co fac to r regeneration  i s  thought to  be accomplished 

by QDER using  NADH in  5-HT te rm ina ls . More recen tly , Snady and 

Musacchio (1978) and B ullard  e t  a l .  (1978) studied  th e  reg ional and 

su b c e llu la r  d is tr ib u tio n  of th is  enzyme in  r a t  b ra in . Whereas B ullard 

e t  a l .  found no c o rre la tio n  between the  d is tr ib u tio n  of QDER and 

e ith e r  TPOH or ty ro sin e  hydroxylase, Snady and Musacchio found a  high 

c o rre la tio n  between the  d is tr ib u t io n  of QDPR and th a t  of AADC, 

suggesting th a t  QDPR i s  p rim arily  lo ca lized  in  catecholamine- and 

indoleamine-cont.aining neurons. Both groups of in v es tig a to rs  found the  

enzyme to  be d is tr ib u te d  in  the  same su b ce llu la r f ra c tio n s  containing 

TPOH and ty ro sin e  hydroxylase, i . e .  in  both the  so lub le  and 

synaptosomal f ra c tio n s .

The importance of QDPR in  th e  maintenance of reduced le v e ls  of 

co facto r and consequently in  the  syn thesis o f 5-HT and catecholamines
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was c l in ic a l ly  revealed by Kaufman e t  a l .  (1975). These in v es tig a to rs  

found a v a rian t o f phenylketonuria in  which th e  p a tie n t had <1$ of 

normal le v e ls  o f ODER a c t iv i ty  in  l iv e r ,  b ra in , and sk in  f ib ro b la s ts  

(Kaufman e t  a l . , 1975) and low or undetectable amounts o f dopamine, 

5-HT, and th e i r  m etabolites in  u rin e , serum, CSP, and b ra in  (B utler e t  

a l . ,  1978).

Jequ ier e t  a l .  (1969) demonstrated th a t ,  as l iv e r  phenylalanine 

hydroxylase, r a t  brainstem  TPOH has a lower Km fo r  EĤ  than  fo r 

DMPĤ . The reported Km value w ith  BĤ  was 5 uM, whereas th a t  

fo r  DMPĤ  'was 30 uM. Ichiyama e t  a l .  (1970) reported  a  Km of 60 

uM fo r  TPOH from guinea p ig  brainstem  w ith  DMPĤ  as feofactor. In  a  

more d e ta iled  study o f th e  p te r in  s p e c if ic i ty  o f p a r t ia l ly  p u rif ied  

ra b b it h indbrain  TPOH,' Friedman e t  a l .  (1972) confirmed the  

observations o f Jequ ier e t  a l .  th a t  th e  Kin fo r  BĤ  i s  much lower 

than th a t  fo r  BMPĤ . T heir Kin values, however, were 4 to  6 times 

higher than those reported by Jequ ier e t  a l .  and tw ice as high as th a t  

reported fo r  DMPĤ  by Ichiyama e t  a l .  (see Table 1). The reported 

Km of crude TPOH frcm r a t  m idbrain w ith  6-MPH  ̂ as co facto r i s  

200-220 uM (Table 1).

The a c t iv i ty  of TPOH frcm r a t  brainstem  was reported by Jequ ier e t 

a l .  (1969) to  be 1.7 tim es g rea te r w ith BĤ  than  w ith DMPĤ , 

although i t  i s  not c le a r  whether the  ra te s  presented in  th i s  study were 

Vmax values. In  c o n tra s t, Friedman e t  a l .  (1972) demonstrated a Vmax 

fo r  TPOH only s l ig h t ly  higher w ith BĤ  than w ith DMPĤ .

Kaufman (1974) suggests th a t  th e  major d iffe rence  between BĤ  and 

DMPĤ  l i e s  in  th e  much lower Km of the  hydroxylase enzymes
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(tryptophan, ty ro s in e , and phenylalanine) fo r  the  former, whereas the  

Vmax i s  about the  same or even lower ( in  th e  case of phenylalanine 

hydroxylase) w ith  EH  ̂ than  i t  i s  w ith DMPĤ .

The Km o f TPOH frcm ra b b it b ra in  fo r  tryptophan has a lso  been 

shown to  vary w ith  the  natu re  o f th e  p te r in  used (Friedman e t  a l . , 

1972), although th is  does not appear to  be th e  case fo r  enzyme frcm 

bovine p inea l (Hori and Ohotani, 1981). The use o f DMPĤ  re s u l ts  

in  a  Km of more than 5 tim es th a t  obtained w ith  BĤ  (Friedman e t  

a l* , 1972). A comparison of values in  th e  l i t e r a tu r e  (Table 1) 

suggests th a t  th e  Kin of TPOH fo r  tryptophan w ith 6-MPH  ̂ i s  more 

s im ila r  to  th e  Km fo r  tryptophan in  th e  presence of BĤ  than  in  the  

presence o f DMPĤ , although th e  reported values span a  wide range 

(17-234 uM).

The s tu d ies  o f Friedman e t  a l .  (1972) have a lso  danonstrated th a t  

th e  a f f in i ty  o f b ra in  TPOH fo r  oxygen i s  s e n s itiv e  to  the  co facto r 

used. The Kin of TPOH fo r  oxygen in  th e  presence of BĤ  (2.5$) i s  

one-eighth  of th a t  in  th e  presence o f DMPĤ  (20$). An oxygen 

concentra tion  o f 5$ in  "the b ra in s  o f animals b rea th ing  a i r  has been 

reported  (Jamieson and Van de Brenk, 1965), suggesting th a t  TPOH in  

vivo i s  not normally lim ited  by oxygen supply. However, in  vivo 

s tu d ie s  suggest th a t  5-HT syn th esis  i s  a ffec ted  by oxygen 

concentration . Exposure of r a t s  to  5*6$ 0g fo r  one hour r e s u l ts  in  

a decrease o f >50$ in  5-HT syn th esis  (Davis and Carlsson, 1973), 

whereas exposure to  100$ O2 r e s u l ts  in  g rea te r  b ra in  le v e ls  o f 5-HT 

a f te r  pargyline pretreatm ent than those in  animals b rea th ing  a i r  (Diaz 

e t  a l . , 1968).
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In  1971 , Grahame-Smith showed th a t  the  amount of 5-HT accumulating 

in  t r a in s  o f r a ts  p re trea ted  w ith  an MAO in h ib ito r  increased w ith 

increasing  b ra in  tryptophan concentra tions. 5-HT syn th esis  plateaued 

when the  b ra in  tryptophan concentra tion  reached 70 ug/g t is s u e  (4 x 

10"4 M) (Grahame-Smith, 1971). Frcm s tu d ies  dem onstrating th a t  the 

r a te  of 5-HTP accumulation in  the  b ra in  a f te r  treatm ent w ith an 

in h ib ito r  of AADC i s  a lso  dependent on b ra in  tryptophan le v e ls ,

Carlsson and L indqvist (1972) were able  to  c a lc u la te  a  Km in  vivo fo r  

TPOH. This Km value, 60 uM, approximates th a t  observed in  v i t ro  in  the  

presence of BH ,̂ lending support to  th e  notion  th a t  EH  ̂ i s  the 

n a tu ra l co facto r in  5-HT sy n th esis . Work by Fernstrom and Wurtman 

(1971) estim ated th e  the  concentration  of b ra in  tryptophan a t  30 uM, 

lead ing  to  the  conclusion th a t  although TPOH functions w ith  t is su e  

concentrations of i t s  su b s tra te  w ith in  the  region  of i t s  Kin, i t  i s  

normally not sa tu ra ted  w ith  i t s  su b s tra te  in  vivo (Friedman e t  a l . ,  

1972). Thus, changes in  b ra in  tryptophan le v e ls  by d ie ta ry  

m anipulation have been shown to  r e s u l t  in  changes in  5-HT and 5-HIAA 

both in  c e l l  body regions and in  term inal areas (Colmenares e t  a l . , 

1975; Wurtman and Fernstrom, 1976). S im ila rly , many psychotropic drugs 

producing increases in  c e reb ra l tryptophan le v e ls  a lso  e levate  5-HT 

sy n th esis . Conversely, drugs known to  acc e le ra te  the  syn thesis  of 

b ra in  5-HT have been shown to  induce p a ra l le l  changes in  b ra in  

tryptophan concentrations (Gessa and Tagliamonte, 1974). On the  other 

hand, Keekers e t a l .  (1977) demonstrated th a t  d ie ta ry  m anipulations 

and drug treatm ents producing changes in  b ra in  tryptophan ac tu a lly  

r e s u l t  in  rec ip ro ca l changes in  TPOH assayed in  v i tro .

The concentra tion  of BĤ  in  r a t  b ra in  has been estim ated to  be
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from 1 to  3 uM (Levine e t  a l . ,  1979; B ullard  e t  a l . , 1978; Mandell e t 

a l . ,  1980); a  concen tration  f a r  below th e  Km o f  TPOH fo r  th is  co facto r. 

U n til recen tly , th i s  suggested th a t  th e  a c t iv i ty  o f the  arom atic amino 

acid  hydroxylases were severely  lim ited  by cofacto r concen tra tion  in  

vivo. However, Levine e t  a l .  (1981) reca lcu la ted  th e  concentra tion  of 

BĤ  in  th e  stria tum  based la rg e ly  on the  observation th a t  the  

co facto r was highly  lo ca lized  to  dopamine term inals in  t h i s  reg ion  and 

on the  assumption th a t  these  term inals rep resen t 1$ of s t r i a t a l  volume. 

I f  th e i r  in traneuronal estim ate o f 100 uM EĤ  can be- assumed to  

hold tru e  fo r  5-HT neurons, then 5-HT syn thesis  i s  c e r ta in ly  not 

lim ited  by th e  a v a i la b i l i ty  o f co fac to r. Further work i s  needed to  be 

ab le  to  d ire c tly 'e s t im a te  BĤ  le v e ls  in  5-HT neurons and thereby 

c la r i f y  the ro le  o f th i s  co factor in  th e  reg u la tio n  of 5-HT sy n th esis .

Brain TPOH i s  se n s itiv e  to  in h ib itio n  by high concentra tions (>0.2 

mM) of i t s  su b s tra te  in  th e  presence o f BH ,̂ bu t not in  the  

presence of DMPĤ  (Friedman e t  a l . ,  1972; Tong and Kaufman, 1975;

Youdim e t  a l . ,  1975)* F if ty  percent in h ib itio n  occurs when the  

concentra tion  of tryptophan i s  ra ised  to  1 mM (Friedman e t  a l . ,  1972). 

S im ila rly , TPOH from bovine p inea l shows su b s tra te  in h ib itio n  w ith 

BĤ  bu t not w ith DMPĤ  (Hori and Ohotani, 1981).

Brain TPOH does not appear to  be in h ib ited  in  v i t r o  by high le v e ls  

of oxygen in  th e  presence of e ith e r  BĤ  or DMFĤ  (Friedman e t  

a l . ,  1972). On the  o ther hand, Hori and Ohotani (1981) recen tly  showed 

th a t  p inea l TPOH a c tiv a ted  by d i th io th r e i to l  was s l ig h tly  in h ib ited  by 

20$ oxygen as compared to  5$ oxygen, when the  enzyme was assayed w ith 

BĤ_ but not w ith DMPĤ . The e ffe c t o f oxygen on TPOH a c t iv i ty



i s  complex, and the  in h ib itio n  observed by Hori and Ohotani may be due 

to  the  oxidation  of d isu lf id e  bonds and iro n  s i t e s  a t  the  enzyme 

c a ta ly t ic  s i t e  (see below, Kuhn e t a l . ,  1980).

In  the  presence of EH^, TPOH i s  s ig n if ic a n tly  in h ib ited  by 0.1 

mM 5-HTP, bu t not by th e  same concentra tion  o f 5-HT (Kaufman, 1974). 

Jequ ier e t  a l .  (1969) observed s ig n if ic a n t  in h ib itio n  of the  enzyme in  

th e  presence of DMPĤ  only when th e  concentra tion  of 5-HTP reached 

1 mM. Since such high le v e ls  of 5-HTP were required fo r  TPOH 

in h ib itio n , these  authors discounted th e  physio log ical s ig n ifican ce  of 

product in h ib itio n  of th is  enzyme.

The evidence in  vivo fo r  end-product in h ib itio n  of 5-HT syn thesis  

i s  con trad ic to ry . M illard  e t  a l .  (1972) reached the  conclusion th a t

5-HT syn th esis  i s  not regu la ted  by end-product in h ib itio n  based on the  

find ing  th a t  the  ca lcu la ted  turnover r a te  of 5-HT in  animals in jec ted  

w ith pargyline followed by rad io ac tiv e  tryptophan was not d if fe re n t 

from th a t  in  con tro l (no pargyline) anim als. S im ila rly , la rg e  

increases in  b ra in  5-HT produced by MAO in h ib itio n  fa i le d  to  suppress a 

d iet-induced  increase  in  b ra in  5-HT syn th esis  (Jacoby e t  a l . , 1972).

On the  o ther hand, Macon e t  a l .  (1971) and Hamon e t  a l .  (1973) have 

provided support fo r  th e  idea  of end-product in h ib itio n  of 5-HT 

sy n th esis . These in v es tig a to rs  observed a decrease in  5-HT syn thesis  

in  animals receiv ing  MAO in h ib ito rs  3 hours o r le s s  p r io r  to  

in tra c is te rn a l  in je c tio n  of tryptophan and in  s l ic e s  of stria tum  

tre a te d  to  increase  in traneuronal 5-HT s to re s .
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Figure 3* Comparison of co facto rs used in  assays of TPOH.

6-MPH  ̂ has the same s tru c tu re  as DMPĤ_ w ithout the  

Adapted frcm Azmitia (1973)*
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TABLE 1
KINETIC PARAMETERS OE TPOH AS REPORTED IN THE LITERATURE

Enzyme Km fo r  Km fo r  Km fo r  Km fo r  Km fo r  Reference
Source TRP* BH4 6-MPH4 DMPH4

ra t  "brainstem

(uM) (uM) 

5

(uM)

p a r t ia l ly  p u rif ie d  300
(DMPH4)

guinea p ig  "brainstem 
p a r t ia l ly  p u rif ie d  300

(DMPH4)

whole homogenate 20

ra b h it h indbrain
p a r t i a l ly  p u rif ie d  50 31

(EH4)
290

(DMPH4)
78

(6-MPH4)

rab b it hindbrain
p a r t i a l ly  p u rif ie d  32

p ig  brainstem  
p a r t i a l ly  p u rif ie d

40,000xg sup.

whole homogenate

r a t  brainstem  
35,000xg sup.

mouse midbrain 
100,000xg sup.

mouse midbrain
35,000xg sup. 60

r a t  midbrain 
40,000xg sup.

500
(DMPH4)

500
(DMPH4)

20

228-34
(6-MEH4)

17
(6-MPH4)

67

202-8

200

(uM) 

30

60

0 * 2

Jequ ier 
e t  a l . , 1969

Ichiyama 
e t  a l . ,  1970

130 2.5$ Friedman
(BH4) e t  a l . ,  1972 

2( $
(DMPH4)

Tong and 
Kaufman, 1975

Youdim 
e t  a l . ,  1975

Hamon e t  
a l . ,  1978a,b

Iy sz  and 
Sze, 1978

Knapp 
e t  a l . , 1981

80-132 210-17 Kuhn
(6-MPH4) e t  a l . ,  1978

1979
*Km determined in  the  presence of co facto r noted in  parentheses.
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V. In Vitro Activation of Tryptophan Hydroxylase

A. E ffec ts  o f the  reducing environment

E arly  in v e s tig a to rs  of TPOH found th e  rise o f mercaptoethanol 

e s se n tia l  fo r  measuring TPOH a c t iv i ty  in  mouse mast c e l ls  (Hosada and 

G-lick, 1966; Sato e t  a l . ,  1967). R e la tiv e ly  high concentrations of 

mercaptoethanol (0.05 M) were needed in  the  incubation mixiture to  

ob tain  optimal hydroxylating a c t iv i ty  in  p a r t ia l ly  p u rif ied  

p repara tions frcm r a t  brainstem , bovine p inea l and mouse mast c e l ls  

(Lovenberg e t  a l . ,  1968). Subsequently, Ichiyama and ccworkers (1970) 

demonstrated th a t  hydroxylation by p a r t ia l ly  p u rif ie d  h indbrain  enzyme 

almost abso lu te ly  required  a  su lfhydry l compound such as d i th io th re i to l  

(DTT). Reduced pyrid ine nucleo tides (NADFH, NADH) could p a r t ia l ly  

su b s ti tu te  fo r  th e  su lfhydry l compound, but in  i t s  presence, NADH or 

NADPH had no fu r th e r  stim u la to ry  e f fe c t .  When Friedman e t  a l .  (1972) 

showed th a t  optimal enzyme a c t iv i ty  could be achieved by inc lusion  of 

the  NADH-dihydropteridine reductase regenera ting  system in  th e  absence 

o f DTT (mercaptans were in h ib ito ry  under these  co n d itio n s), the  

question  arose as to  -whether the  stim u la tion  by DTT observed previously  

was due to  i t s  reducing e ffe c ts  on th e  p te r in  cofactor or on the  

hydroxylase i t s e l f .  In  th is  study, an almost complete dependence on 

c a ta la se  was observed in  th e  absence of a  su lfhydry l compound (Friedman 

e t  a l . ,  1972).

Enzyme p u rifie d  15-fold  frcm p inea l was shown to  be ac tiva ted  

50-100 tim es by preincubation  w ith DTT or o ther th io ls  under anaerobic 

conditions (ichiyama e t  a l . , 1974; H ori, 1975)- Inclusion  of Fe++ 

in  the  preincubation mixiture markedly accelera ted  a c tiv a tio n  in  the
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presence of DTT but had l i t t l e  e ffe c t on enzyme a c t iv i ty  in  i t s  

absence. Hori (1975) demonstrated th a t inc lusion  of the  

BH^-regenerating system in  th e  assay could not s u b s ti tu te  fo r  the  

e ffe c t  o f preincubation o f enzyme w ith su lfhydry l agent. K inetic  

an a ly sis  of a c tiv a tio n  by DTT in  the  presence and absence of Ee’H" 

suggested th a t  p inea l TPOH possesses 2 or more su lfh y d ry l- in te ra c tin g  

s i t e s :  one sp e c if ic a lly  requ ires a  su lfhydry l agent, whereas th e  other
I -  j -

can be reduced no n sp ec ifica lly  by su lfhydry l agents, He , or other 

reducing agents.

In  co n tra s t to  th i s ,  Hamon e t  a l .  (1978b) found th a t  

preincubation w ith DTT alone under anaerobic conditions fa i le d  to  

a c tiv a te  r a t  b ra in  TPOH. Only the  combination of DTT and Ee++ was 

ab le  to  s tim u la te  enzyme a c t iv i ty  by 73$- Removal of these compounds 

a f te r  preincubation by f i l t r a t i o n  of the  enzyme p repara tion  through 

Sephadex G25 did not reverse  th is  a c tiv a tio n , suggesting th a t  the 

enzyme i t s e l f  had been a lte re d . Enzyme ac tiv a ted  by DTT/Ee4-1" had a 

lower pH optimum and a d if fe re n t  ion ic  charge than un trea ted  enzyme. 

Moreover, preincubation induced a doubling of the  Vmax of the  enzyme 

w ith no change in  th e  Km fo r  tryptophan and fo r  6-MPH .̂

Recently, experiments by Kuhn e t  a l .  (1980) have ind icated  th a t 

in  th e  previous s tu d ie s , TPOH was being reac tiv a ted  by preincubation 

w ith su lfhydry l agents and/or Pe++. i n th is  study, m idbrain TPOH 

lo ;s t  a c t iv i ty  upon exposure to  02> This lo ss  could be prevented by 

the  inc lusion  of su lfhydry l agents or o ther reduc tan ts, such as 

ascorbic acid and sodium borohydride, in  the  incubation medium. The 

a c t iv i ty  o f enzyme exposed to  0^ was reco n stitu ted  by anaerobic
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incubation in  the  presence of DTT and Pe’H", the  ex ten t of 

re a c tiv a tio n  being dependent on the  ex ten t o f i n i t i a l  in ac tiv a tio n . 

These in v es tig a to rs  propose th a t  th e  c a ta ly t ic  a c t iv i ty  o f TPOH is  

dependent on th e  ox idation /reduction  s ta tu s  of -SH groups and iron  (see 

below) probably loca ted  a t  the  c a ta ly t ic  s i t e  o f the  enzyme. The 

oxidized frcm o f TPOH i s  in ac tiv e , bu t upon reduction  o f d isu lf id e

bonds (S£ -----> (SH^) and iron  s i t e s  (Pe111 -----^ Pe++) ,

th e  enzyme i s  able to  express hydroxylating a c t iv i ty  once again.

B. E ffec ts  o f Pe++

Mouse mast c e l l  TPOH a c t iv i ty  was shown ea rly  to  be completely 

dependent upon exogenous fe rro u s  ion (lovenberg e t  a l . ,  1965), whereas 

enzyme frcm p in ea l and brainstem  did not have an abso lu te  requirement 

fo r  Pe"1-1" (Lovenberg e t  a l . ,  1968). However, in h ib itio n  of p inea l 

(Jequ ier e t  a l . ,  1969) and brainstem  enzyme (Jequ ier e t  a l . ,  1969; 

Ichiyama e t  a l . ,  1970) by th e  iron  ch e la to rs  o-phenanthroline and x  

-d ip y rid y l could be reversed by th e  ad d itio n  of fe rro u s ion. This 

suggested th a t  Pe'H' i s  a  necessary component of the  enzyme system. 

Moreover, p a r t ia l ly  p u rif ie d  p inea l (Jequ ier e t  a l . , 1969) and 

brainstem  enzyme (ichiyama e t  a l . ,  1970) was ac tiv a ted  by Pe++.

Although Ichiyama and h is  colleagues danonstrated a  stim ula to ry  e ffe c t 

o f Pe"H" on TPOH a c t iv i ty  in  the  presence of c a ta la se , Priedman and 

h is  ccworkers (1972) observed such s tim u la tion  only in  th e  absence of
| i-

c a ta la se . This l a t t e r  observation suggested th a t Pe might 

s u b s ti tu te  fo r  c a ta la se  in  p ro tec tin g  a  se n s itiv e  component o f the  

hydroxylating system frcm oxidation  by hydrogen peroxide.

Contrary to  the  above observations, Youdim e t  a l .  (1974; 1975)
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could find  no e f fe c t  o f Fe’*-*' on crude so lub le  or p a r t ia l ly  p u rif ie d  

brainstem  enzyme, d esp ite  a  35-48$ in h ib itio n  of a c t iv i ty  by iron  

ch e la to rs . These in v es tig a to rs  a ttr ib u te d  the  in h ib itio n  by iron  

ch e la to rs  to  the  chemical na tu re  of these  compounds: th e i r  he te rocyc lic  

n itrogen  s tru c tu re  resembles th a t  of the  p te r id in e s , and thus they may 

in h ib i t  TPOH a c t iv i ty  by competing w ith  co facto r. Hosoda (1975) 

subsequently demonstrated ac tu a l com petitive in h ib itio n  of TPOH from 

mast c e l ls  by o-phenanthroline w ith respec t to  both tryptophan and

dmfh4.

Kuhn e t  a l .  (1980) have provided evidence th a t  the  in h ib ito ry  

a c tio n  of m etal ch e la to rs  i s  not the  r e s u l t  o f com petitive in h ib itio n , 

b u t i s  probably due to  th e  binding of che la to rs  d ire c tly  to  Fe++ 

w ith in  the  enzyme. TPOH preincubated w ith iron  che la to r and then  

chromatographed on a column of Sephadex 025 in  order to  remove unbound 

c h e la to r, remained in h ib ited  to  the  same ex ten t as when th e  chela to r

was present in  th e  assay. Moreover, ad d itio n  of Fe44" to  the  a ssa 7  

a f te r  preincubation w ith che la to r p a r t ia l ly  reversed the in h ib itio n .

In  view o f the  many s im ila r i t ie s  between a l l  the  aromatic amino 

acid  hydroxylating enzymes (tryptophan, ty ro sin e , phenylalanine), i t  i s  

re lev an t to  note th a t  p u rif ie d  r a t  l iv e r  phenylalanine hydroxylase 

(F isher e t  a l . ,  1972) and bovine adrenal ty ro sin e  hydroxylase (Hoeldtke 

and Kaufman, 1977) have been shown to  contain  iron . Thus, although an 

iro n  requirement fo r  TPOH has not been demonstrated conclusively , the 

p o s s ib i l i ty  th a t  th i s  i s  an iron  enzyme cannot be ru led  out.

C. E ffect of Ca^
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1. Millimolar concentrations

Changes in  impulse flow along 5-HT neurons have been shown to  

a l t e r  5-HT turnover. S tim ulation  of th e  midbrain raphe nuc le i 

increases the  metabolism (Sheard and Aghajanian, 1968) and syn thesis  

(Shields and Eccleston, 1972) of 5-HT in  the  fo reb ra in . A ctivation  of 

tryptophan hydroxylase in  vivo, as measured by 5-HTP accumulation a f te r  

AADC in h ib itio n , occurs independently of changes in  b ra in  tryptophan 

le v e ls  (Herr e t  a l . , 1975)- S im ila rly , d ep o la riza tio n  of b ra in  s l ic e s  

s tim u la tes  5-HT syn th esis  in  the  absence of changes in  in tr a c e l lu la r  

tryptophan, tryptophan in  the  incubation medium, and tryptophan uptake 

(Elks e t  a l . ,  1980). Thus, i t  i s  apparent th a t  th e  a c t iv i ty  o f TPOH is  

regulated  by an in t r in s ic  mechanism ca lled  in to  play when th e  nerve 

term inal i s  depolarized.

In  1975, Knapp e t  a l .  and Boadle-Biber independently observed 

th a t  crude e x tra c ts  of TPOH were ac tiv a ted  by 0.5-10 mM Ca++. This 

lead  to  the  suggestion th a t  th e  increase  in  5-HT syn thesis  in  the  b ra in  

induced by neural a c tiv a tio n  might be due to  the  in flux  of Ca 

associated  w ith  membrane depo lariza tion  and re su ltin g  a c tiv a tio n  of 

TPOH in  the  nerve ending.

However, i t  was soon suggested and then demonstrated by Hamon and 

h is  colleagues (Hamon e t  a l . , 1977; Hamon and Bourgoin, 1979) th a t  th is  

hypothesis could not account fo r  the a c tiv a tio n  of TPOH by m illim olar
| -  I-

concentra tions of Ca as observed by Knapp e t  a l .  and by 

Boadle-Biber. Hamon e t  a l .  (1977) emphasized th a t  the  m illim olar 

concentrations of Ca** used in  th e  e a r l ie r  s tu d ies  were 10^ to  

10^ tim es g rea te r than those found even under extreme physio log ical
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conditions. They fu r th e r  demonstrated th a t  under these  conditions, 

a c tiv a tio n  of TPOH was ir re v e rs ib le  and the  consequence of p a r t ia l  

p ro teo ly s is  o f the  enzyme by a  Ca**-dependent n e u tra l p ro te inase  

(Hamon e t  a l . , 1977; Hamon and Bourgoin, 1979). Native enzyme could be 

a c tiv a ted  by phosphorylating conditions, try p s in , sodium dodecyl 

su lfa te ,  and some phospholipids before , but not a f te r  exposure to  

m illim olar Ca**. Based on these  observations, the  authors proposed 

th a t  a  60,000 MW fragment removed by the  p ro teinase  may be a  regu la to ry  

subunit of TPOH upon which a l l  o f these  fa c to rs  a c t. S tim ulation of 

TPOH by DTT/Pe** s t i l l  occurred a f te r  exposure to  m illim olar 

Ca**, in d ica tin g  th a t  a c tiv a tio n  by these  agents involves another 

s i t e  on the  enzyme, possib ly  th e  c a ta ly t ic  s i t e ,  as suggested by Kuhn 

e t  a l .  (1980).

2. Micrcmolar concentra tions and phosphorylating conditions

Boadle-Biber (1978; 1979a) dsnonstrated th a t  when enzyme was 

prepared frcm brainstem  s l ic e s  depolarized in  a K*-enriched 

incubation medium or frcm s l ic e s  incubated w ith  agents promoting
i - j -

Ca uptake, i t s  a c t iv i ty  was g rea te r  than enzyme prepared from 

normal t is su e . This increase  in  a c t iv i ty  was re f le c te d  mainly in  a 

decrease in  Km fo r  both su b s tra te  and cofacto r (6-MPH^). The 

a c tiv a tio n  e ffe c t of these  treatm ents was l ik e ly  re la te d  to  the  

Ca -dependent phosphorylation mechanism to  be discussed in  th is  

sec tio n .

W ithin the  l a s t  5 y ears , severa l groups of in v es tig a to rs  reported 

a c-AMP independent a c tiv a tio n  of brainstem  TPOH by ATP and Mg**, 

im plica ting  a phosphorylation process in  TPOH regu la tion  (Hamon e t  a l . ,
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1978c; Kuhn e t a l . ,  1978; Iysz  and Sze, 1978; Yamauchi and Fujisawa, 

1979a). Hamon e t  a l .  (1978c) observed th a t  inclusion  of micrcmolar 

Ca"1-1" in  th e  assay fu r th e r  enhanced enzyme a c t iv i ty ,  bu t only when 

ATP and Mg1-*" were p resen t. However, V itto  and Mandell (1981) could
* I I-not find  any fu r th e r  increase  in  a c tiv a tio n  by ATP and Mg when 

low le v e ls  o f Ca4"4" were included in  th e  assay.

Phosphorylating conditions have been demonstrated variously  to  

decrease Km and increase  Vmax fo r  co facto r (6-MPH^) only (Yamauchi 

and Fujisawa, 1979a), to  decrease Km fo r  both su b s tra te  and cofactor 

(Hamon e t  a l . , 1978c) and to  decrease Km fo r  co factor only (Kuhn e t  

a l . , 1978; Iysz  and Sze, 1978).

Yamauchi and Fujisawa (1979a) have provided evidence fo r  a 

Ca*'4'-dependent phosphorylation/dephosphorylation process a t  work in  

th e  reg u la tio n  of TPOH. Following a c tiv a tio n  by ATP, Mg1-4", and 

Ca4"4" and subsequent ranoval o f the  Ca4-1" by EG-TA, TPOH was 

rev e rs ib ly  deac tiva ted . Further add ition  of Ca44" and ATP resu lted  

in  re s to ra tio n  of i n i t i a l  a c t iv i ty .  These observations, taken together 

w ith the  f a c t  th a t  d eac tiv a tio n  was in h ib ited  by add ition  o f sodium
I. j

f lu o r id e  or emission of Mg , suggested th a t  b ra in  TPOH is

regulated  by a  Ca^-dependent p ro te in  k inase and a

Mg4-4-dependent phosphatase. In  support o f th i s ,  Iysz  and Sze

(1978) showed TPOH to  be se n s itiv e  to  in a c tiv a tio n  by acid phosphatase.

F in a lly , a c tiv a tio n  of TPOH by phosphorylating conditions has now 

been shown to  be completely dependent on the  calcium -binding p ro te in , 

calmodulin (Yamauchi and Fujisawa, 1979b; Kuhn e t  a l . ,  1980) and a 

calmodulin-dependent p ro te in  k inase iso la ted  frcm cereb ra l cortex



(Yamauchi and Fujisawa, 1980). Yamauchi and coworkers (Yamauchi e t  

a l . , 1981) have recen tly  demonstrated fu r th e r  th a t  a c tiv a tio n  of TPOH 

by Ca"H’- ,  calmodulin-dependent p ro te in  k inase req u ires  an a c tiv a to r  

p ro te in . 'Whether th e  a c tiv a to r  p ro te in  i s  required  fo r  phosphorylation 

o f TPOH by th e  Ca+ + calmodulin-dependent k inase  or fo r  a c tiv a tio n  

o f th e  phosphorylated enzyme remains to  be c la r if ie d .

D espite the  evidence th a t  depo la riza tion  o f 5-HT neurons leading  

to  an in flux  of Ca++ re s u l ts  in  a c tiv a tio n  of TPOH, Bourgoin e t  a l .  

(1980) have demonstrated th a t  although s tim u la tio n  of the  nucleus raphe 

magnus produces a  s ig n if ic a n t  increase  in  5-HT syn th esis  in  th e  sp in a l 

cord, th i s  increase in  not associated  w ith  a  p e rs is t in g  a c tiv a tio n  o f 

TPOH a c t iv i ty  in  so lub le  e x tra c ts  o f the  cord. That i s ,  TPOH iso la te d
| j

frcm stim ulated  t is s u e  was s t i l l  ac tiv a ted  by ATP, Mg , and 

Ca++. Although th is  suggests th a t  e le c t r ic a l  stim u la tion  produces 

an increase  in  5-HT sy n th esis  not associated  w ith TPOH a c tiv a tio n , more 

work i s  required before  th i s  conclusion i s  warranted. The neuronal 

environment i s  very d if fe re n t  frcm the  conditions o f in  v i t ro  enzyme 

assays, so th a t  phenomena occurring in  vivo may be lo s t  in  v i t ro .

VI. Assays of Tryptophan Hydroxylase A c tiv ity

The f i r s t  dem onstration of TPOH a c t iv i ty  in  a  c e l l - f r e e  

p repara tion  of mammalian b ra in  t is s u e  was achieved by Grahame-Smith 

(1964; 1967) using D -L -[3-^C ]tryptophan as su b s tra te . Radioactive 

5-HTP formed by hydroxylation was iso la te d , converted to  5-HT by 

p u rif ie d  AADC, and then q u an tita ted . The s e r ie s  o f column and paper 

chromatographic procedures used to  is o la te  and p u rify  5-HTP and then 

5-HT were laborious and time-consuming, making use of th is  assay
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im practica l fo r  fu r th e r  s tu d ies  o f TPOH. Other more rap id  and 

se n s itiv e  methods were needed before fu r th e r  progress was to  be made.

1AA. Assays using r in g -la b e lle d  ^C-tryptophan

The major drawback o f these  methods was th e  requirement th a t  the

su b s tra te  be iso la ted  from the  product. Gal e t  a l .  (1966) attempted

to  separa te  the  rad io ac tiv e  5-HTP formed in  th e  presence of a

decarboxylase in h ib ito r  frcm the  rad ioactive  su b s tra te  tryptophan by

column and paper chromatography. An o v e ra ll recovery of only 20-25$

was achieved. Assays used by o ther groups (Grahame-Smith, 1964; 1967;

Green and Sawyer, 1966) depended on the  iso la tio n  and q u a n tita tio n  of

rad io ac tiv e  5-HT produced in  the  presence of excess AADC. The more

u se fu l method developed by Lovenberg e t  a l .  (1967) did not requ ire

recovery and q u a n tita tio n  of product bu t re lie d  on the  determ ination of

i t s  sp e c if ic  a c t iv i ty .  The tw o-step assay took advantage o f the

g re a te r  a f f in i ty  o f AADC fo r  5-HTP as compared to  trjrptophan. An
14i n i t i a l  incubation of enzyme source w ith L -tryptophan-5- C, a 

known amount of 5-HTP ( in  excess), a  monoamine oxidase in h ib ito r , and 

o th er appropria te  rea c ta n ts  was followed by a  second incubation  w ith 

AADC. 5-HT formed in  th e  second reac tio n  was iso la ted  by column 

chromatography, and i t s  sp e c if ic  a c t iv i ty  was determined. The amount 

o f tryptophan converted to  5-HTP could be calcu la ted  since  th e  sp e c ific  

a c t iv i ty  o f newly formed 5-HT was the  same as the  sp e c if ic  a c t iv i ty  o f 

5-HTP.

B. Assay using DL-[5-^H-]tryptophan

Renson and coworkers (1966) introduced an assay fo r  TPOH which
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measured the  re lease  of tr it iu m  in to  the  incubation medium from 

tryptophan lab e lled  w ith  tr it iu m  in  th e  5 -p o sitio n . In  the  process of 

developing th i s  assay, these  in v es tig a to rs  discovered what soon became 

known as the  NIH s h i f t ,  a  general phenomenon canmon to  a l l  the  aromatic 

amino acid hydroxylation reac tio n s . The product o f the  hydroxylation 

reac tio n , [4-^H-]5-HTP, was the  r e s u l t  o f an intram olecular 

m igration of [■%]. Under ac id ic  conditions, tr it iu m  in  the

4 -p o sitio n  exchanged rea d ily  w ith w ater, thereby allowing q u a n tita tio n  

of the  amount of su b s tra te  hydroxylated. Lovenberg e t  a l .  (1971) were 

ab le  to  improve th e  q u a lity  o f the  su b s tra te  (5-% -tryptophan) by 

using  lower sp e c if ic  a c t iv i ty  tr it iu m  in  i t s  p reparation  and by 

employing a  rigorous is o la t io n  and p u r if ic a tio n  procedure. However, 

d esp ite  th e  b e tte r  q u a lity  o f th e  su b s tra te , the  p reparation  could be 

used only fo r  3 to  4 weeks w ithout su b s ta n tia l increase in  blank 

values.

14.C. Assay using carboxy l-labelled  C-tryptophan

Ichiyama e t  a l .  (1968; 1970) developed a  rap id , s e n s itiv e , and
1 Aconvenient method fo r  measuring TPOH using  L -[1- C-]tryptophan as

su b s tra te , l ik e  th a t  o f lovenberg e t  a l .  (1967), th e  assay takes

advantage of the  d if fe r in g  Km's o f AADC fo r  tryptophan and fo r  5-HTP

(2-4 orders o f magnitude g rea te r fo r  tryptophan than fo r  5-HTP).

However, the  method of Ichiyama e t  a l .  obviates th e  need fo r  product
14separa tion  by measuring the  re lease  o f GO  ̂ l ib e ra te d  fran

5-HTP in  the  presence o f excess AADC. The major disadvantage of th is  

assay has been th a t  a t high concentrations of tryptophan, d ire c t  

decarboxylation of su b s tra te  seems to  occur, making i t  d i f f ic u l t  to
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measure TPOH a c t iv i ty  a t  sa tu ra tin g  le v e ls  o f su b s tra te .

D. Assay using -%-methyl-S-adenosylmethionine

More recen tly , K izer e t  a l .  (1975) introduced an assay fo r  TPOH 

se n s itiv e  enough fo r  measuring enzyme a c t iv i ty  in  as l i t t l e  as 5 ug of 

crude brainstem  homogenate ( a t  le a s t  100 tim es more se n s itiv e  than  any 

o f th e  o ther methods a v a ila b le ) . This 5 -s te p  assay i s  based on the  

enzymatic conversion of th e  product o f hydroxylation (5-HTP) to  

^H-melatonin as follow s:

TPOH AADC U -acetyl
tra n s fe ra se

L -try p to p h an  } 5-HTP -----> 5-HT  > IT-acetyl 5-HT

HIOMT
-----------------------% -m elatonin

The t r i t i a t e d  m elatonin formed by th e  tra n s fe r  o f a  

[% -]methyl group from [ -%-me thyl]-S-adenosylm ethionine to  

N -acetyl 5-HT by hydroxyindole-O -m ethyltransferase (HIOMT) i s  iso la ted  

by organic ex tra c tio n  in to  toluene and q u an tita ted . The amount of 

tryptophan hydroxylated i s  equal to  th e  amount of t r i t i a t e d  m elatonin 

formed. Although su ita b le  fo r  measuring TPOH a c t iv i ty  in  sm all amounts 

o f t is s u e ,  the  complexity o f p reparation  fo r  and performance of th is  

method makes i t s  im practicable.

E. Fluorescence methods

In  1972, Friedman and h is  colleagues proposed a  se n s itiv e  and 

d ire c t  assay o f TPOH in  b ra in  t is su e  based on the  d if f e r e n t ia l  

flu o rescen t p ro p erties  o f 5-HTP and tryptophan. The form ation of 5-HTP 

in  the  presence of a decarboxylase in h ib ito r  (NSD 1054) i s  measured
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flu o ro m etrica lly  w ith quenching of tryptophan "being e a s ily  corrected  

fo r . This method i s  not r e s tr ic te d  to  the  use of low tryptophan 

concentra tions, allow ing enzyme a c t iv i ty  to  he measured a t  i t s  Vmax. 

Moreover, th e  use of rad io ac tiv e  compounds i s  not requ ired . However, 

th e  number o f samples in  a  s in g le  assay i s  lim ited  by th e  n ecess ity  of 

cen trifug ing  the  samples a f te r  stopping the  reac tion .

Gal and P atterson  (1973) introduced an assay fo r  TPOH s im ila r ly  

based on the  flu o rescen t p ro p ertie s  of 5-HTP. These fluorescence 

assays have been p a r t ic u la r ly  su ita b le  fo r  measuring TPOH a c t iv i ty  a t  

various stages o f p u r if ic a tio n  and fo r  determining th e  k in e t ic  and 

o ther p ro p e rtie s  o f th i s  enzyme.

V II. The Role o f th e  Hippocampus in  the  Limbic System

The concept o f the  lim bic lobe was introduced in  th e  la te  

n ineteen th  century by Broca to  ch arac te rize  th e  rin g  of c o r t ic a l  t is su e  

en c irc lin g  the  upper brainstem . The lim bic lobe co n s is ts  o f the 

c in g u la te , su b ca llo sa l, and parahippocampal gy ri and th e  underlying 

hippocampal form ation. The hippocampal form ation includes the  

hippocampus proper (Ammon's horn), the  den ta te  gyrus, and the  

t r a n s i t io n a l  c o r t ic a l  a reas s itu a te d  between the  neocortex and the 

hippocampus (en to rh ina l co rtex , parasubiculum, presubiculum, and 

subiculum ).

In  1937, Papez hypothesized th a t  the  lim bic lobe formed an 

e s s e n tia l  l in k  between sub jec tive  (conscious) emotional experience 

o rig in a tin g  in  the  cortex  and the  autonomic expression o f emotions, 

which was dependent on the  in te g ra tiv e  ac tio n  o f the  hypothalamus. He
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suggested th a t  c o r t ic a l  influences on emotive processes reached the 

hypothalamus only a f te r  passing through th e  hippocampal form ation. 

C o rtica l inform ation was " b u ilt  up" in  the  hippocampus and then 

^projected v ia  the  fo rn ix  to  th e  mammillary bodies. In  tu rn , 

hypothalamic inform ation reached the  cortex  by way of the  

mammillothalamic t r a c t  to  the  a n te r io r  thalam ic nucle i and then v ia  a  

pathway frcm the  a n te r io r  thalam ic nuc le i to  the  c ingu la te  cortex . 

"Radiation of the  emotive process frcm the  gyrus c in g u li to  o ther 

regions in  the  cereb ra l cortex  would add emotional co lo ring  to  the  

psychic processes occurring elsew here," (Papez, 1937)*

In  the  decades since the  in troduc tion  o f Papez’ theory, 

neuroanatom ists have demonstrated extensive, d ire c t  connections between 

th e  hippocampal form ation and both c o r t ic a l  and su b co rtica l regions of 

the  b ra in . In  the  monkey, the  en to rh inal cortex receives input frcm 

the  temporal, o rb ito fro n ta l , and prepyriform  c o rtic e s  and in  tu rn  

p ro je c ts  to  the  den ta te  gyrus and pyramidal c e l ls  of th e  hippocampus 

(Van Hoesen e t  a l . ,  1972). Subcortical connections to  the  hippocampal 

form ation include d ire c t  a ffe re n ts  frcm the  thalamus, hypothalamus, 

septum, p reop tic  area , and brainstem  (Wyss e t  a l . ,  1979)- The major 

e ffe re n t pathways frcm the  hippocampal form ation to  o ther c o r t ic a l  

a reas (p e r irh in a l, r e tro s p le n ia l ,  and c ingulate) a r is e  frcm the 

su b icu la r complex (Rosene and Van Hoesen, 1977), although a few d ire c t  

connections frcm the CA regions to  these  areas were demonstrated by 

Swanson and Cowan (1977)* Frcm these  c o r t ic a l  a reas , inform ation i s  

relayed to  nearby n eo co rtica l a sso c ia tio n  areas (Rosene and Van Hoesen, 

1977). The sub icu lar region a lso  p ro je c ts  su b c o rtic a lly  to  the  se p ta l 

and a n te rio r  thalam ic n u c le i, as w ell as to  the  mammillary nucle i of
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the  hypothalamus, whereas th e  CA f ie ld s  appear to  p ro jec t exclusively  

to  th e  septum (Swanson and Cowan, 1977; Miebach and S iegal, 1977).

From the previous b r ie f  d iscussion , i t  i s  apparent th a t  the  

hippocampal form ation i s  in  a neuroanatomical p o sitio n  to  be ab le  to  

modulate neuronal a c t iv i ty  in  widespread areas of the  b ra in  and thereby 

p lay  a major ro le  in  th e  reg u la tio n  or modulation of behavior. Rather 

than  exerting  d ire c t  co n tro l over th e  an im al's  in te rn a l environment, 

th e  hippocampus sesns to  function  in  th e  evaluation  o f and response to  

events in  the  ex te rn a l environment. I t  must be noted, however, th a t  a 

c lo se  but unclear rec ip ro ca l a sso c ia tio n  between the  hippocampus and 

neuroendocrine systems, p a r t ic u la r ly  the  a d re n a l-p itu ita ry  a x is , has 

been found (McEwen e t  a l . , 1975; deKloet e t  a l . ,  1980; Feldman and 

C onforti, 1980; Wilson e t  a l . ,  1980). Thus, th e re  d e f in i te ly  e x is ts  

some s o r t  of influence of th e  an im al's  in te rn a l environment on the  

behaviors mediated by th e  hippocampus and of th e  hippocampus on the  

neuroendocrine changes occurring under various behavioral s ta te s .

Changes in  locomotor a c t iv i ty ,  exp loratory  behavior, 

d i s t r a c ta b i l i ty ,  spontaneous a lte rn a tio n , a cq u is itio n  and performance 

o f c e r ta in  behavioral ta sk s , and sh o rt term memory have a l l  been 

observed in  animals w ith  hippocampal le s io n s  (see Isaacson, 1982, fo r  a 

review o f the  behavioral l i t e r a t u r e ) .

V III. Serotonin and the  Hippocampus

The increase  in  locomotor a c t iv i ty  observed in  r a ts  follow ing 

e le c tro ly tic  le s io n  of th e  median raphe nucleus has been suggested by 

Jacobs e t  a l .  (1975) to  be the  r e s u l t  of a  reduction  of hippocampal
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5-HT. In support o f th i s ,  these  in v e s tig a to rs  showed th a t  n e ith e r PCPA 

nor median raphe le s io n s  a lte re d  locomotor a c t iv i ty  in  

hippocampectomized anim als. Lorens e t  a l .  (1976) a lso  observed an 

increase  in  a c t iv i ty  o f r a t s  lesioned e le c tro ly t ic a l ly  in  the  raphe 

n u c le i, bu t they could not d e tec t such a  change in  animals lesioned 

w ith  the  sero ton in  neurotoxin 5 ,7-dihydroxytryptamine (5,7-DHT). 

However, more recen tly , Williams and Azmitia (1981) reported  th a t  the  

increase  in  nocturnal locomotor a c t iv i ty  observed in  r a t s  a f te r  5,7-DHT 

le s io n s  of the  fo rn ix -fim b ria  was s ig n if ic a n tly  co rre la ted  w ith a  

reduction  in  synaptosomal uptake of %-5-HT in  th e  dorsal 

hippocampus.

F urther evidence of a  ro le  fo r  5-HT in  the  modulation of 

hippocampal function  comes frcm e lec trophysio log ica l s tu d ie s . 

Spontaneous a c t iv i ty  o f hippocampal pyramidal c e l ls  i s  in h ib ited  by 

ion tophoresis o f 5-HT (Segal, 1975). S im ila rly , raphe stim u la tion  

r e s u l ts  in  a long la ten cy , long duration  in h ib itio n  of hippocampal 

pyramidal c e l ls  which can be antagonized by the  5-HT recep tor 

an tagon ists  methysergide and cyproheptadine and blocked by PCPA 

treatm ent (Segal, 1975; 1976). Granule c e l ls  o f the  den tate  gyrus have 

a lso  been shown to  be in h ib ited  by ion tophoretic  ap p lica tio n  of 5-HT 

(Assaf e t  a l . ,  1981) as w ell as by s tim u la tion  of the  median raphe 

(Assaf and M ille r, 1978). This l a t t e r  group of in v es tig a to rs  a lso  

showed th a t  median raphe stim u la tion  re s u l ts  in  a  p o ten tia tio n  of 

responses (population spike) in  the  den ta te  gyrus produced by perfo ran t 

path  s tim u la tion  (Assaf and M ille r, 1978).

S tudies o f hippocampal th e ta  rhythm also  reveal in h ib ito ry
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in fluences of the  se ro tonerg ic  sy stsn  on hippocampal e le c t r ic a l  

a c t iv i ty .  Theta rhythm in  the  hippocampus c o n s is ts  o f high amplitude 

slow waves (4-12 Hz) which a re  con tro lled  hy pacemaker c e l ls  in  the  

m edial se p ta l a rea  (Rawlins e t  a l . , 1979)* In te rfe ren ce  w ith 5-HT 

transm ission  in  th e  hippocampus by systemic adm in istra tion  of PCPA and 

methysergide or by le s io n  o f th e  fo rn ix -fim b ria  and/or cingulum bundle 

w ith  5,7-DHT, r e s u l ts  in  a  decrease in  th e  th resho ld  fo r  se p ta l 

e l i c i t a t io n  of hippocampal th e ta  (McNaughton e t  a l . , 1977; 1980).

Using th e  same technique of in tra c e re b ra l in je c tio n  of 5,7-DHT to  

d ep le te  hippocampal 5-HT (Azmitia e t  a l . ,  1978), Srebro e t  a l .  (1982) 

have shown th a t  behavioral modulation of neuronal tra n sn iss io n  from the  

p e rfo ran t pathway through the  den tate  gyrus i s  dependent on th e  

connec tiv ity  o f median raphe 5-HT neurons w ith the  hippocampus. Thus, 

follow ing 5,7-DHT le s io n s  of the  cingulum bundle and fo rn ix -fim b ria , 

th e  d ifference  in  th e  granule c e l l  population spike evoked by perfo ran t 

pa th  s tim u la tion  normally observed between animals in  slow-wave sleep  

and in  animals in  th e  s t i l l - a l e r t  s ta te  i s  abolished.

Gray (1982) has suggested th a t  the  function  of the  

septo-hippocampal sy s taa  i s  to  compare ac tu a l w ith expected s tim u li. 

When the  an im al's "plan" i s  in te rru p ted  by adverse conditions (e .g . 

novelty , e r r o r ) , the  job of th i s  systsn  i s  to  "work out what has gone 

wrong so th a t  e x is tin g  p lans can be applied again or new ones 

su b s titu te d ."  He proposes th a t  th e  ascending 5-HT p ro jec tio n , both  to  

th e  hippocampus and septum, i s  mainly involved in  the  output phase of 

th i s  behavioral m odification  system and subserves an o v e ra ll in h ib ito ry  

function .
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IX. C entral Nervous System P la s t ic i ty

The growth p o te n tia l  of the  adu lt mammalian c e n tra l nervous system 

(CNS) has been th e  su b jec t o f much research  and controversy since the  

l a te  n ineteen th  century . I n i t i a l l y ,  in te rp re ta tio n  of observations on 

the  CNS response to  in ju ry  re lie d  heav ily  on s tu d ies  of normal CNS 

development. Ramon y C aja l s tre ssed  the  a p p lic a b lit iy  of the  laws of 

neurogenesis to  regenera tive  phenomena because, " . . . t h e  regenerative  

process of th e  nerves and c e n tra l t r a c ts  in te rrup ted  by traum atic  or 

to x ic  v iolence rep resen ts  merely a  re p e tit io n , under somewhat sp ec ia l 

environmental cond itions, o f th e  c re a tiv e  ac t of th e  embryonic neural 

appendices and nerve trunks" (1959)* However, in  co n tra s t to  the  

immature, growing CNS, Ramon y C ajal and h is  contemporaries could find  

no evidence fo r  th e  ( re)estab lishm ent o f func tiona l connections a f te r  

damage to  ad u lt c e n tra l axons. Spinal cord tran sec tio n  in  mammals 

re su lte d  in  abo rtive  regeneration . Unable to  cross the  g l ia l  membrane 

and scar t is s u e  formed in  response to  in ju ry , the  numerous f in e  sprouts 

observed a  week a f te r  th e  le s io n , la rg e ly  disappeared by one month 

(Ramon y C aja l, 1959)* Attempts a t  regeneration  by damaged axons in  

th e  cerebrum and cerebellum s im ila r in  ex ten t to  those observed in  the  

cord were never de tected , fo s te r in g  the  view th a t  the  b ra in  i s  f a r  le s s  

p la s t ic  than the  sp in a l cord.

In  the  1950's, Windle and h is  colleagues were able to  observe 

regenerating  f ib e rs  bridg ing  the  tra n se c tio n  s i t e  of th e  severed sp in a l 

cord of animals receiv ing  b a c te r ia l  pyrogens to  in h ib i t  scar tis su e  

form ation (Windle, 1956). Regeneration was demonstrated only in  cases 

where the usual dense fib rous scar a t  the  le s io n  s i t e  was replaced by
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loose, highly  vascu larized  connective t is s u e . Other s tu d ies  ind icated  

th a t  damaged f ib e rs  in  th e  b ra in  and cord could regrow along guiding 

s tru c tu re s , such as tra n sp la n ts  o f tumor c e l ls  and epiderm is, placed in  

th e i r  proxim ity (see Windle, 1956). By the  l a t e  1950's, i t  -was 

apparent th a t  ad u lt c e n tra l neurons re ta ined  th e  a b i l i ty  to  grow and 

could do so under favorable conditions.

A. C o lla te ra l sprouting

Research in  the  a rea  o f c e n tra l neuroi. p la s t i c i ty  acquired a  new 

dimension when l i u  and Chambers (1958) reported  sprouting  of in ta c t  

in tra sp in a l dorsal roo t axons in  the  ca t sp in a l cord in  response to  

d es tru c tio n  o f e ith e r  ad jacen t do rsa l roo ts or the  c o rtico sp in a l t r a c t .  

The suggestion th a t  in ta c t  nerve f ib e r s  could grow new branches in  

response to  damage of neighboring f ib e rs  was not novel. The phenomenon 

o f c o lla te ra l  sprouting had previously  been described in  the  periphera l 

sensory and motor nervous systems. Sprouting of re s id u a l motor axons 

a f te r  p a r t ia l  muscle denervation had been demonstrated in  th e  r a t  in  

th e  la te  1940's (see Edds, 1955)* Reinnervation of empty neuromuscular 

junctions by new f ib e rs  re su lted  in  func tiona l recovery. S im ilarly , 

in ta c t  sensory axons were shown to  sprout in to  zones of sensory lo s s  in  

the  sk in  (Weddell e t  a l . ,  1941). C o lla te ra l sprouting  in  the  autonomic 

nervous system was demonstrated ly  Murray and Thompson in  1957. These 

in v e s tig a to rs  found th a t  s tru c tu ra l  and func tiona l recovery o f the  

superio r ce rv ica l ganglion follow ing removal o f up to  90$ of 

preganglionic f ib e rs  was the  r e s u l t  of sprouting  of remaining in ta c t  

f ib e r s .

The experiments o f l i u  and Chambers (1958) demonstrated th a t
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c o lla te r a l  sprouting  was not r e s t r ic te d  to  the  p e rip h e ra l nervous 

system. Subsequent work by Liu and h is  coworkers (McCouch e t  a l . ,

1958) showed th a t  the  increase  in  the  e lec trophysio log ica l response to  

d o rsa l roo t stim u la tion  and th e  appearance o f s p a s t ic i ty  in  hemisected 

monkeys and c a ts  was accompanied by sprou ting  o f do rsa l roo t a ffe re n ts  

on th e  s ide  of hem isection. This ind icated  th a t ,  as in  the  periphery, 

sp routing  f ib e rs  in  th e  CNS were able to  form fu n c tio n a l, although not 

n e cessa rily  appropria te , synapses. Since these  c la s s ic a l  s tu d ie s , 

c o l la te r a l  sprouting  has been demonstrated using  a  v a r ie ty  of 

techniques in  many regions o f th e  CNS. However, in  only a  few cases 

has i t  been shown th a t  c o l la te r a l  sprou ting  re s u l ts  in  the  re s to ra tio n  

o f normal function .

1 . C o lla te ra l sprou ting  follow ing mechanical and e le c tro ly tic  

le s io n s

One of th e  f i r s t  examples o f c o l la te r a l  sprouting  in  th e  adu lt 

b ra in  came frcm the  s tu d ies  o f Goodman and Horel (1966) on th e  r a t  

v isu a l system. Using th e  Nauta s ta in  fo r  degenerating f ib e r s ,  these  

in v e s tig a to rs  demonstrated th a t  in  response to  v isu a l cortex  

d es tru c tio n , o p tic  t r a c t  f ib e rs  sprouted to  innervate areas vacated by 

degenerated co rtico fu g a l f ib e r s .  In te re s tin g ly , sprouting  did not 

occur in  a l l  a reas p reviously  innervated by the  damaged co rtico fu g a l 

f ib e r s  even though th ese  regions were c lo se ly  associated  w ith op tic  

t r a c t  p ro jec tio n s . New growth was detected  only in  regions of major 

convergence of the  2 f ib e r  systems.

Several explanations were offered to  account fo r  the  observation 

o f a  h ighly  sp e c if ic  sprouting  response. A ll f ib e rs  in  the  denervated

43



areas may have "been equally  capable o f f i l l i n g  vacant synaptic  s i t e s ,  

and successfu l sprou ting  depended on fa c to rs  such as r e la tiv e  

percentage of to ta l  a ffe re n ts , proxim ity to  deafferen ted  s i t e s ,  and 

inherent axonal growth r a te .  Thus, in  th is  study, i t  was possib le  th a t  

o ther f ib e rs  had sprouted in  areas where o p tic  t r a c t  f ib e r s  did not 

sprou t and th i s  response could not be detected  by th e  methods used to  

in v es tig a te  op tic  t r a c t  f ib e r s  only. A lte rn a tiv e ly , f ib e rs  may have 

had d if fe r in g  a f f in i t i e s  fo r  synaptic  s i t e s  so th a t  i f  compatible s i t e s  

were unavailab le , f ib e rs  did not sprout.

Goodman and h is  colleagues hypothesized th a t  i f  p o te n tia l  lim itin g  

fa c to rs  such as com petition and s p e c if ic i ty  were reduced, generalized  

sprouting  by a  neuronal system would occur. By u n i la te r a l  eye removal 

in  th e  r a t ,  p a r t ia l  denervation (removal of crossed re tin o fu g a l f ib e rs )  

o f b ra in  regions receiv ing  v isu a l input was accomplished and the  

opportunity  fo r  sp routing  o f compatible f ib e rs  (uncrossed re tin o fu g a l 

f ib e r s  from th e  o ther eye) was maximized in  each a rea  receiv ing  r e t in a l  

input (Goodman e t  a l . ,  1973)- Under th i s  experim ental paradigm,

Goodman e t  a l .  observed generalized  sprou ting  in  a l l  p a r t ia l ly  

deafferen ted  a reas. However, o ther in v e s tig a to rs  have found th a t  th i s  

i s  not the  case in  ad u lt species o ther than the  alb ino  r a t ,  such as the  

c a t (G u ille ry , 1972; Hickey, 1975; K a lil , 1973) where th e re  i s  no 

overlap of r e t in a l  term inals from both eyes. S te lzner e t  a l .  (1976) 

as w ell as o th ers , have suggested th a t  term inal overlap i s  one of the  

major fa c to rs  in  determ ining the  success of sprouting  in to  denervated 

a reas .

The f i r s t  e lec tro n  m icroscopic d esc rip tio n  of c o l la te r a l  sprouting
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in  the  "brain' came frcm Raisman (1969)* The medial se p ta l nucleus i s  

th e  re c ip ie n t o f medial fo reh ra in  bundle (MEB) f ib e rs  frcm th e  

b ra in s tan  which term inate on dendrites and neuronal c e l l  bodies in  the  

nucleus and o f fim b ria l f ib e r s  frcm th e  hippocampus which term inate on 

d en d rites  only. Removal o f e ith e r  o f these  inputs re su lte d  in  a  change 

in  th e  d is tr ib u tio n  of th e  remaining inpu t. Thus, a f te r  fim b ria l 

le s io n s , MEB f ib e rs  expanded th e i r  con tacts w ith d en d rites , whereas 

a f te r  MEB le s io n , f im b ria l f ib e r s  contacted not only d en d rites  but c e l l  

bodies as w ell. In  a  q u a n tita tiv e  reexam ination of th e  sprouting 

response to  f im b ria l le s io n s , Raisman and F ie ld  (1973) found th a t  by 

one month a f te r  fim bria l le s io n , normal numbers o f d e n d ritic  synaptic 

con tac ts  were resto red  by sprouting  MEB f ib e r s  and the  number o f axon 

term ina ls making more than  one synaptic  con tact increased 

s ig n if ic a n tly .

In  the  red nucleus, c o l la te r a l  sprouting  has been shown to  re s u lt  

in  e lec tro p b y sio lo g ica lly  fu n c tio n a l synapses (Tsukahara, 1978). The 

red nucleus receives 2 major inputs: a ffe re n ts  frcm the ce reb ra l cortex  

term inate on d i s ta l  dendrites o f red nucleus neurons, whereas a ffe re n ts  

frcm c e reb e lla r  nucle i term inate mainly on neuronal c e l l  bodies. 

Following le s io n s  o f th e  c e reb e lla r  nucleus in te rp o s itu s  in  c a ts , 

e le c t r ic a l  responses recorded frcm ru b ra l neurons by stim u la ting  the  

ce reb ra l peduncles showed a  component having a  f a s te r  r i s e  time and 

la rg e r  amplitude than th e  normally slow -rising  co rtico ru b ra l EPSP 

(Tsukahara e t a l . ,  1974; 1975). This suggested th a t  c o rtico ru b ra l 

f ib e r s  had estab lished  new synaptic con tacts a t  more proximal po rtions 

o f th e  red nucleus neuronal membrane. E lectron  microscopic s tu d ies  

confirmed th is  idea by dem onstrating new co rtico ru b ra l synapses on
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neuronal somata in  response to  removal o f c e reb e lla r  f ib e rs  (Nakamura 

e t  a l . ,  1974).

Cotman and h is  group have ex tensively  investiga ted  c o l la te r a l  

sprou ting  in  the  hippocampus follow ing a  v a r ie ty  o f e x tra - , in te r - ,  and 

intrahippocampal le s io n s  (see Cotman and lynch, 1976; Cotman and 

Nadler, 1978; Cotman, 1978). U n ila te ra l en to rh ina l co rtex  le s io n  is  

followed by a  h ighly  sp e c if ic  p a tte rn  o f synaptic  reo rgan iza tion  in  the 

den ta te  gyrus. This p a tte rn  i s  co n sis ten t from animal to  animal in  

a d u lts , bu t d if f e r s  markedly frcm th e  p a tte rn  observed in  young animals 

(Lynch e t  a l . ,  1973). In  both in stances, th e  le s io n  produces 

observable changes in  th e  lam ination p a tte rn  and/or d ensity  o f a l l  

granule c e l l  a ffe re n ts . S ig n if ic an tly , locus coeruleus f ib e r s ,  which 

appear to  innervate  in terneurons in  th e  a rea , do not seem to  re a c t to  

th e  le s io n  (see Cotman and Nadler, 1978). Sprouting of in ta c t  

c o n tra la te ra l  en to rh inal a ffe re n ts  in  th e  den tate  gyrus r e s u l ts  in  

e lec tro p h y sio lo g ica lly  fu n c tio n a l synapses (Steward e t  a l . , 1973) and 

recovery o f behavioral d e f ic i t s  (Loesche e t  a l . , 1977)•

In  co n tra s t to  th e  ranarkable p la s t ic  response o f a ffe re n ts  to  the  

d en ta te  granule c e l ls  in  response to  removal o f ip s i la te r a l  en to rh inal 

co rtex  a ffe re n ts , damage to  input derived from c o n tra la te ra l  

hippocampal pyramidal c e l ls  (commissural f ib e rs )  has a  le s s e r  e ffe c t on 

th e  ex is tin g  f ib e r  o rgan ization  of th e  den tate  gyrus. Removal of 

commissural f ib e rs  has no e ffe c t on en to rh inal or se p ta l a ffe re n ts  

(Lynch e t  a l . , 1974). R einnervation of the  deafferented  zone does 

occur (McWilliams and lynch, 1978), suggesting th a t  p ro jec tio n s frcm 

th e  ip s i la te r a l  pyramidal c e l ls  (a sso c ia tio n a l f ib e rs )  sprout to  f i l l
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vacated synaptic  s i t e s  (Cotman and Nadler, 1978).

The s tu d ies  o f sprouting  in  the  hippocampus have c le a r ly  

demonstrated the  h ighly  p la s t ic  nature  o f e x tr in s ic  hippocampal 

a ffe re n ts  and of in tr a -  and interhippocampal connections. 

Reorganization of a ffe re n ts  in  response to  le s io n  depends on the  type 

o f a ffe re n t removed and on th e  ex ten t of denervation. Based on 

observations of the  response of the  hippocampus to  deaffe ren ta tio n , 

Cotman and Nieto-Sampedro (1982) have drawn th e  follow ing conclusions:

1 . Sprouting completely re s to re s  the  synaptic  input lo s t  follow­

ing p a r t ia l  denervation.

2. F ibers w il l  sp rou t only i f  th e i r  term inal f ie ld  overlaps th a t 

o f th e  damaged a ffe re n ts .

3. Sprouting r e s u l ts  in  a change in  the  density  or d is tr ib u tio n  

o f p reviously  e x is tin g  connections; new pathways are  not e stab lish ed .

4. When a neuron receives input frcm d if fe re n t sources, th e re  i s  

a  d e f in ite  h ierarchy  in  the  a b i l i ty  o f th e  various a ffe re n ts  to  sprout 

in  response to  d eaffe ren ta tio n  of th a t  neuron.

Recently, Cotman and colleagues (Hoff e t  a l . , 1981a; 1981b) 

demonstrated synaptic  turnover in  areas not denervated by u n ila te ra l  

en to rh ina l le s io n s . Thus, in  th e  ip s i la te r a l  inner molecular lay e r of 

th e  den tate  gyrus, where the  le s io n  causes no lo ss  of synapses, there  

i s  a  rapid  20$ decrease in  the  number of synapses followed by recovery 

w ith in  10 days o f th e  le s io n . A s im ila r lo ss  and recovery of synpases 

occurs in  the  c o n tra la te ra l inner molecular la y e r , although th is  lo ss  

i s  maximal a t  60 days and recovery i s  not complete u n t i l  180 days 

p o s t- le s io n . No degenerating term inals are  found a t  any time in  these
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reg ions.

The neurons undergoing synaptic  turnover in  these  s tu d ies  a re  

l ik e ly  those sim ultaneously undergoing sprouting  in to  the  denervated 

ou ter molecular lay e r in  response to  th e  le s io n , suggesting th a t  the  

two phenomena are  in tim ate ly  re la te d . Sprouting and synaptic  turnover 

may "both re s u l t  from the  same s ig n a l, th a t  i s ,  the  en to rh ina l le s io n . 

Removal of en to rh inal a ffe re n ts  from granule c e l l  dendrites in  the  

ou ter molecular lay e r might produce a  change in  the  granule c e l l  

d e n d ritic  tre e  as a  whole, which i s  then transm itted  to  neurons 

presynaptic  to  granule c e l l  dend rites . Such a  s ig n a l could re s u l t  in  a  

general m obilization  of th e  presynaptic  neuron 's growth c a p a b lit ie s , 

including  both sprouting  of new term inals in to  denervated a reas and 

rsnode lling  of e x is tin g  ones in  in ta c t  a reas .

Synaptic turnover may be a  normal process in  the  adu lt CNS which 

i s  g re a tly  magnified in  neurons stim ulated to  undergo sprouting  by 

damage to  neighboring neurons. Observations in  th e  normal ad u lt CNS 

suggest th a t  synaptic  turnover i s  not merely a  response to  a  

pa tho log ica l condition. Sotelo and Palay (1971) have observed a ty p ica l 

axonal p ro f i le s  w ith occasional sprouts in  the  l a t e r a l  v e s tib u la r  

nucleus o f th e  normal a d u lt r a t  and have suggested th a t  they rep resen t 

degenerating axon c o l la te r a ls  and term inals w ith  the  form ation of new 

ones. Based on these  observations, these  in v es tig a to rs  have proposed 

th a t  continuous axonal rem odelling occurs in  the  normal adu lt b ra in .

2. Sprouting of monoaminergic neurons follow ing mechanical and 

e le c tro ly tic  le s io n s
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D etailed  study o f c e n tra l  monoaminergic neurons has demonstrated 

th e i r  h ighly  p la s t ic  na tu re . Monoaminergic axons have been shown to  

undergo extensive regeneration  follow ing axotcmy (see Bjorkund and 

S tenevi, 1979)* In ad d itio n , sprouting  o f in ta c t  monoaminergic neurons 

has been demonstrated to  occur in  response to  le s io n s  o f o ther 

monoaminergic and non-monoaminergic f ib e rs .

Following ranoval o f th e  v isu a l cortex , Stenevi e t  a l .  (1972) 

noted an increase  in  the  number of flu o rescen t term inal and 

paraterm inal catecholamine f ib e rs  in  the  do rsa l l a te r a l  gen icu la te  

(DIG). These in v e s tig a to rs  a ttr ib u te d  the  change in  adrenergic 

innervation  of the  DIG to  c o l la te r a l  growth frcm in ta c t  f ib e r s .  No 

change in  the  adrenergic innervation  o f o ther areas denervated by the  

c o r t ic a l  le s io n  was observed, suggesting th a t  th e  sprouting  response 

was se le c tiv e . Furthermore, u n i la te ra l  enucleation , which also  

p a r t i a l ly  denervated th e  DIG, produced no change in  the  adrenergic 

innervation  of th is  region, in d ica tin g  th a t  c o l la te r a l  growth was 

dependent on the  type of denervation. I t  i s  possib le  th a t  sprouting  

occurred exclusively  in  response to  c o r t ic a l  ab la tio n  because only th is  

le s io n  damaged adrenergic axons and resu lted  in  th e  m obilization  of the 

in ta c t  p a rt of the  neuronal system to  sprout (see pruning response, 

below ). The occurrence of sprouting  in  only some areas and not o thers 

may have depended on th e  ex ten t o f denervation, the  d is tr ib u tio n  of 

damaged axons and th e i r  re la tio n sh ip  to  in ta c t  adrenergic axons, and 

th e  com patib ility  o f adrenergic axons tp  vacated synaptic s i t e s .  A 

major issue not addressed in  th i s  study was whether or not in  regions 

where sprouting was observed, adrenergic term inals and damaged 

term inals converged on th e  same d e n d ritic  t r e e . Recent

49



autoradiographic and h isto fluorescence  evidence in d ica te s  th a t  DLG 

neurons receiv ing  both r e t in a l  and v isu a l c o r t ic a l  input may a lso  

receive noradrenergic input frcm locus coeruleus neurons (Kroner and 

Moore, 1980). E lectron  microscopic s tu d ies  are  required to  c la r ify  

th i s  question.

P a r t ia l  le s io n  of th e  superio r c e re b e lla r  peduncle (SCP) which 

c a r r ie s  noradrenergic (NA) a ffe re n ts  to  the  cerebellum has been shown 

to  induce a p ro l ife ra t io n  of NA term inals in  the  c e re b e lla r  cortex 

(P ickel e t  a l . ,  1973; 1974) and in  th e  hippocampus (P ickel e t  a l . ,

1974)• Although in  these  s tu d ies  i s  was not possib le  to  determine 

whether sprouting of NA f ib e r s  in  the  cerebellum was the  r e s u l t  o f 

p a r t i a l  removal o f NA a ffe re n ts  to  th e  a rea  or to  the  removal o f non-M 

a ff fe re n ts , sprouting o f NA f ib e r s  in  the  hippocampus, where no 

d e a ffe re n ta tio n  supposedly occurred, suggests th a t  the  SCP le s io n  

stim ulated  in ta c t  c o l la te r a ls  o f damaged NA f ib e r s  to  sp rou t. That a  

s im ila r  increase in  NA term inals in  the  cerebellum occurred follow ing 

s tab  le s io n s  o f the  locus coeruleus, the  c e l ls  o f o rig in  of c e reb e lla r  

a ffe re n ts  (P ickel e t  a l . , 1973)> suggests fu r th e r  the  p o s s ib i l i ty  th a t  

sp routing  occurred frcm neurons untouched by th e  le s io n  (o f e ith e r  the  

locus coeruleus or the  SCP).

When a  r e s t r ic te d  a rea  of the  cortex  i s  destroyed by a  vascu lar 

le s io n , generalized  sprouting  of NA axons occurs in  th e  ip s i la te r a l  and 

c o n tra la te ra l cortex and in  the  cerebellum (Robinson e t  a l . ,  1977). 

Thus, removal of one p a rt of the  locus coeruleus axonal t r e e  produces 

compensatory sprouting of in ta c t  branches of the  same neurons. As in  

th e  s tu d ies  of P ickel e t  a l .  (1973; 1974) sprouting occurs not only in
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deafferented  a reas, bu t in  regions f a r  from denervated a reas . This 

phenomenon has been termed th e  "pruning e ffe c t"  by Schneider (1973) and 

i s  hypothesized to  be th e  re s u l t  o f a  neuron 's attem pt to  re e s ta b lish  a 

normal number of a rb o riza tio n s  follow ing lo s s  o f some of i t s  branches.

I f  sprouting occurs from undamaged neurons, as may be the  case 

follow ing p a r t ia l  locus coeruleus le s io n s  (see above, P ickel e t  a l . ,  

1973), pruning may then be the  response of a  whole neuronal systan  to  

damage o f i t s  p a r ts . This possib ility  p o stu la te s  the ex istence of 

ccmmunication between neuronal elements. Damage to  f ib e rs  in  the 

periphery  may cause re trograde  changes in  the  neuronal c e l l  body which 

could then be tra n s n it te d  to  neighboring c e l l  bodies by a  v a rie ty  of 

in traneuronal connections.

Evidence e x is ts  fo r  a  transneuronal mechanism fo r  the  induction of 

sprouting  of motor neurons in  th e  frog  (Rotshenker, 1979; 1982; 

Rotshenker and R eichert, 1980). T ransection of or ap p lica tio n  of 

co lch ic ine  ( in  doses causing p a r t ia l  in h ib itio n  of re trog rade  axonal 

tran sp o rt)  to  th e  nerve of one cutaneous p e c to ris  muscle o f the  frog  

induces the  form ation o f new synapses by th e  in ta c t  nerve of th e  nonnal 

c o n tra la te ra l  muscle. These observations suggest th a t  th e  sig n a l fo r 

sprouting  and synapse form ation in  the  normal muscle a r is e s  in  the  

in ju red  neuron and i s  tra n s fe rre d  transneuronally  across th e  sp ina l 

cord to  in ta c t  motor neurons.

Moore e t  a l .  (1971) demonstrated sprouting  of NA f ib e r s  in  the  

septum in  response to  le s io n s  of the  fo rn ix -fim bria . These 

in v e s tig a to rs  a ttr ib u te d  the  c o l la te r a l  growth of NA f ib e r s  in  the  

septum to  the  removal o f non-adrenergic hippocampal a ffe re n ts  to  the
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area . As Raisman and F ie ld  (1973) have suggested, th is  study may 

c o n s titu te  the  l ig h t  m icroscopic c o rre la te  to  th e ir  e lec tro n  

m icroscopic observation of sprouting  of MFB term inals in  th e  septum 

a f te r  fo rn ix -fim b ria  le s io n s . The e lec tro n  microscopic appearance of 

sprouting  MFB term inals suggested th a t  they belonged to  th e  ascending 

noradrenergic f ib e r  system (Raisman and F ie ld , 1973)- However, i t  

should be noted th a t  th e  fo rn ix -fim b ria  a lso  c a r r ie s  NA f ib e r s  to  the  

hippocampus. Therefore, the  sprouting  observed by Moore e t  a l .  may 

have been a  pruning response of NA f ib e r s  damaged by the  fo rn ix -fim b ria  

le s io n .

Sprouting o f v e n tra l tegmental (A-10) dopaminergic (DA) axons in  

th e  o lfac to ry  tu b erc le  occurs in  response to  removal o f 

non-dopaminergic input frcm c e l ls  in  th e  o lfac to ry  bulb (Gilad and 

R eis, 1979)- I t  i s  unclear whether dopaminergic neurons in  the  

m idbrain p ro jec t only to  the  o lfac to ry  tu b erc le  or whether some of 

these  axons continue a n te r io r ly  to  innervate the  o lfac to ry  bulb.

N either su b s ta n tia  n ig ra  nor v e n tra l tegm ental le s io n s  r e s u l t  in  a 

s ig n if ic a n t  change in  o lfac to ry  bulb dopamine le v e ls  (F allon  and Moore, 

1978), suggesting th a t  th e  in tr in s ic  dopaminergic juxtaglom erular 

neurons contain  the  v ast m ajority  of dopamine present in  th e  bulb 

(Halasz e t  a l . , 1977; 1978). Dopamine has a lso  been observed in  some 

ex te rn a l tu fte d  c e l ls ,  whose axons p ro je c t out o f the  bulb v ia  the 

l a t e r a l  o lfac to ry  t r a c t  (Halasz e t  a l . , 1977). However, Fallon  and 

Moore (1978) reported the  existence of a  very sparse e x tr in s ic  

dopaminergic innervation  of th e  bulb in  add ition  to  th a t o f the  

in tr in s ic  systems. Assuming the  existence of connections between the  

midbrain dopaminergic c e l ls  and the  o lfac to ry  bulb, ranoval o f the  bulb
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would then re s u l t  in  axotcmy o f these  neurons. I f  th i s  i s  the  case, 

th e  sprouting observed by Gilad and Reis (1978) might be th e  attem pt of 

damaged axons to  regenerate  behind th e  lesioned area. A lte rn a tiv e ly , 

p ro l ife ra t io n  of dopaminergic term inals in  th e  tu b erc le  might be a

pruning response o f A-10 axons not damaged by th e  les io n .

The dopaminergic input to  the  o lfac to ry  tu b erc le  appears to  be 

d ire c tly  to  pyramidal c e l l  bodies as w ell as to  the  ap ica l dendrites of 

these  c e l ls  (K reiger e t  a l . ,  1977). O lfactory bulb a ffe re n ts  a lso  

term inate on the  d i s ta l  segments o f the  ap ica l dendrites o f pyramidal 

c e l ls  in  th e  tu b erc le  (P rice , 1975). Thus, sprouting  o f DA term inals 

follow ing o lfac to ry  bulb ab la tio n  may be s im ila r to  sprouting  in  the  

den ta te  gym s (Cotman and Lynch, 1976; Cotman and Nadler, 1978), in  the 

red nucleus (Nakamura e t  a l . ,  1974) , and in  the  septum (Raisman and 

F ie ld , 1973). ' I n  a l l  these  examples, removal o f some of th e  a ffe re n ts  

to  a  neuron ( c e l l  body or dendrites) r e s u l ts  in  expansion o f the  

remaining a ffe re n ts  to  f i l l  s i t e s  vacated by degenerated f ib e r s .  I t  

must be emphasized th a t  th is  type of sprouting involves inputs to  the 

same or d if fe re n t regions of a s in g le  neuron.

3* Sprouting of monoaminergic neurons follow ing neurotoxic le s io n s

In  the  vast m ajo rity  o f s tu d ies  on c o lla te ra l  sprou ting , the  use 

o f mechanical or e le c tro ly tic  le s io n s  re su lte d  in  damage to  a l l  f ib e r  

types present in  the  lesioned area . This has complicated the

in te rp re ta t io n  of these  experiments. In  many s tu d ies , i t  cannot be

s ta te d  w ith c e r ta in ty  th a t  removal of a  sp e c if ic  f ib e r  type i s  the 

cause of sprouting of in ta c t  f ib e rs . Furthermore, in  e lec tro n  

m icroscopic s tu d ie s , where degenerating and sprouting f ib e rs  can be

53



id e n tif ie d  and these  processes followed (Raisman 1969; Raisman and 

F ie ld , 1973; Nakamura e t  a l . , 1974; Matthews e t  a l . ,  1976a, h ) , the 

chemical id e n ti ty  o f the  involved f ib e rs  has not been conclusively  

demonstrated. The monoaminergic neurotoxins, 6-hydroxydopamine 

(6-OHDA), 5,6-dihydroxytryptam ine (5,6-DHT) and 5,7-dihydroxyfcryptamine 

(5,7-DHT) o ffe r  a  u sefu l way of producing se le c tiv e  denervation of 

sp e c if ic  b ra in  regions in  th e  absence of s ig n if ic a n t  sca r t is su e  

form ation. By m onitoring the  response to  se le c tiv e  denervation, 

a d d itio n a l in s ig h t in to  the  nature  o f th e  sprouting  sig n a l and response 

w il l  be gained.

As s tru c tu ra l  analogues of 5-HT, 5 ,6 - and 5,7-DHT (Figure 4) are  

se le c tiv e ly  accumulated by 5-HT neurons v ia  the  h ig h -a f f in ity  uptake 

mechanism fo r  5-HT loca ted  a t  axon term ina ls . Once th e  to x in  has 

reached a c r i t i c a l  concentration  in s id e  th e  neuron, i t  e x e rts  i t s  

cy to tox ic  ac tio n , th e  mechanism of which i s  co n tro v e rs ia l. Baumgarten 

e t  a l .  (1982) suggest th a t  th e  5-HT neurotoxins became cy to tox ic  by 2 

mechanisms: 1) ox idation  of these  compounds by m itochondrial 

cytochrame-C oxidase produces reac tiv e  quinoidal in term ediates which 

rea d ily  a tta c k  nucleophiles in  p ro te in s and re s u l t  in  th e  in a c tiv a tio n  

o f indispensable fu nc tiona l groups in  enzymes and s tru c tu ra l  p ro te in s , 

and 2 ) oxidation  re s u l ts  in  the  production o f f re e  ra d ic a ls  which a lso  

damage p ro te in s  e s se n tia l  fo r  the  maintenance of c e l lu la r  function  and 

s tru c tu re . The ro le  o f th is  l a t t e r  mechanism in  5 ,6 -  and 5,7-DHT 

to x ic i ty  i s  as y e t la rg e ly  undefined.

In tra v e n tr ic u la r  adm in istra tion  o f 5 ,6 - and 5,7-DHT has been used 

to  in v es tig a te  th e  regenerative  p ro p ertie s  of NA (Bjorklund e t  a l . ,
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1975; Bjorklund and L indvall, 1979) and 5-HT neurons (Bjorklund e t  a l . , 

1975a.; Bjorklund and Wiklund, 1980; Baumgarten e t  a l . ,  1974; Nobin e t 

a l . , 1975; Wiklund and Bjorklund, 1980). In tra c e re b ra l in je c tio n  ox 

these  neurotoxins i s  u se fu l fo r  th e  les io n in g  of sp e c if ic  axonal 

bundles and fo r  th e  denervation of sp e c if ic  term inal a reas (Bjorklund 

e t  a l . ,  1975b; Daly e t  a l . ,  1975)* Because both drugs have a 

s ig n if ic a n t  damaging e ffe c t  on NA and DA neurons (Bjorklund e t  a l . , 

1975b; 1975; Bjorklund and l in d v a ll ,  1979; L iston  e t  a l . , 1982), the  

s e le c t iv i ty  o f ac tio n  by and the  response to  these  neurotoxins depend 

on p ro tec tio n  of NA and DA neurons by appropria te  neuronal uptake 

b lockers. Pretreatm ent o f animals w ith desmethylimipramine 

(desipram ine, DMI) e f fe c tiv e ly  prevents th e  neurotoxic e ffe c ts  of 5 ,6 - 

and 5,7-DHT on NA neurons (Bjorklund e t  a l . ,  1975; Gerson and 

B a ld essa rin i, 1975)- Amfonelic acid can be used to  p ro tec t DA neurons 

frcm the  e ffe c ts  of 5,7-DHT (L iston e t  a l . , 1982), whereas nomifensene, 

a  potent in h ib ito r  o f both NA and DA uptake, decreases th e  e ffe c ts  of 

th e  neurotoxins on both types of catecholam inergic neurons (Baumgarten 

e t  a l . ,  1982). None of these  drugs has been shown to  reduce the  

e f fe c ts  of 5 ,6 - and 5,7-DHT on 5-HT neurons.

F igure 4. Chemical s tru c tu re s  of 5,6-DHT, 5-HT, and 5,7-DHT. 

Adapted frcm Baumgarten e t  a l .  (1977).

5,6-Dihydroxytryptamine 5- Hydroxytryptamine 5,7- Dihydroxy tryptamine
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In  a  recent s e r ie s  o f experiments, Mollgard and Wiklund (1979; 

Wiklund and Mollgard, 1979) combined in tra v e n tr ic u la r  in je c tio n s  of

5 .6 - and 5,7-DHT w ith  h is to flu o re scen t and e lec tro n  microscopic 

an a ly sis  o f the  5-HT innervation  of th e  r a t  subcommissural organ (SCO) 

to  demonstrate c o l la te r a l  sprouting  o f non-monoaminergic f ib e rs  in  th is  

region, fo llow ing removal of th e  5-HT innervation  of th e  SCO, f ib e rs  

having th e  same u l tr a s t r u c tu r a l  appearance as the  o r ig in a l 5-HT 

synapses reinnervate  SCO c e l ls .  These in v es tig a to rs  suggest th a t the  

reinnervating  sprouts might a r is e  frcm a ffe re n ts  to  nearby 

SCO-associated neurons, since the  u l t r a s t r u c tu r a l  appearance of th is  

input i s  very s im ila r to  th a t  of th e  new synaptic  input to  th e  SCO 

c e l ls .

Azmitia e t  a l .  (1978) have used in tra c e re b ra l in je c tio n s  of

5.7-DHT to  in v es tig a te  p la s t i c i ty  o f median raphe 5-HT input to  the  

hippocampus. The cingulum bundle and fo rn ix -fim b ria  a re  anatom ically 

separated by the  corpus callosum along much of th e i r  leng th . This 

allows fo r  m icrosurgical m anipulation of e ith e r  of these  pathways while 

leav ing  the  other in ta c t .  Following 5,7-DHT le s io n s  o f th e  cingulum 

bundle, a  lo ss  of 5-HT term inals in  the  dorsa l hippocampus was 

ind icated  by a decrease in  the  uptake of -%-5-HT by hippocampal 

s l ic e s  and a decrease in  the  amount o f H -proline transported  frcm

the  median raphe detected  by radioautography. B7 28 days a f te r  the 

le s io n , 5-HT f ib e r s  in  th e  fo rn ix -fim bria  were observed to  undergo 

anatom ical reo rgan iza tion  re su ltin g  in  re s to ra tio n  of th e  normal 

term inal density  in  the  dentate  gyrus. Moreover, reo rgan iza tion  of

5-HT a ffe re n ts  to  the  hippocampus a lso  corrected  the abnormal 

pharm acologically-induced turn ing  behavior observed in  r a t s  14-28 days



a f te r  the  le s io n . More recent study of th is  system using the  

ho rserad ish  peroxidase tra c in g  technique, confirms th a t  c o lla te ra l  

sprouting  of undamaged 5-HT f ib e r s  in  the  fo rn ix -fim b ria  occurred in  

response to  cingulum bundle le s io n s  (Zhou and Azmitia, 1981). The 

s tu d ie s  o f tryptophan hydroxylase presented in  th is  th e s is  were 

undertaken to  fu r th e r  ch arac te rize  th is  sprou ting  response using a 

sp e c if ic  b iochanical marker o f 5-HT neurons.
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MATERIALS AND METHODS

I .  Chemicals and Drugs

The follow ing compounds were purchased frcm Sigma Chanical Co.

(S t.L ouis, M issouri): adenosine 5 '- tr ip h o sp h a te  (disodium s a l t ) ,  

ammonium s u lfa te  (Grade I ) ,  c a ta la se  (from bovine l iv e r ) ,  c re a tin e  

k inase  (Type I ) ,  5,7-dihydroxytryptam ine c re a tin in e  s u lfa te , 

D L -d ith io th re ito l, fe rro u s ammonium s u lfa te , 5-hydroxytryptamine 

c re a tin in e  su lfa te , 2-m ercaptoethanol, B-nicotinamide adenine 

d inucleo tide  (reduced form, disodium s a l t ) ,  pargyline hydrochloride, 

phosphocreatine (disodium s a l t ) ,  pyridoxal 5 '-phosphate, sucrose (Grade

I ) ,  sodium phosphate (monobasic and d ib a s ic ) , Trizma (T ris) a ce ta te , 

Trizma (T ris) base, Trizma (T ris) hydrochloride, L-tryptophan.

The follow ing compounds were obtained from E isher S c ie n tif ic  Co. 

(Pairlaw n, Hew Je rsey ): L -ascorbic ac id , calcium ch lo ride , dextrose, 

e thy lened iam ine-te traace tic  acid (EDTA), magnesium ch lo ride , sodium 

m e tab isu lf ite .

B iop te rin  was purchased frcm Regis Chanical Co. (Chicago, 

I l l i n o i s ) .  D L -6-M ethyl-5 ,6 ,7 ,8-tetrahydropterin  (6-MBH )̂ came frcm 

Calbiochem (La J o l la ,  C a lifo rn ia ) . Platinum oxide (Adam's ca ta ly s t)  

came frcm Matheson Colanan and B ell (Norwood, Ohio). P erch lo ric  acid 

(70-72$) was purchased frcm Baker Chanical Co. (P h illip sb u rg , New 

Je rs e y ) .

Desipramine was obtained frcm M errill Labs (C incinnati, Ohio). 

K eta lar (ketamine-HCl) was purchased fran  Parke Davis (D e tro it, 

Michigan), and Rompun (xylazine) came frcm Haver-Lockhart (Shawnee,
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Kansas). Neosporin aeroso l (Polymixin B, B acitrac in , Neomycin powder) 

was obtained from Burroughs'Wellcome Co. (Research T riangle Park, North 

C aro lin a).

I I .  S c in t i l la t io n  Compounds

Econofluor and P ro toso l were obtained frcm New England Nuclear 

(Boston, M assachusetts). Toluene ( s c in t i l l a t io n  grade) came from 

E isher S c ie n tif ic  Co. PPO (2,5-diphenyloxazole) and POPOP 

(p -b is [2 -(5-phenyloxazolyl)]benzene) were purchased from Amersham 

(A rlington H eights, I l l i n o i s ) .  Absolute ethanol was obtained from US 

In d u s tr ia l  Chemicals (Newark, New J e rse y ) .

I I I .  Isotopes

L-Tryptophanr-1 - ^ C  (sp e c if ic  a c t iv i ty  52*3 mCi/mmol) and 

^H-5-hydroxytryptam ine c re a tin in e  s u lfa te  (sp e c if ic  a c t iv i ty  3 3 -Q 

Ci/mmol) were purchased from New England Nuclear.

IV. Special Equipment

Item

A utoclips 

Center w ells 

Centrifuge (RC2-B)

Cornwall automatic p ip e tto r  

D ia ly sis  tubing

GE/B E il te r s

Homogenizer ( g la s s - te f lo n

Source

Clay Adams, Parsippany, N .J. 

Kontes, Vineland, New Jersey  

S o rv a ll, Norwalk, Conn.

Bectort-Dickinson, R utherford, N.J. 

Arthur H.Thomas Co.,

P h iladelph ia , Pa.

Whatman, England 

Arthur H.Thomas Co.
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clearance . 10- .  15 mm)

Omnimixer Sorvall

SM-24 ro to r Sorvall

SS-34 ro to r Sorvall

Rubber stoppers 

S tereo tax ic  apparatus 

Swinnex f i l t e r  (.45  urn) 

T ite r te k  c e l l  harveste r

Kontes

P rio r, England

M illipore , Bedford, Mass.

Plow L aborato ries, R ockville, M.D.

Tissue c u ltu re  p la te s Linbro S c ie n tif ic , Hamden, Conn.

Y. Experimental Animals

Male Sprague-Dawley r a t s  were used in  a l l  s tu d ies  reported here. 

Animals obtained from P erfec tio n  Breeders (D ouglassv ille , P a .) weighed 

210-280 g a t  th e  time o f use . Animals were housed in  groups (3-6 per 

cage) u n t i l  the  time o f experim ental m anipulation. Pollowing 

s te re o ta x ic  surgery, animals were housed in d iv idua lly  in  a  

tem perature-regulated  rocm (22+2°C) and were maintained on a 

12-hour iig h t/d a rk  cycle  ( l ig h ts  on a t  8:00  h) w ith food and tap  water 

a v a ilab le  ad lib itum .

VI. Brain D issection

Rats were decapitated  between 10:00 and 12:00 h using  a small 

animal g u illo t in e . B rains were rap id ly  renoved and placed in  ice-co ld  

0.01 M Tris-HCl, pH 7«4, fo r  enzyme s tu d ie s , o r in  ice-co ld  0.32 M 

sucrose fo r  s tu d ies  of %-5-HT uptake. Appropriate b ra in  regions 

were d issec ted  on ice:

The midbrain was removed from between the  ro s t r a l  border o f the
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superio r c o l l ic u l i  and caudal border o f the  in fe r io r  c o l l ic u l i ,  

d o rsa lly , and from between the  caudal border of the  mammillary bodies 

and ro s tr a l  edge of the  pons, v e n tra lly . The hypothalamus extended 

v e n tra lly  from the  caudal border o f th e  mammillary bodies to  the  op tic  

chiasm. This region was separated from the  overlying thalamus by 

c u ttin g  around the  hypothalamus w ith a  sc a lp e l, and then  lowering a 

p a ir  of curved forceps along the' l a t e r a l  hypothalamic border to  the  

le v e l of the  thalamus. The p reop tic  a rea  appeared on th e  v e n tra l 

surface  of the b ra in  as a d i s t in c t  oval region b i la te r a l ly  adjacent to  

th e  hypothalamus. The r o s t r a l  boundaries of th is  a rea  were the  genu of 

th e  corpus callosum and the a n te r io r  communicating a r te ry . The septum, 

ly in g  immediately d o rsa l to  the  p reop tic  a rea , was d issec ted  away from 

th e  most v en tra l f ib e rs  o f th e  genu o f th e  corpus callosum and pooled 

w ith  i t s  ip s i la te r a l  p reop tic  area . (Both areas w il l  now be re fe rred  

to  as the  combined SPOA.) To remove th e  hippocampus, the  b ra in  was 

placed on i t s  v e n tra l aspect. A m idline cu t was made to  expose the 

fo rn ix -fim b ria  and hippocampus. The hippocampus, w ithout the  

fo rn ix -fim b ria , was peeled away from the  overlying cortex  using b lun t 

curved forceps. The caudate area , having a  d is t in c t ly  darker 

appearance, was then separated from th e  surrounding cortex .

Ind iv idua l b ra in  regions were immediately frozen  on dry ice  in  

aluminum f o i l  fo r  sto rage a t  -70°C or were weighed and then placed 

in  ice-co ld  b u ffer fo r  immediate assay.

V II. Measurement o f Tryptophan Hydroxylase A ctiv ity

A. Enzyme p reparation
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Brain regions were e ith e r  defrosted  in  0.01 M Tris-HCl, pH 7-4, 

w ith in  one month of freez in g , o r used immediately a f te r  d issec tio n . In 

both cases, t is s u e s  were cleared o f excess b u ffe r by g en tle  b lo tt in g  on 

f i l t e r  paper and weighed. Tissues were homogenized (10 passes a t  3000 

rpm) in  10 volumes (v/w) ice -co ld  0.01 M Tris-HCl, pH 7-4, contain ing  2 

mM d i th io th re i to l .  Homogenates were centrifuged in  an SM-24 ro to r a t  

35,000 x g fo r  20 minutes a t  4°C, and th e  re su ltin g  supernatants 

were assayed fo r  enzyme a c t iv i ty .

B. Substra te  p reparation

L -[l-^% -]T ryptophan (50 uC) was received in  a  volume of 2.5 

ml (98$ ^ 0 :2 $  ethanol) and brought to  0.1 M Tris-HCl, pH 7-4, in  a 

f in a l  volume of 3 nil. A liquots o f 100 u l  were prepared and sto red  

frozen  in  the  dark a t  -20°C.

U nlabelled L-tryptophan was dissolved in  d i s t i l l e d  w ater (8.24 

mg/ml) and 100 u l  a liq u o ts  were prepared and sto red  frozen  a t  -20°C 

in  th e  dark. At th e  time o f assay, an a liq u o t o f un labelled  tryptophan 

was d ilu ted  1:100 in  0.08 M Tris-HCl, pH 7-4. One a liq u o t of 

rad io lab e lled  tryptophan was reco n stitu ted  to  2 .2  ml w ith d ilu ted  cold 

tryptophan and 0.08 M Tris-HCl. ( in  experiments where the  pH of the  

assay m ixture was a v a ria b le , a l l  d ilu tio n s  were performed w ith 

Tris-HCl b u ffe r a t  the  desired  pH.) By varying th e  proportion  of 

d ilu te d  cold tryptophan to  b u ffe r per a liq u o t of lab e lled  tryptophan, 

th e  concentration  of su b s tra te  in  the  assay was changed. In  a  standard 

assay (80 uM tryp tophan), 100 u l  o f th e  f in a l  su b s tra te  so lu tio n  

contained 29*4 nmol o f tryptophan and 140,000 to  150,000 CFM. In  th is  

in stance , the  sp e c if ic  a c t iv i ty  of the  su b s tra te  was 2.65 mCi/mmol.
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C. Cofactor preparation

T etrahydrobiopterin  (BH^) was prepared according to  the  method 

o f Knapp (1982). B iop terin  was pulverized using a  p o rce la in  m ortar and 

p e s tle  and suspended in  5 mM HC1 to  achieve a  f in a l  concentra tion  of 14 

mM. A liquots were prepared and sto red  frozen  in  th e  dark a t  -20°C.

For each assay, the  stock  so lu tio n  o f b io p te rin  was fre sh ly  d ilu ted  

w ith  5 mM HC1 and reduced to  EĤ  by c a ta ly t ic  hydrogenation over 

platinum oxide (PtC^). The so lu tio n  was placed in  an amber g lass 

b o t t le  containing 3-5  mg PtC^, and th e  b o t t le  and i t s  contents were 

weighed. The b o t t le  was then t ig h t ly  sealed  w ith  a  vented rubber 

stopper and securely  placed in  a vortex  shaker. Hydrogen gas was 

gen tly  bubbled through th e  shaking so lu tio n  fo r  20 minutes a t  room 

tan p era tu re . Reduction of b io p te r in  to  BH ,̂ followed 

spectropho tcm etrica lly , was completely accomplished during th i s  time 

period . The b o t t le  and i t s  contents were weighed a  second tim e, and 

any volume lo s t  by evaporation during th e  hydrogenation procedure was 

reco n s titu ted  w ith  5 mM HC1. The so lu tio n  was then passed through a 

Swinnex f i l t e r  in to  a  l ig h t-p ro o f  v ia l  on ice . A ll subsequent 

d ilu tio n s  were made in to  5 mM HC1 and were kept on ice  in  th e  dark 

u n t i l  d e livery  in to  the  reac tio n  tubes.

6-MPH  ̂ was fre sh ly  weighed and d ilu ted  in to  5 mM HC1 fo r  each 

assay . Solutions of 6-MPH  ̂ were kept in  th e  dark on ice  u n t i l  

d e liv ery  in to  the  reac tio n  tubes.

D. Aromatic L-amino acid decarboxylase (AADC) preparation

AADC was p a r t ia l ly  p u rif ie d  from fre sh  or frozen r a t  kidneys
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according to  the method of Christenson e t  a l .  (1970). Kidneys were 

weighed and then homogenized in  a S o rva ll Cmnimixer in  4 volumes of 

ice -co ld  0.02 M Tris-HCl b u ffe r, pH 8 .1 . The homogenate was 

centrifuged a t  12,000 x g fo r  20 m inutes. The re s u ltin g  supernatant 

was brought to  35$ sa tu ra tio n  w ith ammonium s u lfa te , s t i r r in g  gen tly  on 

ice  fo r  15 m inutes. The so lu tio n  was centrifuged again a t  12,000 x g 

fo r  20 minutes and th e  re su ltin g  supernatant was brought to  50$ 

sa tu ra tio n  w ith ammonium s u lfa te , s t i r r in g  gen tly  on ice  fo r  15 

m inutes, follow ing a th ird  cen trifu g a tio n  a t  12,000 x g fo r  20 

m inutes, the  supernatant was discarded and the  p e l le t  was resuspended 

in  a volume of ice-co ld  0.002 M sodium phosphate b u ffe r, pH 7 .0 , equal 

to  0 .8  tim es the  o r ig in a l wet weight of th e  kidneys. The crude enzyme 

was dialyzed aga in st 100 volumes o f 0.002  M phosphate b u ffe r overnight 

in  th e  cold. A fter a  f in a l  c en trifu g a tio n  fo r  20 min a t  12,000 x g, 

th e  enzyme p reparation  was a liquoted  and sto red  frozen  a t  -70°C.

A ll cen trifu g a tio n s  were performed in  a S o rvall SS-34 ro to r  a t  4°C.

For each AADC p repara tion , enzyme a c t iv i ty  was t i t r a t e d  using the  

TPOH assay: increasing  volumes of AADC were included in  th e  assay fo r  

TPOH u n t i l  th ere  was no fu r th e r  change in  the  number of CM accumulated 

during 30 minutes of incubation (excluding the  number o f CM in  the 

blank tu b e s ) . In  the  same assay, th e  concentration  of pyridoxal 

phosphate (PLP) required  fo r  maximal a c t iv i ty  was determined. AADC 

prepared and stored  in  th is  manner was s ta b le  fo r  up to  4 months w ith 

no apparent decrease in  a c t iv i ty  observed under the  assay conditions 

used here.
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Figure 5* P rin c ip le  o f the  assay fo r  TPOH developed hy Ichiyama 

e t  a l .  (1968; 1970). Radioactive COg i s  re leased  from 5-HTP hy 

the  ac tion  of AADC. D irec t decarboxylation of tryptophan can occur a t  

high su b s tra te  le v e ls  (dashed l in e ) .  Adapted from Azmitia (1973)*
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E. Standard assay for tryptophan hydroxylase

Tryptophan hydroxylase (TPOH) was assayed hy a  m odification of the  

coupled radiom etric method of Ichiyama e t  a l .  (1968; 1970). The assay 

measures l ib e ra te d  hy AADC frcm

[l-^C -]5-hydroxytryp tophan  (5-HTP) formed from the hydroxylation

o f Ir-[1 -^C -]tryp tophan  hy TPOH (Eigure 5)« The d iffe rence  in  Km

o f AADC fo r  5-HTP (10- ^ M) and fo r  tryptophan (10~^-10- ^ M)

makes the  assay p o ss ib le . High concentra tions of su b s tra te

( ^ - t ry p to p h a n )  a re  avoided in  order to  keep th e  d ire c t

decarboxylation o f tryptophan to  tryptam ine to  a  minimum and thereby

increase  th e  s p e c if ic i ty  o f the  assay. Since TPOH i s  th e  ra te - lim itin g
14enzym e in  5-HT sy n th e s is , th e  amount o f CO2 re leased  i s  

s to ich icm e trica lly  re la te d  to  the  amount o f tryptophan hydroxylated and 

th e  amount o f 5-HT produced. Unless otherwise noted, the  follow ing 

standard assay procedure was used fo r  measuring TPOH a c t iv i ty .

R eactants were kept always on ice  and were delivered  to  15 ml 

tubes on ice  in  th e  follow ing order and amount. (Reactants added 

sim ultaneously are  l i s te d  to g e th e r .) :

1) 50 u l  AADC p repara tion  plus 10 u l  PIP in  d i s t i l l e d  

w ater (37 nmol) .

2) 30 u l  DTT/Ee++ in  d i s t i l l e d  w ater, 50 u l  NADH in  0 .2  M Tris-HCl, 

pH 7 .4 , 77.5 u l  BĤ  in  5 mM HC1 (0.37 umol DTT, 5-2 nmol

Ee"H’, 0.17 umol NADH, 42.7 nmol EH )̂

3) Enzyme p repara tion  (25 u l  hypothalamus, 50 u l  midbrain or SPOA, 100 

u l  hippocampus)

4) 100 u l  L -[1 -^C -]tryp tophan  (29*4 nmol, sp e c if ic  a c t iv i ty  = 2.65
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mCi/mmol)

The f in a l  assay volume fo r  hippocampus was 417-5 u l;  th a t  fo r  

m idbrain, hypothalamus, and SPOA was 567-5 u l .

Following add ition  o f su b s tra te , th e  assay mixture was sealed in  

t e s t  tubes w ith rubber stoppers frcm which were suspended p la s t ic  

cen ter w ells contain ing  100 u l  P ro toso l fo r  c o lle c tio n  of 

^COg. Samples, in  t r ip l i c a te ,  were incubated a t  37°C fo r  

50 minutes in  a  shaking water hath . At the  end of the  incubation, the  

samples were again placed on ice . The reac tio n  was term inated by 

in je c tio n  of 500 u l  14$ p erch lo ric  acid  through the  stopper using a  

Cornwall automatic syringe. Samples were incubated fu r th e r  fo r  one
r\ 1/1

hour a t  57 C to  insure complete c o lle c tio n  of CO2 in  the  

P ro toso l. Center w ells were removed d ire c tly  in to  g lass  s c in t i l l a t io n  

v ia ls  containing 10 ml o f s c in t i l l a t io n  f lu id  composed of a  to luene 

phosphor (5-99 g PPO and 0.48 g POPOP) and absolu te  ethanol in  a 5-55:1 

r a t io .  A fter a t  le a s t  2 hours o f e q u ilib ra tio n , ra d io a c tiv ity  was 

counted fo r  5 minutes in  a Beckman IS7500 liq u id  s c in t i l l a t io n  counter 

w ith an ex te rna l quench co rrec tio n . The counting e ffic ien cy  was 

approximately 85$.

Based on th e  assumption th a t  the  sp e c if ic  a c t iv i ty  of the  product 

(^CO^) i s  equal to  th a t  of the  su b s tra te  

(lr-[l- '^ 'C -]tryp tophan ), the  number o f pmol  ̂^CO  ̂ released  

was determined using th e  sp e c if ic  a c t iv i ty  o f th e  su b s tra te . Following 

conversion of CPM to  DFM using the  e ffic ie n cy  noted above, enzyme 

a c t iv i ty  was ca lcu la ted  and expressed as follow s:

14-pmol CC^/mg wet t is su e  wet/50 minutes =
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DPM x C i/2 .22x10^ DPM x mol/2.65 Ci x 1/10 mg wet weight 

(hippocampus) x 1/30 minutes

For midbrain and SPOA, the  above c a lcu la tio n  was made using  1 /5 mg 

wet weight, and fo r  hypothalamus, th is  number was 1/2.5*

F. Blanks

For each sample, blank tubes, in  t r ip l i c a te ,  were incubated w ith 

77-5 u l  5 mM HC1 in  p lace o f EH^. Unless otherw ise sp e c ified , a l l  

r e s u l ts  reported  are  derived frcm CPM which have been corrected  fo r  the  

number of CPM in  blank tubes. The number of CPM in  samples were a t  

le a s t  tw ice th a t  in  b lanks. In  some cases (see P art I ,  R esu lts V II), 

o ther types of blanks were used to  attem pt to  assess the  amount of 

^CO^, re leased  as a  r e s u l t  o f the  ac tio n  of AADC on tryptophan 

in  th e  absence o f TPOH, th e  ac tio n  of TPOH supernatant on tryptophan in  

th e  absence of AADC, and th e  d ire c t decomposition of 

L-[1 -  ^C-]tryptophan in  the  absence o f both AADC and TPOH.

V III. P ro p e rtie s  o f the  Tryptophan Hydroxylase Assay

A. Buffer and m olarity

In  order to  assess the  e ffe c t  o f the  type of b u ffer and i t s  ' 

m olarity  on TPOH a c t iv i ty ,  enzyme a c t iv i ty  was assayed using 

T ris -a c e ta te , Tris-HCl, and sodium phosphate b u ffe rs , a l l  a t  pH 7*4*

The m olarity  o f th e  f in a l  reac tio n  m ixture ranged frcm 0-5 to  0.001 M. 

The assay was performed on TPOH prepared frcm midbrains o f normal 

animals in  the presence of 10 uM tryptophan, 116 uM BH ,̂ 1mM DTT,

0 .4  mM HADH, 0.1 mM PLP, and 50 u l  AADC.
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B. pH and tem perature

The e ffe c t of pH and tem perature on TPOH a c t iv i ty  was 

in v estig a ted . Enzyme a c t iv i ty  was assayed using 0.05 M Tris-HCl Puffer, 

a t  pH 6 .8 , 7*0, 7 .2 , 7 .4 , 7 .6 , and 8 .1 . pH was measured a t  room 

tem perature. At each pH, the  assay m ixture was incubated on ice 

(4°C), a t  roam tem perature (22+2°C), and a t  57°C fo r  50 

m inutes. The quenched samples were secondarily  incubated fo r  one hour 

a t  57°C in  a l l  cases. The assay conditions were as above.

C. L in ea rity  w ith t is s u e  concentra tion

L in e a rity  o f enzyme a c t iv i ty  was investiga ted  fo r  supernatants 

from m idhrain, hippocampus, SPOA, caudate, and hypothalamus. The 

follow ing su b s tra te /co fa c to r  conditions were assayed: 10 uM 

tryptophan/400 uM 6-MPH ;̂ 400 uM tryptophan/400 uM 6-MPH ;̂ 10 

uM tryptophan/116 uM BH ;̂ 200' uM tryptophan/400 uM BH .̂

The assay was c a rried  out on 6.25 u l  to  100 u l  of- supernatant. In

a l l  cases, the  to ta l  volume of th e  assay m ixture was kept constant

w ith in  a s in g le  experiment. A ll o ther conditions were standard unless 

otherw ise noted.

D. L in earity  w ith time

The time course of enzyme a c t iv i ty  was studied fo r  hippocampal and

m idhrain enzyme preparations only. Samples were incubated a t  57°C

fo r  0 to  60 minutes. L in e a rity  was estab lished  fo r  TPOH assayed under 

standard conditions.

E. E ffec t o f freez in g  on TPOH a c t iv i ty
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Four animals were sa c r if ic e d  and th e i r  midhrains were removed.

One midbrain m s  frozen on dry ice  and sto red  a t  -70°C fo r  fu tu re  

assay , while th e  o thers were pooled and immediately homogenized in  10 

volumes 0.01 M Tris-HCl, pH 7*4, contain ing  2 mM DTT. A f ra c tio n  of 

th e  hcmogenate was frozen  a t  -70°C and the  remainder was 

centrifuged  to  obtain  th e  35,000 x g supernatant. TPOH a c t iv i ty  was 

measured in  th e  supernatant in  the  presence of 10 uM tryptophan, 116 uM 

BH ,̂ 0 .4  mM NADH, 1 mM DTT, 7 uM Fe4̂ ,  50 u l  AADC, and 0.1 mM 

PLP. The supernatant remaining a f te r  assay was frozen a t  -70°C fo r  

assay 18 days l a t e r  using th e  same conditions as above.

F. Assay of TPOH a t  high su b s tra te  and cofacto r concentrations

TPOH was prepared frcm m idbrain and assayed using 100 , 200, and

400 uM tryptophan and 200 and 400 uM BĤ  and 6-MPH^. A ll other
|  | -

assay conditions were standard w ith  the  exception of 7 uM Fe .

Two s e ts  of blank tubes were prepared a t  each concentration  of 

su b s tra te : one lacked cofacto r only and the  o ther lacked cofacto r and 

TPOH.

IX. Homogenization, P reincubation, and Incubation o f TPOH Under 

Reducing Conditions

A. Homogenization

To in v es tig a te  the  e ffe c ts  of various reducing agents in  the  b ra in  

homogenate on TPOH a c t iv i ty ,  m idbrains frcm severa l animals were pooled 

and homogenized in  5 volumes 0.01 M Tris-HCl, pH 7.4- Immediately 

a f te r  homogenization, measured a liq u o ts  o f the  homogenate were brought 

to  2 mM d i th io th re i to l  (DTT), ascorbic ac id , or m etab isu lfite  in  an



equal volume of 0.01 M Tris-HCl. The pH o f th e  b u ffe r p lus reducing 

agent was rechecked and i f  necessary ad justed  to  pH 7*4 before  add ition  

to  the  homogenate. Assay conditions were as above w ith  the  exception 

o f 1 mM DTT. Control samples were homogenized and incubated in  the  

absence o f reducing agent.

B. Preincubation

In  s tu d ies  to  in v es tig a te  the  e ffe c ts  of various reducing agents 

on TPOH preincubated under sp e c if ic  atmospheric cond itions, m idbrains 

from severa l r a ts  were pooled and homogenized in  5 volumes 0.01 M 

Tris-HCl, pH 7*4- Measured a liq u o ts  o f the  3 5 ,0 0 0  x g supernatant were 

brought to  the  desired  concentra tion  of DTT, DTT p lus fe rro u s ammonium 

s u lfa te  (Ee++) , o r Ee++ alone w ith equal volumes of the  

appropria te  ccmpound(s) dissolved in  0.01 M Tris-HCl, pH 7-4. In  one 

experiment, DTT p lus Pe"H" were added to  the  supernatant in  Tris-HCl 

b u ffe r , pH 8 .5 , and enzyme a c t iv i ty  was assayed a t  pH 7-4. Also, 

follow ing preincubation  a t  pH 7-4, supernatant was assayed a t  pH 7 .0  

and pH 7-2. In  another experiment, a liq u o ts  o f the  homogenate were 

co n stitu ted  to  the  app ropria te  concentra tion  of DTT and/or Ee++ 

before cen trifu g a tio n  ( as above). P reincubation was then  c a rried  out 

on the  supernatant d ire c tly  or on supernatant again co n stitu ted  to  5 mM 

DTT, 50 uM ?e++.

Enzyme so lu tio n s  were placed e ith e r  on ice  or preincubated in  

amber g lass b o ttle s  sealed  w ith vented rubber stoppers. 100$ hydrogen 

gas (Hg), 10C$ n itrogen  gas (Ng), or 95$ oxygen/5$ carbon 

d ioxide (0^)  was bubbled over the  enzyme so lu tio n  through a syringe 

t i p  placed 1 /2-1 inch from the surface of the  m ixture. Solutions were



gassed 45 minutes a t  roan tem perature or l e f t  a t  roan tem perature 

w ithout "being gassed fo r  the  same time period. Following 

preincubation , enzyme so lu tio n  was placed immediately on ice  and 

assayed w ith in  one hour. Control samples were prepared in  the  absence 

o f reducing agent and maintained on ice  u n t i l  time o f assay. No 

reducing agent was included in  the  incubation mixture of con tro l 

samples. Enzyme a c t iv i ty  was assayed in  the  presence of 10 uM 

tryptophan, 116 uM BH ,̂ 0 .4  mM NADH, 0.1 mM PIP, and 50 u l  AADC. 

S pec ific  reducing conditions are  ind icated  in  the  r e s u l ts .

Any decrease in  the  volume of th e  enzyme preparation  due to  

evaporation of "buffer during th e  process o f preincubation  was detected  

by weighing the  b o t t le  and i t s  contents before and a f te r  preincubation. 

When a  decrease was noted, th e  volume was reco n stitu ted  w ith  0.01 M 

Tris-HCl.

C. Incubation

In  severa l experiments, the  reducing conditions o f the  enzyme 

assay were modified frcm those o f th e  homogenate or frcm those o f the  

preincubated supernatan t. Desired assay conditions were achieved by  ̂

adding th e  appropria te  compound in  d i s t i l l e d  w ater (c a ta la se , DTT,

Ee++, m e ta b isu lf ite , ascorb ic  acid) or in  0 .2  M Tris-HCl, pH 7-4 

(NADH) to  the  assay m ixture. Solu tions of m e tab isu lfite  and ascorbic 

acid  were n eu tra lized  before  add ition .

In  some cases, the  pH o f th e  assay m ixture was modified by th e  use 

o f Tris-HCl b u ffe r, pH 7*0 or 7 .2 , a t  a l l  s tep s of the  assay but 

homogenization. Control samples were prepared and assayed in  the
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absence of reducing agent a t  pH 7-4. Specific  assay conditions are  

noted in  th e  re s u l ts .

X. Preincubation and Incubation of TPOH Under Phosphorylating 

Conditions

A. E ffec t o f phosphorylating conditions on m idbrain and 

hippocampal TPOH a c t iv i ty

In  one s e r ie s  of experiments, the  e ffe c ts  o f phosphorylating 

conditions on TPOH prepared frcm m idbrain and hippocampus and assayed 

a t  10 uM tryptophan and 116 uM EH  ̂ were in v estig a ted . The 

appropria te  assay cond itions were achieved by th e  add ition  of ATP 

and/or MgCl2 and/or CaCl2 in  0 .2  M Tris-HCl, pH 7.4- Control 

samples were incubated in  the  absence o f ATP, MgCL,, and CaCL,. 

Included in  the  assay m ixture were 1 mM DTT, 7 uM Fe++, 0 .4  mM 

NADH, 0.1 mM PLP, and 50 u l  AADC.

B. E ffec t o f DTT/Ee"1-1" on a c tiv a tio n  of TPOH by phosphorylating 

conditions

Another experiment investiga ted  the  e f fe c ts  o f assay reducing 

conditions on th e  a c tiv a tio n  of TPOH by 1 mM ATP and 10 mM MgCl2 . 

Midbrains were homogenized in  0.1 mM DTT and th e  desired  concentra tion  

o f DTT and/or Ee++ in  th e  reac tio n  mixture was achieved by the  

ad d itio n  of th e  reducing agent(s) in  d i s t i l l e d  w ater. Controls were 

incubated in  the  absence of ATP and MgCl^. A ll o ther assay 

conditions were as in  A.

C. E ffec t o f pH on a c tiv a tio n  of TPOH by phosphorylating
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conditions (1)

The e ffe c t o f th e  assay medium pH on TPOH a c t iv i ty  measured under 

phosphorylating conditions -was studied  fo r  midhrain enzyme assayed w ith 

30 uM BH ,̂ 116 uM BH ,̂ and 116 6-MPH .̂ In  these  

experiments, enzyme a c t iv i ty  was assayed w ith 1 mM ATP and 10 mM 

MgCl^ a t  pH 7 .2 , 7-4, 7*6, 7 .8 , 8 .0 , and 8 .2 . Controls a t  each pH 

were incubated w ithout ATP/MgClg. A ll o ther assay conditions were 

as in  A.

D. E ffec t o f pH on a c tiv a tio n  o f TPOH hy phosphorylating 

conditions (2)

An a tta n p t was made to  re p lic a te  the  pH p ro f i le  o f a c tiv a tio n  of 

TPOH found hy Hamon e t  a l .  (1978c).. In  th is  experiment, m idhrains 

were homogenized in  0.05 M Tris-HCl, pH 7 . 6 ,  containing 2 mM 

2-m ercaptoethanol (MCE) and assayed in  0.05 M Tris-HCl, pH 7-6, 2 mM 

MCE, 60 U c a ta la se , 160 uM 6-MPH ,̂ and 10 uM tryptophan. Enzyme 

a c t iv i ty  was assayed a t  pH 1 . 2 ,  7 .4 , 7-6, 7 .8 , 8 .0 , and 8 .2 . 

Phosphorylating conditions were 1 mM ATP and 10 mM MgC^. Controls 

were incubated a t  each pH in  the  absence of ATP/MgClp.

E. E ffec t o f p reincubation  on a c tiv a tio n  of TPOH hy 

phosphorylating conditions

In  one s e r ie s  of experiments, the  35,000 x g m idhrain supernatant 

was preincubated w ith  50 u l  AADC, 0.1 mM PIP, 1 mM DTT, 7 uM Ee++, 

and 0 .4  mM HADH a t  37°C fo r  10 minutes. Enzyme was preincubated in  

th e  presence and absence of co facto r (BH^=116 uM, 6-MPH^=200 

uM) and su b s tra te  ( tryptophan=10 uM) both w ith and w ithout 1 mM ATP/10
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mM MgClg. Following th e  preincubation, the  samples were placed on 

ice  fo r  any fu r th e r  ad d itio n s. Again, co n tro ls  were samples assayed in  

the  absence of ATP/MgClg.

F. E ffect o f order of add ition  of assay components on a c tiv a tio n  

o f TPOH by phosphorylating conditions

A p o ssib le  e f fe c t  o f th e  order o f ad d itio n  of components to  the  

assay on TPOH a c tiv a tio n  by phosphorylating conditions was 

in v es tig a ted . In  previous experiments, a l l  preincubations had been 

ca rried  out in  th e  presence of AADC, PLP, NADH, DTT, and Fe++. In 

th is  assay, these  components were added a f te r  preincubation, 

immediately before  co facto r (except when cofacto r was included in  the  

p re incubation ). The reac tio n  was in i t ia te d  by th e  ad d itio n  of 

su b s tra te  ( except when su b s tra te  was included in  th e  p re incubation ). 

Midbrain enzyme was not preincubated (I )  and preincubated in  the 

presence and absence of 1 mM ATP, 10 mM MgdL, or 1 mM ATP, 10 mM 

MgClg, 10 uM CaCL, w ithout co factor and su b s tra te  ( I I ) ,  w ith 

co facto r only ( I I I )  and w ith su b s tra te  only (IV ). For each 

preincubation  condition, con tro l enzyme a c t iv i ty  was measured in  the  

absence of ATP/MgCl^/CaCl^. Enzyme was assyed a t  116 uM 

BĤ  and 10 uM tryptophan. A ll other conditions were as in  A.

G. E ffec t o f an ATP-regenerating system on a c tiv a tio n  of TPOH by 

phosphorylating conditions

The e ffe c t of an ATP-regenerating system on the  a c tiv a tio n  of 

m idbrain TPOH by ATP/MgC^/CaC^ was stud ied . C reatine kinase 

(CK, 1 mg/ml), c re a tin e  phosphate, (CP, 20 mM), ATP (1 mM), MgCl^
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(10 mM) and CaCE, (10 uM) were added to  the  assay m ixture in  0 .2  M 

Tris-HCl, pH 7-4. Enzyme a c t iv i ty  was assayed in  the  presence and 

absence of Ee++. Controls were assayed in  the  absence of 

ATP/MgCLj/CaClg and CK-CP. The concentration  of BĤ  was 

116 uM and th a t  o f tryptophan was 10 uM in  th is  experiment. A ll other 

assay conditions were as in  A.

H. E ffec t o f EDTA on a c tiv a tio n  of TPOH by phosphorylating 

conditions

The e ffe c t  of EDTA on midbrain enzyme a c t iv i ty  assayed in  the  

presence and absence of phosphorylating conditions was in v estig a ted . 

TPOH was assayed w ith 0, 10”^ M, 10”^ M, or 10- ^ M EDTA 

under th e  follow ing conditions:

1 mM ATP, 10 mM MgC]^

1 mM ATP, 10 mM MgCl^ 10 uM CaClj '

1 mM ATP, 10 mM MgCl2 , 50 uM CaCl^

1 mM ATP, 10 mM MgClg, 100 uM CaCl2

Control samples were assayed in  the  absence of EDTA and 

phosphorylating conditions. The concentra tion  of BĤ  was 116 uM 

and th a t  of tryptophan was 10 uM. A ll o ther assay conditions were as 

in  A.

X II. Neurotoxin In je c tio n s

Animals were in jec ted  in tra p e rito n e a lly  w ith desipramine dissolved 

in  0.9$ sa lin e , 10 mg/kg body weight, 50 to  45 minutes p r io r  to  

in je c tio n  of the  neurotoxin. In jec tio n s  were made in to  animals 

anaesthetized  w ith K eta lar, 50 mg/kg in tra p e r ito n e a lly , followed 5



minutes later "by Rompun, 12 mg/kg intramuscularly.

The sk in  overlying the  cranium was shaved fre e  of fu r and the 

animal was then  placed in  a  s te reo tax ic  apparatus w ith earhars 

positioned  to  ju s t  penetra te  the  an im al's eardrums and the  in c iso r  bar 

s e t  to  3*2 mm below the in te ra u ra l l in e .  A fter cleansing  th e  anim al's 

sk in  w ith a lcohol, a  3 cm m idline in c is io n  was made beginning 

immediately p o s te rio r  to  th e  eyes. A su rg ic a l sca lp e l was used to  

remove th e  underlying fa s c ia . With the  aid  of an operating  microscope, 

an opening in  the  sk u ll a t  the  le v e l o f th e  in je c tio n  s i t e  was made 

using a den ta l d r i l l .  The dura was p ierced w ith a  f in e  syringe t ip .

For in je c tio n  of th e  neurotoxin, a  hand-driven g lass  m icropipet 

(30-120 urn in  diameter) was lowered a t  a  l a t e r a l  angle o f 15° to  

avoid damage to  the  s a g i t t a l  s inus. In je c tio n s  were made a t  

coordinates r e la tiv e  to  th e  bregma sk u ll  su tu re : 1 .0  mm p o s te r io r , 1.3 

mm la t e r a l ,  and 2 .4  mm v e n tra l. H is to lo g ica l examination of b ra in s  of 

animals in jec ted  a t  these  coordinates w ith trypan blue dye confirmed 

th a t  the t i p  o f the  m icropipet penetrated  close to , bu t did not 

d ire c tly  con tact, the  cingulum bundle. This was d esirab le , so as not 

to  cause d ire c t damage to  cingulum bundle f ib e rs .

Doses of 1 to  5 ug o f the  fre e  base o f 5,7-dihydroxytryptam ine 

c re a tin in e  s u lfa te  (5,7-DHT) dissolved in  0.9$ sa lin e  containing 0 .2  

mg/ml ascorbic acid were in jec ted  u n i la te r a l ly  through the  m icropipet.

5,7-DHT was in jec ted  a t  a  ra te  o f 50 nl/m in over a  period of 8 minutes. 

Following the  in je c tio n , the m icropipet was l e f t  in  place fo r  5 minutes 

and then slowly withdrawn frcm the  b ra in  parenchyma. The sk in  in c is io n  

was closed w ith wound c lip s ,  sprayed w ith the  a n tib a c te r ia l  agent
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Neosporin Aerosol, and swabbed w ith  iodine. Animals were l e f t  to  

recover frcm anaesthesia  under th e  warmth o f a  b rig h t l ig h t .

Sham-lesioned animals were tre a te d  in  th e  same manner, bu t were 

in jec ted  w ith the  ascorbic a c id -sa lin e  v eh ic le  only.

F igure 6. Diagram o f a  coronal sec tio n  through the  r a t  b ra in  a t  

th e  le v e l of the  in je c tio n  s i t e .  5-HT f ib e r s  a re  shown in  f in e  

s tip p lin g . The arrow in d ica te s  th e  s i t e  of drug in je c tio n . CB, 

cingulum bundle; DF, d o rsa l fo rn ix ; F I , fim bria; IG, indiseum griseum. 

Adapted frcm Azmitia and Segal (1978).

CB DF

ST

SM
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A. E ffec t of dose and concentration  o f 5,7-DHT in jec ted  

u n i la te r a l ly  in to  the  cingulum bundle on TPOH a c t iv i ty  in  the  

hippocampus

In  order to  in v es tig a te  the  e ffe c ts  o f the  dose of 5,7-DHT 

in jec ted  in to  th e  cingulum bundle on TPOH a c t iv i ty  in  the  hippocampus, 

r a t s  were in jec ted  u n i la te r a l ly  w ith 0, 1, 2, 3, 4 o r 5 ug ( f re e  base)

5,7-DHT. A ll doses were delivered  in  400 n l veh ic le . To study the  

e f fe c t  o f the  concentra tion  of 5,7-DHT on enzyme a c t iv i ty ,  2 ug ( fre e  

base) o f the  drug were in jec ted  in  a  volume o f 160 n l (1.25$ so lu tio n ; 

in jec ted  a t  a  ra te  of 40 nl/min) or in  a  volume of 400 n l (0 .5$ 

so lu tio n ) . In je c tio n s  o f v eh ic le  alone were a lso  performed. In  a l l  

cases, th e  animals were sa c rif ic e d  7 days a f te r  in je c tio n , and the  

hippocampi were removed b i la te r a l ly  and frozen . TPOH a c t iv i ty  in  

hippocampi both ip s i la te r a l  and c o n tra la te ra l  to  the  in je c tio n  was 

assayed under standard conditions.

B. Time course o f TPOH a c t iv i ty  in  the  hippocampus follow ing 

u n i la te r a l  in je c tio n  of 5 ug 5,7-DHT in to  the  cingulum bundle

5 ug 5,7-DHT or v eh ic le  alone were in jec ted  u n i la te r a l ly  in to  the  

cingulum bundle, and animals were sa c r if ic e d  3, 7, 14, 28, 42, 60, and 

90 days l a t e r .  Hippocampi were ranoved and frozen a t  -70°C. TPOH 

a c t iv i ty  was assayed under standard conditions in  hippocampi both 

ip s i la t e r a l  and c o n tra la te ra l  to  the  in je c tio n .

C. E ffec t o f 5 ug 5,7-DHT in jec ted  in to  the  cingulum bundle on the  

k in e tic s  of TPOH in  the  hippocampus

To in v es tig a te  the e ffe c ts  of a  u n i la te ra l  cingulum bundle
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in je c tio n  on th e  k in e tic  param eters o f hippocampal TPOH, animals were 

in jec ted  w ith 5 ug 5,7-DHT or v eh ic le  alone and sa c r if ic e d  7 or 60 days 

l a t e r .  Hippocampi were ranoved and frozen  a t  -70°C. At th e  time 

o f assay, hippocampi ip s i la te r a l  to  th e  in je c tio n  were pooled from 

sham-lesioned animals and from 5,7-DHT-lesioned animals and TPOH was 

prepared frcm each group. The k in e t ic  param eters o f TPOH fo r  

tryptophan were determined fo r  5,7-DHT-lesioned and sham-lesioned 

animals hy varying th e  concentra tion  of tryptophan frcm 10 to  200 uM 

w hile m aintaining the  concentra tion  of EĤ  a t  400 uM. A ll o ther 

assay conditions were standard. The apparent Km and Vmax were 

ca lcu la ted  frcm equations obtained hy th e  l in e a r  reg ression  an a ly sis  of 

Lineweaver-Burk p lo ts .

D. Time course o f TPOH a c t iv i ty  in  the  m idhrain follow ing 

u n i la te r a l  in je c tio n  of 5 ug 5,7-DHT in to  th e  cingulum bundle

TPOH a c t iv i ty  was measured under standard  conditions in  whole 

m idbrains ranoved and frozen  frcm animals used fo r  s tu d ies  of 

hippocampal TPOH 3, 7, 14, 28, 42, 60, and 90 days a f te r  u n i la te ra l  

in je c tio n  of 5 ug 5,7-DHT or veh ic le  in to  the  cingulum bundle.

E. E ffec t of u n i la te r a l  5,7-DHT in je c tio n  in to  the  cingulum bundle 

on TPOH a c t iv i ty  in  th e  hypothalamus and SPOA

TPOH a c t iv i ty  was measured under standard conditions in  the  

ip s i la te r a l  and c o n tra la te ra l  hypothalamus and SPOA removed and frozen  

from animals in jec ted  w ith  5 ug 5,7-DHT or veh ic le  alone 3, 7, and 14 

days p r io r  to  s a c r if ic e .  The b ra in  regions analyzed in  these  s tud ies  

were taken frcm animals used in  the  previous two s tu d ies .
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P. Time course of TPOH a c t iv i ty  in  the  hippocampus follow ing 

u n i la te ra l  in je c tio n  of 2 ug 5,7-DHT in to  the  cingulum bundle

Animals were in jec ted  u n ila te ra l ly  w ith 2 ug 5,7-DHT o r veh ic le  

alone in to  the  cingulum bundle and sa c r if ic e d  7, 28, and 42 days l a t e r .  

Hippocampi were removed and frozen  fo r  assay of TPOH. Enzyme a c t iv i ty  

was measured under standard conditions in  th e  ip s i la te r a l  and 

c o n tra la te ra l hippocampus of each animal.

XII. Synaptosomal Uptake of %-5-Hydroxytryptamine (^H-5-HT)

Synaptosomes were prepared and the  uptake of H-5-HT was 

measured according to  th e  method o f Azmitia e t a l .  (1985).

A. Synaptosomal p repara tion

Fresh tis su e  (hippocampus) was weighed and gen tly  homogenized in  2 

ml ice -co ld  0.52 M sucrose (10 passes a t  1000 rpm). Homogenate was 

cen trifuged  a t  1000 x g fo r 10 minutes and the  supernatant was 

c a re fu lly  ranoved and saved. The p e l le t  (P-1) was resuspended in  2 ml

0.52 M sucrose and cen trifuged  again a t  1000 x g fo r  10 m inutes. The 

supernatant frcm th is  sp in  was ranoved and combined w ith  the 

supernatant from the  previous sp in , and the  combined supernatants were 

cen trifuged  a t  14,000.x g fo r  15 minutes. The re s u ltin g  p e l le t  (P-2) 

was resuspended in  10 volumes (volume/weight of th e  o r ig in a l wet

tis su e )  ice-co ld  Krebs-Ringer-Bicarbonate (KKB) b u ffe r supplemented
—A. —3  —?w ith  10 M pargyline, 10 J M ascorb ic  acid , and 10 M

dextrose. The synaptosomal p repara tion  was kept on ice  u n t i l  assayed

fo r  % - 5-HT uptake. A ll c en trifu g a tio n s  were performed a t  4°C

in  an SM-24 ro to r .
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B. Synaptosomal uptake

1) 285 n l  o f supplemented KRB "buffer was "brought to  37°C in  6 

w ells o f a  m ulti-w elled  t is s u e  c u ltu re  p la te .

2) The P-2 suspension was vortexed "briefly and 15 u l  was added to  the 

KRB "buffer.

3) 10 u l  un labelled  5-HT in  KRB was delivered  to  h a lf  o f the  w ells (3-2 

nmol cold 5-HT; nonspecific  up tak e).

4) The reac tio n  was in i t ia te d  "by th e  add ition  of 20 u l  %-5-HT in  

KRB to  a l l  6 w ells (17 pmol ^H-5-HT; sp e c if ic  uptake).

A fter a 3 minute incubation  a t  37°C, th e  reac tio n  was 

term inated by f i l t e r in g  th e  incubation medium through GE/B Whatman 

f i l t e r s  using a  T ite r te k  c e l l  h a rv este r. The synaptoscmes, trapped on 

th e  surface  of the  f i l t e r  paper, were washed fo r  15 seconds w ith 

ice -co ld  0 .9$ NaCl in  0.1 M sodium phosphate b u ffe r , pH 7»4- The 

f i l t e r  paper was l e f t  to  dry in  a  45°C oven fo r  30-35 minutes and 

then  the  f i l t e r s  were punched in to  g lass  s c in t i l l a t io n  v ia ls .

Econofluor (10 ml) was added to  th e  v ia ls  and ra d io a c tiv ity  was counted 

as previously  described . Counting e ffic ie n cy  was approximately 50$.

A fter su b trac tin g  th e  nonspecific from the  sp e c if ic  uptake ( in  

CPM), the  number of moles o f %-5-HT taken  up by one gram wet 

t is s u e  weight during th e  3 minute incubation period was ca lcu la ted  frcm 

th e  sp e c if ic  a c t iv i ty  o f th e  %-5-HT (33-8 Ci/mmol):

pmol %-5-HT/g wet t is s u e  weight/3 min = DPM x 

C i/2 .22x10^ DPM x mmol/33*8 Ci x 1 /1 .5  mg wet weight x 1/3 min

C. P reparation  of Krebs-Ringer-Bicarbonate b u ffer
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Krebs-Ringer so lu tio n  was ccmposed of th e  follow ing ( f in a l  

concentra tions, follow ing ad d itio n  of sodium "bicarbonate so lu tio n ): 114 

mM N a d , 4-6 mM KC1, 1.2 mM C a C l^ ^ O , 1.2 mM KI^PO^,

1 . 2  mM M gSO^-THgO.

Krebs-Ringer so lu tio n  was gassed w ith 95$ oxygen/5$ carbon dioxide 

fo r  20 minutes on ice . Then a  so lu tio n  of n eu tra lized  sodium 

bicarbonate in  d i s t i l l e d  w ater was added to  the  Krebs-Ringer (2 .4  g 

NaHCO^/liter f in a l  Krebs-Ringer-Bicarbonate b u f fe r ) .

For synaptosomal uptake, Krebs-Ringer-Bicarbonate b u ffe r was 

supplanented w ith  pargy line, ascorb ic  ac id , and dextrose as ind icated  

prev iously , and bubbled w ith  95$ oxygen/5$ carbon dioxide fo r  another 

20 minutes on ice .

X III. E ffec t o f 2 ug 5,7-DHT In jec ted  U n ila te ra lly  in to  th e  Cingulum 

Bundle on High A ffin ity  Uptake o f H-5-HT in  Synaptosomal 

P reparations o f Hippocampus

R ats were in jec ted  u n ila te ra l ly  in to  the  cingulum bundle w ith 2 ug

5,7-DHT in  400 n l  v eh ic le  or w ith veh ic le  alone and were sa c r if ic e d  7 

and 42 days l a t e r .  Hippocampi were ranoved b i la te r a l ly  and prepared 

fo r  synaptosomes. Uptake o f -%-5-HT was measured in  synaptosomes 

frcm hippocampi ip s i la te r a l  and c o n tra la te ra l  to  the  in je c tio n .

XIV. S ta t i s t i c a l  Analysis

S ta t i s t i c a l  analy sis  was performed using a  one-way or two-way 

an a ly sis  of variance (ANOVA) fo r  groups of unequal number. Comparisons 

between ind iv idual groups were made using m ultip le  S tu d en t's  t - t e s t s .
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RESULTS AND DISCUSSION 

P a rt I

Properties of the Tryptophan Hydroxylase Assay

R esults

The method of Ichiyama e t  a l .  (1968; 1970) was se lec ted  fo r  use 

in  these  s tu d ies  because of i t s  r e la tiv e  s e n s i t iv i ty  and convenience.

I t  allows one to  perform assays of almost ar^y desired  magnitude.

Assay conditions fo r  measuring TPOH a c t iv i ty  vary widely frcm 

labo ra to ry  to  lab o ra to ry . Therefore, using th e  Ichiyama method, i t  was 

necessary to  e s ta b lis h  conditions fo r  measuring enzyme a c t iv i ty  in  th is  

lab o ra to ry . In  th e  process o f modifying assay cond itions, requirem ents 

fo r  reducing agents and fe rrous ion were in v estig a ted . Also, the  

c h a ra c te r is t ic s  o f a c tiv a tio n  of TPOH a c t iv i ty  by phosphorylating 

conditions were stud ied . In  add ition , an attem pt was made to  assay the  

enzyme under sa tu ra tin g  conditions, keeping in  mind the  problan of 

d ire c t  decarboxylation of su b s tra te .

I .  Buffer and M olarity

Enzyme a c t iv i ty  was found to  be dependent on the  nature  o f the  

b u ffe r used in  the  reac tio n  mix:ture. T r is -a c e ta te , Tris-HCl, and 

sodium phosphate a l l  produced good enzyme a c t iv i ty .  However, sodium 

phosphate b u ffe r re su lted  in  blanks which were about 2 tim es g rea te r 

than  blanks from the o ther buffOr systems. O verall, g re a te s t le v e ls  of 

enzyme a c t iv i ty  were achieved w ith Tris-HCl b u ffe r.

B uffer m olarity  a lso  a ffec ted  the  amount of re leased
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frcm tryptophan. Measurements o f enzyme a c t iv i ty  over a  wide range of 

m o la ritie s  (0 .5  to  0.001 M) fo r  T r is -a c e ta te , Tris-HCl, and sodium 

phosphate revealed a  p ro f i le  o f a c t iv i ty  d if fe re n t  fo r  each "buffer.

With T ris -a c e ta te , enzyme a c t iv i ty  was g re a te s t  between 0.01 and 0.05 

M. With Tris-HCl and phosphate "buffers, h ighest le v e ls  o f a c t iv i ty  

were reached when the  m olarity  was 0.05 M.

I I .  pH and Temperature

In the  presence of 0.05 M Tris-HCl, enzyme a c t iv i ty  increased as

th e  tem perature was increased frcm 4° to  37°C. Furthermore,

w ith  the e levation  in  tem perature, th e re  was a  gradual increase  in  the  
14. 'number of pnol CO2 detected  in  blank tubes. The e f fe c t  of 

ten p e ra tu re  on enzyme a c t iv i ty  may in  p a rt be due to  tem perature 

e f fe c ts  on the  pH o f  the  assay medium.

Enzyme a c t iv i ty  was found to  be dependent on th e  pH o f th e  b u ffer

used in  the  assay. When assayed under a  range of pH's frcm 6 .8  to  8 .1 ,

a t  37°C, enzyme a c t iv i ty  reached h ighest le v e ls  a t  pH 7 -2 -7 .4 . The 
14number o f pnol CO2 re leased  in  blank tubes increased w ith 

increasing  pH.

I I I .  l in e a r i ty  w ith Tissue Concentration

Figures 7 through 10 rep resen t enzyme a c t iv i ty  in  various b ra in

region  p reparations p lo tted  as a  function  of the  amount (u l) o f

supernatant used in  the  assay. The data  in  f ig u res  7 and 8 were

obtained by assaying fo r  enzyme a c t iv i ty  in  the  presence of 6-MFH .̂

Linear regression  ana ly sis  of the  data  in  no case gave a y - in te rc e p t o f
140 , in d ica tin g  th a t  CO2 was re leased  in  the  absence of TPOH
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p repara tion . In  the  presence of 10 uM tryptophan and 400 uM 6-MPH^

(Figure 7 ) , th e  average y - in te rc e p t o f a l l  h ra in  regions was 944 GPM/30

min (21.7 pmol/30 m in). When the concentration  of tryptophan was

increased to  400 uM, the  average y - in te rc e p t was s im ila rly  1003 CM/30

min. When taking  th e  sp e c if ic  a c t iv i ty  o f the  su b s tra te  in to  account,
1 d525-3 pmol ^C02 were re leased  during the  30 minute incubation

in  the  presence of 400 uM tryptophan. This in d ica te s  th a t  nonenzymatic 
14production of C02 was dependent on su b s tra te  concentration.

The y - in te rc e p ts  o f th e  d a ta  in  F igures 9 and 10 are more 

d i f f ic u l t  to  evaluate because of th e i r  s c a t te r  around th e  o rig in . In 

th e  presence of 10 uM tryptophan, 116 uM BĤ  (Figure 9)> the  

y - in te rc e p ts  are  a l l  below 150 CM/30 min (3*5 pnol/30 min), w ith 3 o f  

th ese  being negative. The 2 exceptions a re  caudate and midbrain plus 

Fe"H", which have values of 276.9 CPM (6 . 4  pmol)/30 min and 392.6 

CM (9*0 pmol)/30 min, re sp ec tiv e ly . On the  o ther hand, in  the  

presence of 200 uM tryptophan, 400 uM BĤ  (Figure 10), the  

y - in te rc e p ts  are  189*4 CM (99*2 pmol)/30 min and 210.4 CM (110.2 

pmol)/30 min fo r  caudate and SPOA, resp ec tiv e ly . (Because enzyme 

a c t iv i ty  was measured only a t  two d if fe re n t t is su e  concentrations fo r  

m idbrain, hippocampus, and hypothalamus, b e s t f i t  l in e s  were not 

determined fo r  enzyme frcm these  regions. However, these  d a ta  are  

p lo tte d  in  Figure 10.) I t  appears frcm these  d a ta  th a t  6-MPH  ̂

produces higher ra te s  o f nonenzymatic hydroxylation than BH .̂

When nonenzymatic production of ^C02 i s  taken in to  

account, l in e a r i ty  w ith t is su e  amount was found fo r  a l l  b ra in  regions 

under a l l  su b s tra te /co fa c to r  conditions w ith in  the  range of volumes
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te s te d . However, in  the  case of caudate, th e  nonenzymatic production 
14o f CO2 proved to  he too high under a l l  assay conditions to  

allow  re l ia b le  measurement o f TPOH a c t iv i ty  in  th is  t is s u e .

IV. L in earity  w ith Time

The standard assay (80 uM tryptophan, 116 uM BH )̂ was l in e a r  

fo r  a t  le a s t  one hour fo r  both midbrain and hippocampal enzyme 

p repara tions (Figure 11).

V. E ffec t o f Freezing on Tryptophan-Hydroxylase A c tiv ity

Mien enzyme a c t iv i ty  was measured in  supernatant frcm homogenate 

frozen  a t  -70°C fo r  18 days, a  22-25$ drop in  a c t iv i ty  was noted 

fo r  both m idbrain and hippocampal p repara tions Mien compared to  fre sh  

t is s u e  p repara tions. Assay o f TPOH in  supernatant frozen as above 

revealed the  same decrease in  enzyme a c t iv i ty  found fo r  frozen  

homogenate. Contrary to  these  r e s u l ts ,  V itto  and Mandell (1981) found 

a  53$ increase  in  the  a c t iv i ty  o f enzyme supernatant sto red  fo r  13 days 

a t  -20°C. However, in  th e  p resen t study, freez ing  of whole t is su e  

a t  -70°C did not appear to  cause any decrease in  enzyme a c t iv i ty  

when compared to  f re sh  t is s u e  and may, in  f a c t ,  have re su lted  in  a 

s l ig h t  increase in  a c t iv i ty .

VI. Assay o f TPOH a t  High Substra te  and Cofactor Concentrations

In  view o f the  problems inherent in  the  use of high su b s tra te  

concen tra tions in  th is  coupled radiom etric assay o f TPOH, an e f fo r t  was 

made to  assay m idbrain TPOH under sa tu ra tin g  su b s tra te  and cofactor 

conditions (Table 2 ). TPOH a c t iv i ty  was measured using 100 to  400 uM
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tryptophan and 200 to  400 uM BĤ  or 6-MFH .̂ By including 

Blanks lacking Both cofactor and enzyme p reparation , an attem pt was 

made to  estim ate the  maximal amount o f ^COg released  due to  

d ire c t  decarboxylation of tryptophan.

S ubstra te  in h ib itio n  of TPOH has been reported  to  occur in  the  

presence of EĤ  bu t not in  th e  presence of DMEĤ  (Friedman e t  

a l . ,  1972; Tong and Kaufman, 1975)- Peak a c t iv i ty  i s  observed a t  about 

200 uM tryptophan, w ith 50$ in h ib itio n  occurring a t  1.0 mM tryptophan. 

S im ila rly , in  th e  p resen t study, w ith 200 or 400 uM BH ,̂ maximal 

enzyme a c t iv i ty  was reached when the  concentra tion  of tryptophan was 

200 uM (Table 2 ) . When th e  su b s tra te  concentra tion  was fu r th e r  

increased to  400 uM, TPOH a c t iv i ty  s l ig h tly  decreased, suggesting th a t  

su b s tra te  in h ib itio n  occurs when le v e ls  o f tryptophan exceed 200 uM. 

However, su b s tra te  in h ib itio n  was not observed w ith 6-MPH ;̂ enzyme 

a c t iv i ty  continued to  increase  as the  su b s tra te  concentra tion  was 

increased frcm 200 to  400 uM.

Jequ ier e t  a l .  (1969) reported th a t  the  use of BĤ  ra th e r  

than  DMPĤ  resu lte d  in  a higher ra te  o f tryptophan hydroxylation.

In  th e i r  experiments, th e  concentra tion  of tryptophan was 120 uM. 

S im ila rly , in  the  presen t study, in  the  presence of 100 uM tryptophan, 

BĤ  re su lted  in  a  higher le v e l o f enzyme a c t iv i ty  than 6-MPH^

(Table 2 ). The higher ra te  o f tryptophan hydroxylation observed w ith 

BĤ  i s  l ik e ly  due to  the  lower Km fo r  su b s tra te  in  the  presence of 

t h i s  cofactor (see Table 1). On the  o ther hand, a t  le v e ls  o f su b s tra te  

g re a te r  than 200 uM, th e  use of 6-MPH  ̂ lead  to  a higher ra te  of 

hydroxylation. This i s  probably th e  re s u l t  o f a  lack  of su b s tra te
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in h ib itio n  occurring in  the  presence of 6-MPH .̂

In  the  absence of co facto r, th e  number of nanomoles re leased  in  30

minutes increased l in e a r ly  as the  concentration  of tryptophan was

increased from 100 to  400 uM (Table 2 ). S im ila rly , when enzyme

prepara tion  and co facto r were both em itted, th e re  was a  l in e a r  increase
14.in  the  number of nmoles COg re leased , suggesting th a t  the  

14CO2 re leased  was the  r e s u l t  o f d ire c t  decarboxylation of 

su b s tra te .

V II. Blanks

1 ATo fu r th e r  in v es tig a te  the  source of TJOg in  blank tubes,

a  s e r ie s  o f reac tio n  tubes were incubated fo r  30 minutes in  the

presence and absence o f AADC and/or TPOH and/or BH .̂ In  th is

experiment, the  concentrations o f su b s tra te  and cofactor were standard
1 A

and enzyme a c t iv i ty  was 986.2 pmol COg^O u l  midbrain/30 min.

The number of pmol ^COg released  in  ro u tin e ly  used blanks

( a l l  assay components w ith th e  exception of cofactor) was 166.3* When

TPOH prepara tion  was em itted under these  conditions, the  number of pmol

released  was s im ila rly  174-9* in d ica tin g  th a t  d ire c t  decarboxylation of
1Asu b s tra te  i s  the  source of OOg in  ro u tin e ly  used blanks.

That 73*9 pmol ^COg were found in  th e  absence of both AADC and 

TPOH, suggests th a t  almost h a lf  the  number of pmol re su ltin g  from 

d ire c t  decarboxylation o f tryptophan i s  produced by nonenzymatic 

mechanisms. Thus, approximately 50$ of th e  pmol ^CC^ in  blank 

tubes i s  the  re s u lt  of decarboxylation of tryptophan by AADC.

When TPOH was em itted frcm the  assay, th e re  was a  s l ig h tly  g rea te r
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number of pnol than when both TPOH and BĤ  were em itted (208.9 

versus 174*9 pno l). This in d ica te s  th a t  w ith 116 uM BH ,̂ a 

r e la t iv e ly  sm all amount o f ra d io a c tiv ity  (34 pmol) i s  produced by 

nonenzymatic hydroxylation of su b s tra te .
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Figure 7- L in earity  o f TPOH a c t iv i ty  w ith t is su e  amount in  the  

presence of 10 uM tryptophan, 400 uM 6-MPH .̂ A ll o ther assay 

conditions were standard . Enzyme a c t iv i ty  i s  expressed as CM/30 min 

(83$ e ff ic ie n c y ). MB = m idbrain, HYP = hypothalamus, SPOA = 

septum /preoptic a rea , HIP = hippocampus, CAU = caudate.
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Figure 8. l in e a r i ty  o f TPOH a c t iv i ty  w ith t is su e  amount in  the  

presence of 400 uM tryptophan, 400 uM 6-MPH .̂ A ll o ther assay 

conditions were standard. Enzyme a c t iv i ty  i s  expressed as CPM/30 min 

(83$ e ff ic ie n c y ). A ll o ther abbrev iations as in  Figure 7-
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Figure 9 . L in ea rity  o f TPOH a c t iv i ty  w ith t is su e  amount in  the  

presence of 10 uM tryptophan, 116 uM BH .̂ A ll o ther assay 

conditions were standard w ith the  exceptions o f MB- and HIP- which 

lacked F e ^ .  MB+, HIP+ = m idbrain and hippocampus assayed in  the  

presence of Fe’H". A ll o ther abbrev iations as in  Figure 7-
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Figure 10. L in e a rity  o f TPOH a c t iv i ty  w ith t is su e  amount in  the  

presence of 200 uM tryptophan, 400 uM BH .̂ A ll o ther assay 

conditions were standard . Enzyme a c t iv i ty  and ab b rev ia tio n s.as  in  

Figure 7* Closed c ir c le s  = MB, open squares = HYP, closed squares = 

HIP.
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Figure 11. L in e a rity  o f m idbrain (MB) and hippocampal (HIP) TPOH 

a c t iv i ty  w ith .tim e. Assay conditions were standard. Enzyme a c t iv i ty  

i s  expressed as CM/50 u l  MB or CM/100 u l  HIP (83$ e ff ic ie n c y ) .
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TABLE 2

ASSAT OP MIDBRAIN TPOH AT HIGH SUBSTRATE AND COPACTOR CONCENTRATIONS

T=100 T=200 T=400

BH4=200 1.75+0.04 2 . 13±0.02 2.07+0*03

BH =400 2.08B0.06 2.49±0.06 2.36+0.03

6-MPH^=200 1-34+0.05 1.99+0.10 2 .89+0 .18

6-MPHj=400 1.72+0.05 2.61+0.03 3-57+0.15

NO COPACTOR 0.16+0.00 0 . 31±0.02 0 . 57+0.01

NO COPACTOR, 0.16+Q.01 0 . 30+0 .00 0 . 64+0.10

NO TPOH

Enzyme a c t iv i ty  i s  expressed as nmol/50 u l/3 0  min (mean of t r ip l ic a te s ±  

standard d e v ia tio n ). T = tryptophan concentration  (uM). Cofactor 

concen tra tions a re  a lso  in  terms of uM.
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Discussion

The "basic c h a ra c te r is t ic s  of midbrain TPOH a c t iv i ty  reported  here 

a re  in  keeping w ith  those observed by o ther in v es tig a to rs . Enzyme 

a c t iv i ty  i s  optimal using 0.05 M Tris-HCl, pH 7-4, a t  37°C.

An important outcome of these  s tu d ies  was the  find ing  of
1As ig n if ic a n t  production o f COg in  th e  absence o f TPOH. The

p o s s ib i l i ty  e x is ts  th a t th e  ra d io a c tiv ity  released  in  the  absence of

TPOH was the  re s u l t  of tryptophan hydroxylating a c t iv i ty  present in  the

AADC prepara tion  used in  the  assay. However, th e  observation th a t
14nonenzymatic production of CO2 was le s s  in  th e  presence of

BĤ  than  in  th e  presence o f 6-MPH ,̂ suggests th a t  nonenzymatic 
1Are lease  of CO  ̂ frcm tryptophan i s  caused by mechanisms o ther 

than hydroxylating a c t iv i ty  in  the  AADC prepara tion .

Aerobic incubation of te trah y d ro p te rin s  leads to  th e ir  

in a c tiv a tio n  as co facto rs in  the  phenylalanine and ty ro sine  

hydroxylating systems. C atalase can p a r t ia l ly  p ro tec t ag a in st th is  

in ac tiv a tio n , in d ica tin g  th a t  a  product of aerobic oxidation i s  

hydrogen peroxide (E^Og) (Kauflnan 1962). Kauflnan and h is  

colleagues have observed th a t  in  the  absence of c a ta la se , an 

H^C^-dependent nonenzymatic hydroxylation o f ty ro sin e  occurs 

when DMPĤ  and oxygen a re  presen t (Shiman e t  a l . , 1971). Thus, 

incubation of ty ro sin e  w ith DMPĤ  re s u l ts  in  the  production of 

dopa. Moreover, in  the  presence of exogenous quinonoid dihydropterine 

reductase and NADPH (the  enzymatic system fo r  cofactor reg en era tio n ), 

ad d itio n  of m illim olar concentrations of Fe4-1" leads to  very high 

ra te s  o f nonenzymatic hydroxylation. On the  o ther hand, when
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mercaptoethanol i s  used to  m aintain the  co facto r in  the  reduced s ta te ,  

Fe’1"4' does not have any e ffe c t  on nonenzymatic hydroxylation (Shiman 

e t  a l . ,  1971).

S im ila rly , in  th e  p resen t s tu d ie s , hydrogen peroxide produced by

oxidation  of and 6-MPH  ̂ may have re su lte d  in  nonenzymatic

aerobic hydroxylation of tryptophan to  5-hydroxytryptophan, which was
1 A.then decarboxylated, re le a s in g  COg. The idea of

cofactor-dependent hydroxylation receives support frcm the  data

presented in  VII. When TPOH was omitted frcm the  assay in  th e  presence
14*o f EH  ̂ (116 uM), the  number of pmol COg released  was 

g re a te r  than when both TPOH and BĤ  were om itted, in d ica tin g  th a t  

ad d itio n  of co facto r to  th e  nonenzymatic system re s u l ts  in  some 

hydroxylation of tryptophan. (The number of pmol obtained in  the  

absence of both TPOH and BĤ  i s  probably th e  r e s u l t  o f d ire c t  

decarboxylation of tryptophan, as discussed below.) I t  should be noted, 

however, th a t  the  ra d io a c tiv ity  a ttr ib u te d  to  nonenzymatic 

hydroxylation i s  le s s  than 10$ of t o t a l  hippocampal enzyme a c t iv i ty  and 

le s s  than 5$ of to ta l  m idbrain enzyme a c t iv i ty .

Although p resen t in  micromolar amounts, i t  i s  possib le  th a t  in  the  

p resen t assay, Fe++ increased nonenzymatic hydroxylation of
i— i -

tryptophan. C onflic ting  re s u l ts  fo r  the  e ffe c ts  of Fe were
|  |_

found: in  th e  case of m idbrain, Fe increased th e  y - in te rc e p t, 

whereas in  the  case o f hippocampus, Fe"H’ a c tu a lly  decreased the  

y - in te rc e p t (Figure 9 ) . A v a lid  explanation fo r  th is  d iffe rence  is  

lack ing . The present assay system contained a  mercaptan, 

d i th io th re i to l ,  in  add ition  to  the  endogenous cofacto r regenerating
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system, fa r th e r  confounding the  in te rp re ta tio n  of the e ffe c ts  of 

fe ’n* in  l ig h t  o f the  s tu d ies  "by Kauflnan and h is  coworkers discussed 

above. C erta in ly , no conclusion can be made frcm these  s tu d ies
i -  |_

concerning the  e ffe c t of micrcmolar Fe on nonenzymatic 

hydroxylation under the  present assay conditions w ithout fu r th e r  

in v es tig a tio n  of the  problan.

Ichiyama e t  a l .  (1970) reported  s ig n if ic a n t d ire c t

decarboxylation of tryptophan when the  concentra tion  of th is  su b s tra te

was ra ised  beyond 10 uM. Q uan tita tive  an a ly sis  o f reac tio n  products

showed th a t in  the  presence of 90 uM tryptophan, 18$ of th e  to ta l  
14CO2 evolved was due to  d ire c t decarboxylation of tryptophan 

to  tryptam ine. In  the  p resen t study of m idbrain TPOH, approximately 

1 5$ of the  to ta l   ̂^COg evolved in  th e  presence of 80 uM 

tryptophan was found in  blanks (V II). Wien the  concentration  of 

tryptophan was increased to  200 uM in  the  presence of e ith e r  200 or 400 

uM EH^, th e  proportion  o f blank to  to ta l  pmol was e s se n tia lly  the  

same as when 80 uM tryptophan was used (11-13$)*

14The l in e a r  increase  in  the  number of pmol COg released

in  blanks observed as th e  concentration  of tryptophan was increased

f ra a  100 to  400 uM in d ic a te s  th a t  e s se n tia lly  a l l  the  ra d io a c tiv ity

detected  in  blanks i s  th e  re s u l t  o f d ire c t  decarboxylation of
14su b s tra te . Unlike th a t  discussed above, the  re lease  of COg

frcm su b s tra te  in  the  absence of co facto r can obviously not be cofactor

dependent; in  th i s  case i t  i s  su b s tra te  dependent. However, the  
14re le a se  of in  the  absence of co facto r may involve both

enzymatic and nonenzymatic mechanisms. As discussed in  VII, the  data
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in d ica te  th a t  almost h a lf  the  ra d io a c tiv ity  p resen t in  ro u tin e ly  used

blanks i s  the  r e s u l t  o f nonenzymatic decarboxylation of su b s tra te .

Ichiyama e t a l .  (1970) reported 0.5$ nonenzymatic decarboxylation of
11canm ercially a v a ilab le  L-tryptophan-1 -  C. Upon fu r th e r  

p u r if ic a tio n  of th e  su b s tra te  using m ultip le  column chromatography, 

nonenzymatic decarboxylation was reduced by 90$ under th e i r  assay 

conditions. In  th e  presen t s tu d ies  using su b s tra te  from New England 

Nuclear prepared and sto red  as ind icated  in  the  methods, le s s  than 0.3$ 

o f the  to ta l  ra d io a c tiv ity  present was evolved nonenzymatically as 

CÔ  under standard assay conditions (350 CM out o f a  t o ta l  of 

145,000 CM).
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Part II

Homogenization, Preincubation, and Incubation of Tryptophan 

Hydroxylase Under Reducing Conditions

R esu lts

A v a rie ty  o f reducing conditions have been employed in  the  

p repara tion  and assay o f TPOH. Recently, severa l in v es tig a to rs  have 

shown th a t  th i s  enzyme can be ac tiv a ted  by preincubation  w ith DTT and 

He++ under anaerobic conditions (ichiyama e t  a l . ,  1974; Hamon e t 

a l . ,  1978b; Kuhn e t a l . ,  1980). Some of the  reducing conditions used 

in  e a r l ie r  work were repeated here and o ther conditions were t r ie d .

I .  Homogenization

Three reducing agents, d i th io th r e i to l  (DTT), ascorbic acid (AA), 

and m e tab isu lfite  (MBS), were te s te d  fo r  th e i r  e ffe c ts  on TPOH a c t iv i ty  

a f te r  homogenization of m idhrain t is su e  in  th e i r  presence (Table 3)*

Of th e  th ree , only DTT had a  stim ula to ry  e ffe c t on enzyme a c t iv i ty .  AA 

and MBS both  re su lted  in  a  profound decrease in  the  a c t iv i ty  o f TPOH 

when compared to  enzyme prepared frcm homogenate contain ing  no reducing 

agent. On the  o ther hand, when 2 mM DTT was included in  the  

homogenate, enzyme a c t iv i ty  increased to  144$ of co n tro l.

Whereas 2 mM DTT produced an increase  in  enzyme a c t iv i ty ,  1 mM DTT 

and 5 mM DTT in  the  homogenate re su lted  in  e s se n tia lly  no change in  

TPOH a c t iv i ty ,  in d ica tin g  th a t  DTT i s  u sefu l in  stim u la ting  TPOH only 

over a narrow concentration  range. The inc lusion  of 50 uM ferrous 

ammonium s u lfa te  (Re++) in  the  homogenate w ith 5 mM DTT caused
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enzyme a c t iv i ty  to  increase  to  131$ of con tro l, whereas 50 uM Fe4"4" 

alone produced a g rea te r  than 50$ drop in  TPOH a c t iv i ty .  The 

observation  th a t  Fe++ i s  only stim ula to ry  in  the  presence of DTT 

suggests th a t  the  oxidation s ta te  of the  iron  i s  important in  

determ ining i t s  e ffe c t on enzyme a c t iv i ty .  Wien in  aqueous so lu tio n , 

Fe4-1* i s  rap id ly  oxidized to  Fe1 1 1. Upon add ition  of DTT, the 

so lu tio n  tu rn s  pink-brown, in d ica tin g  th a t  F e111 has been reduced 

back to  Fe++. DTT m aintains the  iro n  in  i t s  reduced s ta te  

(Fe4-1*). I f ,  as has been suggested by Kuhn e t  a l .  (1980), a  s h i f t
/  | Iin  the  iron  molecule to  a  higher oxidation  s ta tu s  ( F e  }

j .  f_ | _ ,

Fe ) i s  assoc ia ted  w ith  a  decrease in  the  c a ta ly t ic  a c t iv i ty  of
- t— i_

TPOH, then i t  becomes apparent why Fe in  aqueous so lu tio n  in  th e  

absence 'o f a  reducing agent such as DTT, would produce a  decrease in  

enzyme a c t iv i ty .

I I .  P reincubation

Preincubation of the  35,000 x g supernatant in  a i r  a t  rocm

tsn p era tu re  fo r  45 minutes in  the  absence of reducing agent re su lte d  in

a  g rea te r than 50$ decrease in  enzyme a c t iv i ty  (Table 4 ) . Inclusion  of

5 mM DTT and 50 uM Fe in  the  preincubation  medium did not prevent

th e  decline  in  enzyme a c t iv i ty  a t  25°C. However, when

preincubation  in  the  presence of DTT/Fe was performed a t  4 C,

TPOH a c t iv i ty  increased to  122$ of co n tro l. These observations suggest

th a t  the enzyme i s  ox idative ly  and therm ally la b i le  and th a t  enzyme

s ta b i l i ty  may be m aintained by keeping the  enzyme preparation  on ice  in
-H -th e  presence of DTT and Fe .

A ctivation  of enzyme by DTT/Fe4"4" by preincubation under
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anaerobic conditions was an tic ip a ted  frcm the s tu d ies  o f o ther 

in v es tig a to rs  (Hamon e t  a l . ,  1978b; Ichiyama e t  a l . ,  1975; Kuhn e t  a l . ,  

1980). In  th e  present s tu d ie s , preincubation of supernatant w ith 5 mM 

DTT/50 u M Fe4"4" under an atmosphere of 95$ oxygen/5$ carbon dioxide 

(O2 ) ,  100$ hydrogen (E ^), o r 100$ n itrogen  (l^ )  produced an 

increase  in  TPOH a c t iv i ty  to  135-145$ of co n tro l. The find ing  th a t 

enzyme a c t iv i ty  was stim ulated  by DTT/Fe4"4" even in  th e  presence of 

oxygen was unexpected. Hr cm th is  observation, i t  i s  apparent th a t  the  

concentra tions of DTT and Fe4"4" used in  th i s  study were p ro tec tiv e  

ag a in st oxygen in ac tiv a tio n . However, i t  i s  d i f f ic u l t  to  reconcile  

th i s  find ing  w ith  th a t  o f a  lo s s  of a c t iv i ty  follow ing preincubation 

w ith DTT/Fe4"4" in  a i r  a t  the  same tem perature and fo r  the  same 

leng th  of tim e.

Hamon e t  a l .  (1978b) found th a t  TPOH ac tiv a ted  by anaerobic 

preincubation  w ith DTT and Fe4"4" possessed a  pH optimum (pH 7.2) 

s l ig h t ly  lower than th a t  o f th e  native  enzyme (pH 7 -6 ). Also, con trary  

to  rep o rts  of a pH optimum o f 7-5 (Jequ ier e t  a l . ,  1969), Hori (1975) 

reported a  very low pH optimum (pH 6 . 5 ) o f enzyme frcm bovine p inea l 

a c tiv a ted  by DTT/Fe4"4". In  th e  presen t study, when enz:/me ac tiva ted  

by preincubation  w ith DTT/Fe4"4" was assayed a t  pH 7-,4, pH 7 .2 , and 

pH 7 .0 , no such change in  pH optimum was observed. Assay a t  the  lower 

pH's a c tu a lly  resu lted  in  a  decrease in  enzyme a c t iv i ty  (Table 4 ) . 

S im ila rly , when enzyme ac tiv a ted  by DTT/Fe"44" in  the  incubation 

medium was assayed a t  lower pH 's, the  increase  observed was not as 

g rea t as when the  assay was performed a t  pH 7 .4  (Table 5)•

Hori (1975) observed th a t the  pH optimum fo r  a c tiv a tio n  of p ineal
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enzyme by DTT/Fe++ (pH 8 .5) was d if fe re n t frcm th a t of the  reac tio n  

(pH 6 .5 )- Therefore, an attem pt was made to  a c tiv a te  the  enzyme by 

preincubation a t  the  higher pH. Contrary to  the  find ings o f Hori, th is  

re su lted  in  a  decrease in  enzyme a c t iv i ty  (Table 4)•

The importance of Fe++ in  the  a c tiv a tio n  of preincubated 

enzyme i s  evident frcm th e  follow ing observations. When b ra in  t is su e  

was homogenized in  2 mM DTT alone, preincubated under Ng, and then 

assayed without ad d itio n  o f Fe'H', TPOH a c t iv i ty  f e l l  s l ig h tly  to  

89$ o f co n tro l. However, when enzyme homogenized in  2 mM DTT was
»- I -

preincubated in  the  presence of both DTT and Fe and assayed in  

th e  presence of 1 mM DTT/7 uM Fe++, a c t iv i ty  increased to  156$ of 

co n tro l. Homogenization o f t is s u e  in  5 ®M DTT/50 uM Fe"1-1” and 

preincubation  and assay w ithout fu r th e r  add ition  of reducing agent a lso  

produced an increase  in  enzyme a c t iv i ty  ( to  152$ of c o n tro l) . These 

re s u l ts  a lso  in d ica te  th a t  Fe"4-1- need not be presen t throughout the  

p repara tion  of t is s u e  ( th a t  i s ,  from the po in t of homogenization) to  

ex ert i t s  stim ula to ry  e f fe c t .

I I I .  Incubation

Frcm Table 5, i t  can be seen th a t  a  fu r th e r  increase  in  the  

concentra tion  o f AA or MBS to  2 mM in  the  incubation mixture caused an 

even g rea te r decrease in  enzyme a c t iv i ty  than th a t  occurring in  the  

presence of these  reducing agents ca rried  over from the homogenization 

procedure (0 .5  mM). With 2 mM MBS in  the  incubation m ixture, TPOH 

a c t iv i ty  was le s s  than 10$ of co n tro l, whereas w ith 2 mM AA, enzyme 

a c t iv i ty  was le s s  than 5$. The fin d ing  of such extensive in h ib itio n  of 

enzyme a c t iv i ty  by these  reducing agents as opposed to  stim u la tion  by
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DTT in d ica te s  th a t  DTT may exert i t s  a c tiv a tin g  e ffe c ts  on the  enzyme 

sp e c if ic a lly  v ia  the  reduction  of d isu lf id e  bonds and not merely v ia  

the  maintenance of a  general reducing environment. In  support o f th is  

idea are the  observations o f Kuhn e t  a l .  (1980) th a t  su lfhyd iy l 

compounds such as DTT a re  a lso  capable o f p ro tec tin g  TPOH from 

in h ib itio n  caused by agents which promote the  form ation of in trapr.o te in  

d isu lf id e  bonds. On the  o ther hand, Friedman e t  a l .  (1972) have 

suggested th a t  the  function  of the  DTT i s  to  m aintain the  cofactor in  

the  reduced form in  the  absence of exogenously added quinonoid 

d ihydropterin  reductase.

When the  concentration  of DTT was increased in  the  assay mixture 

to  2 mM, enzyme a c t iv i ty  f e l l  s l ig h tly  to  130$ of con tro l (Table 5) 

frcm the high le v e ls  (144$ o f con tro l, Table 3) reached in  the  presence 

o f 0 .3  mM DTT, the  concentra tion  ca rried  over frcm homogenization. 

However, when th e  concentra tion  of DTT was ra ised  to  1 mM, enzyme' 

a c t iv i ty  remained unchanged frcm th a t  measured in  the  presence of DTT 

c a rried  over w ith the  homogenate (144$ o f c o n tro l) . Thus, as 

p reviously  noted, the  concentration, o f DTT required  fo r  optimal enzyme 

a c t iv i ty  i s  lim ited  to  w ith in  a  narrow range.

Following homogenization in  2 mM DTT, when Fe*"*" was included 

in  th e  assay together w ith  2 mM DTT or 1 mM DTT, TPOH a c t iv i ty  

increased to  164$ and 183$ of con tro l, resp ec tiv e ly . Enzyme 

homogenized in  5 mM DTT and supplemented w ith 7 uM Fe** in  the  

assay showed an increase  to  125$ of co n tro l. When homogenized in  5 mM 

DTT/50 uM Fe** and fu r th e r  supplemented w ith 2 mM DTT in  the  assay, 

a c t iv i ty  s im ila rly  rose to  118$ of co n tro l. Homogenization in  50 uM
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Fe4-1" and supplsnentation  w ith 2 mM DTT in  th e  assay re su lted  in  a 

s l ig h t  increase  in  enzyme a c t iv i ty  ( to  110$ of c o n tro l) . From these  

r e s u l ts ,  i t  i s  c le a r  th a t  add ition  of DTT and Fe4"4" toge ther to  the  

incubation m ixture produces g rea te r increases in  enzyme a c t iv i ty  than 

when e ith e r  DTT or Fe4"4" a re  added separa te ly  a t  various stages of 

th e  assay procedure (e .g . homogenization, preincubation , or 

incuba tion ). Furthermore, higher le v e ls  o f a c t iv i ty  were achieved in  

experiments in  which DTT/Fe4"4" were merely included in  the  

incubation than in  experiments in  which enzyme was f i r s t  preincubated 

w ith DTT/Fe4-1" fo r  45 minutes (Table 4)*

In  severa l experiments, TPOH was prepared in  th e  absence but 

assayed in  th e  presence of reducing agent. Enzyme a c t iv i ty  in  the  

presence of 0 .7  mM DTT increased to  131$ of co n tro l. As observed 

p rev iously , the  combination o f DTT and Fe4-1" produced higher enzyme
| -  I-

a c t iv i ty  than DTT alone. When both DTT and 7 uM Fe were p resen t 

in  th e  incubation medium, enzyme a c t iv i ty  rose fu r th e r  to  153$ of
_ | L.

co n tro l. Alone, 7 uM Fe caused no change in  enzyme a c t iv i ty ,  

suggesting as before , th a t  Fe4-1" must be maintained in  i t s  reduced 

s ta te  in  order to  have any stim ula to ry  e f fe c t .  2 mM DTT in  th e  assay 

caused TPOH a c t iv i ty  to  increase  to  139$ of co n tro l, whereas a fu r th e r  

increment in  the  DTT concen tra tion  to  4 mM re su lte d  in  l i t t l e  change in  

a c t iv i ty  (92$ of c o n tro l) , again dsnonstra ting  th e  narrow range of 

concentra tions of DTT in  the incubation medium required  fo r  optimal 

enzyme a c t iv i ty .

Taken together w ith the  d a ta  presented above, these  r e s u lts  

in d ica te  th a t enzyme a c t iv i ty  is  in  general g rea te r when DTT is
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included a t  a l l  s tep s o f the  assay procedure, beginning w ith 

homogenization, and when DTT/Fe"^ a re  added in  combination to  the  

incubation  medium. Thus, h ighest enzyme a c t iv i ty  was achieved by 

homogenizing th e  t is s u e  in  2 mM DTT and incubating th e  re s u ltin g  35,000
i | .

x g supernatant in  the  presence of 1 mM DTT and 7 uM Fe .

As discussed in  d e ta i l  in  th e  in troduc tion , co facto r regenera tion  

i s  apparently  accomplished w ith in  5-HT neurons by the  HADH-dependent 

quinonoid d ihydropterin  reductase (QDFR). Since th i s  enzyme has been 

shown to  be p resen t in  th e  same 35>000 x g supernatant used to  measure 

TPOH a c t iv i ty  (B ullard  e t  a l . ,  1978; Mandell e t  a l . ,  1980), and Gal 

(1981) has amphasized th a t  QDFR a c t iv i ty  i s  probably g re a t enough 

w ith in  the  neuron so as not to  be l im itin g  in  co facto r regeneration , i t  

was decided not to  include exogenous sheep l iv e r  QDFR in  the  assay as 

has been done by o ther in v es tig a to rs  (Friedman e t  a l . ,  1972). In  order 

to  determine whether HADH might be l im itin g  in  the  assay, experiments 

were performed in  the  absence and presence of th is  compound. Enzyme 

a c t iv i ty  in  the  absence o f HADH was 86$ of a c t iv i ty  in  the  presence of

0 .4  mM NADH using  BĤ  as co facto r. With 6-MFH  ̂ as co facto r, a 

s im ila r  decrease was observed in  th e  absence of HADH (Table 6 ). On the 

o ther hand, in  the  presence of 6-MFH ,̂ an increase  in  the  

concentra tion  of HADH to  2 mM a lso  produced a s l ig h t  decline  in  enzyme 

a c t iv i ty ,  to  89$ of co n tro l. These re s u l ts  reveal a  narrow range of 

concen tra tions w ith in  which HADH stim u la tes  TPOH a c t iv i ty  under the  

conditions used.

C atalase was included in  the  o rig in a l coupled radiom etric assay 

developed by Ichiyama e t  a l .  (1968; 1970). Several years a f te r  these
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s tu d ie s , Friedman e t  a l .  (1972) suggested th a t  the  c a ta la se  was

e s se n tia l  fo r  th e  p ro tec tio n  of a  p a rt of the  hydroxylating system frcm

E^Og in ac tiv a tio n . In  th e  presen t study, the  use o f ca ta la se

offered no advantage over standard assay conditions (Table 6 ). Simple

ad d itio n  of ca ta la se  in  th e  amount (30 ug) used by Ichiyama e t a l .

(1970) to  the  standard assay m ixture (0 .4  mM NADH, 1 mM DTT, 7 uM

Fe4-1") produced l i t t l e  change in  enzyme a c t iv i ty  (91$ o f c o n tro l) .

C atalase could not rep lace  NADH or DTT/Fe4-1" in  the  reac tio n

m ixture. Omission o f DTT/Fe-1-1" in  the  presence of c a ta la se  caused a

decrease in  enzyme a c t iv i ty  to  77$ of co n tro l. When NADH was replaced

w ith  c a ta la se , enzyme a c t iv i ty  f e l l  s l ig h t ly  (87$ o f c o n tro l) , whereas

omission of NADH and Fe"1-1" produced a  drop in  enzyme a c t iv i ty  to  80$

of co n tro l. Omission of a l l  th ree  compounds (NADH, DTT, and Fe4-1")

in  th e  presence of c a ta la se  re su lted  in  a profound decrease in  TPOH

a c t iv i ty  to  41$ of co n tro l. (Note th a t  in  these  experiments, because

t is s u e  was homogenized in  2 mM DTT, th is  reducing agent was always

p resen t in  the  assay. Therefore, when DTT i s  sa id  to  be omitted frcm

th e  assay, th i s  in d ica te s  th a t  no fu r th e r  DTT was added to  the

incubation mixture as i s  done in  the  standard enzyme assay. In  th is

case, then, th e  DTT concen tra tion  was 0 .3  mM). These re s u l ts  provide
-H -fu r th e r  evidence against th e  suggestion th a t Fe functions to  

decompose ^ 0 ^  produced during th e  enzyme reac tio n .

Whereas Friedman e t a l .  (1972) observed th a t  1 mM Fe++

produced an increase in  TPOH a c t iv i ty  in  th e  absence of c a ta la se  and no

change in  enzyme a c t iv i ty  in  i t s  presence, in  the  p resen t study,
_| |_

increasing  the  Fe concentra tion  to  only 200 uM produced a 

decrease in  enzyme a c t iv i ty  under a l l  conditions te s te d : in  the
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presence of 2 mM DTT p lu s 0 .4  mM NADH (42$ of co n tro l); 2 mM DTT p lus 2 

mM NADH (55$ of co n tro l); 2 mM DTT, 0 .4  mM NADH p lus c a ta la se  (50$ of 

c o n tro l) . When NADH was omitted in  the  presence of c a ta la se  and 200 uM 

Fe++, enzyme a c t iv i ty  f e l l  "below 20$ of con tro l (Table 6 ).

When TPOH was assayed w ith  1 mM DTT in  th e  presence of 7, 14, or 

68 uM Fe++, h ighest le v e ls  o f enzyme a c t iv i ty  were reached when the  

concen tra tion  o f Fe was 14 uM.
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TABLE 3

EFFECT OF HOMOGENATE REDUCING CONDITIONS ON MIDBRAIN TPOH ACTIVITY

HOMOGENIZATION INCUBATION % CONTROL

CONDITIONS CONDITIONS*

1 mM DTT 0.1 mM DTT 97 (1

2 mM DTT 0.3  mM DTT 144 (4

5 mM DTT 0.7  mM DTT 101 (1

5 mM DTT, 50 uM Fe++ 0 .7  mM DTT, 7 uM Fe++ 131 (1

50 uM Fe-H- 7 uM Fe++ 43 (1

2 mM MBS 0.3  mM MBS 13 (1

2 mM AA 0.3  mM AA 19 (1

Enzyme a c t iv i ty  was assayed in  the  presence of 10 uM tryptophan, 116 uM 

BH^. Control samples were prepared and assayed in  the  absence of 

reducing agent. The number o f separa te  experiments i s  ind icated  in  

parentheses; where more than  one experiment was performed, the  re s u l ts  

a re  expressed as th e  mean $ con tro l. * in d ica te s  th a t  th e re  was 

no fu r th e r  add ition  of reducing agent. The concentration  presen t in  

th e  incubation was c a rried  over from homogenization.
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TABLE 4

EFFECT OF FREINCUBATION OF ENZYME PREPARATION WITH REDUCING AGENTS ON
MIDBRAIN TPOH ACTIVITY

HOMOGENIZATION FREINCUBATION TMPERATURE INCUBATION % CONTROL 
CONDITIONS CONDITIONS (°C) CONDITIONS

0 a i r 25 0 47 (1)

0 a i r ,  5 mM DTT, 
50 uM Fe++

25 0 .7  mM DTT, 
7 uM Fe-H-

67 (1)

0 as above 4 as above 122 (1)

0 02, 5 mM DTT, 
50 uM Fe++

25 as above 135 (1)

0 H2, 5 mM DTT, 
50 uM Fe++

25 as above 145 (1)

0 N2, 5 mM DTT, 
50 uM Fe++

25 as above 136 (2)

0 as above 25 1 mM DTT, 
7 uM Fe-H-

95 (1)

0 as above 25 1 mM DTT,
7 uM Fe-H-, pH 7-2

90 (1)

0 as above 25 as above, 
pH 7.0

73 (1)

0 as above, pH 8.5 25 as above, 
pH 7-4

70 (1)

2 mM DTT N2, 2 mM DTT 25 0.5 mM DTT 89 (1)

5 mM DTT, 
50 uM Fe++

N2, 5 mM DTT, 
50 uM Fe++

25 0 .7  mM DTT, 
7 uM Fe++

152 (1)

2 mM DTT as above 25 1 mM DTT 
7 uM Fe-H-

156 (1)

Enzyme a c t iv i ty  'was assayed in  the  presence of 10 uM tryptophan, 116 uM 
BH .̂ Controls were prepared and assayed in  the  absence of reducing 
agent and were maintained on ice  u n t i l  time of assay. The number of 
separa te  experiments i s  indicated  in  parentheses; where more than one 
experiment was performed, the  r e s u lts  a re  expressed as the  mean $ 
co n tro l.
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TABLE 5

EFPECT OP REDUCING AGENTS ADDED TO THE INCUBATION MEDIUM

TPOH ACTIVITY

HOMOGENIZATION INCUBATION 
CONDITIONS CONDITIONS

ON MIDBRAIN 

io CONTROL

0 2 mM DTT 139 (2)

0 4 mM DTT 92 (1)

0 0 .7  mM DTT 131 (2)

0 0 .7  mM DTT, 7 uM Pe4-t' 153 (D  ‘

0 7 uM Pe4'+ 98 (1)

2 mM DTT 2 mM DTT 130 (3)

2 mM DTT ' 1 mM DTT 144 (2)

2 mM DTT 1 mM DTT, 7 uM Pe** 185 (2)

2 mM DTT 2 mM DTT, 7 uM Pe4-*- 164 (1)

2 mM DTT 1 mM DTT, 7 uM Fe4'*', pH 7.2 158 (1)

2 mM DTT 1 mM DTT, 7 uM Pe4̂ ,  pH 7 .0 133 (1)

5 mM DTT 0 .7  mM DTT, 7 uM P e ^ 125 (1)

5 mM DTT, 50 uM Pe-H- 2 mM DTT, 7 uM Pe4"4" 118 (1)

50 uM Pe-H- 2 mM DTT, 7 uM Pe4̂ 110 (1)

2 mM MBS 2 mM MBS <10 (1)

2 mM AA 2 mM AA <5 (1)

Enzyme a c t iv i ty  was assayed in  the  presence o f 10 uM tryptophan, 116 uM 

BH .̂ Controls were prepared and assayed in  the  absence of reducing

agents. The number of separa te  experiments i s  ind icated  in  parentheses 

where more than one experiment was performed, the  r e s u l ts  a re  expressed 

as mean % con tro l.
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TABLE 6

EFFECT OF REDUCING AGENTS AND CATALASE ON MIDBRAIN TPOH ACTIVITY 

INCUBATION CONDITIONS i° CONTROL

-NADH 86

+2 mM NADH 89

+ cata lase  (30 u g ), -NADH 87

+ ca ta la se  91

+ cata lase , -DTT, -Fe4"4" 77

+ cata lase , -NADH, - F e ^  80

+ ca ta la se , -NADH, -DTT, -Fe4"4* 41

+2mM DTT, +200 uM Fe++ 42

+2 mM NADH, +2 mM DTT, +200 uM F e ^  55

+ ca ta la se , +2 mM DTT, +200 uM Fe4-̂  50

+ ca ta la se , -NADH, +2 mM DTT, +200 uM Fe4-1- 17

Enzyme a c t iv i ty  was assayed in  the  presence of 400 uM tryptophan, 

400 uM 6-MPH .̂ Control enzyme was measured using 0 .4  mM NADH,

1 mM DTT, and 7 uM Pe4"4". V aria tions from these  conditions are  

ind ica ted : + in d ic a te s  th a t  th e  compound was included in  the

assay; -  in d ica te s  th a t  i t  was excluded.
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Discussion

In  general, these  r e s u l ts  corroborate th e  find ings o f Kuhn e t  a l .  

(1980) th a t  h ra in  TPOH i s  sub jec t to  in a c tiv a tio n  by a i r  and hea t. A 

45-minute preincubation in  a i r  a t  rocm tem perature re su lted  in  a 

g re a te r  than 50$ lo ss  of enzyme a c t iv i ty .  DTT and Fe4"4" did not 

p ro te c t much against lo ss  o f a c t iv i ty  a t  roan tem perature, bu t a t  

4°C, a c tu a lly  caused an increase  in  enzyme a c t iv i ty .  S im ila rly ,

Kuhn e t  a l .  found th a t  preincubation  of TPOH in  a i r  a t  37°C 

re su lte d  in  a g rea te r  than  50$ drop in  a c t iv i ty  w ith in  one hour. Wien 

2 mM DTT was included in  the  preincubation, a c t iv i ty  f e l l  about 40$. 

However, when the  p reincubation  was performed a t  0°C in  the  

presence of 2 mM DTT, enzyme a c t iv i ty  did not change s ig n if ic a n tly  even 

a f te r  6 hours of preincubation  (Kuhn e t  a l . ,  1980).

TPOH from m idbrain can be ac tiv a ted  by preincubation  under 

anaerobic conditions in  th e  presence of DTT and Fe4’*' (Table 4) •

However, th e  ex ten t of a c tiv a tio n  'was somewhat le s s  than th e  73-85$ 

achieved by Hamon e t  a l .  (1978b) and much le s s  than the  3 -fo ld  

a c tiv a tio n  observed by Hori e t  a l .  (1976). In  th e  p resen t study, the  

e f fe c t  of preincubation  of TPOH w ith  DTT and Fe4-1* under ^  was 

dependent on both homogenization and assay cond itions.

Whereas simple homogenization in  2 mM DTT produced an increase  in  

TPOH a c t iv i ty  (Table 3 ) , preincubation of a  s im ila r p repara tion  under 

IL, a c tu a lly  caused a  decrease in  enzyme a c t iv i ty  (Table 4 ) . Thus, 

th e  conditions fo r  a c tiv a tin g  TPOH are  d if fe re n t  depending on whether 

o r not the  enzyme i s  preincubated. Enzyme not preincubated can be 

ac tiv a ted  by DTT alone, whereas preincubated enzyme requ ires the
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presence of "both DTT and Fe++ fo r  a c tiv a tio n  to  occur. S im ilarly ,

Hamon e t  a l .  (1978) found th a t  TPOH preincubated under anaerobic 

conditions or in  a i r  could only be ac tiv a ted  by a  combination of DTT 

and Fe++. A lte rn a tiv e ly , the  decrease observed w ith  enzyme 

preincubated fo r  45 minutes a t  rocm tem perature under as 

conpared to  enzyme homogenized in  2 mM DTT and kept on ice  u n t i l  assay 

suggests the  ex istence  o f a tem perature-dependent in ac tiv a tin g  

mechanism occurring w ith  tim e. This in ac tiv a tin g  mechanism is  

d if fe re n t  from th a t  o f oxygen, since preincubation  was supposedly 

c a rried  out under anaerobic conditions. lo s s  o f enzyme a c t iv i ty  may be 

th e  r e s u l t  of the  a c tio n  o f endogenous p ro teases on the  enzyme or the  

consequence of therm al denatu ration  of enzyme molecules.

Of in te re s t  i s  th e  observation th a t  even when enzyme was 

preincubated in  the  presence o f DTT/Fe++ under oxygen, a c t iv i ty  was 

increased . Kuhn e t  a l .  (1980) reported  th a t  2 mM DTT could p a r t ia l ly  

p ro te c t ag a in st in a c tiv a tio n  of TPOH re s u ltin g  from incubation under 

oxygen fo r  20 m inutes. In  th e  p resen t case, the  concentra tion  of 

DTT/Fe*"4* used (5 mM/50 uM) apparently  afforded the  enzyme a more 

complete p ro tec tio n  ag a in st th e  e ffe c ts  o f oxygen.

A p o ssib le  explanation of th e  apparent increase  in  enzyme a c t iv i ty  

under oxygen i s  th a t  th e  preincubated enzyme was fu l ly  sa tu ra ted  w ith 

i t s  su b s tra te  ( 0 ^ ) ,  whereas enzyme kept in  a i r  on ice  fo r  45 

minutes was no t. Thus, when whole homogenate (Green and Sawyer, 1966) 

and p a r t ia l ly  p u rif ie d  TPOH (Youdim e t  a l . ,  1975) were incubated under 

95-100$ Og, enzyme a c t iv i ty  increased 400$ and 40$ resp ec tiv e ly .

On th e  o ther hand, the  reported Km of p u rif ie d  TPOH fo r  0£ in  the
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presence of BĤ  i s  2.5$ (Friedman e t  a l . , 1972), suggesting th a t  

even in  a i r ,  the  enzyme i s  sa tu ra ted  w ith  C^. I t  i s  l ik e ly  th a t 

th e  Km of the  enzyme fo r  0^ i s  dependent on the s ta te  of p u r ity  o f 

th e  enzyme.

The extent o f a c tiv a tio n  of TPOH hy preincubation in  th e  presence 

o f DTT/Fe4’4’ under anaerobic conditions was never as g rea t as when 1 

mM’DTT and 7 uM Fe4-1" were merely included in  the  incubation medium 

of the  enzyme assay. Recently, Nakata and Fujisawa (1982) p u rif ie d  

TPOH to  homogeneity and found th a t  pure TPOH was stim ulated  3* 5 -fo ld  by 

th e  add ition  of 20 uM Fe4-*" to  the  enzyme assay. Their assay also  

included 2 mM DTT. Contrary to  these  r e s u l ts ,  Hamon e t  a l .  (1978b) 

found th a t  the  inc lu sio n  of 3 mM DTT and 5 uM Fe4"4" in  the  assay 

resu lted  in  a  25$ decrease in  enzyme a c t iv i ty  of th e  35,000 x g 

supernatan t. In  the  p resen t experiments, DTT alone in  th e  incubation, 

when presen t in  concentrations le s s  than 4 mM, was ab le  to  a c tiv a te  

TPOH to  some degree. Kuhn e t a l .  (1980) observed extensive in h ib itio n  

o f enzyme a c t iv i ty  when the  concentra tion  o f DTT in  the  assay was 

ra ised  to  5 mM. These observations a re  in  marked co n tra s t to  those 

noted w ith the  enzyme from bovine p in ea l. P ineal TPOH a c t iv i ty  i s  not 

in h ib ited  by DTT concentra tions as high as 20-30 mM, and assays of 

p inea l enzyme ro u tin e ly  use these  high concentrations of DTT (ichiyama 

e t  a l . ,  1974; Hori, 1975; Hori and Ohotani, 1978; 1981). The 

requirement o f bovine p inea l TPOH fo r  higher DTT concentrations may be 

a consequence of unavoidable exposure o f the  p inea l t is su e  to  a i r  

during tran sp o rt from the  slaughterhouse to  the  labo ra to ry . As a 

r e s u l t  of exposure to  a i r ,  p inea l TPOH has probably lo s t  much of i t s  

a c t iv i ty  and requ ires higher le v e ls  of DTT to  be rea c tiv a te d . Kuhn e t
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a l .  (1980) have shown th a t  r a t  m idhrain TPOH in ac tiv a ted  by exposure 

to  oxygen can be reac tiv a ted  by anaerobic preincubation w ith 5 mM 

DTT/50 uM F e ^ 4".

Based on the  observation th a t  in  the  presence of a  sheep l iv e r  

d ihydropterid ine reductase system fo r  co facto r regeneration , DTT 

produced an in h ib itio n  o f TPOH, Friedman e t  a l .  (1972) suggested th a t  

th e  stim u la tion  of TPOH a c t iv i ty  caused by the  inc lusion  o f a  mercaptan 

in  the  assay seen by many o ther in v es tig a to rs  was due to  i t s  reducing 

e ffe c t  on th e  co facto r. The present s tu d ies  cannot abso lu te ly  ru le  out 

th i s  p o s s ib i l i ty ,  as s tim u la tion  o f enzyme a c t iv i ty  was g re a te s t  when 1 

mM DTT was included in  th e  assay. Moreover, in  a l l  cases of 

stim u la tion , DTT was p resen t in  th e  incubation medium. However, work 

by Hamon e t  a l .  (1978b) has demonstrated th a t  follow ing preincubation 

w ith  DTT, the  presence o f DTT in  th e  assay i s  not necessary to  produce 

enzyme a c tiv a tio n .

Friedman e t  a l .  (1972) reported  a  lack  o f stim u la tion  o f TPOH 
{ |

a c t iv i ty  by Fe in  the  presence of c a ta la se . I t  should be noted,
■ L . I .

however, th a t  the  concentra tion  of Fe used by these  in v es tig a to rs
- i -  i -

was 1 mM. In  the  p resen t study, an Fe concentra tion  o f only 0.2 

mM caused a  marked in h ib itio n  o f enzyme a c t iv i ty  (Table 6 ) . Because in
j -

th e i r  study, c a ta la se  markedly stim ulated TPOH a c t iv i ty  and Fe 

stim ulated  a c t iv i ty  only in  the  absence o f c a ta la se , Friedman e t  a l .
- j - | -

suggested th a t ,  as w ith ty ro sin e  hydroxylation, Fe could 

s u b s ti tu te  fo r  ca ta la se  in  p ro tec tin g  TPOH from H202~mediated 

in ac tiv a tio n .

In  th i s  study, the  use of ca ta la se  offered  no advantage over the
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standard conditions used in  th e  assay fo r  TPOH. The s l ig h t ,  hut 

possib ly  in s ig n if ic a n t decrease in  enzyme a c t iv i ty  occurring when 

ca ta la se  was included in  the  assay, may have been th e  r e s u l t  o f the  

a b i l i ty  of c a ta la se  to  p ro te c t again st E^Og-mediated ^

nonenzymatic tryptophan hydroxylation (see d iscussion , P art I ) .

Ichiyama e t  a l .  (1970) had observed th a t  in  the  presence of c a ta la se ,
| -  l -

enzyme a c t iv i ty  increased 3-5 tim es when DTT and He were included 

in  th e  assay. Wien only DTT was included, a c t iv i ty  increased 2.5 

tim es. On th e  o ther hand, Friedman e t  a l .  (1972) observed th a t  in  the  

presence of c a ta la se , 1.4 mM DTT a c tu a lly  produced a drop in  enzyme 

a c t iv i ty .  These l a t t e r  observations are  more co n sis ten t w ith those of 

th e  p resen t study. However, i t  should be emphasized th a t  c a ta la se  

could not completely s u b s ti tu te  fo r  DTT and Fe"^, as enzyme 

a c t iv i ty  dropped to  77$ of con tro l when the  DTT concentra tion  was 

reduced to  th a t  c a rried  over from homogenization and Fe was 

replaced by c a ta la se .

Recent s tu d ies  by Kuhn e t  a l . .  (1980) have complicated the  

question  o f whether B^O^-mediated in a c tiv a tio n  of TPOH re a l ly  

occurs in  the  absence o f c a ta la se  as suggested by Friedman e t  a l .  

(1972). As mentioned previously , Kuhn e t  a l .  demonstrated th a t  TPOH 

can be inac tiva ted  by exposure to  oxygen. The find ing  th a t  oxygen 

in a c tiv a tio n  could not be prevented by scavengers o f oxygen rad ic a ls  

and Ĥ Og suggests th a t  m olecular oxygen and not an oxygen 

ra d ic a l i s  repsonsib le  fo r  enzyme in ac tiv a tio n .

Although the  re s u l ts  o f the  present experiments, when considered 

toge ther w ith those of o ther s tu d ie s , in d ica te  th a t  TPOH requ ires
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I- 1-

Fe and a  su lfhydryl-reducing  agent fo r  f u l l  a c t iv i ty ,  th e  ro le s  

o f these  agents in  the  enzyme reac tio n  a re  f a r  frcm c le a r . The a b i l i ty  

o f DTT to  ( re )a c tiv a te  TPOH and to  p ro tec t again st Og in a c tiv a tio n  

and in ac tiv a tio n  by su lfhydry l blocking agents (Kuhn e t  a l . ,  1980) 

suggests th a t  -SH groups may be c r i t i c a l  in  m aintaining enzyme 

s t a b i l i ty  and c a ta ly t ic  a c t iv i ty .  S im ila rly , iron  might be involved in  

m aintaining th e  s tru c tu re  o f the  ac tiv e  enzyme and may have a  c a ta ly t ic  

function  in  the  enzyme reac tio n . S tudies on p u rified  phenylalanine 

hydroxylase suggest th a t  Fe4-1" i s  involved in  the  c a ta ly tic  

function ing  o f th is  enzyme. The. metal may play a  ro le  in  the 

a c tiv a tio n  of oxygen, f a c i l i t a t in g  th e  t ra n s fe r  o f e lec tro n s between 

BĤ  and O2 (F isher e t  a l . ,  1972). Recent work on p u rified  TPOH

showing an increase  in  enzyme a c t iv i ty  and a  s ig n if ic a n t change in  the
|_ |-

pH p ro f i le  fo r  enzyme a c t iv i ty  in  the  presence of Fe , suggests 

th a t  th e  e ffe c t o f Fe++ i s  re la te d  to  a  conform ational change in  

a c tiv e  enzyme (Nakata and Fujisawa, 1982). Thus, n e ith e r  a  s tru c tu ra l  

ro le  nor a  functional ro le  fo r  Fe4-4 in  TPOH can be ru led  out a t  th e  

p resen t. On the  con trary , i t  seems l ik e ly  th a t  Fe-44" would be 

involved in  both the  s tru c tu re  and function  of the  enzyme.
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Part III

Preincubation and Incubation o f Tryptophan Hydroxylase 

Under Phosphorylating Conditions

R esu lts

Several groups of in v e s tig a to rs  (Hamon e t  a l . ,  1978c; Kuhn e t  a l . ,  

1978; Iysz  and Sze, 1978; Yamauchi and Fujisawa, 1979a; V itto  and 

Mandell, 1981) have reported  a c tiv a tio n  of TPOH by phosphorylating 

cond itions. The requirement o f calcium ion and calmodulin in  th is  

a c tiv a tio n  has been recen tly  demonstrated d ire c tly  by Yamauchi and 

Fujisawa (1979b; 1980; 1981) and by Kuhn e t  a l .  (1980). S im ila rly , 

ty ro sin e  hydroxylase, th e  ra te - lim itin g  enzyme in  catecholamine 

sy n th esis , has been shown to  be ac tiv a ted  by phosphorylating 

cond itions. A ctivation  of ty ro sin e  hydroxylase by ATP and Mg1-1" i s  

c y c lic  AMP dependent (G oldstein e t  a l . ,  1976; Lovenberg e t  a l . ,  1975; 

Morgenroth e t a l . ,  1975)*

Acheson and Zigmond (1981) have provided evidence fo r  the  

ex istence  of an a c tiv a ted  form of ty ro sin e  hydroxylase in  re s id u a l 

noradrenergic term inals in  the  hippocampus follow ing 6-hydroxydopamine 

(6-OHDA) damage to  the  region. Thus, 5 to  7 days a f te r  an 

in tra v e n tr ic u la r  in je c tio n  of 6-OHDA, hippocampal ty ro sin e  hydroxylase 

cannot be ac tiv a ted  by phosphorylating cond itions, bu t possesses th e  pH 

optimum and Km of the  ac tiv a ted  form o f the  enzyme. By 5 weeks a f te r  

th e  in je c tio n , the  c h a ra c te r is t ic s  of the  enzyme have returned to  

normal and the  enzyme can again be ac tiv a ted  by ATP and Mg .

In  view o f these  observations, the  follow ing s tu d ies  o f a c tiv a tio n
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of TPOH by phosphorylating conditions were undertaken w ith th e  aim of 

in v es tig a tin g  th e  s ta te  o f TPOH in  5-HT term inals remaining in  the  

hippocampus a f te r  5,7-DHT le s io n s  of the  cingulum bundle.

I .  E ffec t of Phosphorylating Conditions on Midbrain and Hippocampal 

TPOH A ctiv ity

Midbrain TPOH assayed in  th e  presence of MgC^ or CaC^

alone showed a s l ig h t  increase  in  a c t iv i ty  when compared to  enzyme

assayed in  the  absence of these  compounds. A 14$ increase was observed

in  th e  presence of MgCl,, whereas CaCl-, produced an 11$

increase . However, when assayed in  the  presence of ATP alone, enzyme

a c t iv i ty  s l ig h t ly  decreased 10$ from co n tro l. When a l l  3 compounds

(ATP, MgClg, CaClg) were included in  the  assay in  various

combinations o f concentra tions from 0.5  to  2 mM fo r  ATP, 5 to  10 mM fo r

MgC^, and 10 uM fo r  CaCLp, enzyme a c t iv i ty  increased 13 to  24$

above co n tro l. In  the  absence of CaCl^,  ATP and MgC^ together

produced an increase  in  TPOH a c t iv i ty :  17$ above con tro l fo r  1 mM

ATP/0.5 niM MgClg and 20$ above co n tro l fo r  1 mM ATP/10 mM
| |

MgC^. Thus, in  these  experiments Ca had l i t t l e  or no 

s tim u la to ry  e ffe c t  beyond th a t  of ATP/Mg*4- alone. In  general, 

a c tiv a tio n  of m idbrain TPOH by ATP and MgClg w ith  and w ithout 

CaClg as observed in  these  s tu d ies  was much le s s  than th a t  observed 

by o ther in v es tig a to rs  ( see d isc u ss io n ).

Phosphorylating conditions produced a la rg e r  percent increase in  

TPOH a c t iv i ty  in  the  hippocampus. 0.5 to  2 mM ATP/10 mM MgClg/lO 

uM CaClg caused hippocampal TPOH a c t iv i ty  to  r i s e  46 to  50$ above 

co n tro l. ATP plus MgC^ alone in  concentrations o f 1 and 10 mM,
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resp ec tiv e ly , produced a  A&fo increase  in  TPOH a c t iv i ty .  Again,

Ca4"4" had no e ffe c t on a c tiv a tio n  o f TPOH by ATP/Mg++ in  these  

experiments, and th e  a c tiv a tio n  observed in  th e  hippocampus was s t i l l  

le s s  than th a t  observed in  the  m idbrain by o ther in v es tig a to rs . The 

follow ing se r ie s  o f experiments were performed in  an attem pt to  

e s ta b lish  conditions under which g rea te r  le v e ls  o f a c tiv a tio n  o f TPOH 

by ATP/Mg4"4" could be achieved.

I I .  E ffec t o f DTT/Fe4"4" on A ctivation  of TPOH by Phosphorylating 

Conditions

^  !_

In  order to  determine whether the  inc lu sion  of DTT and Fe in  

th e  assay might prevent f u l l  a c tiv a tio n  o f TPOH by phosphorylating 

cond itions, the  amount o f DTT in  th e  assay was varied  100-fold (0.01 mM 

to  1 mM) and Fe++ was om itted or varied  10-fo ld  (0 .7  uM to  7 uM).

Enzyme a c t iv i ty  was assayed in  the  absence and presence of 

phosphorylating conditions. In  a l l  but one case, 1 mM ATP and 10 mM 

MgClg produced an increase  (from 7 to  23 $>) in  TPOH a c t iv i ty .

However, when enzyme was assayed in  the  presence of 0.01 mM DTT alone, 

ATP/MgClg a c tu a lly  re su lte d  in  a 19$ decrease in  a c t iv i ty .  The

reason fo r th is  decrease i s  unknown. I t  i s  poss ib le  th a t  very low
|_ |-

concentrations o f DTT in  the  absence of Fe produce a  form o f the 

enzyme which i s  more su scep tib le  to  d eac tiv a tio n  processes. These 

re s u l ts  in d ica te  th a t ,  in  general, a c tiv a tio n  of TPOH i s  probably not
| j

in h ib ited  by the  presence of DTT and Fe in  the  assay. On the 

con trary , i t  appears th a t  a minimal DTT concentra tion  i s  necessary to  

m aintain the  enzyme in  a  form s ta b le  enough to  be ac tiv a ted .

I I I .  E fect o f pH on A ctivation  of TPOH by Phosphorylating Conditions
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(1)

Hamon and h is  colleagues (1978c) had previously  observed a 

p rogressive increase in  ATP/Mg’1"4" induced a c tiv a tio n  of TPOH from 

almost zero a t  pH 7 .3  to  80$ a t  pH 8.3- These in v e s tig a to rs  a lso  

observed a s h i f t  in  th e  optimal pH fo r  TPOH a c t iv i ty  frcm pH 7-6 to  pH 

7-9 when ATP and Mg4""1" were included in  the  assay. Thus, th e  pH 

optimum was determined fo r  enzyme assayed under phosphorylating 

cond itions. Since 6-MPH  ̂ i s  the  co facto r which has been used most 

o ften  in  s tu d ies  of TPOH a c tiv a tio n , a  pH p ro f i le  was a lso  determined 

fo r  enzyme assayed w ith th is  co facto r. Also, a  lower concentra tion  of 

BĤ  was included in  these  experiments, since a c tiv a tio n  i s  most 

apparent when th e  enzyme i s  assayed near i t s  co facto r Km (Kuhn e t  a l . ,

1978). Therefore, a  pH p ro f i le  of a c tiv a tio n  by phosphorylating 

conditions was e stab lish ed  fo r  enzyme assayed w ith 30 and 116 uM 

BĤ  and w ith  116 uM 6-MPH .̂

When the  concentra tion  o f BĤ  was 30 uM, a c tiv a tio n  by 1 mM 

ATP/10 mM MgClg occurred to  d if fe re n t  degrees as the  pH o f the  

assay medium was varied  frcm 7-2 to  7-8. At pH 7 .2  and 7 .6 , maximal 

a c tiv a tio n  was 20$. As th e  pH was increased above 8 .0 , phosphorylating 

conditions produced e s se n tia lly  no change in  enzyme a c t iv i ty .  A 

s im ila r  s i tu a tio n  was observed when TPOH a c t iv i ty  was assayed a t  116 uM 

BH^. However, maximal a c tiv a tio n  under th is  co facto r concentration  

was 13$ a t  pH 7-4 and a  f a l l  in  enzyme a c t iv i ty  w ith ATP/MgCL, 

occurred a t  pH 8 .0 -8 .2 . The p a tte rn  of a c tiv a tio n  observed by Hamon e t  

a l . ,  whereby the  percent a c tiv a tio n  was seen to  increase w ith 

increasing  pH, was not found in  th is  experiment.
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6-MEĤ  (116 uM) gave a very d if fe re n t  pH p ro f i le  o f a c tiv a tio n  

"by phosphorylating conditions. Unlike w ith BH ,̂ in  the  presence of 

6-MPH ,̂ ATP/MgClg produced an increase  in  TPOH a c t iv i ty  a t  

every pH. Maximal a c tiv a tio n  was 32$> a t  pH 7 .6 . Again, in  co n tra s t to
i

th e  observations o f Hamon e t  a l . , th e re  was no increase in  a c tiv a tio n  

by phosphorylating conditions beyond pH 7-6.

In  these  s tu d ies , th e re  was a  s l ig h t  s h i f t  in  th e  pH optimum of 

enzyme assayed w ith.116 uM 6-MPH ,̂ frcm pH 7-4 under con tro l 

conditions to  pH 7-6 under phosphorylating cond itions. With 30 uM 

BH^, th e  pH optimum was 7-6 under both s e ts  o f conditions; and w ith 

116 uM EH^, the  pH optimum was 7*4 under both s e ts  o f conditions.

In  fu r th e r  experiments on a c tiv a tio n  of TPOH by phosphorylating 

conditions (w ith the  exception of IV, below ), th e  pH of th e  assay 

medium was kept a t  7«4 "when measuring both con tro l and ac tiv a ted  enzyme 

a c t iv i ty .

IV. E ffec t o f pH on A ctivation  of TPOH by Phosphorylating Conditions 

( 2 )

Hamon e t a l .  (1978c) used a spectro fluorcm etric  method to  measure 

th e  a c t iv i ty  o f TPOH in  th e  presence of 150 uM tryptophan and 160 uM 

6-MPH .̂ In  th e i r  assay, ad d itio n  o f AADC plus PIP was unnecessary.

An attem pt was made here to  reproduce as c lo se ly  as possib le  the  

conditions of the  assay used by Hamon e t a l .  The d iffe ren ces to  be 

noted are  the  use of Tris-HCl as opposed to  T ris -a c e ta te , the  add ition  

o f 50 u l  AADC p lus 0.1 mM PLP, and a  su b s tra te  concen tra tion  of 10 uM. 

A ll o ther conditions (pH o f homogenization, use of mercaptoethanol and 

ca ta lase) were those used by these  o ther in v es tig a to rs .
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Again, the  pH p ro f i le  o f a c tiv a tio n  of TPOH observed by Hamon e t  

a l .  was not found w ith th e  assay conditions used here. Maximal 

a c tiv a tio n  (32$) was found a t  pH 1 . 2 .  A ctivation  a t  o ther pH's varied  

frcm 4 to  17$* Moreover, under these  assay cond itions, the  pH optimum 

of TPOH a c t iv i ty  a c tu a lly  decreased frcm pH 7 .8  under con tro l 

conditions to  pH 1 .6  under phosphorylating cond itions. The d iffe ren ces 

between the  r e s u l ts  o f th e  p resen t study and th a t  o f Hamon e t  a l .  

might be the  r e s u l t  of th e  inc lu sio n  of AADC or th e  use of a  lower 

concentration  of su b s tra te  in  the  p resen t assay (see d iscussion ).

V. E ffec t of Preincubation on A ctivation  of TPOH by Phosphorylating 

Conditions

In  one experiment, i t  was noted th a t  when TPOH was preincubated 

fo r  7 minutes a t  37°C in  th e  presence of a l l  reagents w ith the  

exception of su b s tra te  and co facto r (no phosphorylating cond itions), 

enzyme a c t iv i ty  f e l l  24$ from th a t  measured when no preincubation  was 

ca rried  out. Unexpectedly, inc lu sio n  of BĤ  in  the  preincubation  

re su lte d  in  a s l ig h t  (10$) increase  in  enzyme a c t iv i ty  when compared to  

enzyme not preincubated. The le v e l o f enzyme a c t iv i ty  found when 

preincubation  was performed in  th e  presence o f BĤ  was almost equal 

to  th a t  found under phosphorylating conditions, which in  th is  

experiment increased enzyme a c t iv i ty  13$. I t  was hypothesized th a t  the  

continuous presence o f BĤ  in  the  incubation m ixture might be 

p a r t ia l ly  masking the  a c tiv a tio n  e f fe c t .  Thus, a  s e r ie s  o f experiments 

was performed to  determine the  e ffe c ts  o f preincubation  of TPOH under 

various c o fa c to r/su b s tra te  conditions on the  a c tiv a tio n  of enzyme 

a c t iv i ty  by 1 mM ATP/10 mM MgCl  ̂ (Table 7 ) . A ll pre incub a t  ions
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were performed in  the  presence of NADH, DTT, Fe++, AADC, and PLP.

When TPOH was preincubated w ith  ATP/MgCL, fo r  10 minutes a t  

37°C in  the  absence of co facto r and su b s tra te  and assayed a t  1.16 uM 

BH ,̂ th e re  was l i t t l e  a c tiv a tio n  of enzyme a c t iv i ty .  Moreover, 

when cofacto r was included in  th e  preincubation , a c tiv a tio n  by 

phosphorylating conditions did not occur. This i s  in  marked co n trast 

to  the  observations o f V itto  and Mandell (1981). These in v es tig a to rs  

found th a t  when BĤ  was included in  the  preincubation , enzyme 

a c t iv i ty  in  th e  presence o f ATP/Mg++ was e s se n tia lly  tw ice th a t  of 

co n tro l enzyme a c t iv i ty  (no ATP/Mg"1"4"), whereas in  the  absence of 

BH^, enzyme a c t iv i ty  in  th e  presence o f ATP/MgH’ declined 

rap id ly  to  almost co n tro l le v e ls  w ith in  20 minutes o f preincubation.

A ctivation  of enzyme not preincubated a t  a l l  was 16$. When the  

preincubation  mixture included tryptophan (10 uM), a c tiv a tio n  increased 

to  25$. However, w ith both BĤ  and tryptophan in  the  preincubation 

m ixture, again  a c tiv a tio n  did not occur. These re s u l ts  suggest th a t 

th e  presence o f tryptophan was necessary fo r  a c tiv a tio n  by 

ATP/Mg"^, whereas th e  presence of BĤ  prevented a c tiv a tio n  from 

occurring.

When ATP/MgC^ were not included in  th e  preincubation  bu t were 

added ju s t  p rio r  to  assay, a  very d if fe re n t  p a tte rn  of a c tiv a tio n  of 

preincubated enzyme was observed. Phosphorylating conditions produced 

a 13$ decrease in  the  a c t iv i ty  o f enzyme preincubated w ith tryptophan. 

There was no change w ith ATP/MgCl  ̂ when enzyme was preincubated in  

th e  presence o f BĤ  or tryptophan plus BH .̂ Under these  

cond itions, when ATP/Mg"H" were not added u n t i l  a f te r  the
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preincubation was complete, i t  appears th a t  preincubation w ith 

tryptophan resu lted  in  a  form o f the  enzyme which was su scep tib le  to  

in ac tiv a tio n  by ATP/Mg++. Yamauchi and Fujisawa (1979a) have 

provided evidence to  show th a t  TPOH i s  in ac tiv a ted  by an endogenous 

phosphoprotein phosphatase in  the  presence of Mg4-1". The 

p o s s ib i l i ty  e x is ts  th a t  TPOH in  th e  presence of i t s  su b s tra te  i s  more 

su scep tib le  to  th e  phosphatase than to  the  phosphorylating enzyme.

Control enzyme a c t iv i ty  was a lso  found to  vary depending on the  

conditions of th e  preincubation  m ixture. In  these  experiments, 

a c t iv i ty  o f preincubated enzyme was e s se n tia lly  unchanged frcm th a t  of 

non-preincubated enzyme. However, when BĤ  was included in  the  

preincubation , enzyme a c t iv i ty  increased 33$ above th e  a c t iv i ty  o f 

non-preincubated enzyme (275-4 pnol vs 207-5 p n o l) , in d ica tin g  th a t  

co facto r alone had an a c tiv a tin g  e f fe c t  on the  enzyme. However, i t  

appears frcm the  above r e s u l ts ,  th a t  co facto r ac tiv a ted  enzyme i s  le s s  

su scep tib le  to  both a c tiv a tio n  by ATP/Mg4-1- and in a c tiv a tio n  by 

Mg"1-1".

On the  o ther hand, inc lusion  of tryptophan in  the  preincubation 

m ixture produced a  decrease (16$) in  enzyme a c t iv i ty  when compared to  

non-preincubated enzyme (173-3 pnol vs 207-5 pno l), suggesting th a t  

su b s tra te  had the  opposite e ffe c t o f co facto r. Tryptophan appears to  

cause in a c tiv a tio n  o f th e  enzyme, rendering i t  more su scep tib le  to  

a c tiv a tio n  and in a c tiv a tio n  in  the  presence of phosphorylating 

conditions.

When enzyme was assayed in  the  presence of 200 uM 6-MPH ,̂ 

o v e ra ll a c tiv a tio n  by ATP/MgH' was g rea te r than in  the  presence of
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BĤ  (Table 7 ) . A ctivation  o f enzyme preincubated alone w ith 

ATP/MgC^ was only 14#  -  a  decrease frcm the 30# a c tiv a tio n  

observed when enzyme was not preincubated. When 6-MPĤ  was 

included in  th e  preincubation , a c tiv a tio n  was 19#- An increase  in  

a c tiv a tio n  to  32# was observed when enzyme was preincubated in  the  

presence o f tryptophan alone. Inc lu sion  of both 6-MPH  ̂ and 

tryptophan in  the  p reincubation  m ixture re su lte d  in  a 17# a c tiv a tio n  of 

TPOH. These find ings p a ra l le l  those obtained using BH .̂

Again, using 6-MPH ,̂ a very  d if fe re n t  p a tte rn  o f a c tiv a tio n  

was observed when ATP/MgClg were not included in  the  preincubation  

medium. Addition of ATP/MgC^ to  the  assay o f enzyme preincubated 

in  th e  absence of co facto r and su b s tra te  produced e s se n tia lly  no change 

in  enzyme a c t iv i ty .  However, when enzyme was preincubated in  the  

presence o f 6-MPH ,̂ a 16# a c tiv a tio n  was again observed.

P reincubation of enzyme in  th e  presence of tryptophan alone or 

tryptophan plus 6-̂ EPĤ  and assay in  the  presence of ATP/MgClg, 

re su lte d  in  a  19# increase  in  a c t iv i ty .

As in  th e  case o f BH ,̂ c o n tro l enzyme a c t iv i ty  assayed w ith 

200 uM 6-MPH  ̂ depended on th e  conditions o f the  preincubation.

A ctiv ity  o f enzyme preincubated alone was 35# g rea te r  than a c t iv i ty  of 

enzyme not preincubated a t  a l l  (96.7 pnol vs 71 .6  p n o l) . When 

6-MPH  ̂ was included in  th e  preincubation  m ixture, enzyme a c t iv i ty  

rose 55# above non-preincubated enzyme a c t iv i ty  (110.0 pnol vs 71.6  

pmol). Enzyme preincubated w ith  tryptophan alone showed a  21 # increase 

in  a c t iv i ty  when compared to  non-preincubated enzyme (8 6 .6  pnol vs 71 *6 

pmol). Ercm these  da ta , i t  i s  apparent th a t  the  c h a ra c te r is t ic s  of
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enzyme a c tiv a tio n / in ac tiv a tio n  Toy phosphorylating conditions and by 

c o fa c to r/su b s tra te  a re  dependent on the  co facto r used.

VI. E ffec t o f Order o f A ddition of Assay Components on A ctivation  of 

TPOH by Phosphorylating Conditions

A ll previous preincubations had been ca rried  out in  th e  presence 

o f NADH, DTT, Fe4-1", AADC, and PLP. The p o s s ib i l i ty  th a t  inc lusion  

o f these  reagents in  the  preincubation m ixture was hindering th e  f u l l  

expression of a c tiv a tio n  by phosphorylating conditions was te s te d  by 

adding a l l  the  above reagents a f te r  preincubation  (Table 8 ) .

Major changes in  th e  p a tte rn  o f a c tiv a tio n  observed in  the  

presence and absence of co facto r and/or su b s tra te  were seen when a l l  

o ther assay components were excluded from the  preincubation . Enzyme 

no t preincubated a t  a l l  showed 23$ a c tiv a tio n  in  the  presence of both 

ATP/MgC^ and ATP/MgCl^/CaCIL, • However, when enzyme was 

f i r s t  preincubated fo r  8 minutes a t  37° in  "the presence of 

ATP/MgClg o r ATP/MgCIL)/CaCL-,, enzyme a c t iv i ty  f e l l  13$ and 

25$, re sp ec tiv e ly . Inc lu sion  of BĤ  in  th e  preincubation  mixture 

re su lted  in  l i t t l e  change in  enzyme a c t iv i ty  in  the  presence of 

ATP/MgCl^ and a  13$ a c tiv a tio n  in  th e  presence of 

ATP/MgCH^/CaCl^• On th e  o ther hand, when preincubation was 

ca rried  out in  the  presence of tryptophan, ATP/MgClg caused a le s s  

than  10$ decrease in  a c t iv i ty ,  whereas ATP/MgC^/CaC]^ resu lted  

in  a  13$ decrease in  a c t iv i ty .  Thus, under these  conditions, in  

co n tra s t to  preincubation in  the  presence of a l l  assay components,

BĤ  sesned to  exert a  perm issive e ffe c t on phosphorylation by 

ATP/Mg^/Ca4"4", whereas tryptophan had the  opposite e ffe c t.
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When enzyme preincubation  was ca rried  out in  th e  absence o f a l l  

o ther assay components w ith the  exception of su b s tra te  and/or co facto r, 

preincubated con tro l enzyme a c t iv i ty  was always le s s  than 

non-preincubated con tro l enzyme a c t iv i ty  (Table 8 ) .  When compared to  

th a t  o f the  preceeding sec tio n , these  d a ta  suggest th a t  one of the  

o ther assay components (AADC, PIP, DTT/Fe"H") a c ts  to  s ta b i l iz e  the  

enzyme and possib ly  to  p ro te c t i t  frcm in ac tiv a tin g  mechanisms.

Relevant to  these  observations i s  th e  find ing  discussed previously  ( I I )  

o f a  decrease in  enzyme a c t iv i ty  in  the  presence of ATP/Mg++ when 

th e  concentration  of DTT was very low (0.01 mM). Thus, as concluded 

e a r l ie r ,  a  minimal concentra tion  o f DTT may be required to  s ta b i l iz e  

th e  enzyme and enable i t  to  be ac tiv a ted  by phosphorylating conditions.

VII. E ffec t of an ATP-Regenerating System on A ctivation  of TPOH by 

Phosphorylating Conditions

In  order to  assure optimal u t i l i z a t io n  o f ATP, an ATP-regenerating 

system was included in  th e  assay o f TPOH under phosphorylating 

cond itions. The ATP-regenerating system employed here consisted  of 

c re a tin e  k inase (CK, 1 mg/ml), c re a tin e  phosphate (20 mM), and ATP (1 

mM). Enzyme a c t iv i ty  was assayed in  th e  presence and absence o f 7 uM 

fe rro u s  ammonium s u lfa te  (Ee'H' ) .

In  the  presence of 1 mM ATP/10 mM MgCI-,, th e  ATP-regenerating 

system (CK-CP) had e s se n tia lly  no e ffe c t  on a c tiv a tio n  both in  the  

presence and absence of Fe"1"4". In  a l l  4 cases (+Ee"H"/+CK-CP), 

a c tiv a tio n  ranged between 18 and 21$. When 10 uM CaCLp was 

included w ith  ATP/MgCl^, CK-CP a c tu a lly  produced a decrease in  

a c tiv a tio n  frcm 32$ (no CK-CP) to  24$ and 22$ in  the  presence and
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absence of Fe++, re sp ec tiv e ly . Because th e  ATP-regenerating systan 

did not increase the  degree o f a c tiv a tio n  by ATP/Mg++, i t  was 

concluded th a t  rapid hydro lysis o f ATP did not p lay a  s ig n if ic a n t  ro le  

in  l im itin g  th e  a c tiv a tin g  e ffe c ts  of ATP/Mg’1-1-.

V III. E ffec t o f EDTA on A ctivation  o f TPOH by Phosphorylating 

Conditions

The presence of heavy m etals r e s u l ts  in  an in h ib itio n  of

phosphorylation rea c tio n s . EDTA ch e la tes  heavy m etals, and low

concentra tions of th is  compound have been shown to  a c tiv a te

phosphotransfer reac tio n s (M ilste in , 1961; O 'Sullivan  and Morrison,

1963). Thus, to  p ro te c t ag a in st th e  possib le  presence of heavy m etals

in  the  assay, enzyme a c t iv i ty  was measured under phosphorylating
- B  -4 .conditions in  th e  presence of 10 , 10 , and 10 M EDTA.

In  th e  f i r s t  experiment, enzyme a c t iv i ty  was assayed w ith  1 mM 

ATP/10 mM MgCL, and w ith  1 mM ATP/10 mM MgC^/l 0 uM CaC ^.

In  th e  f i r s t  case, enzyme a c t iv i ty  was increased 25$ above co n tro l. 

Inc lu sion  o f 10 M EDTA in  th e  assay both  decreased con tro l enzyme 

a c t iv i ty  by 20$ and re su lte d  in  e s se n tia lly  no a c tiv a tio n  in  the  

presence o f ATP/MgClg. The decrease in  co n tro l enzyme a c t iv i ty  i s  

l ik e ly  due to  th e  iro n -ch e la tin g  a c t iv i ty  o f EDTA, whereas the  lack  of 

a c tiv a tio n  observed w ith  ATP/Mg++ might be the  r e s u l t  o f magnesium 

and calcium ch e la tio n  by EDTA. 10~^ M EDTA produced a s im ila r 

decrease in  co n tro l enzyme a c t iv i ty ,  although a c tiv a tio n  was g rea te r  

than  fo r  10“^ M EDTA (20$). With 10“^ M EDTA, co n tro l enzyme 

a c t iv i ty  decreased le s s  than 10$ and a c tiv a tio n  was s im ila r to  th a t  

observed w ith  10""  ̂ M EDTA (19$). These d a ta  suggest th a t
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a c tiv a tio n  by ATP/Mg44  was not being in h ib ited  by heavy m etals 

presen t in  th e  assay.

In  th e  presence of ATP/MgClg p lus GaClg, TPOH a c t iv i ty  

increased to  32$ above co n tro l. With 10“^ M EDTA in  th e  assay 

m ixture, again  th ere  was e s se n tia lly  no a c tiv a tio n . 10“^ M EDTA 

re su lte d  in  a  26$ a c tiv a tio n , whereas 10“ '’ M EDTA produced a 19$ 

a c tiv a tio n  of TPOH under these  conditions. These re s u l ts  a re  s im ila r 

to  those obtained in  the  absence of Ca++.

Because EDTA a lso  ch e la tes  calcium ion (Ca44) , the  

concentra tion  of CaC^ in  th e  assay was increased to  50 and 100 uM 

when EDTA was presen t w ith phosphorylating conditions. Without EDTA, 

a c tiv a tio n  rose frcm 31$ in  th e  presence o f ATP/MgC^ alone, to  

41-42$ when 50 or 100 uM CaCl^ was included in  th e  assay. In  the  

presence o f 10“^ M EDTA, a c tiv a tio n  increased frcm 25$ w ith 

ATP/MgC^ alone, to  48$ when 100 uM CaCl^ was included in  the  

assay . S u rp rising ly , when 10 M EDTA was p resen t, a c tiv a tio n  

observed w ith  ATP/MgCl  ̂ was th e  same in  th e  presence and absence of 

up to  100 uM CaClg (34-37$)• These re s u l ts  in d ica te  th a t  EDTA had 

l i t t l e  e f fe c t  on calciunn-dependent a c tiv a tio n  of TPOH.

An increase  in  th e  calcium ion concentra tion  in  these  experiments 

to  50-100 uM resu lted  in  a  la rg e  incranent in  the  ex ten t of enzyme 

a c tiv a tio n  (w ith the  exception of 10“ ^ M EDTA), suggesting th a t  

Ca44 may have been lim itin g  a c tiv a tio n  in  previous experiments. 

However, r e s u l ts  obtained w ith  the  use of Ca44 concentrations 

g re a te r  than 100 uM must be in te rp re ted  w ith caution. Knapp e t  a l .  

(1975) and Boadle-Biber (1975) reported th a t  TPOH a c t iv i ty  was
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stim ulated  "by high, unphysiological le v e ls  o f Ca4-1" (0.5-10 mM).

Hamon e t  a l .  (1977) demonstrated th a t  a c tiv a tio n  o f TPOH by these  high 

concentra tions of Ca4'4’ was th e  r e s u l t  o f p a r t i a l  enzyme p ro teo ly s is  

by a  Ca^-dependent p ro tease . Recently, Y itto  and Mandell (1981) 

showed th a t  th e  e ffe c ts  of ATP/Mg4-*" and 0 .5  mM Ca4’4' were 

a d d itiv e . Thus, th e  a c tiv a tio n  e ffe c t observed w ith  50-100 uM Ca4-4 

may not be id e n tic a l to  th a t  observed in  th e  presence o f ATP/Mg++
I -  j -

alone or w ith lower Ca concentra tions.

In  th is  l a s t  experiment, a c tiv a tio n  by phosphorylating conditions
j _ j

in  th e  absence and presence o f Ca was g re a te r  than th a t  seen in  

previous experiments. The reason fo r  th i s  d iffe rence  i s  unknown. 

However, i t  i s  apparent from a l l  these  experiments th a t  th e  magnitude 

o f  a c tiv a tio n  by phosphorylating conditions i s  q u ite  v a riab le . The 

ex ten t o f a c tiv a tio n  observed in  arry one experiment may depend on the  

s ta te  o f a c tiv a tio n  of th e  enzyme in  vivo. There i s  evidence to  show 

th a t  endogenous le v e ls  o f ac tiv a ted  enzyme e x is t  and may p e rs is t  in  

v i t r o  ( see d iscu ss io n ).
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TABLE 7

EFFECT OF PREINCUBATION CONDITIONS ON THE ACTIVATION OF MIDBRAIN TPOH

BY PHOSPHORYLATING CONDITIONS

EREINCUBATION CONTROL ACTIVATED % CHANGE % CHANGE
(Before p re in c .) ( a f te r  p re in c .)

116 uM BH4

none 207.5+3.7 241.1+5.6* ? 16 (3 )
Enzyme (E) 202. 3+6.1 213-2+5.3* t  5 (3) 4 6 (1)
E + BH4 275-4+6.1 274.1+4.5 no change (3 ) no change
E + TRP 173-3±4.3 216.0+5.0*** T 25 (3) 4 13 (1)
E + BH4 + TRP 318.9+1.9 324.6+6.3 T 2 (3) no change

200 uM 6-MPH4

none 71.6+6.7 93 .4+5 .4* T 30 (2)
Enzyme (E) 96.7+19.8 110.7+19.1* t  14 (3) 4 8 ( 1)
E + 6-MPH4 111.0+23.1 132.0+24.1** t  19 (3) t 16 (1)
E + TRP 86.6+16.0 113.9+19.3* t  32 (3 ) T 19 (1)
E+6-MPH4+TRP 124.9+23.1 146. 2+26 .8* t  17 (3) t 16 ( 1)

Phosphorylating conditions were 1 mM ATP, 10 mM MgC^. Before 

p re inc . in d ica te s  th a t  ATP/MgC^ were p resen t during the  

p reincubation  (10 min a t  37°C); a f te r  p reinc . in d ica te s  th a t  

ATP/MgCl2 were added to  the  assay a f te r  th e  preincubation period. 

Enzyme a c t iv i ty  was assayed in  th e  presence o f 10 uM tryptophan; 

co facto r concen tra tions are  ind ica ted . A c tiv ity  i s  expressed as pnol 

 ̂^C02/50 u l/3 0  min. The number of separa te  experiments i s  

ind ica ted  in  parentheses; where more than  one experiment was performed, 

th e  r e s u l ts  rep resen t th e  mean+SM. Preincubation was ca rried  out in  

th e  presence of DTT, Fe**, AADC, and PLP. A sterisks in d ica te  

s ig n if ic a n t  increase  above con tro l by paired  t - t e s t ;  * p<0 .0 5 , ** 

p<0 .01 , *** p<0 .001.
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TABLE 8

EFFECT OE THE ORDER OP ADDITION OP ASSAY COMPONENTS ON THE ACTIVATION 

OP TPOH BY PHOSPHORYLATING CONDITIONS

CONTROL ATP/Mg-H- % CHANGE ATP/Mg-H-/Ca-H- i  CHANGE

I 283.0+3 .8 347*7+11*9 T 23 347*2+15*5 t 23

I I 239*6+2.7 207*7+4*9 I  13 178.7+8.6 'i' 25

I I I 257*0+3*8 271.3+6.0 * 6 291*4+8.5 t 13

IV 239*7+1 *8 223*8+13*1 I  7 208.9+8.2 1 13

Phosphorylating conditions were 1 mM ATP, 10 mM MgC^ w ith  and 

w ithout 10 uM CaClg. A c tiv ity  was assayed in  th e  presence of 

10 uM tryptophan, 116 uM BĤ  and i s  expressed a s  pnol/50 u l/3 0  

min (mean of t r ip l i c a te s  f  S .D .). I  = no preincubation; I I  = 

p reincubation  w ithout su b s tra te  and co facto r; I I I  = preincu- 

h a tio n  w ith co facto r only; IV = preincubation w ith su b s tra te  

only. When phosphorylating conditions were te s te d , the  appro­

p r ia te  components were included in  the  preincubation m ixture. 

A ll other rea c ta n ts  were added a f te r  preincubation. Preincu­

b a tio n  was ca rried  out fo r  10 min a t  37°C.
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Discussion

The ex ten t of a c tiv a tio n  of m idhrain TPOH a c t iv i ty  by 

phosphorylating conditions in  these  experiments was, in  general, le s s  

<than th a t  observed by o ther in v es tig a to rs : Hamon e t  a l .  (1978c) 

observed a  45-55$ increase in  enzyme a c t iv i ty  w ith ATP and Mg++ in  

th e  assay and a  fu r th e r  15-20$ increase  when Ca++ (10 uM) was 

included. Yamauchi and Fujisawa (1979a), Kuhn e t  a l .  (1978), and 

V itto  and Mandell (1981) reported  a  2 to  2 .5 -fo ld  increase  in  TPOH 

a c t iv i ty  w ith phosphorylating cond itions. Using th e  method o f Ichiyama 

e t  a l .  fo r  assaying TPOH a c t iv i ty ,  Iy sz  and Sze (1978) reported a 

50- 70$ increase  in  enzyme a c t iv i ty  frcm mouse m idbrain when the  assay 

included ATP and Mg"1-1".

A ctivation  of hippocampal TPOH by phosphorylating conditions was 

more than tw ice th a t  o f m idbrain TPOH. Of th e  rep o rts  o f TPOH 

a c tiv a tio n  by phosphorylating conditions, only two have ind icated  th a t 

enzyme frcm b ra in  regions o ther than  midbrain or brainstem  could a lso  

be a c tiv a ted  by these  cond itions. Although Kuhn e t  a l .  (1978) 

reported  th a t  s tim u la tion  o f TPOH frcm hypothalamus, septum, p in ea l,
j j -

and mesencephalic tectum occurred w ith  ATP and Mg , they did not 

p resen t the  d a ta  to  su b s ta n tia te  th e i r  claim s. Moreover, no mention 

was made of any d iffe ren ces  in  th e  ex ten t o f a c tiv a tio n  between the  

various regions te s te d . However, Hamon e t  a l .  (1979) found th a t  the  

percent increase  in  TPOH a c t iv i ty  frcm cereb ra l cortex  was more than 

tw ice the  percent increase  in  enzyme a c t iv i ty  frcm brainstem  when 

enzyme was assayed under phosphorylating cond itions. The d iffe ren ce  in  

a c tiv a tio n  observed in  th e  study o f Hamon e t  a l .  between brainstem  and
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cortex  and th a t  in  the  presen t study observed between m idbrain and 

hippocampus might r e f le c t  th e  physio log ical ro le  of these  regions in

5-HT sy n th esis . Serotonin c e l l  bodies, th e  s i t e  o f TPOH sy n th esis , a re  

concentrated in  the  midbrain and b ra in s ta n . Cortex and hippocampus a re  

term inal areas in  which 5-HT syn thesis  and re lease  occur. In  the  nerve 

term ina l, a  calcium-dependent a c tiv a tin g  process such as the 

phosphorylating/dephosphorylating mechanism under d iscussion  would 

allow  the  neuron to  adapt th e  ra te  o f 5-HT syn th esis  to  th e  r a te  of 

a c tio n  p o te n tia ls  a rr iv in g  a t  the  term inal and thus to  consequent 

changes in  in tra te rm in a l calcium. On th e  o ther hand, such a  mechanism 

i s  not c ru c ia l to  the  function ing  of th e  c e l l  body, where 5-HT re lease  

does not appear to  occur.

The co facto rs BĤ  and 6-MPH  ̂ give d is t in c t  p a tte rn s  o f 

a c tiv a tio n  of midbrain TPOH under phosphorylating cond itions. In  

general, 6-MPH  ̂ produced g re a te r  enzyme a c tiv a tio n  (32$) than 

BĤ_ (about 20$). Moreover, w ith 6-MPH ,̂ phosphorylating 

conditions resu lted  in  enzyme a c tiv a tio n  a t  a l l  pH's te s te d  and under 

a l l  conditions w ith one exception (see Table 7, enzyme preincubated 

alone, ATP/Mg4""1" added a f te r  p reincubation). On the  o ther hand, 

w ith  BĤ  as co facto r, phosphorylating conditions produced a 

decrease or no change in  enzyme a c t iv i ty  a t  high pH's and when 

ATP/Mg^ were added to  th e  assay a f te r  preincubation of th e  enzyme 

under a  v a r ie ty  o f conditions (Table 7 ) . These d iffe ren ces between 

co fac to rs  must be considered in  l ig h t  o f the  f a c t  th a t  BH ,̂ not

6-MPH ,̂ i s  th e  n a tu ra l co facto r fo r  TPOH. A ll s tu d ies  on TPOH 

a c tiv a tio n  by phosphorylating conditions have used 6-MFH ,̂ w ith the 

exception of th a t  o f V itto  and Mandell (1981). Further s tu d ies  o f TPOH
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a c tiv a tio n  by phosphorylating conditions should u t i l i z e  th e  n a tu ra l 

co facto r i f  any conclusions concerning the  physio log ical s ig n ifican ce  

o f the  phosphorylating process a re  to  "be made.

The observation th a t  a c tiv a tio n  of TPOH by ATP and Mg"1-1" in  the  

presence of EĤ  (100 uM) i s  100$ (V itto  and Mandell, 1981), lends 

g re a te r  support to  the  notion  th a t  a  phosphorylation process regu la tes  

TPOH a c t iv i ty  in  vivo. The reason fo r  the  d iffe rence  in  a c tiv a tio n  

observed by V itto  and Mandell and th a t  in  th e  p resen t experiments i s  

unknown. V itto  and Mandell used HEPES b u ffe r in  th e i r  a c tiv a tio n  

s tu d ie s ; HEPES may be a  more su ita b le  b u ffe r fo r  phosphorylating 

reac tio n s  than Tris-HCl. Also, V itto  and Mandell used a  fluorcm etric  

assay in  th e i r  s tu d ie s . The Ichiyama method used here requ ires the  

add ition  of AADC to  th e  assay . I t  i s  possib le  th a t  th e  AADC 

p repara tion  used in  these  experiments contains an endogenous in h ib ito r  

o f  phosphorylation.

An important d iffe rence  between the  experiments o f V itto  and 

Mandell and the  p resen t experiments l i e s  in  the  su b s tra te  concentration  

used. The former in v e s tig a to rs  assayed TPOH using  100 uM tryptophan, 

whereas in  the  presen t s tu d ie s , th e  concentration  of tryptophan was 10 

uM. ( in  the  experiments of Iysz  and Sze (1978), the  concentration  of 

tryptophan was 10 uM; however, because these in v es tig a to rs  used

6-MPĤ  as co facto r, a  comparison here i s  not re le v an t.)  I f ,  as 

discussed below, tryptophan renders the  enzyme more su scep tib le  to  

a c tiv a tio n  by ATP and Mg4*4", then a c tiv a tio n  in  the  presence of 100 

uM tryptophan would l ik e ly  be g rea te r than a c tiv a tio n  in  th e  presence 

o f 10 uM tryptophan. Thus, th is  d ifference  in  su b s tra te  concentration
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might account fo r  th e  genera lly  lower a c tiv a tio n  observed in  these  

s tu d ie s .

F in a lly , the  p o s s ib i l i ty  e x is ts  th a t  th e  enzyme used in  these  

s tu d ie s  was already  p resen t in  a more ac tiv a ted  s ta te  than th a t  used in  

o ther s tu d ie s . Boadle-Biber (1978; 1979a) and Hamon e t  a l .  (1979) 

have shown th a t  enzyme ex trac ted  frcm brainstem  s l ic e s  depolarized by
- I -  | t

high K or tre a te d  w ith  agents to  promote Ca uptake, i s  

p resen t in  an ac tiv a ted  s ta te .  Moreover, incubation  of s l ic e s  in  a 

calcium -free, m anganese-substituted medium re s u l ts  in  a  25$ decrease in  

th e  a c t iv i ty  o f enzyme prepared frcm these  s l ic e s  as compared to  enzyme 

prepared frcm co n tro l s l ic e s  (Boadle-Biber, 1979b). These observations 

suggest th a t  TPOH may normally e x is t  in  a  p a r t ia l ly  a c tiv a ted  s ta te  in  

th e  in ta c t  neuron.

The s e r ie s  of experiments in v es tig a tin g  the  e ffe c ts  of enzyme 

preincubation  conditions on the  ex ten t o f a c tiv a tio n  by phosphorylating 

conditions reveal some in te re s tin g  c h a ra c te r is t ic s  o f th i s  a c tiv a tio n . 

When cofacto r (BH^) was included in  th e  p reincubation  of TPOH 

together w ith ATP and Mg++, no a c tiv a tio n  was observed. However, 

g re a te s t  le v e ls  o f enzyme a c t iv i ty  were achieved when th e  enzyme was 

preincubated in  the  presence of BH .̂ When tryptophan was included 

in  th e  preincubation, th e  ex ten t o f a c tiv a tio n  observed was even 

g re a te r  than when enzyme was not preincubated a t  a l l .  Moreover, in  

t h i s  case, abso lu te  le v e ls  o f enzyme a c t iv i ty  were about 10-15$ lower 

than nonpreincubated enzyme a c t iv i ty  both in  the  co n tro l and ac tiva ted  

condition . When both BĤ  and tryptophan were included in  the  

preincubation  or when enzyme was preincubated alone, again  very l i t t l e
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activation occurred.

These d a ta  in d ica te  th a t  TPOH can be ac tiv a ted  by i t s  co factor 

(BH^) and fu r th e r  suggest th a t  a c tiv a tio n  by cofacto r prevents 

a c tiv a tio n  by phosphorylating conditions. On the  o ther hand, the  

presence of tryptophan appears to  be necessary fo r  a c tiv a tio n  to  occur; 

p reincubation  in  the  absence of tryptophan re s u l ts  in  e s se n tia lly  no 

change in  enzyme a c t iv i ty  when ATP and Mg4-1" a re  p resen t (Table 7 ) . 

Conformational changes in  th e  enzyme molecule caused by th e  binding of 

co facto r and/or su b s tra te  may be responsib le  fo r  exposing or concealing 

a c tiv a tin g  s i t e s  on the  enzyme molecule.

I t  was found th a t  preincubation o f TPOH a t  37°C fo r  7 minutes 

re su lte d  in  a  decline  in  enzyme a c t iv i ty .  "When BĤ  was included in  

th e  preincubation , enzyme a c t iv i ty  increased s l ig h tly  above 

non-preincubated enzyme a c t iv i ty .  Enzyme preincubation fo r  10 minutes 

a t  37°C re su lte d  in  e s se n tia lly  no change in  enzyme a c t iv i ty  (Table 

7 )• But when BĤ  was included in  the  preincubation, a c t iv i ty  rose 

su b s ta n tia l ly . On the  o ther hand, in  the  experiments o f Table 8 , 

p reincubation  of enzyme in  both the  presence and absence of BĤ  

caused a  decline  in  enzyme a c t iv i ty ,  although the  decrease was le s s  

w ith  BH .̂ In these l a t t e r  experiments, the  preincubation mixture 

did no t include DTT, Ee++, AADC, and PEP. The exclusion of DTT and 

Ee frcm th e  preincubation  mixture may have allowed enzyme 

in a c tiv a tio n  to  occur and th i s  in ac tiv a tio n  was not completely reversed 

by th e  inc lusion  of these  agents in  the  assay. A lte rn a tiv e ly , th e  AADC 

prepara tion  may have contained a fa c to r  which pro tected  th e  enzyme 

ag a in st in ac tiv a tio n  during preincubation in  the  experiments of Table
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7.

The reason fo r  the  d iffe ren ce  between th e  e ffe c t  o f preincubation 

fo r  7 minutes and th e  e f fe c t  of preincubation fo r  10 minutes i s  

unknown. However, th e  observation th a t  preincubation  w ith  BĤ  

re su lte d  in  an increase  in  enzyme a c t iv i ty  in  both cases suggests th a t  

th e  cofactor may have been p ro tec tin g  the  enzyme aga in st in ac tiv a tin g  

processes occurring over tune. On the  o ther hand, th e  find ing  th a t  

inc lu sion  of th e  su b s tra te  tryptophan in  the  preincubation  medium 

resu lte d  in  a s l ig h t  decrease in  a c t iv i ty  (when assayed w ith  BH^), 

in d ic a te s  th a t su b s tra te  binding d e s ta b iliz e s  the  enzyme and renders i t  

more su scep tib le  to  in a c tiv a tin g  processes. Degradation of enzyme by 

endogenous p ro teases and therm al denatu ration  o f enzyme molecules could 

account fo r  a  lo s s  o f a c t iv i ty  observed even in  th e  presence of DTT and 

Fe++. Both la b i l iz a t io n  and s ta b i l iz a t io n  o f enzymes by th e i r  

c o fac to rs , su b s tra te s , and a  v a rie ty  o f o ther ligands again st 

p ro te o ly tic  in a c tiv a tio n  and therm al denaturation  have been 

danonstrated in  a  v a rie ty  of enzyme systems ( C i t r i ,  1973)-

Contrary to  the  r e s u l ts  of th e  presen t s tu d ie s , F isher e t  a l .  

(1972) found th a t  phenylalanine could p a r t ia l ly  s ta b i l iz e  phenylalanine 

hydroxylase against heat in ac tiv a tio n . In  th is  case, th e  enzyme had 

been tre a te d  to  remove Fe++. Moreover, un trea ted  enzyme 

preincubated w ith  phenylalanine fo r  20 minutes had s l ig h t ly  g rea te r 

a c t iv i ty  than enzyme not preincubated a t  a l l .

Very d if fe re n t c h a ra c te r is t ic s  o f a c tiv a tio n  were observed 

depending on whether ATP/Mg*4- were included in  the  preincubation 

m ixture in  the  presence of o ther assay components or in  th e i r  absence,
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or whether ATP/Mg++ were added to  the  assay m ixture follow ing 

preincubation . I t  i s  apparent th a t  in  v i t r o  a c tiv a tio n  by 

phosphorylating conditions i s  h ighly  influenced by th e  enzyme 

environment. The s t a b i l i ty  o f the  enzyme molecule re s u ltin g  frcm i t s  

environment may a f fe c t  th e  enzyme's a b i l i ty  to  be ac tiv a ted  by 

phosphorylating cond itions. Conversely, a c tiv a tio n  of TPOH by 

ATP/Mg++ has been shown to  a f fe c t  enzyme s t a b i l i ty  (V itto  and 

Mandell, 1981). A ctivated enzyme incubated in  a i r  a t  37°C lo ses 

a c t iv i ty  a t  a  f a s te r  r a te  than un trea ted  enzyme.

The dependence of a c tiv a tio n  on preincubation  and assay conditions 

makes i t  very d i f f i c u l t  to  ex trap o la te  in  v i t ro  r e s u l ts  to  th e  in  vivo 

s i tu a t io n , bu t suggests th a t  th e  phosphorylation process i s  highly  

regu la ted  by both  su b s tra te  and co facto r. The conform ational s ta te  of 

th e  enzyme molecule, as determined by su b s tra te  and cofacto r binding, 

may d ic ta te  whether or not th e  molecule can be phosphorylated.

However, i t  should be anphasized th a t  i t  has not y e t been determined 

whether TPOH i t s e l f  i s  phosphorylated by ATP/Mg++, or whether these  

conditions re s u l t  in  th e  phosphorylation of another p ro te in  which then 

a c ts  to  s tim u la te  TPOH. In th e  case o f ty ro sin e  hydroxylase, which has 

been shown to  be regu la ted  by a  c-AMP-dependent

phosphorylation/dephosphorylation process, phosphorylation re s u l ts  in  

th e  incorporation  of phosphate in to  th e  enzyme molecule i t s e l f  (Joh e t  

a l . , 1978; Yamauchi and Fujisawa, 1979c). Phosphorylation of p u rif ied  

ty ro sin e  hydroxylase produces an enzyme species d is t in c t ly  d if fe re n t  

from the nor>-phosphorylated enzyme. Phosphorylated ty ro sin e  

hydroxylase has a d if fe re n t  pH optimum, co facto r a f f in i ty ,  s a l t  and 

polyanion dependence, and therm al s t a b i l i ty  frcm th a t  of
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norv-phosphorylated enzyme (Lazar e t  a l . ,  1981; 1982).

Because of i t s  complexity, v a r ia b i l i ty ,  and lack  of u ltim ate  

ch a rac te riza tio n , a c tiv a tio n  of TPOH by phosphorylating conditions does 

no t lend i t s e l f  w ell to  the  proposed b iocheaica l c h a rac te riza tio n  of 

th e  response of 5-HT neurons in  the  hippocampus to  neurotoxic damage. 

Therefore, fu r th e r  study o f th i s  aspect of TPOH reg u la tio n  w ith respect 

to  5-HT neuron p la s t i c i ty  was not undertaken. A dditional work i s  

required  to  determine th e  product o f phosphorylation and i t s  mechanism 

o f a c tiv a tio n  of the  enzyme molecule and, fu r th e r , to  e s ta b lish  the  

normal physio log ical ro le  o f th is  process in  5-HT neurons. Once a 

physio log ical ro le  i s  e s tab lish ed , then i t  w il l  be o f in te r e s t  to  study 

t h i s  phenomenon in  pathologic s ta te s ,  such as CNS in ju ry .
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PART IV

5,7-DHT Lesions of the Cingulum Bundle

R esults

I .  E ffec t o f Dose and C oncentration of 5,7-DHT In jec ted  U n ila te ra lly  

in to  the  Cingulum Bundle on TPOH A ctiv ity  in  th e  Hippocampus

To examine the  e f fe c t  o f th e  dose of 5,7-DHT in jec ted  in to  the  

cingulum Bundle on TPOH a c t iv i ty  in  th e  hippocampus, an an a ly sis  o f 

variance (ANOVA) was performed on d a ta  obtained frcm animals in jec ted  

u n i la te r a l ly  w ith 0 to  5 ug of the  drug in  a volume of 400 n l (Figure 

12). A nalysis o f th e  s id e  ip s i la te r a l  to  th e  in je c tio n  revealed a 

s ig n if ic a n t  e f fe c t  of dose on hippocampal TPOH a c t iv i ty  [F(5,33)=18.39, 

P<0.0001]. Comparisons made between ind iv idua l dosage groups ind icated  

th a t  animals receiv ing  1 to  5 ug of th e  drug a l l  had s ig n if ic a n tly  

lower hippocampal enzyme a c t iv i ty  than  animals receiv ing  0 ug.

However, no s ig n if ic a n t d iffe ren ces were found between animals 

receiv ing  1 , 2 , 3 , 4 , o r 5 ug o f th e  drug.

Analysis o f the  hippocampus c o n tra la te ra l  to  th e  in je c tio n  a lso  

revealed a  s ig n if ic a n t  dose e ffe c t  [F(5,33)=7*90, p<0.000l].

Ind iv idua l t - t e s t s  showed no s ig n if ic a n t d iffe ren ces between animals 

receiv ing  0 ug and those receiv ing  1 or 2 ug o f the  drug. In c o n tra s t, 

in je c tio n s  of 3, 4, and 5 ug o f 5,7-DHT produced s ig n if ic a n t  decreases 

in  TPOH a c t iv i ty  o f the  c o n tra la te ra l  s ide  (Figure 12).

The e ffe c t of concentra tion  of 5,7-DHT was investiga ted  by 

comparing d a ta  obtained frcm animals in jec ted  w ith 2 ug 5,7-DHT in  160
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n l o f veh ic le  ( 1 .2 5 ?  so lu tio n ), 2 ug in  400 n l o f v eh ic le  (0.5?° 

so lu tio n ) , and 5 ug in  400 n l (1 .2 5 ?  so lu tion) (Figure 13). MOVA of 

th e  ip s i la te r a l  s id e  showed a  s ig n if ic a n t  o v e ra ll e ffe c t 

[F(3,37)=33*71, p<0.000l] of concentration . However, ind iv idual 

comparisons revealed th a t  although 2 ug in  400 n l was not s ig n if ic a n tly  

d if fe re n t  from 5 ug in  400 n l ,  2 ug in  160 u l  was s ig n if ic a n tly

d if fe re n t  frcm 5 ug in  400 n l.

On the  c o n tra la te ra l s id e , th e re  was a lso  a s ig n if ic a n t e ffe c t of 

drug concentration  on hippocampal TPOH a c t iv i ty  [F(3,37)=9-86, 

P<0.0001]. 2 ug in  160 or 400 n l did not cause a  s ig n if ic a n t change in

TPOH a c t iv i ty ,  whereas, as previously  observed, 5 ug produced a  highly

s ig n if ic a n t  decrease in  enzyme a c t iv i ty  (Figure 13)-

I I .  Time Course of TPOH A c tiv ity  in  th e  Hippocampus Following 

U n ila te ra l In je c tio n  of 5 ug 5,7-DHT in to  the  Cingulum Bundle

In  order to  in v es tig a te  poss ib le  changes in  hippocampal TPOH 

a c t iv i ty  occurring over time as a  r e s u l t  o f u n i la te ra l  in je c tio n  of 5 

ug 5,7-DHT in to  the  cingulum bundle, MOVA was performed on data  

obtained frcm animals sa c r if ic e d  3 to  90 days p o s t- le s io n  (Table 9)• 

A nalysis of th e  ip s i la te r a l  s id e  revealed a  s ig n if ic a n t e ffe c t o f 

treatm ent ( th e  lesion ) [F(1,49)=221.28, p<0.000l] and of th e  day of 

s a c r i f ic e  [F(6,49)=11.69, p<0.000l]. Moreover, a  s ig n if ic a n t 

in te ra c tio n  between treatm ent and day was found [F(6 ,49)=4-43, 

p<0 .0012] ,  in d ica tin g  th a t  the  e f fe c t  o f the  le s io n  was dependent on 

th e  number of days follow ing treatm ent. Ind iv idual comparisons showed 

th a t  a t  3 days a f te r  th e  le s io n , TPOH a c t iv i ty  in  the  ip s i la te r a l  

hippocampus had not changed s ig n if ic a n tly  from sham. However, a t  a l l
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other tim es a f te r  the  le s io n  a  significant decrease frcm sham occurred. 

From Table 9, i t  can be seen th a t  lowest le v e ls  of enzyme a c t iv i ty  were ' 

reached by 7 days p o s t-le s io n . By 28 days a f te r  the  le s io n , TPOH 

a c t iv i ty  began to  increase  s ig n if ic a n tly  from th a t  observed a t  7 days. 

Enzyme a c t iv i ty  continued to  climb, peaking 60 days p o s t-le s io n , 

although a t  th i s  tim e, a c t iv i ty  was s t i l l  s ig n if ic a n tly  below sham. By 

90 days p o st-le s io n , enzyme a c t iv i ty  had f a l le n  su b s ta n tia lly  frcm the 

high le v e ls  seen a t  60 days, although a c t iv i ty  remained s ig n if ic a n tly  

g rea te r  than th a t  observed 7 days p o s t-le s io n . These changes in  enzyme 

a c t iv i ty ,  expressed as percent o f sham, a re  summarized in  Figure 15-

Analysis of the  c o n tra la te ra l hippocampus a lso  demonstrated . 

s ig n if ic a n t treatm ent [F(1,49)=38.54, p<0.000l] and day [F(6 ,49)=21.49, 

P<0.0001] e f fe c ts . However, no s ig n if ic a n t in te ra c tio n  between 

treatm ent and day was observed. Ind iv idual comparisons revealed a 

p a tte rn  of changes s im ila r  to  those observed in  th e  ip s i la te r a l  

hippocampus (Table 9)- Again, lowest le v e ls  of enzyme a c t iv i ty  were 

reached by 7 days a f te r  the  le s io n  and by 28 days, a c t iv i ty  was 

beginning to  increase  s ig n if ic a n tly . The reason fo r  the  decrease in  

a c t iv i ty  observed frcm 28 to  42 days, although not s ig n if ic a n t , i s  

unclear. However, a t  th i s  time (42 days), enzyme a c t iv i ty  did not 

d i f f e r  frcm sham. S im ila rly , a t  60, days enzyme a c t iv i ty  in  the  

c o n tra la te ra l side  was not d if fe re n t frcm sham. By 90 days, a c t iv i ty  

had dropped s l ig h tly  from th a t  observed in  sham anim als, although i t  

remained s ig n if ic a n tly  h igher than a c t iv i ty  seen in  animals 7 days 

p o s t-le s io n . These re s u l ts ,  expressed as percent of sham, a re  also  

summarized in  Figure 15-
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I I I .  E ffec t o f 5 ug 5,7-DHT In jec ted  in to  th e  Cingulum Bundle on the  

K ine tics of TPOH in  the  Hippocampus

In an a tta n p t to  determine whether the  changes in  hippocampal TPOH 

a c t iv i ty  observed a f te r  5,7-DHT le s io n s  were th e  r e s u l t  o f changes in  

th e  amount o f a c tiv e  enzyme (Ymax) or in  the  apparent a f f in i ty  of the  

enzyme fo r  i t s  su b s tra te  tryptophan (Km), th e  k in e tic  param eters of 

TPOH frcm lesioned and sham-lesioned animals were stud ied  7 and 60 days 

a f te r  treatm ent. In  two separa te  experiments, A and B, th e  apparent 

Km's fo r  tryptophan of TPOH frcm hippocampi o f sham-lesioned animals 

were 44-7 and 49-5 uM, re sp ec tiv e ly  (Table 10). Seven days a f te r

5,7-DHT le s io n  of th e  cingulum bundle, an increase  (w ith respec t to  

sham) in  th e  apparent Km fo r  tryptophan ( to  65*9 and 65-7 uM fo r  

experiments A and B, resp ec tiv e ly ) was observed. Thus, enzyme 

ranain ing  in  th e  hippocampus follow ing neurotoxic damage seems to  

possess a  decreased a f f in i ty  fo r  i t s  su b s tra te .

In je c tio n s  o f 5,7-DHT produced a decrease in  the  apparent Vmax of 

hippocampal TPOH fo r  tryptophan when compared to  sham -injected animals 

7 days a f te r  treatm ent. In  experiment A, the  apparent Vmax declined 

frcm 54*6 to  25.6  pmol ^ c o  /mg wet weight/5 0  min (43# of 

sham), whereas in  experiment B, the  Vmax decreased frcm 80.0 to  29*5 

pmol  ̂^COg/mg wet weight/50 min (57# of sham). Note th a t ,  

expressed as percent sham, the  change in  Vmax found in  these  

experiments i s  s im ila r to  the  change in  enzyme a c t iv i ty  observed 7 days 

p o s t- le s io n  (Table 9, 37# sham), in d ica tin g  th a t  the  decrease in  enzyme 

a c t iv i ty  can be a ttr ib u te d  mainly to  a  decrease in  Vmax.

TPOH frcm hippocampi o f animals sa c r if ic e d  60 days a f te r  sham



in je c tio n s  had an apparent Km s im ila r  to  th a t  observed in  animals 

sa c r if ic e d  7 days a f te r  sham in je c tio n s  (45*0 and 42.5 uM fo r  

experiments C and D, re sp e c tiv e ly ) . The re s u l ts  obtained in  

experiments C and D fo r  animals in jec ted  -with 5,7-DHT and sa c r if ic e d  60 

days l a t e r  a re  c o n flic tin g . In  experiment C, the  apparent Km fo r

5 .7-DHT-lesioned animals was th e  same as th a t  fo r  shams (49*5 uM). On 

th e  o ther hand, in  experiment D, th e  Kin was g rea te r  fo r  th e  lesioned 

group (62.6 uM) and s im ila r to  th a t observed fo r  animals sa c r if ic e d  7 

days a f te r  5,7-DHT le s io n  (see  above).

When compared to  7 days p o s t- le s io n , th e  apparent Vmax obtained 

fo r  animals s a c r if ic e d  60 days a f te r  th e  le s io n  remained low in  both 

experiments C and D (Table 10). In  experiment C, th e  apparent Vmax 

f e l l  frcm 88.6  to  35*3 pmol ^COg/mg wet weight/30  min (38$ of 

sham), whereas in  experiment D, th e  apparent Vmax decreased from 62.9 

to  30.0 pmol ^ C ^ /m g  wet weight/30 min (48$ of sham). Thus, 

in  these  experiments, i t  appears th a t  the  increase  in  enzyme a c t iv i ty  

prev iously  observed 60 days p o s t- le s io n  (Table 9) did not occur.

IV. Time Course of TPOH A ctiv ity  in  the  Midbrain Following U n ila te ra l 

In je c tio n  of 5 ug 5,7-DHT in to  the Cingulum Bundle

In  order to  in v es tig a te  a  possib le  biochemical response of the 

median raphe c e l l  bodies whose axon s  had been damaged by in je c tio n  of

5.7-DHT in to  the  cingulum bundle, TPOH a c t iv i ty  was measured in  the 

m idbrains of those animals used fo r  the s tu d ies  o f hippocampal TPOH. 

Enzyme a c t iv i ty  was measured in  whole midbrain, ra th e r  than in  each 

s id e  sep ara te ly , to  avoid damage to  raphe neurons ly ing  along the 

m idline, and because of recen tly  demonstrated b i la te r a l  p ro jec tio n s
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frcm the  raphe nuc le i to  the  hippocampus (Azmitia, 1981).

Analysis o f variance o f th e  d a ta  revealed a  s ig n if ic a n t  e f fe c t  of 

treatm ent [F (1 ,49)=6.17, p<0.016] and day [F(6 ,49)=18 . 26 , p<0.000l], 

w ith  no s ig n if ic a n t in te ra c tio n  between treatm ent and day. Although a t  

a l l  tim es a f te r  the  le s io n  (w ith th e  exception of 90 days), m idbrain 

TPOH a c t iv i ty  in  5,7-DHT-lesioned animals was g rea te r than  th a t  in  

sham-lesioned animals, a  s ig n if ic a n t  increase  above sham was observed 

only a t  28 days (Table 11). At th is  time a f te r  th e  le s io n , a 

s ig n if ic a n t  increase  in  TPOH a c t iv i ty  in  th e  hippocampus a lso  f i r s t  

appeared. Thus, the  increase  in  enzyme a c t iv i ty  in  the  hippocampus may 

be accompanied by increased syn thesis  o f ac tiv e  enzyme molecules in  the  

c e l l  body region. These r e s u l ts ,  expressed as percent o f sham, a re  

summarized in  Figure 15*

Y. E ffec t of U n ila te ra l 5,7-DHT In je c tio n  in to  th e  Cingulum Bundle on 

TPOH A ctiv ity  in  th e  Hypothalamus and Septum/Preoptic Area

The main bundle of ascending 5-HT f ib e r s  tra v e ls  in  th e  medial 

fo reb ra in  bundle through the  hypothalamus. From the  MFB, 5-HT f ib e rs  

branch in to  th e  diagonal band to  innervate  th e  se p ta l n u c le i. F ibers 

continue d o rsa lly  frcm the  septum to  jo in  th e  cingulum bundle a t  the  

le v e l  o f th e  genu of th e  corpus callosum (Azmitia, 1978). Because 5-HT 

f ib e r s  ca rried  in  the  cingulum bundle have passed through the  

hypothalamus and the  se p ta l a rea , the  ex ten t o f re trograde  degeneration 

o f 5,7-DHT-lesioned f ib e r s  can be assessed by measuring TPOH a c t iv i ty  

in  these  two regions. The preop tic  a rea , which receives 5-HT f ib e rs  

a lso  v ia  the  MFB, was combined w ith th e  se p ta l a rea  in  order to  have 

enough t is s u e  fo r  assay. Enzyme a c t iv i ty  was measured in  ip s i la te r a l
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and c o n tra la te ra l  s id es sep ara te ly , 3 , 7 , and 14 days a f te r  u n i la te ra l  

in je c tio n  of 5 ug 5,7-DHT. S t a t i s t i c a l  an a ly sis  of th e  d a ta  showed no 

s ig n if ic a n t  e f fe c t  o f treatm ent or day on enzyme a c t iv i ty  in  th e  SPOA 

or in  the  hypothalamus (Tables 12 and 13), in d ica tin g  th a t  5-HT f ib e r s  

in  these  regions were unaffected  by th e  cingulum bundle le s io n .

VI. Time Course o f TPOH A ctiv ity  in  th e  Hippocampus Hollowing 

U n ila te ra l In je c tio n  of 2 ug 5,7-DHT in to  the  Cingulum Bundle

A dose of 2 ug was chosen fo r  re p e t i t io n  of the  time course of 

enzyme a c t iv i ty  in  the  hippocampus follow ing 5,7-DHT in je c tio n s  

because, as p reviously  shown, th is  dose caused a s ig n if ic a n t  dep le tion  

o f ip s i la te r a l  TPOH a c t iv i ty  w ithout a ffe c tin g  enzyme a c t iv i ty  in  the  

c o n tra la te ra l  s id e . TPOH a c t iv i ty  was measured in  ip s i la te r a l  and 

c o n tra la te ra l  hippocampi 7 , 28, and 42 days a f te r  a  u n i la te r a l  le s io n  

o f  th e  cingulum bundle w ith  2 ug 5,7-DHT in  400 n l o f v eh ic le . Each 

time po in t was repeated tw ice, and i f  no d iffe rence  was observed 

between experiments, th e  d a ta  fo r  th e  two experiments was combined.

The re s u l ts  frcm th is  s e r ie s  of experiments a re  shown g raph ica lly  in  

F igure 16. When a l l  th e  d a ta  toge ther were analyzed by ANOVA, a 

s ig n if ic a n t  e f fe c t  o f treatm ent only was found [P (1 ,46)=95 -0 4 ,

P<0.0001] fo r  th e  ip s i la te r a l  hippocampus. Thus, as ind iv idual 

comparisons ind ica ted , TPOH a c t iv i ty  f e l l  s ig n if ic a n tly  by 7 days 

p o s t- le s io n  and ranained unchanged a t  28 and 42 days a f te r  th e  le s io n .

Because experiment A (28 days p o s t- le s io n , Figure 16) gave 

s ig n if ic a n tly  d iffe re n t, r e s u l ts  frcm experiment B (28 days p o s t-le s io n , 

F igure 16), an ana ly sis  of the  d a ta  was performed excluding th e  d a ta  of 

experiment B. In  th is  case, s ig n if ic a n t  e f fe c ts  of both treatm ent
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[P(1,35)=66.33, p<0 .0001] and day [F(2,35)=4-39, p<0 .02] were revealed 

fo r  the  ip s i la te r a l  hippocampus. Comparisons between various groups 

ind icated  th a t  enzyme a c t iv i ty  rose s ig n if ic a n tly  between 7 and 28 

days. Enzyme a c t iv i ty  42 days a f te r  th e  le s io n  was not s ig n if ic a n tly  

d if fe re n t  from e ith e r  28-day a c t iv i ty  or 7-day a c t iv i ty ,  making 

in te rp re ta t io n  of these  d a ta  d i f f ic u l t .  Prom an evaluation  o f the  data  

frcm ind iv idua l anim als, however, one gains the  o v e ra ll impression th a t  

enzyme a c t iv i ty  a t  42 days was g rea te r  than a c t iv i ty  a t  7 days, bu t 

le s s  than a c t iv i ty  a t  28 days, even though s t a t i s t i c a l  an a ly sis  did not 

demonstrate such d iffe ren ces.

V II. E ffec t of 2 ug 5,7-DHT In jec ted  U n ila te ra lly  in to  th e  Cingulum 

Bundle on High A ffin ity  Uptake of %-5-HT in  Synaptosomal 

P repara tions o f Hippocampus

In  v i tro  measurements o f high a f f in i ty  3h-  5-HT uptake in to  

s l ic e s  or synaptosomal p reparations of b ra in  t is s u e  have been used by 

many in v e s tig a to rs  to  assess  the  e f fe c ts  o f neurotoxic le s io n s  on the  

5-HT innervation  of d if fe re n t  b ra in  regions (Bjorklund e t  a l . , 1973c; 

Daly e t  a l . , 1973; Gerson and B a ld essa rin i, 1975; Nygren e t  a l . ,  1974). 

Changes in  high a f f in i ty  uptake have been shown to  p a ra l le l  changes in  

5-HT innervation  p a tte rn s  as detected by fluorescence h istochem istry  

(Bjorklund e t  a l . ,  1973c; Ilygren e t  a l . , 1974) and autoradiography 

(Azmitia and Marovitz, 1980). The present s tu d ies  o f H-5-HT 

uptake were undertaken in  order to  fu r th e r  charac te rize  th e  response of 

in ta c t  5-HT f ib e r s  in  the  hippocampus to  5,7-DHT le s io n s  of the  

cingulum bundle. The method used to  measure synaptosomal high a f f in i ty  

uptake has been characterized  in  d e ta i l  by Azmitia e t a l .  (1983).
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A dose of 2 ug 5,7-DHT in  400 n l v eh ic le  was in jec ted  u n ila te ra l ly  

in to  the  cingulum bundle and high a f f in i ty  uptake of ^H-5-HT was 

measured in  synaptosomes prepared frcm ip s i la te r a l  and c o n tra la te ra l  

hippocampi 7 and 42 days la te r .  The re s u l ts  o f these  experiments are  

shown g raph ica lly  in  F igure 17- ANOVA o f the  ip s i la te r a l  s id e  showed a 

s ig n if ic a n t  e f fe c t  o f treatm ent [F(1,29)=34-92, p<0.000l] and a  

s ig n if ic a n t  in te ra c tio n  "between treatm ent and day [F(1 ,29)=10.73, 

p<0.0027]• Whereas a t  7 days p o s t- le s io n  th e re  was no s ig n if ic a n t 

d iffe ren ce  between uptake in  sham-lesioned and 5,7-DHT-lesioned 

anim als, a t  42 days p o s t- le s io n  th e re  was a  h igh ly  s ig n if ic a n t 

decrease.

A nalysis of uptake in  the  c o n tra la te ra l  hippocampus revealed no 

s ig n if ic a n t  e f fe c t  o f e ith e r  treatm ent or day alone. However, a 

s ig n if ic a n t  in te ra c tio n  between treatm ent and day was found 

[F(1,29)=15.36, p<0.0005], in d ica tin g  th a t  th e  e f fe c t  o f th e  le s io n  was 

dependent on th e  leng th  of time elapsing  between surgery and s a c r if ic e .  

Thus, although a t  7 days, the  le s io n  produced no s ig n if ic a n t  change in  

uptake in  th e  c o n tra la te ra l  s id e , by 42 days a f te r  th e  le s io n , th e re  

was a  s ig n if ic a n t  decrease in  uptake from th a t  seen in  shams. These 

changes in  hippocampal uptake of H-5-HT do not c lo se ly  p a ra l le l  

the  changes observed in  hippocampal TPOH a c t iv i ty .
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Figure 12. E ffec t of dose 5,7-DHT in jec ted  u n i la te r a l ly  in to  the

cingulum "bundle on TPOH a c t iv i ty  in  th e  hippocampus (HIP). Enzyme

a c t iv i ty  was assayed under standard conditions and i s  expressed as pnol 
14-C^/m g wet weight/50 min, mean + standard e rro r  o f th e  le a s t

i
square mean. Number o f animals i s  ind icated  in  parentheses. A sterisks 

in d ica te  s ig n if ic a n t d iffe ren ce  w ith  respec t to  corresponding 0 ug 

group, * p<0.01, ** p<0.001. ■, c o n tra la te ra l  HIP; • ,  i p s i la te r a l  HIP.
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Figure 13* E ffec t o f concentration  5,7-DHT in jec ted  u n ila te ra l ly  

in to  the  cingulum bundle on TPOH a c t iv i ty  in  the HIP. Enzyme a c t iv i ty  

was assayed under standard conditions and i s  expressed as pnol 

^COg/mg wet weight/30 min, mean ±  standard e rro r  o f th e  le a s t  

square mean. Number o f animals in  each group i s  ind icated  w ith in  each 

column. A sterisks in d ica te  s ig n if ic a n t d ifference  w ith respect to  

corresponding 5 ug group, * p<0.05, ** p<0.005, *"** p<0.001. C, 

c o n tra la te ra l  HIP; I ,  ip s i la te r a l  HIP.
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TABLE 9
TIME COURSE OP TPOH ACTIVITY IN THE HIPPOCAMPUS POLLOWING UNILATERAL 

INJECTION OP 5 UG 5,7-DHT INTO THE CINGULUM BUNDLE

DAYS SIDE SHAM (N) 5,7-DHT (N)
POST-LESION

3 I 16.5 i 1.6 (4) 12.2 + 1.6+ (4)
C 19-8 dr 1.9 (4) 15.1 + 1.9 (4)

7 I 21.4 ± 1.6 (4) 8.1 + 1.2*** (7)
C 23-5 dr 1.9 (4) 12.2 + 1.4*** (7)

14 I 22.3 dr 1.4 (5) 8 .2 + 1 .8*** (3)c 21.1 dr 1.7 (5) 12.0 + 2.2** (3)

28 I 28.5 db 1.4 (5) 13-1 + 1 .4***++ (5)c 30.3 + 1.7 (5) 24.8 + 1.7*-H-f- (5)

42 I 23.6 ± 1.8 (3) 13-9 + 1 .4***++ (5)c 22.8 dr 2.2 (3) 17-5 + 1.7+ (5)

60 I 28.2 dr 1.6 (4) 17.6 + 1.4***+++ (5)c 29-4 dr 1.9 (4) 29.0 ± 1.7+++ (5)

90 I 31.7 dr 1.4 (5) 13.0 + 1.6***+ (4)c 33-5 dr 1.7 (5) 26.9 + 1.9*^H- (4)

Enzyme a c t iv i ty  was assayed under standard conditions and i s  expressed 

as pnol ^COg/mg wet weight/50 min, mean + standard e rro r  o f 

th e  le a s t  square mean. The number o f animals in  each group (N) i s  

ind ica ted  in  parentheses. A sterisk s in d ic a te  s ig n if ic a n t  d ifference  

w ith  respec t to  the  corresponding sham group, * p<0.05, ** p<0.01, *** 

p<0.001. Daggers in d ica te  s ig n if ic a n t d iffe rence  w ith respec t to  the  

corresponding 7-day group, + p<0.05, ++ p<0.01, +-H- p<0.001. I ,  

i p s i la t e r a l  hippocampus; C, c o n tra la te ra l  hippocampus.
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TABLE 10
EFFECT OF 5 UG 5,7-DHT INJECTED INTO THE CINGIILUM BUNDLE ON THE 

KINETICS OF TPOH IN THE HIPPOCAMPUS

DATS SHAM 5,7-DHT
POST-LESION

7 Km A 44-7 A 65-9
B 49-5 B 65.7

7 Vmax A 54.6 A 25.6
B 80.0 B 29.5

60 Km C 45.0 C 49.5
D 42.5 D 62.6

60 Vmax C 88.6 C 35.5
D 62.9 D 50.0

The concentra tion  of BĤ  was held constant a t  400 uM while the  

concen tra tion  o f tryptophan was varied  frcm 10 to  200 uM. Km is  

expressed as uM, Vmax i s  expressed as pnol ^COg/mg wet 

weight/50 min. A, B, C, and D a re  four separa te  experiments.
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Figure 14. Lineweaver-Burk p lo ts  o f k in e tic  d a ta  frcm experiments A 

and B in  Table 10.
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0 .08 .10.02 .04 .06-.02
1 /T R Y P T O P H A N  X 1 0 '6
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TABLE 11
TIME COURSE OF TPOH ACTIVITY IN THE MIDBRAIN FOLLOWING UNILATERAL 

INJECTION OF 5 UG 5,7-DHT INTO THE CINGULUM BUNDLE

DAYS SHAM (N) 5,7-DHT (N)

POST-LESION

3 144.9 ± 12.0 (4) 151 -1 ± 12.0 (4)

7 134-9 ± 12.0 (4) 147-7 ± 9.1 (7)

14 111.6 ± 10.7 (5) 129-0 ± 13-9 (3)

28 182.1 + 10.7 (5) 221.0 + 10.7* (5)

42 117.7 + 13-9 (3) 142.6 + 10.7 (5)

60 160.8 + 12.0 (4) 182.4 + 10.7 (5)

90 216.5 .+ 10.7 (5) 202.4 ± 12.0 (4)

Enzyme a c t iv i ty  was assayed under standard conditions and i s  expressed 
14-as pmol CO^/mg wet weight/30 min, mean + standard e rro r  of 

th e  le a s t  square mean. The number of animals in  each group (N) i s  

ind icated  in  parentheses. A sterisk  in d ica te s  s ig n if ic a n t d iffe rence  

w ith  respect to  sham group, p<0.02.
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Figure 15* Data in  Tables 9 and 11 expressed as percent o f 

corresponding sham group. C irc les = ip s i la te r a l  hippocampus; squares = 

c o n tra la te ra l  hippocampus; t r ia n g le s  = midbrain.
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TABLE 12
EFFECT OP UNILATERAL 5,7-DHT INJECTION INTO THE CINGULUM BUNDLE ON TPOH

ACTIVITY IN THE SEETUM/PREOPTIC AREA

DAYS

POST-LESION

SIDE SHAM (N) 5,7-DHT (N)

3 I 33-8 + 3.7 (4) 36.3 + 2.1 (4)

C 36.3 + 1.7 (4) 40.6 + 2.1 (4)

7 I 39.7 + 1.4 (4) • 44.6 + 2.7 (7)

C 36.7 + 2.4 (4) 50.5 + 3-6 (7)

14 I 39.6 + 2.9 (5) 41.3 + 3-5 (3)

c 45-5 ± 3-4 (5) 43-3 + 3-3 (3)

Enzyme a c t iv i ty  was assayed under standard conditions and i s  expressed 

as pmol ^COg/mg wet weight/30 min, mean + SEM. The number of 

animals in  each group (N) i s  ind icated  in  parentheses. ANOVA ind icated  

no s ig n if ic a n t e ffe c t o f treatm ent or day. C, c o n tra la te ra l  SPOA; I ,  

i p s i la te r a l  SPOA.
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TABLE 13
EFFECT OF UNILATERAL 5,7-DHT INJECTION INTO THE CINGULUM BUNDLE ON TPOH

ACTIVITY IN THE HYPOTHALAMUS

DAYS SIDE SHAM (N) 5,7-DHT (N)

POST-LESION

3 I 61.4 + 4.1 (4) 61.3 + 5.0 (4)

c 55.1 + 6.2 (4) 58.5 + 5-0 (4)

7 I 53-5 + 7 .8 (4) 54.2 + 6 .0 (6)

c 60.2 + 4-8 (4) 66.3 + 6.4 (6)

14 I 67.5 ± 8.1 (5) 62.5 + 4*6 (3)

c 57-5 ± 7-3 (5) 77.5 ± 9-3 (3)

Enzyme a c t iv i ty  was assayed under standard conditions and i s  expressed
A A

as pnol wet weight/50 min, mean + SEM. The number of

animals in  each group (N) i s  ind icated  in  paren theses. ANOVA ind icated  

no s ig n if ic a n t  e f fe c t  o f treatm ent or day. C, c o n tra la te ra l  

hypothalamus; I ,  i p s i la t e r a l  hypothalamus.
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Figure 16. Time course of TPOH a c t iv i ty  in  the  hippocampus 

follow ing u n ila te ra l  in je c tio n  of 2 ug 5,7-DHT in to  the  cingulum

bundle. Enzyme a c t iv i ty  was assayed under standard conditions and i s
1 A  »expressed as pnol COg/mg wet weight/30 min, mean ± standard

e rro r  o f the  le a s t  square mean. The number o f animals in  each group i s

ind icated  w ith in  each column. A and B rep resen t da ta  frcm 2

experiments giving s ig n if ic a n tly  d if fe re n t  r e s u l ts .  A sterisk  in d ica te s

s ig n if ic a n t d ifference  w ith respec t to  corresponding 7-day group,

p<0.005* S, sham -injected group; X, 5,7-DHT-injected group; C,

c o n tra la te ra l  hippocampus; I ,  ip s i la te r a l  hippocampus.
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Figure 17. Time course of %-5-HT uptake in  the  hippocampus 

follow ing u n ila te ra l  in je c tio n  of 2 ug 5,7-DHT in to  the  cingulum 

bundle. Uptake i s  expressed as pnol ^H-5-HT/g weight/5 min, mean + 

standard e rro r of th e  le a s t  square mean. The number o f animals in  each 

group i s  ind icated  w ith in  each column. A sterisks in d ica te  s ig n if ic a n t 

d iffe ren ce  w ith respec t to  corresponding sham group, p<0.001. S, 

sham -injected group; X, 5,7-DHT-injected group; C, c o n tra la te ra l  

hippocampus; I ,  i p s i la te r a l  hippocampus.
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Discussion

The s tu d ies  of TPOH presented here were undertaken in  an e f fo r t  to  

biochem ically ch arac te rize  p la s t i c i ty  o f hippocampal 5-HT input as 

observed by Azmitia and colleagues (1978). follow ing in je c tio n  o f 5 ug

5,7-DHT in to  the  cingulum bundle, these  in v es tig a to rs  observed a 

decrease in  the  tran sp o rt of % -p ro lin e  from the median raphe 

nucleus to  the  hippocampus fo r  as long as 14 days a f te r  th e  le s io n . 

Autoradiography of sec tions through the  den tate  gyrus ind icated  th a t  

th e  le s io n  produced a  lo s s  of 5-HT term inals in  the  hippocampus during 

th i s  time. Twenty-eight to  90 days p o s t-le s io n , the  p a tte rn  of 

term inals in  the  hippocampus had returned to  normal desp ite  the  f a i lu re  

o f regeneration  o f 5-HT f ib e r s  in  the  lesioned cingulum bundle. This 

l a t t e r  observation suggested th a t  new 5-HT term inals in  th e  hippocampus 

arose from f ib e rs  in  a  pathway o ther than the  cingulum bundle, e .g . 

th e  fo rn ix -fim bria . Zhou and Azmitia (1981) have recen tly  confirmed 

th e  idea th a t  sprouting of fo rn ix -fim b ria  f ib e rs  occurs in  response to  

cingulum bundle le s io n s  using retrograde  tran sp o rt o f horserad ish  

peroxidase.

In  th e  present study, an in je c tio n  o f 5 ug 5,7-DHT u n i la te r a l ly  

in to  the  cingulum bundle resu lted  in  a  b i la te r a l  decline  in  TPOH 

a c t iv i ty  in  the  hippocampus. Two p o s s ib i l i t i e s  to  account fo r  th is  

b i la te r a l  decrease are  rea d ily  apparent: 1) 5-HT f ib e r s  in  the  cingulum 

bundle cross p o s te r io r  to  the  in je c tio n  s i t e  to  innervate the  

c o n tra la te ra l hippocampus. Thus, the  le s io n  would destroy these  f ib e rs  

and produce a drop in  c o n tra la te ra l  hippocampal enzyme a c t iv i ty .  

However, th e re  i s  no evidence to  suggest th a t 5-HT f ib e rs  cross in  th is
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region. 2) D iffusion  of th e  to x in  might produce damage to  5-HT f ib e r s  

o f th e  c o n tra la te ra l s id e . Because of the  b i la te r a l  presence of 5-HT 

f ib e r s  along the  m idline and the  lo ca tio n  of the  in je c tio n  s i t e  (Figure 

6 ) , the  p o s s ib i l i ty  o f damage to  c o n tra la te ra l  f ib e r s  by d iffu s io n  of 

th e  to x in  c e r ta in ly  e x is ts .  This p o s s ib i l i ty  prompted th e  examination 

of th e  e ffe c t of th e  dose of th e  drug on TPOH a c t iv i ty  in  hippocampi

both  ip s i la te r a l  and c o n tra la te ra l  to  th e  in je c tio n .

An in je c tio n  of 3 to  5 ug of th e  neurotoxin was c le a r ly  too high a

dose to  l im it  damage to  th e  ip s i la te r a l  hippocampus. F ibers in  the

c o n tra la te ra l indiseum griseum ly in g  along th e  m idline probably 

received enough of the  to x in  by d iffu s io n  to  r e s u l t  in  degeneration of 

th e i r  term inals in  th e  hippocampus. On th e  o ther hand, 2 ug 5,7-DHT 

re su lte d  in  an in s ig n if ic a n t change in  c o n tra la te ra l  enzyme a c t iv i ty .  

The re s u l ts  o f th i s  dose-response study in d ic a te  th a t  the  dose of the  

neurotoxin must be c a re fu lly  regulated  in  order to  damage a l l  th e  5-HT 

f ib e r s  ip s i la te r a l  to  th e  in je c tio n  w ithout a ffe c tin g  f ib e rs  o f the  

c o n tra la te ra l  s id e . These re s u l ts  fu r th e r  suggest th a t  the  decrease in  

enzyme a c t iv i ty  o f th e  c o n tra la te ra l  hippocampus i s  probably not due to  

damage o f 5-HT f ib e r s  crossing  d i s ta l  to  th e  in je c tio n  s i t e .

Following in je c tio n  of 5 ug 5,7-DHT, p a r t ia l ly  re v e rs ib le  changes 

in  TPOH a c t iv i ty  o f hippocampi both ip s i la te r a l  and c o n tra la te ra l  to  

th e  in je c tio n  were observed. Changes in  the  ip s i la te r a l  hippocampus 

were generally  p a ra lle le d  by changes in  the  c o n tra la te ra l hippocampus. 

In  both cases, TPOH a c t iv i ty  declined g radually , reaching a  minimum 7 

to  14 days a f te r  the  le s io n . A decrease of s im ila r magnitude in  the  

apparent Vmax fo r  tryptophan of TPOH frcm hippocampi ip s i la te r a l  to  the

166



le s io n  suggests th a t  the  observed decrease in  enzyme a c t iv i ty  i s  

la rg e ly  the  re s u lt  o f a  lo s s  of a c tiv e  enzyme p ro te in . However,

5,7-DHT a lso  produced a decrease in  the  c a ta ly t ic  e ffic ie n cy  of the  

enzyme remaining in  th e  hippocampus 7 days p o s t-le s io n . Because enzyme 

a c t iv i ty  was assayed a t  subsatu ra ting  le v e ls  o f su b s tra te , th is  

increase  in  the  apparent Km fo r  tryptophan may a lso  have contributed  to  

th e  lower enzyme a c t iv i ty  observed.

The physio log ical s ig n ifican ce  of a decrease in  the  apparent 

a f f in i ty  o f TPOH fo r  i t s  su b s tra te  a f te r  neurotoxic damage i s  not 

c le a r . A change in  Km o f enzyme in  in ta c t  f ib e rs  may be the  

consequence of an a lte re d  te im ina l environment. Thus, in  an attem pt to  

sp rou t, the  neuron may increase  i t s  syn thesis  o f p ro te in s  and l ip id s  

required  to  expand i t s  axonal membrane, re s u ltin g  in  profound changes 

in  th e  enzyme environment both in  vivo and in  v i t ro .  I t  i s  a lso  

po ss ib le  th a t  re s id u a l products o f degenerating term inals in  the  a rea  

might a c t as enzyme in h ib ito rs  in  v i t ro .  In  co n tra s t to  th e  find ing  of 

a  lower su b s tra te  a f f in i ty  form of TPOH in  lesioned  animals, Acheson 

and Zigmond (1981) found th a t  5 days a f te r  in tra v e n tr ic u la r  

adm in istra tion  of 6-hydroxydopamine, hippocampal ty ro sin e  hydroxylase 

showed a more than 2 -fo ld  increase in  the  a f f in i ty  fo r  co facto r 

(6-MPH4) .

The reduction  in  hippocampal TPOH observed follow ing damage to  

5-HT f ib e r s  in  the  cingulum bundle resu lted  frcm the  disconnection of 

th e  source of enzyme molecules in  midbrain raphe neurons from term inal 

s i t e s  in  th e  hippocampus and subsequent degeneration of iso la ted  5-HT 

term ina ls. Azmitia and Conrad (1976) reported a  s im ila r time course of
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reduction  in  hippocampal TPOH a c t iv i ty  follow ing fim bria l tran sec tio n . 

Maximal reduction  was observed by 8 days p o st-tran sec tio n . S im ila rly , 

follow ing e le c tro ly tic  le s io n s  of the  midbrain raphe, minimum le v e ls  of 

TPOH a c t iv i ty  in  th e  fo reb ra in  a re  reached 8 days p o s t- le s io n  (Kuhar e t  

a l . , 1971)* In tra v e n tr ic u la r  in je c tio n s  of 5 , 6-DHT produce a  maximum 

lo ss  o f TPOH a c t iv i ty  in  the  hypothalamus, tectum, and fo reb ra in  9 to  

12 days a f te r  the  in je c tio n  (V ictor e t  a l . , 1973)* Thus, th e  time 

course fo r  anterograde degeneration of damaged term inals may r e f le c t  an 

in s t r in s ic  m etabolic property  o f 5-HT neurons. I t  occurs w ith in  the 

same time in te rv a l ir re sp e c tiv e  of whether the  le s io n  damages the  c e l l  

body or tra n se c ts  i t s  axons in  midpassage and whether the  le s io n  i s  

m echanically, e le c tro ly t ic a l ly ,  or neuro tox ica lly  induced. Moreover, 

th e  time course of term inal degeneration follow ing neuronal damage 

might conceivably r e f le c t  th a t  o f term inals undergoing n a tu ra l turnover 

in  th e  absence of in ju ry .

Following an i n i t i a l  decline , th e re  was a  p a r t ia l  re tu rn  in  

ip s i la te r a l  hippocampal TPOH a c t iv i ty  and a  complete re tu rn  in  

c o n tra la te ra l  hippocampal TPOH a c t iv i ty .  In  l ig h t  o f previous 

observations by Azmitia and coworkers (Azmitia e t  a l . , 1978; Zhou and 

Azmitia, 1981), these  d a ta  suggest th a t  the  re tu rn  in  enzyme a c t iv i ty  

can be a ttr ib u te d  to  the  presence of new enzyme molecules in  c o lla te ra l  

sprou ts of in ta c t  5-HT f ib e r s  reaching th e  hippocampus by way o f the  

fo rn ix -fim bria . The time course o f decline  and re tu rn  of anterograde 

tra n sp o rt of H -proline frcm th e  median raphe to  the  hippocampus 

c o rre la te s  w ell w ith th a t  o f enzyme a c t iv i ty .  Both are  minimal 14 days 

a f te r  the  le s io n  and have returned s ig n if ic a n tly  by 28 days. This 

suggests th a t  the  reappearance of TPOH a c t iv i ty  in  the  hippocampus
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depends on th e  re s to ra tio n  of normal le v e ls  of axonal tra n sp o rt.

P relim inary immunocytochanical s tu d ies  using  an antibody to  5-HT 

support the  proposal th a t  sprouting  o f in ta c t  f ib e r s  occurred in  

response to  the  cingulum bundle le s io n  (Zhou and Azmitia, 1983a). 

Between 3 and 14 days follow ing cingulum bundle le s io n , a  decrease in  

th e  density  o f 5-HT-immunoreactive f ib e r s  in  th e  dorsa l hippocampus was 

observed. Ijy 42 days a f te r  the  le s io n , th e  d is tr ib u tio n  of 

5-HT-immunoreactive f ib e r s  was almost normal, in d ica tin g  th a t  in ta c t  

5-HT f ib e r s  had sprouted new term inals to  f i l l  a reas vacated by- 

degenerated cingulum bundle term inals in  th e  do rsa l hippocampus. No 

f ib e r s  regenera ting  in  th e  cingulum bundle could be observed reaching 

th e  hippocampus a t  th is  tim e. These observations again suggest th a t  

th e  increase in  hippocampal TPOH a c t iv i ty  i s  probably the  r e s u l t  o f 

a d d itio n a l enzyme p resen t in  new 5-HT te im in a ls  o f c o l la te r a l  sp rou ts. 

However, although i t  has been shown th a t  sprou ting  of fo rn ix -fim b ria  

f ib e r s  occurs in  th e  d o rsa l hippocampus, th e  p resen t s tu d ies  using 

p repara tions of whole hippocampus cannot ru le  out the  p o s s ib i l i ty  of 

sp rou ting  of 5-HT f ib e r s  reaching th e  hippocampus by the  v e n tra l 

pathway.

Acheson e t  a l .  (1980) observed an ea rly  decline  in  hippocampal, 

ty ro sin e  hydroxylase a c t iv i ty  followed by a p a r t i a l  re tu rn  21 days 

a f te r  in tra v e n tr ic u la r  adm in istra tion  of 6-hydroxydopamine.

Concomitant w ith the decrease in  enzyme a c t iv i ty ,  th e re  was a  decrease 

in  synaptosomal high a f f in i ty  uptake of % -norepinephrine. At 21 

days, when enzyme a c t iv i ty  had p a r t ia l ly  returned , synaptosomal uptake 

remained low. Without anatomical evidence to  the  contrary , these
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in v es tig a to rs  in te rp re ted  th e i r  observations to  be an in d ica tio n  of 

increased enzyme a c t iv i ty  in  in ta c t  term inals in  the  absence of 

c o l la te r a l  or regenera tive  sprouting . The autoradiographic and 

iminunocytochemical evidence discussed above in d ica tes  th a t  in  the  

p resen t study, the  secondary increase  in  hippocampal TPOH a c t iv i ty  was 

th e  re s u l t  of ad d itio n a l enzyme in  new sprouts o f in ta c t  5-HT axons and 

no t merely an increase  in  enzyme in  re s id u a l term inals.

Based on th e  s im ila r ity  observed between the  change in  hippocampal 

enzyme a c t iv i ty  7 days p o s t- le s io n  and the  change in  Vmax fo r 

tryptophan found a t  th is  tim e, th e  Vmax of TPOH obtained from animals 

60 days a f te r  the  le s io n  was unexpected. I t  was an tic ip a ted  th a t  an 

increase  in  the  Vmax would occur between 7 and 60 days, p a ra lle lin g  the  

increase  in  enzyme a c t iv i ty  observed. However, th e re  was e s se n tia lly  

no change in  th e  Vmax from 7 to  60 days. The reason fo r  th i s  i s  not 

known.

C onflic ting  d a ta  fo r  the  Km of 5,7-DHT-lesioned animals sa c rif ice d  

60 days p o s t- le s io n  were obtained in  two separate  experiments. The 

reason fo r  th is  d ifference  in  the  Km's o f experiments C and D is  not 

apparent. However, the  k in e tic  d a ta  do suggest th a t  d if fe re n t forms of 

TPOH e x is t  in  the  hippocampi of normal and 5 ,7-DHT-lesioned animals and 

th a t  in  lesioned  anim als, th e re  may be a  conversion of one form to  the  

o ther. Thus, a  lower a f f in i ty  form seans to  be c h a ra c te r is t ic  o f the  

ea rly  response of TPOH in  in ta c t  5-HT term inals a f te r  degeneration of 

most o f the  lesioned term inals. This form of the  enzyme might r e f le c t  

a change in  the  term inal environment caused by the  a tte n p t o f an in ta c t  

axon to  expand i t s  term inal te r r i to r y .  A lte rn a tiv e ly , th e re  may be
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syn thesis  o f a  new enzyme form in  neuronal c e l l  "bodies in  response to  

damage of cingulum bundle f ib e rs  and subsequent tra n sp o rt to  in ta c t  

ta n in a ls  in  the  hippocampus.

The p a r t ia l  re tu rn  in  TPOH a c t iv i ty  a f te r  5,7-DHT le s io n  was 

tanporary; by 90 days a f te r  the  le s io n , enzyme a c t iv i ty  had f a l le n  

s u b s ta n tia lly  fran  the  peak le v e ls  reached a t  60 days, suggesting th a t  

th e  newly sprouted f ib e r s  were not permanent. S im ila rly , in  the  r a t  

sp in a l cord, a f te r  in tra v e n tr ic u la r  in je c tio n  of 5,6-DHT, the  number of 

5-HT v a r ic o s i t ie s  in  th e  ce rv ica l v e n tra l horn as detected  by 

fluorescence h is to ch a n is try , decreases to  a  minimum 8 to  14 days a f te r  

th e  in je c tio n , and then increases to  a  maximum by 50 days p o s t- le s io n , 

only to  decline  again from 50 to  60 days p o s t- le s io n  (Nygren e t  a l . , 

1974)- However, by 90 days, th e  number o f v a r ic o s i t ie s  increases 

again, reaching 50-70$ o f normal. A s im ila r  cycle o f synaptic  turnover 

has been described by B ernstein  and B ernstein  (1977) in  the  sp in a l cord 

follow ing hem isection. These in v es tig a to rs  observed th a t  when the  

number o f synapses on in terneuron somata has peaked 50 days 

p o s t- le s io n , th e  frequency of sp e c if ic  bouton types i s  abnormal, 

whereas by the  time th e  second peak i s  reached a t  90 days, the  

proportion  of each type has returned to  normal. This suggests th a t  

c y c lic  turnover o f term inals may be required  to  e s ta b lis h  a normal 

p a tte rn  of innervation . In  l ig h t  o f these  s tu d ie s , th e  decrease in  

TPOH a c t iv i ty  observed a t  90 days might be a  b iochanical m anifesta tion  

o f th e  cy c lic  turnover o f sprouting 5-HT term ina ls. More work is  

required to  determine whether enzyme a c t iv i ty  undergoes fu r th e r  changes 

beyond 90 days p o s t-le s io n .
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The p a tte rn  o f changes in  TPOH a c t iv i ty  in  th e  ip s i la te r a l  

hippocampus obtained a f te r  in je c tio n  o f 2 ug 5,7-DHT d i f f e r s  from th a t 

obtained a f te r  in je c tio n  of 5 ug 5,7-DHT in  sev era l resp ec ts .

In je c tio n  of 2 ug re su lte d  in  a  s ig n if ic a n t  decrease in  TPOH a c t iv i ty .  

Although th e re  was no s t a t i s t i c a l l y  s ig n if ic a n t  d iffe ren ce  between the  

low le v e ls  o f enzyme a c t iv i ty  re s u ltin g  frcm in je c tio n  o f 2 or 5 ug of 

th e  drug, examination o f Figure 12 suggests th a t  2 ug may not have 

produced as ex tensive a  denervation as 5 ug (58$ of sham fo r  5 ug, 46$ 

o f sham fo r  2 u g ) . This sm all d iffe ren ce  in  th e  degree of denervation 

may explain  the  d iffe ren ce  in  th e  dynamics of TPOH follow ing le s io n s  

using  2 or 5 ug o f the  drug.

When 2 ug 5,7-DHT was used, the  percent increase  in  TPOH a c t iv i ty  

frcm 7 days to  28 days (46$ of sham to  70$ of sham) was s im ila r to  th a t  

observed fo r  5 ug frcm 7 days to  60 days p o s t- le s io n  (58$ of sham to  

62$ o f sham). For both doses, th e  increase  in  enzyme a c t iv i ty  was 

e s s e n t ia lly  th e  same when expressed as percentage (24$) o r in  absolu te  

terms (8.5 pmol fo r  2 ug and 9*5 pmol fo r  5 u g ) , bu t th e  time course of 

re tu rn  was d if fe re n t . In  th e  case o f 2 ug, the  r a te  o f re tu rn  of TPOH 

a c t iv i ty  was apparently  f a s te r  and maximal le v e ls  o f a c t iv i ty  were 

reached sooner (28 days, A) than  fo r  5 ug. With 5 ug o f the  drug, 

maximal enzyme le v e ls  were not reached u n t i l  42-60 days p o s t- le s io n .

The decrease observed between 28 and 42 days a f te r  in je c tio n  of 2 ug 

may correspond to  th e  decrease observed between 60 and 90 days a f te r  5 

ug. Thus, i t  appears th a t  th e  tim e course o f enzyme re tu rn  may be 

a ffec ted  by sm all d iffe ren ces in  the  ex ten t o f damage to  5-HT 

term ina ls.

172



The d a ta  obtained fo r  two groups of animals lesioned w ith 2 ug

5,7-DHT and sa c rif ic e d  28 days l a t e r  (Figure 16, 28A and B) suggest 

th a t  sprouting does not inev itab ly  occur in  response to  the  5,7-DHT 

le s io n . Moreover, a  lack  of sprouting  may account fo r  th e  absence o f 

an increase  in  th e  Vmax of TPOH observed between 7 and 60 days a f te r  

le s io n . As a  growth phenomenon, sprouting may be dependent on the 

anim al's physio log ical s ta te ,  and changes in  hormonal environment a re  

l ik e ly  to  a ffe c t i t s  response to  neuronal damage. Adrenal s te ro id s  

have been shown to  be necessary fo r  th e  occurrence of sprou ting  of 5-HT 

f ib e r s  in  the  hippocampus (Zhou and Azmitia, 1982) and, a t  high le v e ls , 

to  in h ib it  axonal sp rou ting  in  th e  hippocampus a f te r  en to rh inal cortex  

le s io n s  (Scheff and Cotman, 1982).

The c e l l  bodies o f axons tr a v e ll in g  in  the  cingulum bundle a re  

located  in  the  median raphe nucleus o f th e  midbrain. 5,7-DHT damage to  

these  axons produced an increase  in  m idbrain TPOH a c t iv i ty ,  peaking 

sim ultaneously w ith th e  e a r l ie s t  increase  in  hippocampal TPOH a c t iv i ty  

observed 28 days p o s t- le s io n . This change in  m idbrain TPOH a c t iv i ty  i s  

l ik e ly  not the  consequence o f accumulation of enzyme molecules in  raphe 

neurons whose axons were damaged by in je c tio n  of th e  neurotoxin.

S tudies on c e n tra l catecholam inergic neurons have ind icated  th a t  both 

the  s ize  of th e  le s io n  and i t s  proxim ity to  c e l l  bodies a re  important 

fa c to rs  in  determining th e  magnitude and duration  of accumulation of 

tra n sm itte r  and sy n th e tic  enzymes in  the  c e l l  body and regions o f the 

axon proximal to  the  le s io n  (Reis and Ross, 1973; R eis e t  a l . ,  1978; 

Gilad and Reis, 1978). The temporary increase  in  5-HT fluorescence of 

raphe c e l l  bodies occurring 1 to  2 days follow ing in tra v e n tr ic u la r  

in je c tio n  of 5 ,6 - or 5,7-DHT i s  probably produced by the  accumulation
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of 5-HT molecules proximal to  the  po in t o f axonal damage. This 

increased fluorescence i s  la rg e ly  d iss ip a ted  by 4 days a f te r  treatm ent 

(Nobin e t  a l . ,  1973; Baumgarten and Lachenmayer, 1972). In  th e  p resen t 

study, the  lack o f s ig n if ic a n t change in  SPOA and hypothalamic TPOH 

a c t iv i ty  fo r  a t  le a s t  2 weeks a f te r  5,7-DHT le s io n  of th e  cingulum 

bundle suggests th a t  th e re  was no p ile -u p  of enzyme in  damaged f ib e rs  

as they passed through th ese  regions and, fu r th e r , th a t  th e  le s io n  was 

too  d is ta l  to  e l i c i t  re trograde  changes in  th e  m idbrain raphe nucle i of 

th e  kind noted above.

The re la t iv e ly  l a t e  r i s e  in  m idbrain TPOH a c t iv i ty  im plies an 

ongoing m etabolic process d if fe re n t frcm th a t  of re trograde  

accumulation. The simultaneous increase  in  midbrain and hippocampal 

TPOH a c t iv i ty  suggests th a t  th e  secondary recovery of hippocampal 

enzyme a c t iv i ty  was dependent on elevated  syn th esis  of TPOH in  raphe 

c e l l  bodies. New m olecules o f TPOH may be synthesized in  th e  raphe 

n u c le i a t  an increased ra te  in  order to  supply term inals sp rou ting  in  

th e  hippocampus. S im ila rly , Gilad and Reis (1979) dsnonstrated a  21$ 

r i s e  in  ty ro sin e  hydroxylase a c t iv i ty  in  the  A-10 dopaminergic neurons 

o f th e  m idbrain 4 to  10 days follow ing u n i la te r a l  o lfac to ry  bulbectomy. 

This tanporary increase  in  enzyme a c t iv i ty  was considered by these  

in v es tig a to rs  to  be uniquely re la te d  to  the  appearance of c o l la te r a l  

sprou ts from dopaminergic axons in  th e  o lfac to ry  tu b erc le  in  response 

to  removal of o lfac to ry  bulb a ffe re n ts .

The time course of synaptosomal %-5-HT uptake in

5,7-DHT-lesioned animals did not p a ra l le l  th a t  o f TPOH a c t iv i ty .  In  

th i s  study, synaptosomal uptake apparently  reached minimal le v e ls  a t
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some po in t "between 7 and 42 days. Kuhar e t  a l .  (1972) found th a t  

follow ing m idhrain raphe le s io n s , maximal reduction  of fo reh ra in  

synaptosomal uptake a c t iv i ty  did not occur u n t i l  14 days p o s t-le s io n , 

whereas maximal reduction  o f TPOH a c t iv i ty  was observed by 8 days 

p o s t- le s io n . I t  i s  p o ss ib le  th a t  in  th e  p resen t study, minimal le v e ls  

o f uptake were s im ila rly  reached by 2 weeks a f te r  th e  le s io n , bu t the  

choice o f time po in ts  fo r  in v es tig a tio n  did not allow observation  of 

t h i s .

The lack  o f increase  in  the  uptake capacity  of hippocampal 

synaptosomes frcm 7 days to  42 days p o s t- le s io n  was unexpected. The 

low uptake observed 42 days p o s t- le s io n  suggests th a t  th e  development 

o f uptake capacity  in  new sprouts lags behind th e  development o f the 

a b i l i ty  to  synthesize 5-HT. I t  i s  a lso  po ssib le  th a t  th e  sprouted 

term inals never acquire th e  capacity  to  take up 5-HT v ia  th e  high 

a f f in i ty  mechanism or th a t  synaptosomes of newly sprouted f ib e rs  

possess c h a ra c te r is t ic s  d if fe re n t frcm those of normal f ib e r s  so th a t  

they were not iso la ted  by th e  method used.

In  co n tra st to  these  observations, sprouting  of dopaminergic axons 

in  th e  o lfac to ry  tu b e rc le  i s  accompanied by an increase  in  synaptosomal 

uptake of %-dopamine (Gilad and R eis, 1979)- The increase  in  

uptake occurs rap id ly , reaching maximal le v e ls  by 10 days a f te r  

bulbectomy, while ty ro sin e  hydroxylase in  th e  tu b erc le  continues to  

increase  fo r  up to  28 days. In  add ition , in  a study o f 5-HT f ib e rs  

regenerating  a f te r  in tra v e n tr ic u la r  in je c tio n  o f 5 ,6-DHT, Nygren e t  a l .  

(1974) danonstrated a  re tu rn  of %-5-HT uptake in  the  sp in a l cord 

which c lo se ly  p a ra lle led  the  re tu rn  of 5-HT term inals as observed by
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fluoresence h istochem istry . S im ila rly , F rankfurt and Azmitia ( in  

preparation) have observed th a t  follow ing intrahypothalam ic in je c tio n  

o f 5,7-DHT, a decrease in  the 5-HT innervation  o f the  a rea , as observed 

by 5-HT jjmiunocytochemistry, i s  followed by an increase  which p a ra l le ls  

changes in  synaptosomal -G3-5-HT uptake.

The biochemical c h a ra c te r is t ic s  o f sprouting  5-HT f ib e r s  appear to  

be q u ite  d if fe re n t from those of regenerating  5-HT f ib e r s .  They a re  

a lso  d if fe re n t frcm those observed by Gilad and Reis (1979) in  

c o l la te r a l  sprouts o f in ta c t  dopaminergic axons. In  th is  l a t t e r  study, 

sprouting  of dopaminergic term inals appeared to  be a response to  the  

raaoval o f non-dopaminergic input to  the  o lfac to ry  tu b e rc le . In  the  

presen t experimental paradigm, p a r t ia l  removal o f se ro tonerg ic  input 

induced sprouting  of in ta c t  se ro tonerg ic  f ib e r s .

C erta in ly  severa l mechanisms can be proposed to  account fo r  the  

growth of in ta c t  5-HT f ib e r s  observed in  the  s tu d ies  o f Azmitia and 

colleagues. As discussed in  th e  in troduc tion , removal o f a segment of 

th e  axonal tr e e  of a s in g le  neuron re s u l ts  in  sprouting of in ta c t  

c o lla te ra ls  o f th a t  neuron (pruning). Zhou and Azmitia (1985b) have 

reported  th a t  about one-quarter of the  to ta l  median raphe neurons 

p ro jec tin g  to  th e  hippocampus send f ib e rs  v ia  both the  cingulum bundle 

and fo rn ix -fim bria . Damage to  these  f ib e rs  by in je c tio n  of 5,7-DHT 

in to  the  cingulum bundle might re s u l t  in  sprouting  o f fo rn ix -fim b ria  

c o lla te ra ls  in  th e  hippocampus. In  th is  case, the  damaged and 

sprouting  axon are  c o lla te ra ls  o f th e  same neuron. However, sprouting 

might a lso  occur frcm fo rn ix -fim b ria  f ib e rs  a r is in g  frcm median raphe 

neurons d if fe re n t frcm those damaged by the  le s io n . This mechanism may
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involve transneuronal communication a t  th e  le v e l of the  median raphe 

nucleus. Damage to  5-HT term ina ls in  the  hippocampus may e l i c i t  a 

change in  the  c e l l  body -which i s  transm itted  to  neighboring c e l l  

bodies, such as observed in  th e  sp in a l cord by Rotsheriker (1982). 

F in a lly , i f  th e re  i s  any overlap of th e  term inal f ie ld s  of 5-HT f ib e r s  

c a rried  in  the  cingulum bundle, fo rn ix -fim b ria , and the  v e n tra l 

pathway, then  transneuronal induction  of sprouting  could a lso  occur in  

th e  term inal f ie ld .  Thus, removal o f cingulum bundle 5-HT input to  a 

hippocampal neuron may produce changes in  th a t  neuron which are  

tran sm itted  to  o ther 5-HT f ib e r s  p resynaptic  to  the  neuron. In  th is  

manner, th e  growth capacity  o f th e  in ta c t  5-HT a ffe re n t could be 

m obilized. Sprouting o f non-serotonergic a ffe re n ts  in  response to  the  

le s io n  might be induced in  the  same way.

In  l ig h t  o f the  work by Azmitia and colleagues, th e  s tu d ies  

presented in  th is  th e s is  in d ic a te  th a t  5-HT f ib e r s  sprou ting  in  

response to  5,7-DHT le s io n s .o f  th e  cingulum bundle possess th e  capacity  

to  synthesize 5-HT. McHaughton e t  a l .  (1980) observed th a t  cingulum 

bundle and fo rn ix -fim b ria  5-HT f ib e r s  a re  fu n c tio n a lly  equ ivalent w ith 

respec t to  th e i r  a b i l i ty  to  a f fe c t  hippocampal th e ta  rhythm. That 

changes in  th e ta  rhythm a re  dependent on the  ex ten t o f d ep le tion  of 

hippocampal 5-HT suggests th a t  th e  re tu rn  o f b io sy n th e tic  capacity  in  

hippocampal 5-HT axons a f te r  cingulum bundle le s io n  might r e s u l t  in  

fu n c tio n a l re s to ra tio n . In  f a c t ,  behav io ral s tu d ies  by Azmitia e t  a l .  

(1978) in d ica te  th a t th i s  i s  th e  case. Fourteen to  28 days a f te r  

u n i la te r a l  cingulum bundle le s io n , r a t s  show abnormal tu rn ing  behavior 

a f te r  in tra p e rito n e a l in je c tio n  of th e  5-HT precursor 5-HTP. By 42 to  

56 days p o s t-le s io n , r a t s  no longer ex h ib it th i s  abnormal behavior
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un less a  second 5,7-DHT in je c tio n  i s  made in to  the  fo rn ix -fim hria .

Thus, 5-HT f ib e r s  in  the  fo rn ix -fim b ria  appear to  be ab le  to  assume the  

anatom ical, biochem ical, and behavioral function  o f 5-HT f ib e r s  in  the  

cingulum bundle follow ing removal o f the  l a t t e r .
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GENERAL DISCUSSION

R egulation of 5-HT syn thesis  w ith in  th e  neuron i s  h ighly  complex, 

and many aspects o f th is  reg u la tio n  remain c o n tro v e rs ia l. 5-HT 

syn thesis  seems to  he dependent on hoth th e  a v a i la b i l i ty  o f tryptophan 

and the  in tr in s ic  a c t iv i ty  of tryptophan hydroxylase. In  tu rn , 

a v a i la b i l i ty  o f tryptophan depends on a  v a rie ty  o f mechanises in side  

and ou tside  the CNS a ffe c tin g  changes in  plasma tryptophan, binding to  

serum albumin, tran sp o rt across the  b lood-brain  b a r r ie r ,  and tran sp o rt 

in to  5-HT neurons. These mechanisms appear to  exert a  longterm or 

to n ic  con tro l of 5-HT sy n th esis , as suggested by Hamon e t  a l .  (1981). 

For example, the  normal c ircad ian  v a ria tio n s  in  5-HT sy n th esis  observed 

in  vivo and in  b ra in  s l ic e s  a re  re la te d  to  f lu c tu a tio n s  in  the  

tra n sp o rt o f tryptophan in to  5-HT neurons (Hery e t  a l . ,  1972).

In  c o n tra s t, rap id  and re v e rs ib le  changes in  the  a c t iv i ty  o f 

tryptophan hydroxylase would enable th e  neuron to  respond to  sudden 

changes in  nerve impulse flow. Thus, i t  i s  possib le  th a t  th e  in flux  of 

calcium re su ltin g  frcm th e  a r r iv a l  o f ac tio n  p o te n tia ls  a t  the  term inal 

could a c tiv a te  TPOH by a  Ca4-1"-dependent phosphorylation process.

I t  might be hypothesized th a t  the  in  vivo oxidation  s ta te  o f TPOH 

would a lso  play a  s ig n if ic a n t ro le  in  th e  reg u la tio n  of 5-HT sy n th esis . 

The a c t iv i ty  of TPOH might be a lte re d  by in traneuronal f lu c tu a tio n s  in  

oxygen ten sion  in  conjunction w ith an enzymatic reducing system. I t  i s  

in te re s tin g  to  note th a t  in  the  process of purify ing  TPOH frcm p in ea l, 

Hori and Ohotani (1978) have iso la ted  a non-dialyzable, 

p ro tea se -sen s itiv e  substance which a c tiv a te s  the  enzyme in  the  presence 

o f DTT. These in v e s tig a to rs  suggest th a t the  substance a c tiv a te s  TPOH
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Toy in te ra c tin g  w ith the  enzyme i t s e l f .  Thus, the  ex istence of an 

endogenous p ro te in  involved in  th e  maintenance of TPOH in  i t s  reduced, 

ac tiv e  s ta te  i s  not u n lik e ly . Such a  mechanism would co n tro l th e  le v e l 

o f  ac tiv e  enzyme p resen t in  th e  neuron and thus the  o v e ra ll capacity  o f

th e  neuron to  synthesize 5-HT.

I t  i s  apparent from th e  s tu d ies  presented in  th is  th e s is  th a t

changes in  TPOH occur in  in ta c t  5-HT axons in  response to  damage of

o ther 5-HT axons. The biochemical na tu re  o f these  changes and th e i r  

physio log ical consequences are  unclear. The p ro p ertie s  o f the  enzyme 

in  c o lla te ra l  sprouting or regenerating  axons a re  unknown. I t  is  

h ighly  po ssib le  th a t  any of the  processes discussed above could be 

a lte re d  in  growing neurons. Among these  processes may be th e  calcium -, 

ATP-dependent and DTT/Pe^-dependent mechanisms described and 

examined in  th i s  th e s is .  Changes in  these  mechanisms could re s u l t  frcm 

changes in  the  immediate in tr a c e l lu la r  environment o f th e  enzyme or 

frcm changes in  th e  enzyme molecule i t s e l f .

In  conclusion, the  s tu d ie s  presented in  th is  th e s is  in d ica te  th a t  

in ta c t  5-HT axons in  th e  hippocampus are  capable of undergoing 

compensatory biochem ical changes in  response to  p a r t ia l  removal of 

hippocampal 5-HT inpu t. These biochemical changes p a ra l le l  anatomical 

changes previously  observed which a re  in d ica tiv e  o f new growth from 

undamaged 5-HT f ib e r s  (Azmitia e t  a l . ,  1978; Zhou and Azmitia, 1981 ;

1 985a). Sprouting of biochem ically fu n c tio n a l term inals may re s u l t  in  

th e  re s to ra tio n  of normal 5-HT fu nction  in  the  hippocampus.
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APPENDIX 

TABLE 14

SAMPLE
CH 1 a s * CH 2
MB'. .

5 5 3 9 . 6 1 . 4 31 01 . 2
5 5 6  0 . 6 1 .  4 3 0 3 5 . 3
5 4 7 4 . 3 1 . 4 2 9 9 2 . 2

7 7 9 . 2 3 . 2 4 1 3 .  0
7 6 6 .  0 3 . 2 4 1 3 .  0

7 9 9 .  2 3 .  1 4 3 3 .  4
5 7 0 0 . 6 1 . 4 3 1 6 3 . 3
5 6 0 0 . 6 1 .  4 3 1 0 1 . 3
5 6 3 4 . 7 1 . 4 3 1 2 1 . 4

7 5 2 .  2 3 . 2 4 0 3 .  0

75  0.  2 ■—1 m C 4 2 9 .  2
7 5 5 .  3 3 . 2 4 1 4 .  6

5 3 2 4 . 4 1.  4 2 9 5 2 . 3
4 9 9 7 . 7 1.  4 2 7 6  0.  6
5 3 1 2 . 2 1 . 4 2 9 3 1 . 5

1293~r6>-— 2 . 4 6* 9 b . 3
7 9 7 .  0 3 .  1 4 2 3 . 3
7 5 3 .  0 3 .  2 4 0 4 .  2

4 4 5 5 .  1 1 . 4 2 4 5 4 . 4
4 4 9 2 . 3 1 . 4 2 4 7 4 . 5

HIP
2 9 7 6 . 6 1.  6 1 5 5 7 . 6
2 9 0 0 . 8 1 . 6 1 5 2 1 . 2
3 0 9 6 . 2 1 . 6 1 6 4 1 . 6

7 0 0.  8 3 . 3 3 5 9 .  6
3 3 6 . 4 3 .  0 4 4 3 .  2
7 2 3 .  4 3 .  3 3 3  0.  6

2 3 4 9 . 6 1.  3 1 2 5 9 . 2
2 3 U 5 . 6 1 . 3 1 2 2 4 . 4

2 4 7 1 . 0 1 . 7 13 0 9 . 2
7 4 2 .  8 b • d 4 1 0 . 8

1-044-s-y- CL m l'" 5 5 4 . 4
7 U 4 .  6 o • o 3 r‘ 4 . 0

1 5 9 9 . 0 d . d 3 7 2 .  2

1 5 4  0.  0 d > d 8 0 9 .  6
1 5 3 3 . 3 c. • d 3 4 3 .  2

66-1 . 3 3 .  4 3 5 1  . 3
7 1 9 . 4 O . >! 3 3  0.  0
7 2 o .  6 3 .  3 3 7 1 . 3

OP RAW DATA

2  S': 2 1 TIM

1 . 9 i-’ r" . 5 5 9 3 .  2 3
1 . 9 3 0 . 5 5 4 3 .  2 5
1 . 9 3 4 . 5 4 6 3 .  3 5
4 .  3 3 1 5 3 6 5 .  0 0
4 . 3 31 . 5 4 5 5 .  0 0

4 . 2 7 3 . 5 4 3 5 .  0 0
1 . 9 3 3 . 5 5 5 3 . 16
1 . 9 8 0 . 5 5 3 3 .  2 3
1 .  9 3 0 . 5 4 9 3 . 2 1
4 .  4 8 2 cr c  . -_'0 5 .  0 0

4 . 3 73 . 5 7 2 5 .  0 0
4 .  3 r r* . 5 4 3 5 .  00
1 . 9 31 . 5 5 4 3 .  3 9
1 . 9 78 c c  ^ 3 .  6 3
1 .  9 3 0 . 551 8 . 4 2

3 .  3 31 . 5 4 0 5 .  0 0
4 . 3 3 2 . 5 3 3 5 .  0 0
4 .  4 7 9 . 5 3 6 5 .  0 0
1.  9 7 9 cr c-

•  ■—1 _■ u 4 .  08
1 . 9 79 cr c* 4 .  05

C • lL 3 2 . 5 2 3 5 .  00
2 . 2 8 7 . 5 2 4 5 .  00
d . d 8 3 . 5 3  0 5 .  0 0

4 .  7 8 6 . 5 1 3 5 .  0 0
4 .  2 8 6 . 5 2 9 5 .  0 0
4 . 5 3 5 cr ■-> z> 5 .  0 0
2 . 5 8 5 m 5 b 5 5 .  0 0
2 . 5 3 6 . 531 5 .  0 0

2 . 4 8 5 . 5 2 9 5 .  0 0
4 .  4 8 2 . 5 5 3 5 .  0 0
3 .  7 31 . 5 3 2 5 .  0 0
4 . 6 y y . 5 3  0 5 .  0 0
3 .  0 y  3 . 5 4 5 5 .  0 0

3 .  1 b y . 5 2 5 5 .  0 0
3 .  0 o d . 5 3  0 5 .  0 0
4 .  7 crO . 531 5 .  0 0
4 . 5 y  y . 5 2 8 . 5 .  0 0
4 .  6 cr . 5 1 1 5 .  0 0
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