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GENERAL SUMMARY

BIOCHEMICAL CHARACTERIZATION OF SYNAPTOSOMAL FUNCTION AND 

NEURAL REGENERATION IN THE RODENT OLFACTORY PATHWAY

by

SARAH ROCHEL 

Advisor:  P ro fe s so r  Frank L. Margolis

The purpose o f  t h i s  p r o j e c t  i s  to  s tudy  and e l u c i d a t e  biochemical  

mechanisms o f  th e  chemoreceptor neurons in  the  o l f a c t o r y  pathway. The 

p r o j e c t  c o n s i s t s  o f  two major p a r t s .

The o l f a c t o r y  chemoreceptor neuron r e c o n s t i t u t i o n  was s tu d ie d  via 

the  a c t i v i t y  o f  o r n i t h i n e  deca rboxylase  (ODC) as  a moni tor  o f  c e l l u l a r  

r e g e n e r a t i o n .  ODC a c t i v i t y  in  o l f a c t o r y  t i s s u e  ( 0 .2 - 0 . 4  nmol/mg p r / h r )  

was found t o  be 10 to  30 t imes h ig h e r  than  in  o t h e r  ce r e b ra l  t i s s u e s .

ODC a c t i v i t y  in th e  o l f a c t o r y  mucosa de c l in e d  w i th in  3 hours a f t e r  de ­

g e n e ra t io n  o f  chemoreceptor neurons was induced s u r g i c a l l y  by nerve 

s e c t i o n  o r  bulbectomy, or  chem ica l ly  by i n t r a n a s a l  i r r i g a t i o n  with 

ZnSO^, T r i t o n  x-100 o r  c o l c h i c i n e .  ODC a c t i v i t y  recovered  when chemo­

r e c e p to r  d i f f e r e n t i a t i o n  from stem c e l l s  occur red .  This  im plies  t h a t  

ODC a c t i v i t y  i s ,  in  p a r t ,  l o c a te d  in  chemoreceptor  neurons .  F u r th e r ­

more, change in  ODC a c t i v i t y  was the  f i r s t  even t  d e t e c t e d  in response

to de g e n e ra t io n  and r e g e n e ra t i o n  inducing t r e a tm e n t s .  As such,  i t  may 

prove use fu l  as  a r e c o n s t i t u t i o n  marker o f  chemoreceptor neurons.

I l l



A second goal o f  t h i s  s tudy  was to  p rov ide  biochemical  ev idence  

t h a t  the  d i p e p t i d e  c a rn o s in e  ( e - a l a n y l  L - h i s t i d i n e )  a c t s  as  a neuro­

t r a n s m i t t e r .  S p e c i f i c a l l y ,  i t s  r e l e a s e  from o l f a c t o r y  nerve endings  

in  re sponse  to  d e p o l a r i z i n g  s t i m u l i ,  has been e s t a b l i s h e d  and c h a r a c t e r ­

i z e d ,  p rov id ing  an e s s e n t i a l  r equ i rem en t  f o r  i t s  c l a s s i f i c a t i o n  as  a 

n e u r o t r a n s m i t t e r .

Synaptosomes were prepared  from o l f a c t o r y  bulbs o f  mice by homo­

g e n i z a t i o n  and d i f f e r e n t i a l  c e n t r i f u g a t i o n .  S u b c e l l u l a r  d i s t r i b u t i o n  

s t u d i e s  i n d i c a t e d  t h a t  DNA and nuc le i  were exc luded  from th e s e  f r a c ­

t i o n s ,  which con ta ined  mostly  mul t i  (P-j)and mono (P2 ) synaptosomal 

s t r u c t u r e s ,  t h e s e  f r a c t i o n s  co n ta in e d  c a r n o s i n e ,  enzymes s y n th e s i z in g  

th e  n e u r o t r a n s m i t t e r s  GABA (GAD) and dopamine (TH), and b in d ing  s i t e s  

f o r  b u lba r  n e u r o t r a n s m i t t e r s .

Membrane p o t e n t i a l s  ( a y ) o f  the  synaptosomes were c h a r a c t e r i z e d  

us ing  th e  l i p o p h i l i c  c a t i o n  te traphenylphosphonium (TPP+) as a 

probe ,  and the  c o n d i t i o n s  f o r  a y  measurements in  synaptosomes were 

e s t a b l i s h e d .  TPP+ was found to  accumula te in  th e  in t ra synap tosom al  

m i to ch o n d r ia ,  caus ing  d i s s i p a t i o n  o f  t h e i r  A'F in  p r o p o r t i o n  to  i t s  

c o n c e n t r a t i o n .  The mitochondia l  accumula t ion o f  TPP+ was e l im i n a t e d  

us ing  th e  i n h i b i t o r s  o f  m i tochondr ia l  r e s p i r a t i o n  o l igom yc in /a rgon .

Under th e s e  c o n d i t i o n s  TPP+ accumula t ion  p rov ides  d i r e c t  e v a l u a t i o n  

o f  t h e  plasma membrane AY and i t s  r esponse  to  drugs .

The membrane p o t e n t i a l  o f  o l f a c t o r y  bulb  synaptosomes was con­

se q u e n t ly  c a l c u l a t e d  to  be-65 and-77 mV in P-| and P2 f r a c t i o n s ,  r e s ­

p e c t i v e l y .  The plasma membrane was d e p o la r i z e d  in  p r o p o r t i o n  to  i n ­

c r e a s i n g  e x t e r n a l  po tassium c o n c e n t r a t i o n s ,  i n d i c a t i n g  ay dependence 

on th e  pota ss ium c o n c e n t r a t i o n  g r a d i e n t  a c ro s s  the  membrane, o r  on
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i t s  e f f l u x .  Synaptosomal ^  was mainta ined  by the  Na, K, ATPase- 

pump, a s  i n d i c a t e d  by the  e f f e c t  o f  the  Na, K, ATPase i n h i b i t o r -  

o u a b a in -ex ten s iv e  d e p o l a r i z a t i o n  accompanied by synaptosomal potassium 

l o s s ,  one hour a f t e r  i t s  a p p l i c a t i o n .  The synaptosomes main ta ined  an 

a c t i o n  p o t e n t i a l  sodium gate, as  in d i c a t e d  by v e r a t r i d i n e  induced de­

p o l a r i z a t i o n ,  and i t s  blockade by the  sodium g a t e  i n h i b i t o r  t e t r o -  

do tox in .

The r e l e a s e  o f  in  v.i vo s y n thes iz ed  c a rn o s in e  from synaptosomes 

was s tu d ie d  in  an in  v i t r o  s u pe r fu s ion  system. The synaptosomal f r a c ­

t i o n s  c o n s t i t u t e  a q u i t e  heterogeneous  pop u la t io n .  However, c a rn o s in e  

i s  l o c a l i z e d  s o l e l y  in  the  nerve  endings s u b f r a c t i o n  which d e r iv e  from 

chem orecep tors.  T h e re fo re ,  i t s  e f f l u x  co r responds  to  the  s p e c i f i c  

p r o p e r t i e s  o f  th e s e  c e l l s .

Carnosine was observed  to  be r e l a t i v e l y  immobil ized in  the  synap­

tosomes, s i m i l a r  to  ca techo lamines  and GABA, and u n l ik e  n o n t r a n s m i t t e r  

amino ac id s  which a r e  c h a r a c t e r i z e d  by high e f f l u x  r a t e s .

Carnosine  was r e l e a s e d  from synaptosomes through two mechanisms. 

The f i r s t ,  ca lc ium independent  spontaneous e f f l u x  d e t e c t e d  under non­

d e p o la r i z in g  c o n d i t i o n s .  The second,  a calcium dependent ,  d e p o l a r i z a ­

t i o n - s t i m u l a t e d  r e l e a s e .  This  l a t t e r  process  was s t im u la t e d  by 

60 mM K+ , or  by d e p o l a r i z a t i o n  induced by v e r a t r i d i n e ,  an a c t i o n  po ten­

t i a l  sodium g a t e  a c t i v a t o r .  The sodium g a t e  i n h i b i t o r  t e t r o d o to x i n  

reve rsed  the v e r a t r i d i n e  e f f e c t .  Cytoplasmic c a rn o s in e  exchange with  

ex t e rn a l  ca rn o s in e  d id  not  a f f e c t  the  60 mM K+induced r e l e a s e ,  hence 

i t  must r e p r e s e n t  e f f l u x  by a mechanism d i f f e r e n t  than the  d e p o l a r i z a ­

t i o n  induced one.
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The r e s u l t s  o f  t h i s  s tudy  a r e  c o n s i s t e n t  with  th e  model sugges ­

t i n g  th e  packaging o f  c a r n o s i n e  in s y n a p t i c  v e s i c l e s ,  and i t s  r e l e a s e  

by e x o c y t o s i s  upon exposure to  d e p o l a r i z i n g  s t i m u l i .
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INTRODUCTION

A. The o lfa c to r y  bulb as a model o f  the brain

The c e n t r a l  nervous system i s  th e  h i g h e s t  c e n t e r  o f  i n t e g r a t i o n  

c o n t r o l l i n g  a l l  l i f e  f u n c t i o n s .  I t  accumula tes  in fo rm a t ion  about  both 

e x t e r n a l  and i n t e r n a l  envi ronments  v ia  the  p e r ip h e r a l  s enso ry  system, 

i n t e g r a t e s  i t  and g e n e r a t e s  a meaningful  i n t e r p r e t a t i o n ,  which i s  then 

c a t e g o r i z e d ,  e v a lu a te d  and o f t e n  s t o r e d  and used to  g e n e ra te  app ro ­

p r i a t e  r e s p o n s e s .

All t h e s e  f u n c t i o n s  a r e  performed by a q u i t e  complex network o f  

neurons ,  in  an ex t rem ely  e f f i c i e n t  high c a p a c i t y  c o m p u te r - l i k e  system. 

People have always been f a s c i n a t e d  by th e  complexity  o f  the  b r a i n ,  and 

v en tu re s  i n t o  the  unde rs tand ing  o f  b r a in  fu n c t i o n  a r e  as o ld  as  the  

h i s t o r y  o f  mankind.  M ytho log ica l ,  p h i l o s o p h i c a l ,  p s y c h o lo g i c a l ,  be­

h a v io ra l  and b i o l o g i c a l  o r  medical a n a ly se s  a r e  only  a few o f  the  

approaches  taken  by v a r io u s  d i s c i p l i n e s  in  th e  s tudy  o f  the  b r a i n .

Neuroscience  s p e c i f i c a l l y  invo lves  the  s tu d y  o f  th e  i n t e r c o n n e c ­

t i o n  of  t h e  neuronal  network o f  t h e  b r a i n ,  i t s  s ig n a l  form, s igna l  

g e n e r a t i o n  and p ropaga t ion  p r o p e r t i e s ,  the  chem icals  invo lved  in  s igna l  

t r a n s m is s i o n  between neurons a t  synapses ,  and the  mechanism by which 

th e s e  t r a n s m i t t e r s  modulate neuronal  fu n c t i o n .

The complexity  o f  the  b r a in  ren d e r in g  i t  with  i t s  unique p ro p e r ­

t i e s ,  a l s o  makes i t  q u i t e  i n a c c e s s i b l e ,  d i f f i c u l t  to m a n ip u la t e ,  and 

c o m p l ica te s  the  i n t e r p r e t a t i o n  o f  the  s t u d i e s  involved .  Although con­

s i d e r a b l e  in fo rm a t io n  has been accumulated  about  the  major f u n c t i o n s



o f  b ra in  s t r u c t u r e s ,  i t s  anatomical  and f u n c t i o n a l  connec t ions ,  and a 

few o f  the  modulat ing t r a n s m i t t e r s ,  as  well as the  developmental process  

o f  c e l l u l a r  o r g a n iz a t i o n  o f  a few s t r u c t u r e s ,  the  d e t a i l e d  unders tand­

ing o f  most o f  the  b ra in  u n i t s  i s  s t i l l  n o t  a v a i l a b l e .

A s im p le ,e a sy  to  manipu la te  system c o n ta in in g  th e  major compo­

nen ts  o f  the  b ra in  co r tex ,w hich  can se rve  as  a model i s  h ig h ly  d e s i r ­

a b l e .  The o l f a c t o r y  pathway i s  a unique system in  which most o f  the se  

requ i rements  a r e  met. I t  i s  one o f  the  most p h y lo g e n e t i c a l l y  p r im i t i v e  

systems o f  the  b ra in  (Ariens e t  a l . ,  1967),  r e l a t i v e l y  s imple,  none­

t h e l e s s  i t  c o n t a in s  a l l  the major c o r t i c a l  l a y e r s .  Furthermore,  i t  has 

evolved as an a n a to m ic a l ly  s e p a r a t e  e n t i t y  from the  remainder o f  the 

b r a i n ,  and in  roden ts  i s  lo c a te d  in the  a n t e r i o r  p a r t  o f  the  b r a in ,  

connected to  i t  w ith  on ly  a t h i n  s t a l k .  This  p rov ides  a system with  

easy a c c e s s ,  amenable to  m an ipu la t ions  such as e l e c t r i c a l  s t im u la t i o n  

or  s u rg ic a l  l e s i o n  w i thou t  o r  with  only  minimal damage to  ne ighbor ing 

b ra in  r e g io n s .  In a d d i t i o n ,  th e  c e l l  bodies  and d e n d r i t e s  o f  the  

pr imary a f f e r e n t s  o f  th e  o l f a c t o r y  bulb a r e  ex t remely  a c c e s s i b l e  

through the  n a re s ,  and t h e r e f o r e  can be chem ica l ly  manipula ted v ia  

t h i s  r o u t e  w i thou t  th e  n e c e s s i t y  o f  performing su rg e ry .

The o l f a c t o r y  bulb i s  o rganized  in  a laminated  s t r u c t u r e  with  

well d e f ined  l o c a t i o n  o f  neuron c e l l  bod ie s .  T he i r  r a m i f i c a t i o n s  a re  

in  p a r t  r a d i a l  and confined w i th in  a given l a y e r .  This provides  a 

more p r e c i s e  i n t e r p r e t a t i o n  o f  e l e c t r o p h y s i o l o g i c a l , e l e c t r o n  micro­

sc o p ic ,  and t r a n s m i t t e r  d i s t r i b u t i o n  s t u d i e s .

One o f  the  unique p r o p e r t i e s  o f  o l f a c t o r y  neurons i s  t h a t  they  

co n t inuous ly  degenera te  and r e g e n e ra te  from u n d i f f e r e n t i a t e d  p rogen i ­

t o r  c e l l s  a l l  through adul thood (Review by Takag i , 1971; Moulton,
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1974).  Many o f  th e  s t u d i e s  o f  the  o l f a c t o r y  pathway have taken ad­

vantage o f  t h i s  p r o p e r t y .  I t  provided  the  i n v e s t i g a t o r s  w ith  the  oppor ­

t u n i t y  to  s tudy  r e g e n e r a t i o n  o f  neuronal  c o n n e c t io n s ,  in  a d d i t i o n  to 

t h e  c l a s s i c a l  d e g e n e ra t io n  s t u d i e s  fo l low ing  s p e c i f i c  l e s i o n s .  In 

a d d i t i o n ,  the  r e c o n s t i t u t i o n  o f  o l f a c t o r y  neurons  p r e s e n t  an i n t e r e s t ­

ing and im p o r tan t  problem concern ing  t h e  mechanism by which the  grow­

ing axons o f  th e  new neurons f in d  t h e i r  way back to  the  o l f a c t o r y  bu lb ,  

how they  f in d  t h e  s p e c i f i c  glomerulus w i th i n  t h e  o l f a c t o r y  bulb and 

the  s p e c i f i c  p o s t - s y n a p t i c  s i t e  w i th in  th e  g lom eru lus .  The morphologi ­

cal  changes o cc u r r in g  dur ing  t h i s  p rocess  were s tu d ie d  in  g r e a t  d e t a i l  

(Mulvaney e t  a l . ,  1971; Moulton,  1974; Graz iadei  and G r a z i a d e i ,  1978).  

These s t u d i e s  a l s o  analyzed  thymidine i n c o r p o r a t i o n  i n t o  DNA by a u t o ­

r a d io g r a p h ic  methods,  in  o rd e r  t o  e v a l u a t e c e l l  p r o l i f e r a t i o n  and d i f ­

f e r e n t i a t i o n  in  the  o l f a c t o r y  mucosa.

Regenera t ion  was a l s o  ev a lu a te d  b io c h em ic a l ly  (Harding e t  a l . ,  

1977) and to  some e x t e n t  by e l e c t r o o l f a c t o g r a m  (Takagi ,  1971;

Simmons and G e t c h e l l ,  1.979) and b e h a v i o r a l l y  (Oley e t  

a l . ,  1975; Harding e t  a l . ,  1978). These s t u d i e s  i n d i c a t e  t h a t  when 

th e  o l f a c t o r y  nerve i s  l e s i o n e d ,  t h e r e  i s  loss of a b i l i t y  to  d e t e c t  food 

odors  and lo s s  o f  e l e c t r i c a l  a c t i v i t y  accompanied- by d i sappea rance '  o f  

biochemical  markers o f  chemoreceptors  and by morphological  ev idence 

o f  r e t r o g r a d e  and o r th o g rad e  d eg en e ra t io n  o f  the  chemoreceptor  c e l l  

p o p u la t io n .  In a d d i t i o n ,  a d ec re ase  o f  dopamine and t y r o s i n e  hydroxy­

l a s e  in  th e  p o s t - s y n a p t i c  b u lb a r  neurons was d e t e c t e d  (Nadi e t  a l . ,

1981). The mechanism by which a p a r t i c u l a r  c e l l  i s  d e s t i n e d  to  de­

g e n e ra te  and a p ro g e n i t o r  c e l l  i s  induced to  d i f f e r e n t i a t e  and r e p la c e  

i t  a r e  s t i l l  obscure .  E lu c id a t io n  o f  t h i s  p rocess  i s  o f  g r e a t  i n t e r e s t .
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L a s t l y ,  the  o l f a c t o r y  pathway i s  a s s o c i a t e d  with  d e t e c t i o n  o f  

odo ran ts  in the  envi ronment  and,  t h e r e f o r e ,  i s  an im p o r tan t  component 

o f  an a n i m a l ' s  s ensory  system. I t  was a l s o  im p l ic a ted  in  the  modula­

t i o n  o f  c e r t a i n  behav io r  p a t t e r n s  which a r e  dependent  in  p a r t  on odor  

cormiunicat ion. These in c lu d e  rep ro d u c t io n  (Cain and Paxinos ,  1974; 

Evans e t  a l . ,  1978; Wang and H u l l ,  1980) t e r r i t o r i a l i t y ,  food s e a r c h ­

ing (Le Magnen, 1971) and mother r e c o g n i t i o n  (Cooper, 1976; Hofer ,

1975).  L a t e ly ,  t h e  o l f a c t o r y  bulb was a l s o  im p l ic a te d  in  n o n - o l f a c ­

t o r y  modulat ion o f  a g g r e s s iv e  behav io r  (A lb e r t s  and Friedman,  1972; 

Bondier  and Chi,  1972; Spec to r  and H u l l ,  1972; Pradham, 1975). S ince  

o l f a c t o r y  bulbectomized  r a t s  show m ur ic ida l  behav ior  (Vergens and 

Kadi,  1963; Ueki and Sugano, 1965) which i s  s e l e c t i v e l y  i n h i b i t e d  by 

a n t i d e p r e s s a n t s  (Kumadaki e t  a l . ,  1967) which a r e  known to  i n c r e a s e  

t h e  a c t i v i t y  o f  c a t ech o l  am ine rg ic  .neurons in  t h e  b r a i n ,  th e s e  b u lbe c ­

tomized r a t s  have been used by p s y c h o lo g i s t s  as  a model f o r  d e p r e s s io n .

All th e  above s t a t e d  p r o p e r t i e s  r e n d e r  the  o l f a c t o r y  bulb  q u i t e  

an a t t r a c t i v e  model system f o r  the  i n v e s t i g a t i o n  o f  c e n t r a l  nervous 

system f u n c t i o n .

B. The o lfa c to ry  pathway - a ohemosensory system

The o l f a c t o r y  system i s  s p e c i f i c a l l y  d e d ic a te d  to  the  d e t e c t i o n  

and d i s c r i m i n a t i o n  o f  odo ran t  m o lecu le s ,  p rov id ing  sensory  in fo rm at ion  

about  the  ambient  chemical envi ronment.  Odorant d i s c r i m i n a t i o n  in 

the  o l f a c t o r y  pathway o f  v e r t e b r a t e s  i s  p o s tu l a t e d  to  begin with  the  

i n t e r a c t i o n  o f  odor molecule s  w ith  th e  chemoreceptor c e l l  membrane, 

which in  t u r n  c o n v e r t s  t h e  s t im u lus  i n t o  coded messages o f  a t r a i n  o f  

im pulses ,  p ropaga t ing  along the  primary  a f f e r e n t  nerve to  the  o l f a c t o r y
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b u lb s .  This in fo rm at ion  i s  then p rocessed  in th e  o l f a c t o r y  bulbs and 

f u r t h e r  t r a n s m i t t e d  to  deeper s t r u c t u r e s  o f  the  CNS, where i t  i s  i n ­

t e r p r e t e d  as a s p e c i f i c  odor and a p roper  response  i s  genera ted .

C. Chemoreceptor -  d e tec tio n  and d iscrim in a tion  o f  odorants

1 . Odorant d iscrim in a tion  p r in c ip le s

Recent  i n v e s t i g a t i o n s  s t r o n g l y  i n d i c a t e  t h a t  th e  i n i t i a l  events  

in  th e  o l f a c t i o n  p rocess  invo lve  i n t e r a c t i o n  o f  odo ran ts  w i th  s p e c i f i c  

membrane r e c e p t o r s ,  p o s s ib ly  p r o t e i n s .  The o r i g i n a l  s t u d i e s  of  r ece p ­

t o r  s i t e  p r o p e r t i e s ,  c o n ce n t ra te d  on the  s te reochem ica l  p r o p e r t i e s  o f  

the  odo ran t  molecules d i s c r i m in a t e d  by th e  chem orecep tors.  These 

s t u d i e s  used psychophysica l  measurements in  combination with- s p e c i f i c  

anosmia s t u d i e s .  Psychophysical  measurements invo lve  p r e s e n t in g  i n ­

d i v i d u a l s  with  d i f f e r e n t  o d o ra n t s ,  a t  v a r io u s  c o n c e n t r a t i o n s ,  and 

ana lyz ing  t h e i r  response  in terms o f  sense  o f  odor ,  q u a n t i t y  ( i n t e n ­

s i t y )  and s i m i l a r i t y  to  o t h e r  odors produced by molecu les w ith  known 

s te reochemica l  p r o p e r t i e s .  S p e c i f i c  anosmia (Amoore, 1977) i s  a gene­

t i c  d e f i c i e n c y  which renders  the  s u b j e c t  with  a reduced a b i l i t y  to  

d e t e c t  s p e c i f i c  o d o ra n t s .  These s t u d i e s  i n d i c a t e  t h a t  odor r e c o g n i t i o n  

s i t e s  may be a g e n e t i c a l l y  i n h e r i t e d  p ro p e r ty  o f  th e  p a r t i c u l a r  chemo­

r e c e p to r  c e l l s  (Amoore, 1977).  Two f u n c t io n a l  types  o f  r e c e p t o r  s i t e s  

have been d es c r ib e d :  the  f i r s t  having de f ined  dimensions and shape,

complementary to  s p e c i f i c  th ree -d im ens iona l  m olecu la r  s t r u c t u r e  o f  the  

s p e c i f i c  o do ran t .  The second r e c e p to r  types  a r e  capab le  o f  d e t e c t i n g  

pr imary  odoran ts  accord ing  to  the e l e c t r o n i c  p r o p e r t i e s  o f  t h e i r  func­

t i o n a l  g roups ,  and t h e i r  o r i e n t a t i o n  (B e e t s ,  1970; Amoore, 1970, 1974,
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1977; Amoore e t  a l . ,  1972, 1975a ,b ,  1976a ,b ,  1978).  Thus, chemorecep- 

t o r  c e l l s  m a in ta in  an a r r a y  o f  d i s t i n c t  r e c e p t o r  s i t e s  capa b le  o f  r e c ­

ogn iz ing  and d i s c r i m i n a t i n g  between a t  l e a s t  ten  groups o f  pr imary 

o d o ran ts  (Amoore, 1977) accord ing  to  t h e i r  s te reochem ica l  p r o p e r t i e s .

2.  Receptor m olecule nature

A number o f  biochemical  approaches  p rovided  some p r e l i m i n a r y  

ev idence  f o r  the  involvement  o f  membrane p r o t e i n s  in  chemosensory 

r e c o g n i t i o n  v ia  a r e c e p t o r  p rocess  (R iddfo rd ,  1970; Ash, 1968; Ash and 

Skogen,  1970; P r i c e ,  1978; Cagan and Z e ig e r ,  1978; Fesenko e t  a l . ,  

1979) .  This hy p o th e s i s  was suppor ted  by b inding s t u d i e s  t h a t  have 

i n d i c a t e d  p r o t e i n s  c o n t a in in g  t h i o l  and amino groups as the  r e c e p t o r  

s i t e s  whose chem orecep t ive p r o p e r t i e s  could be a l t e r e d  by group s p e c i ­

f i c  r e a g e n t s  (G e tche l l  and G es te land  , 1972; V i l l e t ,  1974; F r a z i e r  and 

H e i t z ,  1975; Menevese e t  a l . ,  1977,  1978; Delaleu and H ol ley ,  1980).  

S p e c i f i c a l l y ,  n -e thy lm a le im ide  (NEM) and m ersa ly l  block th e  summed 

r e c e p t o r  p o t e n t i a l  ( e l e c t r o o l f a c t o g r a m ;  O t toson ,  1956; G etche l l  and 

G e t c h e l l ,  1974) in  response  to odor s t i m u l i .  This  e f f e c t  could  be 

p rev en ted  by the  p resence  o f  o d o ra n t s  a c t i n g  as p r o t e c t i n g  a g e n t s ,  

which compete w ith  the  r e a g e n t s  f o r  c e r t a i n  c a t e g o r i e s  o f  o l f a c t o r y  

r e c e p t o r  s i t e s .  However, group s p e c i f i c  r e a g e n t s  such as NEM may a c t  

themselves  as  o d o r a n t s .  Fur thermore ,  i t  i s  p o s s i b l e  t h a t  th e  p r o t e c ­

t i v e  power o f  o d o ra n t s  i s  ach ieved  by d e p o l a r i z i n g  th e  r e c e p t o r  c e l l s ,  

thus  changing i n d i r e c t l y  t h e  b ind ing  s i t e s  o f  t h e  su lphydry l  r e a g e n t s  

(D ela leu  and H ol ley ,  1980) .  A r e p o r t  t h a t  h i s t i d i n e  and su lphydry l  

groups l o c a t e d  on the  axoplasmic s id e  o f  the  squ id  axon membrane p ro-
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duce conduct ion  block  when modif ied  (Boumgold e t  a l . ,  1978) should a l s o  

be c o n s id e re d .

3.  R eoevtive  f i e l d  o rgan iza tion

Based on e l e c t r o p h y s i o l o g i c a l  re sponse  o f  the  o l f a c t o r y  mucosa 

and th e  secondary  re sponse  o f  th e  o l f a c t o r y  bulb to  o d o ra n t  s t i m u l a ­

t i o n ,  i t  was p o s t u l a t e d  t h a t  one chemorecep tor c e l l  can i n t e r a c t  w ith  

one o r  more primary  o d o r a n t s ,  and t h a t  the  i n t e r p r e t a t i o n  and d i s ­

c r i m i n a t i o n  o f  odor  s t im u lu s  i s  c a r r i e d  a t  s ev e ra l  l e v e l s  o f  th e  o l ­

f a c t o r y  pathway (Tanabe,  1975).  S tu d ie s  employing the  above te chn ique  

in combination with  t r e a tm e n t  by group s p e c i f i c  p r o t e i n  r eag e n ts  

( G e t c h e l l ,  1971; Getche ll  and G e t c h e l l ,  1974) have led  to  the  c o n c lu ­

s ion  t h a t  o do ran ts  i n t e r a c t  w ith  one o r  more s p e c i f i c  r e c e p t o r  p r o t e i n s  

in  t h e  o l f a c t o r y  c e l l  membrane, and t h a t  s p e c i f i c  r e c e p t o r  s i t e s  e x i s t  

f o r  d i f f e r e n t  types  o f  odor  m o lecu le s .

As summarized by Hornung and Mozell (1977) and Mozell and Jago-  

dowicz (1974) ,  based on reco rd in g  o f  s p ik e  a c t i v i t y  in  t h e  o l f a c t o r y  

bulb  induced in  re sponse  to  s p e c i f i c  s t i m u l i ,  t h e r e  a r e  two mechanisms 

a t  t h e  l e v e l  o f  o l f a c t o r y  mucosa which could u n d e r l i e  o l f a c t o r y  d i s ­

c r i m i n a t i o n :  (a )  th e  r e c e p t o r s  a r e  mos t ly  tuned to  p a r t i c u l a r  odo ran ts

( p rov ides  suppo r t  to  Amoore's s tudy  (1977))  and (b) the  molecu les  o f  

d i f f e r e n t  od o ran ts  a r e  d i s t r i b u t e d  in  d i f f e r e n t  space - t im e  p a t t e r n s  

a c r o s s  the  mucosa acc o rd in g  to  th ose  physiochemical  p r o p e r t i e s  which 

a f f e c t  th e  p rog res s  o f  t h e i r  m i g r a t i o n .  These two mechanisms lead  to 

d i f f e r e n t  s p a t i a l - t i m e  d i s t r i b u t i o n s  o f  o l f a c t o r y  i n p u t  i n t o  the  o l ­

f a c t o r y  bulb g lo m e ru l i .
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In co n c lu s io n ,  a genera l  unders tand ing  o f  the  fu n c t io n a l  p r i n ­

c i p l e s  o f  r e c e p t o r  types and r e c e p t o r  o r g a n iz a t i o n  p rov id ing  odoran t  

r e c o g n i t i o n  and d i s c r i m i n a t i o n  a t  the  o l f a c t o r y  mucosa le ve l  i s  a v a i l ­

a b l e .  However, t h e  biochemical  phenomenon o f  the  i n t e r a c t i o n  of  

s p e c i f i c  odo ran ts  with  chemoreceptor membranes and i t s  convers ion  in to  

coded s i g n a l s  remains a myste ry y e t  to  be so lved .

D. O lfactory  Bulb-Odov Stimulus Processing Center

1 .  General S tructure and C ell Types■

The axons o f  th e  r e c e p t o r  c e l l s  e n t e r  the  o l f a c t o r y  bulb  and 

t e rm in a t e  in rounded s t r u c t u r e s  - the  g lo m e ru l i ,  where they  e s t a b l i s h  

t h e  f i r s t  synapses on the  second o rd e r  neuron d e n d r i t e s .  The main 

s t r u c t u r e s  o f  the  mammalian o l f a c t o r y  pathway a r e  i l l u s t r a t e d  in  

Figures 1 and 2.

Mitral  c e l l s  a r e  the  second o r d e r  neurons c o n s t i t u t i n g  the  p r i n ­

c ip a l  o u tp u t  neurons o f  the  o l f a c t o r y  bu lb ,  thus  t h e i r  axons p r o j e c t  

through th e  l a t e r a l  o l f a c t o r y  t r a c t  (LOT) to  seve ra l  p a r t s  o f  the  CNS. 

The m i t r a l  c e l l  bodie s  a r e  o rgan ized  in  a t h i n  l a y e r  (MBL) below the  

bu lb a r  s u r f a c e .  Each m i t r a l  c e l l  has a primary  d e n d r i t e  which pro­

j e c t s  to  the  s u r f a c e ,  r a m i f i e s  and t e rm in a t e s  w i th in  th e  g lomerulus .  

Several  secondary  d e n d r i t e s  branch and t e rm in a t e  w i th in  the  ex te rna l  

p lex ifo rm l a y e r  (EPL). The axons o f  the  m i t r a l  c e l l s  p r o j e c t  deeper 

and p o s t e r i o r  in  th e  bu lb ,  and then  j o i n  t h e  l a t e r a l  o l f a c t o r y  t r a c t .  

P r i o r  to  l e av ing  th e  bu lb ,  the  m i t r a l  c e l l  axons ex tend deep c o l ­

a t e r a l s  w i th in  th e  g ranu le  l a y e r  and r e c u r r e n t  c o l l a t e r a l s  which branch 

and t e rm in a t e  in  th e  EPL.
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Glomerular lay e r  
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Mitral  lay e r  
Granule laye r  
White m atter­
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Granule ce l l  
Mitral  c e l l  
Tufted ce l l  

G1 omerulus 
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‘—-Cribiform p la te  

Qi— Basal cel l
Sus ten tacu la r  cel l  
Receptor c e l l

OLFACTORY EPITHELIUM

Figure 1.  Schematic diagram o f  o l f a c t o r y  e p i th e l i u m  and bu lb .  

Adapted from S hepherd ,1977.



Peri g lom eru la r  c e l l  bodies surround the  g lomeruli  (Reese and 

Brightman, 1965, 1970),  each sending a d e n d r i t e  t u f t  i n t o  the  glomerulus  

and axon p r o j e c t i n g  l a t e r a l l y ,  which ramify  and t e rm in a te  around the  

pe r ip h e ry  o f  the  ne ighbor ing  g lom eru lus .  Thus, pe r i  g lom eru la r  c e l l s  a r e  

s h o r t  axon in t e r n e u r o n s ,  l i k e l y  to  be involved  in  l a t e r a l  r e g u l a t i o n  o f  

in fo rm a t ion  f low.

Granule c e l l s  -  some a r e  embedded among m i t r a l  c e l l  bod ie s ,  most 

a r e  c l u s t e r e d  in  i s l a n d s  in  deepe r  l a y e r s .  Each c e l l  has a deep process  

and a p e r ip h e r a l  one which ramify  and t e rm in a t e  in  EPL. The p e r ip h e r a l  

branches a r e  covered with  s p in e s .  Thus, g ra n u le  c e l l s  a r e  i n t e r n e u r o n s  

w i th  no axons.

Centra l  i n p u t  o f  the  o l f a c t o r y  bulb i s  de r iv e d  from c e n t r i f u g a l  

f i b e r s  (De Olmos e t  a l . ,  1978) a r i s i n g  from th e  i p s i l a t e r a l  and c o n t r a ­

l a t e r a l  a n t e r i o r  o l f a c t o r y  nucleus  (AON), and from c e l l s  in  the  nuc leus  

o f  the  h o r i z o n t a l  l imb o f  th e  diagonal  band ( P r i c e  and Powell ,  1970); 

o t h e r  f i b e r s  a r i s e  from raphe and locus  c o e r u l e u s .

2. Major fu na tion a l o rgan iza tion

The f i r s t  o r d e r  neurons -  the  o l f a c t o r y  r e c e p t o r s  -  d e l i v e r  the  

o l f a c t o r y  in fo rm a t io n  in th e  g lom eru l i  through e x c i t a t o r y  synapses  to  

th e  m i t r a l  c e l l s  -  the  second o r d e r  neurons .  These p r i n c i p a l  o u tp u t  

neurons o f  the  bulb a r e  s u b je c t e d  to  m u l t i p l e  neural  co n t ro l  in  two 

d i s t i n c t  s t a g e s  by two d i f f e r e n t  kinds o f  i n t e r n e u r o n s ;  the  pe r i  g lo ­

m eru la r  c e l l s  a t  the  i n p u t  s t a g e  -  in  the  g lom eru la r  l a y e r  (P inching  

and Powell ,  1971a; White,  1972),  and th e  g ran u le  c e l l s  a t  the  o u tp u t  

s t a g e  -  in  the  e x t e rn a l  p lex i fo rm  l a y e r .  Both types  o f  i n t e r n e u r o n s  

e s t a b l i s h  r e c i p r o c a l  i n h i b i t o r y  synapses with  m i t r a l  c e l l  d e n d r i t e s  

(whereas the  m i t r a l  to  P.G. o r  g ra n u le  c e l l  connec t ion  i s  e x c i t a t o r y ) ,
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ONL

EPL

MBL

fSAc
GRL GR

LOT -

Figure 2 . O lfactory bulb s tru c tu re s  in  ra b b it,  n eu ro n s : ON: o l f a c t o r y  

n e rves ;  PG: p e r ig lo m eru la r  c e l l ;  SAC: s h o r t  axon c e l l ;  M: m i t r a l  c e l l ;  

T : t u f t e d  c e l l ;  Gr: g ranu le  c e l l ;  CF: c e n t r i f u g a l  f i b e r s ;  LOT: l a t e r a l  

o l f a c t o r y  t r a c t ;  H i s to lo g i c a l  l a y e r s  a r e  i n d i c a t e d  in the  l e f t .

ONL: o l f a c t o r y  nerve l a y e r ;  GL: g lom eru la r  l a y e r ;  EPL: ex t e rn a l  p l e x i -  
form l a y e r ;  MBL: m i t r a l  body l a y e r ;  GRL: g ranu le  l a y e r ;  WT: white  

m a t t e r ,  (adapted from Shepherd)
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and r e c e iv e  c o l l a t e r a l s  from m i t r a l  c e l l  axons.  Fur thermore ,  P.G. and 

g ran u le  c e l l s  r e c e iv e  r e s p e c t i v e l y  t e rm in a l s  d e r iv e d  from s u p e r f i c i a l  

and deep s h o r t  axon c e l l s ,  as  well  as c e n t r i f u g a l  i n h i b i t o r y  and ex ­

c i t a t o r y  f i b e r s ,  main ly  th rough the  LOT and th e  a n t e r i o r  l imb o f  the  

a n t e r i o r  commisure (AAC). Thus,  s i g n i f i c a n t  f e a t u r e s  o f  t h e  f u n c t i o n ­

al o r g a n i z a t i o n  o f  the  t h i r d  o r d e r  le ve l  o f  the  o l f a c t o r y  pathway a r e  

(1) f eed  back loops  from the  t h i r d  o rd e r  to  the  second o r d e r  neurons ,  

and (2) c e n t r a l  modulat ion o f  t h i r d  o r d e r  neuron a c t i v i t y .  The m i t r a l  

c e l l  axons -  t h e  o u tp u t  r e l a y  -  a r e  t e r m in a t in g  in th e  l a t e r a l  o l f a c ­

t o r y  c o r t e x ,  in  a x o d e n d r i t i c  e x c i t a t o r y  synapses  with  s u p e r f i c i a l  p y ra ­

midal c e l l s .  At t h i s  s t a g e  a t h i r d  r e g u l a t o r y  c o n t ro l  o f  m i t r a l  c e l l s  

t a k e s  p la ce  th rough p r e s y n a p t i c  i n h i b i t i o n  by small polymorph neurons 

(GABAergic) ( P i c k l e s ,  1979; P ic k l e s  and Simmonds, 1976) .

3 .  O rganisation and fu n ction  o f  th e major re la y  and 
co n tro l cen ters

O rganization o f  the o lfa c to ry  glom eruli and th e ir  
a ffe r e n t inpu t

I t  has been e s t i m a t e d  t h a t  abou t  50 x 10® o l f a c t o r y  axons e n t e r  

the  r a b b i t ' s  o l f a c t o r y  bulb ( A l l i s o n ,  1953).  These t h i n  unmyelinated 

f i b e r s  ( 0 . 1 - 0 . 5  ym d iamete r )  (Andres,  1965,  1970; DeLorenzo, 1968; 

G asse r ,  1956) converge i n t o  small f a s c i c l e s  which p r o j e c t  to  t h e  bulb  

in  l a r g e r  bund le s .  A number o f  such f a s c i c l e s  a r e  surrounded  by one 

Schwann c e l l  (DeLorenzo,  1957; G asser ,  1956).  This p rov ides  f o r  a 

p o s s i b l e  i n t e r a c t i o n  between axons,  a l though  t h e r e  i s  no p h y s io lo g i c a l  

ev idence  conf irming  t h i s .

The o l f a c t o r y  nerve bundles i n t e r m i n g le  on the  s u r f a c e  o f  the  

o l f a c t o r y  bu lb .  However, the  o l f a c t o r y  f i b e r s  do not  branch p r i o r  to
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t h e i r  e n t r y  in to  the  g lomeru li  where they form e x c i ta to ry  synapses  with  

the  d e n d r i t e s  o f  P .G .,  t u f t e d  and mostly  m i t r a l  neurons (P inch ing  and 

Powell ,  1971; White,  1973).  T h e re fo re ,  th e  axon o f  any one chemo- 

r e c e p t o r  neuron does no t  t e rm in a t e  in more than one g lomeru lus ,  and 

in  t u r n  each glomerulus r e c e iv e s  i n p u t  from a d i s t i n c t  odor r e c e p t iv e  

f i e l d .  This  was observed through d egene ra t ion  s t u d i e s  (Land, 1973;

Land e t  a l . ,  1970),  and by a u to ra d io g ra p h ic  d e t e c t i o n  o f  l e u c in e  up­

ta ke  and t r a n s p o r t  (Land e t  a l . ,  1974; Weiss and Hol land,  1965).  Since 

t h e r e  a r e  only  about  2000 glomeruli  ( i n  r a b b i t ) ,  about  2500Q o l f a c t o r y  

axons must converge on any one glomerulus ( A l l i s o n ,  1953; C la rk ,  1957),  

(w i th in  the  glomerulus ,  -they t e rm in a t e ,  mostly  onto  24 m i t r a l  c e l l s  and 

68 tu f t e d  c b l l s  ; A l l i s o n ,  1953).  Furthermore, .  EM s t u d i e s  (Land and 

Shepherd,  1974; White,  1972) i n d i c a t e  t h a t  axonal branching w i th in  the  

glomerulus  a r e  r a r e .  This  i n p u t  o r g a n iz a t i o n  i s  l i k e l y  to  be o f  s i g ­

n i f i c a n c e  f o r  the  n a tu re  o f  p ro ces s in g  o f  o l f a c t o r y  in form at ion  a t  

the g lom eru l i .

The b u lba r  neurons in  t h e  g lomeruli  e s t a b l i s h  d e n d ro d e n d r i t i c  

r e c ip ro c a l  synapses c o n s i s t i n g  o f e x c i t a t o r y  m i t r a l  to  P.G. connec t ions  

(Hinds, 1970; Pinching and Powell , ; i971a ,b ;  White,  1972),  and P.G. to 

m i t r a l  connec t ions  s t r u c t u r a l l y  resembl ing  in h i b i t o r y  type  synapses .

Physiology o f  glom eruli

Phys io log ica l  a n a l y s i s  a t  t h e  g lom eru la r  l e v e l  i s  h indered  by 

i t s  complex o r g a n i z a t i o n .  However, u n i t a r y  a c t i v i t y  s t u d i e s  provided  

some ev idence  complementary to  the  anatomical  d e s c r i p t i o n .

E l e c t r i c  s t i m u l a t i o n  o f  an o l f a c t o r y  nerve bundle s e t s  up a v o l ­

le y  invading the  t e rm in a l s  in the  glomeruli  and e l i c i t i n g  s y n a p t i c
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response  in the  b u lba r  neurons .  M it ra l  c e l l s  a r e  i n i t i a l l y  ex c i t e d  

( to  produce one sp ike)  v ia  a monosynaptic r e l a y ,  and a r e  subsequen t ly  

suppressed  (Shepherd,  1963, 1977; Yamamoto and Iwama, 1962; Yamamoto 

e t  a l . ,  1963).  P.G. u n i t s  a r e  a c t i v a t e d  over  two o r  more sy n a p t i c  

r e l a y s  (Shepherd ,  1963, 1977),  and respond with  one o r  more s p ik e s .  

Analys is  o f  the  above and c o n d i t io n in g  v o l l ey  exper imen ts  in d i c a t e d  

th e  fo l low ing  (Shepherd ,  1971, 1972): The EPSP in a m i t r a l  d e n d r i t i c

t u f t  p ropagates  through th e  d e n d r i t e  to  g e n e ra te  an impulse in  the  

m i t r a l  c e l l ,  and a l s o  p rov ides  loc a l  o u tp u t  through t r i g g e r i n g  of  

e x c i t a to ry  d e n d ro d e n d r i t i c  synapses onto  P.G. c e l l s .  The EPSP thus  

induced in  P.G. c e l l  d e n d r i t e s  p rov ides  f o r  the  g en e ra t io n  o f  impulse 

in  th e  axon,  and f o r  loca l  s y n a p t i c  o u t p u t ,  through a c t i v a t i o n  o f  

i n h i b i t o r y  d e n d ro d e n d r i t i c  synapses onto  m i t r a l  c e l l s  (F ig .  2 ) ,  p ro­

v id ing  f o r  s e l f  and l a t e r a l  i n h i b i t i o n  o f  the  m i t r a l  d e n d r i t i c  t u f t .

Organization o f  ex tern a l plexiform  la yer

The EPL is  composed o f  mos tly  two e lements :  d e n d r i t e s  o f  m i t r a l

c e l l s '  and d e n d r i t e s  o f  g ranu le  c e l l s .  Both have a p r im a r i l y  r a d ia l  

o r i e n t a t i o n ,  and e s t a b l i s h  numerous r e c i p r o c a l  sy n a p t i c  connec t ions  - 

( A l l i s o n ,  1953; Hinds,  1969; H i r a t a ,  1964'; P r ice  and Powell ,  1970; Rail 

e t  a l . ,  1966; Reese and Shepherd,  1972; W illey ,  1973). Accordina to 

e l e c t r o n  microscopic  e v a l u a t i o n ,  th e  g ranu le  to  m i t r a l  synapses a re  i n ­

h i b i t o r y ,  whereas the  m i t r a l  to  g ranu le  connec t ions  a re  e x c i t a t o r y .

Physiology o f  the ex tern al plexiform  la yer

S tud ie s  us ing an t id rom ic  impulse invas ion  through shock to  the 

LOT i n d i c a t e d  t h a t  the  pu lse  i s  capab le  o f  propaga t ing  to the  m i t ra l
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c e l l  bod ie s ,  and on to the  d e n d r i t e s .  Consequent ly ,  the  m i t r a l  c e l l s  

undergo a prolonged pe r iod  o f  i n h i b i t i o n  ( N i c o l l ,  1969, 1971a; P h i l ­

l i p s ,  1953; Shepherd,  1970; Yamamoto e t  a l . ,  1963).  As ana lyzed  from 

summed e x t r a c e l l u l a r  p o t e n t i a l s  t h i s  p o s s i b ly  r e s u l t s  from an i n h i b i ­

t o r y  p o s t - s y n a p t i c  p o t e n t i a l  genera ted  by two s y n a p t i c  r e l a y  i n h i b i t o r y  

pathway -  e x h i b i t e d  v ia  g ra n u le  c e l l s  which were a c t i v a t e d  by m i t r a l  c e l l  

d e n d r i t e s  (Rail  and Shepherd,  1968; Rail e t  a l . ,  1966; Shepherd and 

Haber ly ,  1979). A d i r e c t  loca l  d e n d r i t i c  i n t e r a c t i o n  t h a t  l e a d s  to 

d e n d r o d e n d r i t i c  i n h i b i t i o n  was dem onst ra ted  by i n t r a - c e l l u l a r  r ec o rd in g  

( J a h r ,  and N i c o l l ,  1980).  As p r e v io u s l y  i n d i c a t e d ,  g ran u le  c e l l s  r e ­

c e i v e  e x t r i n s i c  in p u t .

Based on s p e c i f i c  l e s i o n  and subsequen t  te rm ina l  de g e n e ra t io n  

s t u d i e s  ( P r i c e  and Powell ,  1970a, b ) ,  f i b e r s  d e r iv e d  from c o n t r a l a t e r a l  

and i p s i l a t e r a l  AON and from the  nuc leus  o f  the  h o r i z o n t a l  l imb o f  the  

d iagonal  band,  t e rm in a t e  on s p in e s  o f  g ra n u le  c e l l s ,  and on gemmules 

o f  g ra n u le  c e l l s  in  EPL in  s t r u c t u r a l l y  e x c i t a t o r y  synapses .  Thus, 

g ran u le  c e l l s  s e rve  as the  in t e rn e u ro n a l  i n h i b i t o r y  r e l a y  between CNS 

in p u t  and the  m i t r a l  c e l l s .  P h y s io lo g ica l  ev idence  s u ppor t s  t h i s  

c o n c lu s io n  (Ochi,  1963),  e . g .  in  reco rd in g  o f  ch ro n ic  m i t r a l  m u l t i ­

u n i t  a c t i v i t y ,  a s i g n i f i c a n t  i n f l u e n c e  o f  c e n t r i f u g a l  f i b e r s  on t h i s  

a c t i v i t y  was noted (Moulton,  1963). Hunger seems to  t r i g g e r  the  r e ­

moval o f  c e n t r i f u g a l  i n h i b i t i o n ,  thus  f a c i l i t a t i n g  t r a n s f e r  o f  food 

odor in fo rm a t ion  (G ia c h e t t i  e t  a l . ,  1970).  This  was i n d i c a t e d  by an 

i n c r e a s e  o f  p o s i t i v e  response  o f  m i t r a l  m u l t i - u n i t  a c t i v i t y  to  food 

odor ,  whereas hunger had no e f f e c t  on response  to  non-food odors .  The 

hunger e f f e c t  could  be d u p l i c a t e d  by i n s u l i n  i n j e c t i o n  (Pager e t  a l . ,  

1972; Pager ,  1977; Cain ,  1975).



I t  i s  i n t e r e s t i n g  to  note t h a t  i n s u l i n  and i n s u l i n  r e c e p to r s  

were re p o r te d  in  th e  bulb  (Havrankova e t  a l . ,  1978) and th e r e f o r e  

may be sp e c u la te d  to  i n t e r a c t  d i r e c t l y  with  the  o l f a c t o r y  bulb neurons 

to  produce the  above e f f e c t .

4.  O lfaetovy bulb tra n sm itte rs

As a consequence o f  the  e x t e n s i v e  p h y s io lo g i c a l  and anatomical  

s t u d i e s  d esc r ibed  above,  t h e  o l f a c t o r y  bulb  has proven to  be f a v o ra b l e  

fo r  the  s tudy o f  s y n a p t i c  o r g a n i z a t i o n ,  becoming a model f o r  the  study  

o f  o t h e r  b ra in  r e g io n s .  More e x t e n s i v e  biochemical s t u d i e s ,  in c lud ing  

the  i d e n t i f i c a t i o n  o f  t r a n s m i t t e r s  o f  the  d i f f e r e n t  synapses ,  would 

lead  to  a b e t t e r  unders tand ing  o f  the  o l f a c t o r y  bu lb ,  and consequen t ly  

to  a more complete model.  However, t h i s  f i e l d  o f  t r a n s m i t t e r  s t u d i e s  

i s  s t i l l  in i t s  i n i t i a l  s t a g e s .  Major approaches  and methodologies  

used in  th e s e  s t u d i e s  in c lu d e :  m i c r o io n to p h o re s i s  in  combination with  

s t u d i e s  o f  t r a n s m i t t e r  and b lock ing  agen ts  e f f e c t s  on e l e c t r o p h y s i o -  

l o g i c a l  a c t i v i t y ,  h is tochemical  f l u o r e s c e n c e ,  immunochemical and a u t o ­

rad io g ra p h ic  l o c a l i z a t i o n ,  and d i r e c t  biochemical and enzymatic assays  

in  combination  with  s p e c i f i c  neuronal l e s i o n s .  The goa l s  o f  th e se  

s t u d i e s  inc lude  e v a l u a t i o n  o f  t r a n s m i t t e r  r e l a t e d  enzymes, t r a n s m i t t e r  

c o n t e n t ,  and d i s t r i b u t i o n  o f  t r a n s m i t t e r  uptake and b inding  s i t e s .

These s t u d i e s  have provided  p r e l im in a ry  e v a l u a t i o n s  o f  the  d i s t r i b u ­

t i o n s  o f  p u t a t i v e  t r a n s m i t t e r s  in the d i f f e r e n t  l a y e r s ,  and f i b e r  popu­

l a t i o n s  as well as  in  s p e c i f i c  neurons and s y n ap t i c  s i t e s  in  the  o l f a c ­

to ry  bulb  (F igu re  3 ) .
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LOT g lu tam ate ,a sp a r ta te

Figure  3. T ra n s m i t t e r s  o f  the  o l f a c t o r y  bu lb ,  and t h e i r  c e l l u l a r  

l o c a l i z a t i o n  and f u n c t i o n .  Thick process  = d e n d r i t e ,  t h i n  process  = 

axon,  PG = per i  g lom eru la r  c e l l ,  M = m i t r a l  c e l l ,  O.N. = o l f a c t o r y  

nerve ,  T = t u f t e d  ce l l ,L0T= l a t e r a l  o l f a c t o r y  t r a c t ,  CF = c e n t r i f u g a l  

f i b e r s ,  DA = dopamine, GABA = gamma amino b u t y r i c  a c i d ,  A.CH = ace ty l  

c h o l in e ,  N.E. = n o re p in e p h r in e ,  5-HT = s e r o t o n i n ,  (+) = e x c i t a t o r y ,  

( - )  = i n h i b i t o r y ,  arrow = i n d i c a t i o n  o f  pre  to  p o s t s y n a p t i c  d i r e c ­

t i o n .  Brain p e p t id e s  a r e  not  i n d i c a t e d ,  s in c e  t h e i r  func t ion  and 
anatomical  d i s t r i b u t i o n  a r e  g e n e r a l l y  unknown.
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I n tr in s ic  Transm itters

v-amino b u ty r i c  ac id  (GABA) i s  im p l ic a ted  as the  t r a n s m i t t e r  in 

th e  g ran u le  to  m i t r a l  c e l l  d e n d r o d e n d r i t i c  i n h i b i t i o n ,  and i s  l o c a t e d  

in most p e r ig l o m e ru l a r  c e l l s .  This was i n d i c a t e d  by the  a b i l i t y  o f  

GABA to mimic t h i s  i n h i b i t i o n ,  and b i c u c u l l i n e  to  block i t  ( N i c o l l ,  

1971b; F e l ix  and MacLennan, 1971; MacLennan, 1971). Furthermore ,  

the  h i g h e s t  c o n c e n t r a t i o n  o f  GABA and i t s  b i o s y n t h e t i c  enzyme (GAD) 

i s  found in  the e x t e rn a l  p lex i fo rm l a y e r  (Graham, 1973; J a f f e  and 

Cuel lo ,  1980a; Nadi e t  a l . ,  1980) as i s  muscimol b inding (Nadi e t  a l . ,  

1980).  GAD im munoreac tiv i ty  was found in  the  g ranu le  c e l l  s id e  o f  

th e s e  d e n d r o d e n d r i t i c  synapses (Ribak e t  a l . ,  1977) and 3H-GABA was 

found to  be taken  up by per i  g lom eru la r  and g ranu le  c e l l s  (Hal5sz 

e t  a l . ,  1979) s p e c i f i c a l l y  by t e rm in a l s  in sy n a p t i c  c o n t a c t  with 

m i t r a l  c e l l s  (Halasz e t  a l . ,  1981),  o r  taken  up and s p e c i f i c a l l y  r e ­

l e a s e d  by EPL s l i c e s  ( J a f f e  and Cue l lo ,  1980b).

Dopamine i s  thought to be an i n t r i n s i c  t r a n s m i t t e r  and thus  

u n a f f e c t e d  by c e n t r a l  f i b e r  l e s i o n s  (Broadwell and Jacobowitz ,  1976; 

Fa l lon  and Moore, 1978).  I t s  presence  was demonstrated in  t u f t e d  

c e l l s  and in some p e r ig l o m e r u l a r  c e l l s  (Halasz e t  a l . ,  1977, 1978; 

P r i e s t l e y  e t  a l . ,  1979) through uptake o f  dopamine, and s t a i n i n g  f o r  

t y r o s i n e  hydroxylase  (TH) and dopa deca rboxy lase .  This  i s  supported  

by th e  up take  o f  no rep ine ph r ine  and dopa in t o  c e l l s  in  g lom eru la r  

l a y e r  ( L i c h t e n s t e i g e r ,  1966) and by the  la minar  d i s t r i b u t i o n  o f  dopa­

mine and TH ( J a f f e  and Cue l lo ,  1980a; Nadi e t  a l . ,  1981).

Output T rasm itters

Glutamate and a s p a r t a t e  -  have been sugges ted  as the  t r a n s m i t ­

t e r s  o f  the  major o u tp u t  neurons o f  the  bulb ( th e  m i t r a l  c e l l s )  a t



m i t r a l  to  o l f a c t o r y  c o r t e x  c o n t a c t ,  as  i n d i c a t e d  by s e l e c t i v e  lo s s  o f  

a s p a r t a t e  and g lu tamate  in  o l f a c t o r y  c o r t e x  fo l lowing  o l f a c t o r y  bulb -  

ectomy (Harvey e t  a l . ,  1975; C o l l i n s ,  1979a),  and by s p e c i f i c  r e l e a s e  

o f  a s p a r t a t e  in  response  to  e l e c t r i c a l  s t i m u l a t i o n  o f  LOT ( C o l l i n s ,  

1979b),  and a t t e n u a t i o n  o f  a s p a r t a t e  r e l e a s e  fo l low ing  bulbectomy 

(C o l l in s  and P r o b e t t ,  1981).

Input T ransm itters

Acety lcholine  - i s  l o c a t e d  almos t  e x c l u s i v e l y  in  c e n t r i f u g a l  

f i b e r s  a r i s i n g  from the  l a t e r a l  p r e o p t i c  a r e a ,  as determined by h i s t o -  

chemical mapping and biochemical  e s t i m a t io n  o f  a c e ty lc h o l in e  e s t e r a s e  

and c h o l in e  acyl  t r a n s f e r a s e  a f t e r  s p e c i f i c  l e s i o n s  o f  l a t e r a l  p r e o p t i c  

a r e a  and diagonal  band (Wenk e t  a l . ,  1977; Youngs e t  a l . ,  1979; God­

f r e y  e t  a l . ,  1977, 1978, 1980),  and by anatomical  l o c a l i z a t i o n  (Burd 

e t  a l . ,  1977; Carson and Burd, 1980). The a c e ty l c h o l in e  f i b e r s  a r e  

d i s t r i b u t e d  in  a l l  l a y e r s  (Nadi e t  a l . ,  1980; Godfrey e t  a l . ,  1980), 

and a c e t y l c h o l i n e  i s  implied  to  be e x c i t a t o r y  to  g ranu le  c e l l s  (Bloom 

e t  a l . ,  1964).

Sero ton in  (5-HT) has been i d e n t i f i e d  in  f i b e r s  (Dahlstrom e t  a l . ,  

1965; Halasz e t  a l . ,  1977, 1978) o r i g i n a t i n g  in c e l l  bodies in  the  

raphe .  This  i s  suppor ted  by anatomical  connec tions  r evea led  through 

HRP and a u t o ra d io g ra p h ic  s t u d i e s  (DeOlmos e t  a l . ,  1978; Broadwell and 

Jacobow i tz ,  1976) and by 5-HT uptake and r e t r o g r a d e  t r a n s p o r t  from the  

o l f a c t o r y  bulb to  the  raphe (Araneda e t  a l . ,  1980a ,b ) .  The s e r o t o n e r ­

g ic  f i b e r s  t e rm in a t e  in  the  g lom eru la r  l a y e r  (Moore e t  a l . ,  1978;

Halasz e t  a l . ,  1977, 1978) p o s s i b ly  onto  in t e rn e u ro n s .
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N orepinephr ine  (N.E.)  f i b e r s  o r i g i n a t e  from locus  coe ru leus  

i n d i c a t e d  by N.E. d i s ap p ea ran ce  fo l low ing  s p e c i f i c  l e s i o n s ,  and t e r ­

minate in  v a r io u s  l a y e r s  in  the  bulb  (Broadwell ,  1977; Fa llon  and 

Moore, 1978; Youngs e t  a l . ,  1979).  N.E. was found to  be d i s t r i b u t e d  

th roughou t  the  bulb ( J a f f e  and Cue l lo ,  1980a; Nadi e t  a l . ,  1981),  

w hile  the  a and s a d r e n e rg i c  b ind ing  s i t e s  e x h i b i t e d  d i f f e r e n t  laminar  

d i s t r i b u t i o n  (Nadi e t  a l . ,  1980).

The d i p e p t i d e  c a r n o s in e  ( s - a l a n y l - L - h i s t i d i n e )  has been s u g g e s t ­

ed on the  b a s i s  o f  biochemical  ev idence  to  be the  p u t a t i v e  n e u r o t r a n s ­

m i t t e r  o f  the  o l f a c t o r y  chemoreceptor neu rons ,  presumably a c t in g  a t  

t h e i r  synapses onto the  d e n d r i t e s  o f  th e  m i t r a l  and p e r i  g lom eru la r  

c e l l s  in  the  o l f a c t o r y  bulb  g lo m e ru l i .  This  i s  based on th e  e x c lu s iv e  

l o c a l i z a t i o n  o f  c a rn o s in e  and c a rn o s in e  s y n th e t a s e  in the  chemoreceptor  

neurons (M argo! is ,  1974; Margo! is  e t  a l . ,  1974; F e r r i e r o  and M argo li s ,  

1975; M argo l i s ,  1978) ,  and the  presence  o f  c a rn o s in e  and c a rn o s in e  b ind ­

ing s i t e s  over th e  g lom eru la r  l a y e r ,  where the  f i r s t  sy n a p t i c  r e l a y  i s  

l o c a t e d  (H irsch  e t  a l . ,  1978; Hirsch  and M argo l i s ,  1979; Burd e t  a l . ,  

1980; Nadi e t  a l . ,  1981).  However, ho p h y s io lo g ic a l  a c t i v i t y  has been 

ass igned  to  c a rn o s in e  so f a r ,  a l though  sev e ra l  a t t em p ts  in  t h i s  d i r e c ­

t i o n  have been made (Tonosaki and Shibuya ,  1979; MacLeod and S traughan ,  

1979; Gonzales a n d .  Freeman, 1979).  T h e re fo re ,  the  r o l e  o f  c a rn o s in e  

in  the  o l f a c t o r y  pathway s t i l l  remains to  be e l u c i d a t e d .

Brain p ep tid e s

In r e c e n t  y e a r s  v a r io u s  p e p t id e s  have been r e p o r t e d  in the  o l ­

f a c t o r y  bulb .  However, the  p h y s io lo g i c a l  r o l e  o f  most  o f  them i s  un­

known, e i t h e r  in  the  b ra in  o r  in  th e  bulb .  Fur thermore ,  t h e i r  s p e c i f i c
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l o c a l i z a t i o n  in  neurons ,  in c lu d in g  c e l l s  o f  o r i g i n ,  f i b e r  d i s t r i b u t i o n ,  

and te rm ina l  f i e l d ,  i s  l a r g e l y  unknown. L a s t l y ,  s i g n i f i c a n t  p o r t i o n s  

o f  t h i s  in fo rm a t io n  were ga thered ,  by means o f  immunohistochemical o r  

radioimmunoassay t e c h n i q u e s ,  both  o f  which a r e  s u s c e p t i b l e  to  the  

p o s s i b i l i t y  o f  n o n - s p e c i f i c  s t a i n i n g ,  depending on the  s p e c i f i c i t y  o f  

th e  a n t i - s e r a  used .  Thus s u p p o r t i v e  a n a l y t i c a l  da ta  from a chemical 

approach i s  e s s e n t i a l .  These p e p t id e s  w i l l  be d i s c u s s e d  b r i e f l y :

Met-enkephal in  -  the  endogenous o p io id  p e p t id e  was d e t e c t e d  in  

the  bulb o f  r a t  (Yang e t  a l . ,  1978) and mouse (Lewis and M argo l i s ,  

u n p u b l i s h e d ) ,  whereas no enkepha l in  f i b e r s  were l o c a l i z e d  in  the  bulb 

(Wamsley e t  a l . ,  1980). Opia te  b ind ing  s i t e s  were observed  in  s e v e ra l  

bulb l a y e r s  (Nadi e t  a l . ,  1980).  These were unchanged by d e a f f e r e n t a -  

t i o n  (Hirsch  e t  a l . ,  1978),  b u t  s e l e c t i v e l y  de c l in e d  in c o n t r a l a t e r a l  

bulb  fo l low ing  u n i l a t e r a l  bulbectomy (H irsch  and M argo l i s ,  1980) ,  

s u g g e s t in g  t h e i r  l o c a l i z a t i o n  in  i n t e r b u l b a r  neurons .  Enkephalin 

b locks  d e n d r o d e n d r i t i c  i n h i b i t i o n  o f  m i t r a l  c e l l s  a t  the  r e c i p r o c a l  

synapses as d e t e c t e d  by i n t r a c e l l u l a r  r e c o rd in g s  (N ico l l  e t  a l . ,  1980).  

However, a f i b e r  source  f o r  t h i s  p e p t id e  has y e t  to be i d e n t i f i e d .

The r e l a t e d  p e p t id e s  6 - l i p o t r o p i n  (s-LPH),  and e -endorphin  

have a l s o  been d e t e c t e d  in  th e  bulb (Przewlocki  e t  a l . ,  1980).

L u te in i z in g  hormone -  r e l e a s i n g  hormone (LH-RH) -  f i b e r s  were 

d e t e c t e d  in  th e  bulb  (Hoffman e t  a l . ,  1979).  Some o r i g i n a t e  in  the  

t e l e n c e p h a lo n  and t r a v e l  th rough the  bulb  in t o  the  nasal  mucosa, 

in t e rm in g led  with  t h e  o l f a c t o r y  nerve (Jennes  e t  a l . ,  1980; Fukuda 

and S ilverman,  1981) .  Some f i b e r s  t e rm in a t e  in th e  bulb ( Jennes  e t  

a l . ,  1980) in  g r a n u le  c e l l ,  p e r i  g lom eru la r  and e x t e rn a l  p lex i fo rm  

l a y e r s  (Hoffman e t  a l . ,  1979).  Others o r i g i n a t e  in  LH-RH c e l l  bodies
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in the  bulb ( Jeness  e t  a l . ,  1980).  LH-RH may thus  be sp e c u la te d  to 

p la y  a r o l e  in  o l f a c t o r y  i n i t i a t e d  behav ior  t h a t  i s  severed  by l e s i o n s  

o f  o l f a c t o r y  bulb o r  LOT ( P h i l l i p s  e t  a l . ,  1980).

I n s u l in  -  and i n s u l i n  r e c e p to r s  were d e t e c t e d  in the  bulb (Hav- 

rankova e t  a l . ,  1978) and e x t e rn a l  p lex i fo rm  l a y e r  i s  s p e c i f i c a l l y  

r i c h  in  r e c e p t o r s  (Young e t  a l . ,  1980).  The p r e c i s e  fu n c t io n  o f  an 

i n s u l i n  r e c e p t o r  in c e n t r a l  nervous system i s  unknown.

Chole’c y s to k i n in  (CCK) -  was d e t e c t e d  in  the  bulb (Rehfe ld ,  1978; 

Be in fe ld  e t  a l . ,  1981),  and CCK b ind ing  in  th e  bulb i s  among th e  h igh ­

e s t  in  the  b ra in  ( I n n i s  and Snyder,  1980; S a i to  e t  a l . ,  1980).  The 

CCK r e l a t e d  p e p t id e  g a s t r i n  i s  very  low in  the  bulb (Rehfe ld ,  1978).

Somatos ta t in  c o n t e n t  in the  bulb  (20 ng /g ;  Brownstein e t  a l . ,  

1975; Brownste in ,  1977) i s  e q u i v a l e n t  to  th e  c o n t e n t  seen in  o t h e r  

b r a in  reg ions  with  th e  excep t ion  o f  the  high l e v e l s  o f  the  hyp o th a la ­

mus.

Angio tensin  II  - b inding  s i t e s  in  the  bulb  a r e  one o f  the h igh­

e s t  in  the  b ra in  (Harding e t  a l . ,  1981),  bu t  t h e r e  i s  as  y e t  no e v i ­

dence f o r  the  p resence  o f  t h i s  p e p t id e .

V a s o in t e s t i n a l  p o ly p e p t id e  (VIP) -  was observed in  bulb of  r a t  

(Fahrenkrug e t  a l . ,  1978; Loren e t  a l . ,  1976; Brownste in,  1980) ,  and 

pig  (Fahrenkrug,  1980). In o t h e r  b r a in  s t r u c t u r e s  i t  u s u a l l y  appears  

in  lo c a l  i n t e r n e u r o n s .

Vasopress in  c o n t e n t  i s  43 pg/mg dry wt.  (Dogterom and B u i j s ,

1980).

Substance  P was d e t e c t e d  in  th e  bulb (Paasonen and Vogt,  1956; 

Brownstein ,  1977; Brownstein e t  a l . ,  1976).  Subs tance P occurs  in 

some ju x t a g lo m e ru la r  c e l l s  and probably  in  f i b e r s  o f  c e n t r i f u g a l  orig in .



In c o n c l u s i o n ,  in the  o l f a c t o r y  bu lb ,  as in  many o t h e r  r eg ions  

o f  the  nervous sys tem,  ev idence  conce rn ing  th e  p resence  o f  t r a n s m i t t e r  

s u b s tan ces  and t h e i r  l o c a l i z a t i o n  and f u n c t i o n  i s  a t  p r e s e n t  s u g g e s t iv e  

r a t h e r  than c o n c lu s iv e .  However, i t  i s  i n t e r e s t i n g  to  n o t i c e  t h a t ,  

w ith  th e  e xce p t ion  o f  e p i n e p h r i n e ,  a lmost  every  t r a n s m i t t e r  o r  p u t a t i v e  

t r a n s m i t t e r  found in  th e  b r a i n ,  in c lu d in g  g a s t r o i n t e s t i n a l  and neuro­

endocr ine  p e p t i d e s ,  a r e  a l s o  d e t e c t e d  in  t h e  o l f a c t o r y  bulb .

These chemical o b s e r v a t i o n s  coupled with  t h e  e x t e n s i v e  background 

o f  b io l o g i c a l  in fo rm a t io n  about  t h e s e  neura l  systems f u r t h e r  encourages  

i t s  e x p l o r a t i o n  as a model f o r  CNS f u n c t i o n .

E. P rospects

One f i e l d  in  which th e  o l f a c t o r y  pathway may s t i l l  prove to  be 

o f  even g r e a t e r  a dvan tage ,  and an e x c e l l e n t  model ,  i s  the  s tudy  o f  CNS 

development.  This  fo l low s  from th e  unique f e a t u r e  o f  th e  chemorecep- 

>tor neurons ( th e  primary  a f f e r e n t s  o f  the  b u l b ) ,  namely t h e i r  c o n t i n u ­

ous r e c o n s t i t u t i o n .  This  p ro p e r ty  l e nds  i t s e l f  e x c e p t i o n a l l y  well to  

th e  s tudy  o f  r e l a t i o n s h i p s  between th e  fo rmat ion  o f  synapses  by the  

growing axons o f  the  newly formed neurons ,  to  th e  developmental p a t t e r n  

o f  t r a n s m i t t e r  appearance  in the  p o s t - s y n a p t i c  neurons o f  the  bu lb ,  

and the  r e v e r s e  o f  th e s e  changes when d e g e n e ra t io n  o f  synapses i s  i n ­

duced by a r t i f i c i a l  d e n e rv a t io n .

A p r e r e q u i s i t e  f o r  th e  p rog re s s  o f  t h e s e  s t u d i e s  i s  b e t t e r  under ­

s t a n d in g  o f  th e  r e g e n e ra t i o n  p rocess  as well a s  the  i d e n t i f i c a t i o n  of  

th e  t r a n s m i t t e r  o f  th e s e  primary  synapses .  These w i l l ,  in  t u r n ,  a l low 

r a p id  advancement o f  th e  s tudy  o f  the  i n t e r c o n n e c t i o n  between presynap-  

t i c  to  p o s t s y n a p t i c  neuron development in t h e  o l f a c t o r y  bu lb .
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P re l im in a ry  s t u d i e s  o f  th e  above a s p e c t  have been performed in 

t i s s u e  c u l t u r e  o f  o l f a c t o r y  mucosa and o l f a c t o r y  b u lb ,  in  which the  

appea rance  o f  the  biochemical  markers c a r n o s in e  and marker  p r o t e i n  w i th  

r e l a t i o n  to  s y n a p t i c  fo rm a t ion  was s t u d i e d .  In a morphologica l  approach 

(G raz iade i  e t  a l . ,  1979) i t  was observed t h a t  even in  t h e  absence  o f  

a p p r o p r i a t e  t a r g e t  ( a f t e r  o l f a c t o r y  bulb  removal) t h e  o l f a c t o r y  neurons 

can r e g e n e r a t e ,  and t h e i r  newly formed axons induce  th e  fo rm at ion  o f  

g l o m e r u l i - l i k e  s t r u c t u r e s  and s y n a p t i c  connec t ions  in  t h e  f o r e b r a i n .

In a t h i r d  approach (Nadi e t  a l . ,  1981) the  l e v e l s  o f  t y r o s i n e  hydro­

x y la s e  a c t i v i t y  and dopamine were found to  be t r a n s s y n a p t i c a l l y  r e ­

g u la t e d  by an unknown s ig n a l  from o l f a c t o r y  neurons ,  th us  o l f a c t o r y  

neuron d e g e n e ra t io n  produced a d e c l i n e  o f  t h e s e  biochemical  p a r am e te r s .

F. Geneva! Goals o f  the Work

The main o b j e c t i v e s  o f  t h i s  work were:

a .  S tu d ie s  o f  t h e  r e g e n e r a t i o n  o f  t h e  o l f a c t o r y  chemorecep tor 

neurons ,  us ing  th e  c e l l  growth marker enzyme o r n i t h i n e  d eca rb o x y la s e .

In t h i s  s tu d y  d e g e n e ra t io n  o f  o l f a c t o r y  neurons was induced s u r g i c a l l y  

o r  c h e m ic a l ly ,  and t h e  re sponse  o f  o r n i t h i n e  d eca rb o x y la s e  a c t i v i t y  

was e v a l u a t e d .  Very high  l e v e l s  o f  ODC were dem onst ra ted  in  th e  o l ­

f a c t o r y  pathway compared to  o t h e r  CNS r e g io n s .  This  ODC a c t i v i t y  i s  

l o c a l i z e d  in  p a r t  in  t h e  chemorecep tor neurons ,  and i t s  r esponse  i s  

t h e  f i r s t  biochemical  change o c c u r r in g  when d e g e n e ra t io n  or  r e g e n e r a ­

t i o n  o f  chemoreceptor  neurons a r e  induced .

b.  Eva lua t ion  o f  the  r o l e  o f  c a rn o s in e  as a t r a n s m i t t e r  o f  the  

f i r s t  synapse in  t h e  o l f a c t o r y  pathway,  us ing  as c r i t e r i o n  i t s  d e p o l a r ­

i z a t i o n  induced r e l e a s e  from o l f a c t o r y  nerve end ings .  Thus,  I have
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prepared  pinched o f f  nerve endings  (synaptosomes) from o l f a c t o r y  b u l b s ,

and e v a lu a te d  them in  terms o f  c o n t e n t  o f  n e u r o t r a n s m i t t e r  s y n t h e s i z i n g

enzyme a c t i v i t i e s ,  and t r a n s m i t t e r  b in d ing  s i t e s .  I have c h a r a c t e r i z e d

the synaptosomal membrane p o ten t ia l  (ay) with the l i p o p h i l i c  ca t ion

te trapheny lphosphon ium ,  and s t u d i e d  i t s  r e sponse  to  drugs  a f f e c t i n g

th e  neuronal  sodium g a t e ,  Na+ , K+-ATPase and m i to ch ro n d r ia l  ay .

Carnosine  e f f l u x  by th e s e  synaptosomes has been e v a lu a te d  under

normal n o n - d e p o la r i z i n g  c o n d i t i o n s  and in  response  to  d e p o l a r i z i n g
2+s t i m u l i ,  and i t s  dependence on Ca was then  de termined .  These s t u d i e s  

s u g g e s t  t h a t  c a r n o s in e  i s  packaged and s p e c i f i c a l l y  r e l e a s e d  by synap­

t i c  v e s i c l e s .
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ABSTRACT

Mature o l f a c t o r y  neurons a r e  c o n t i n u a l l y  rep laced  from a popula­

t i o n  o f  p r o g e n i t o r  c e l l s .  O l f a c to ry  nerve s e c t i o n ,  bulbectomy or 

t r e a tm e n t  with  c e r t a i n  chemicals  induces degene ra t ion  o f  o l f a c t o r y  

neurons fo l lowed in some cases  by r e g e n e r a t i o n .  O rn i th in e  decarboxy­

l a s e  (ODC) a c t i v i t y  was measured in  mouse o l f a c t o r y  t i s s u e s  as an i n ­

d i c a t o r  o f  c e l l u l a r  r e g e n e ra t i o n .  ODC a c t i v i t y  in  o l f a c t o r y  t i s s u e  

( 0 . 2 - 0 . 4  nmole/mg p r o t e i n / h )  i s  10-30 t imes  h ig h e r  than  in a v a r i e t y  o f  

o t h e r  c e re b ra l  t i s s u e s .  Within 3 hours a f t e r  u n i l a t e r a l  o l f a c t o r y  nerve 

s e c t i o n ,  ODC a c t i v i t y  in  th e  ep i th e l iu m  d e c l i n e s  to  50% o f  con t ro l  

fo l lowed  by a slow r e t u r n  to  basal  a c t i v i t y  by 6 days .  In the  same 

an im a ls ,  ODC a c t i v i t y  in c r e a s e s  s eve ra l  f o l d  in bulb  (1 day) with  a 

gradual  d e c l i n e  to  normal (9 day s ) .  Except  f o r  an e a r l y  t r a n s i e n t  i n ­

c r e a s e ,  t h e  e f f e c t s  o f  u n i l a t e r a l  bulbectomy on e p i t h e l i a l  ODC a c t i v i t y  

a r e  s i m i l a r  to  those  seen a f t e r  nerve  s e c t i o n .  The changes in ODC 

a c t i v i t y  fo l lowing  i n t r a n a s a l  i r r i g a t i o n  w i th  10 mM c o l c h i c i n e  a l so  

c l o s e l y  mimic th o se  seen a f t e r  nerve s e c t i o n .  The e f f e c t s  o f  i n t r a ­

nasa l  i r r i g a t i o n  on ODC a c t i v i t y  w ith  0 . 5 %  T r i ton  X-100 o r  0.17 M ZnSO^ 

a r e  more complex. Thus, when th e  mature neuronal popu la t ion  i s  degen­

e r a t i n g  a f t e r  s u rge ry  o r  chemical t r e a t m e n t s ,  ODC a c t i v i t y  dec rease s  in 

th e  ep i th e l iu m .  The subsequent  in c re a s e  o f  ODC a c t i v i t y  p r i o r  to  r e ­

c o n s t i t u t i o n  o f  th e  mature neuronal po p u la t io n  probably  r e f l e c t s  the  

r e g e n e ra t io n  mechanism o f  the  o l f a c t o r y  ep i th e l iu m .  The in c r e a s e  of  

ODC a c t i v i t y  in the  o l f a c t o r y  bulb a f t e r  nerve s e c t i o n  i s  b e s t  i n t e r ­

p re te d  as a c e l l u l a r  i n j u r y  response .  These a l t e r a t i o n s  in  ODC a c t i v i t y  

in  o l f a c t o r y  t i s s u e s  a f t e r  chemical and s u r g i c a l  t r e a tm e n t s  c o n s t i t u t e
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t h e  e a r l i e s t  biochemical  even ts  observed  in t h e s e  t i s s u e s  in  response  

t o  c e l l u l a r  damage.
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INTRODUCTION

The chemoreceptor  neurons o f  th e  v e r t e b r a t e  o l f a c t o r y  pathway a r e  

unusual in e x h i b i t i n g  con t inua l  tu rn o v e r  th roughout  l i f e .  These neurons 

d i f f e r e n t i a t e ,  matu re ,  d i e  and a r e  rep laced  by new neurons de r ived  from 

stem c e l l s  in  t h e  basal  l a y e r  o f  the  o l f a c t o r y  e p i th e l iu m .  This  pheno­

menon, perhaps un ique ly  expressed  by th e se  neurons ,  has been documented 

in  a l a r g e  number o f  s p ec ie s  by morphological (Mulvaney e t  a l . ,  

1971; Moulton,  1974; Graziadei  and M on t i -G raz iade i , 1978),  biochemical  

(Harding e t  a l . ,  1977; M argoli s ,  1978),  behav iora l  (Oley e t  a l . ,  1975; 

Harding e t  a l . ,  1978) and neurophys io log ica l  (Takagi ,  1971; Tanabe e t  

a l . ,  1975; Simmons and G e tc h e l l ,  1979) te chn iques .

In a d d i t i o n  to  t h i s  con t inua l  neuronal  tu rn o v e r  under normal con­

d i t i o n s ,  i t  has been observed t h a t  su rg ic a l  o r  chemical l e s i o n  o f  t h i s  

pathway causes  r a p id  r e t r o g r a d e  degene ra t ion  o f  t h e  chemoreceptor  neu­

ronal  p e r ik a ry a  in  t h e  o l f a c t o r y  ep i the l ium  with  a t t e n d a n t  o r th o g rad e  

d egene ra t ion  o f  t h e i r  s y n a p t i c  t e rm in a l s  in th e  bulb (G raz iade i  and 

M on t i -G raz iade i , 1978; Graz iadei  and Okano, 1979).  These d e g e n e ra t iv e  

changes a r e  then fo l lowed by stem c e l l  d i f f e r e n t i a t i o n  and m a tu ra t ion  

and u l t i m a t e l y  by r e c o n s t i t u t i o n  o f  the  normal chemoreceptor neuron 

popu la t ion  in the  o l f a c t o r y  ep i th e l iu m  and r e e s t a b l i s h m e n t  o f  f u n c t i o n ­

al  connec t ions  in th e  bulb presumably v ia  th e  re fo rm at ion  o f  synapses 

with  d e n d r i t e s  o f  m i t r a l ,  t u f t e d  and per i  g lom eru la r  c e l l s  in t h e  o l ­

f a c t o r y  bulb g lo m e ru l i .  The morphological  changes (Graz iade i  and 

M o n t i -G raz iad e i , 1978) a r e  accompanied by concomitant  biochemical  

(Harding e t  a l . ,  1977),  neurophys io log ica l  (Takagi ,  1971; Tanabe e t  

a l . ,  1975; Kiyohara and Tucker,  1978) and behaviora l  changes (Oley e t  

a l . ,  1975; Harding e t  a l . ,  1978),  which reach minima w i th in  t h e  f i r s t



week a f t e r  l e s i o n  and then  r e t u r n  to  normal 4-6 weeks in homeotherms 

(Harding e t  a l . ,  1978) and more slowly in p o ik i lo the rm s  (Simmons and 

G e t c h e l l ,  1979). C l e a r l y ,  t h i s  i s  an unusual neural  t i s s u e  which i s  

c h a r a c t e r i z e d  by e x h i b i t i n g  e x t e n s i v e  and con t inua l  c e l l u l a r  and syn­

a p t i c  remodeling,  and i t  i s  im por tan t  to  t r y  to  unders tand  th e  under­

ly in g  m olecu la r  mechanisms o f  th e s e  ev e n t s .  I f  t h e r e  i s  a s ig n a l  mole­

c u l e  involved  in  t h i s  p rocess  which t r i g g e r s  th e  stem c e l l  p o p u la t io n ,  

then i d e n t i f i c a t i o n  o f  i t  o r  o f  th e  e a r l i e s t  response  to  i t  i s  c r i t i c a l .  

One approach to  th e  l a t t e r  a s p e c t  would be to  e v a lu a te  responses  o f  

o r n i t h i n e  deca rboxy lase  (ODC) a c t i v i t y  in t h i s  system.

ODC a c t i v i t y  (EC 4 . 1 . 1 . 1 7 ,  L - o r n i t h in e  decarboxylase)  i s  t y p i c a l l y  

high in r a p i d l y  growing t i s s u e s ,  as  in  embryos (Snyder e t  a l . ,  1979), 

and in r a p i d l y  growing tumors (Weber e t  a l . ,  1972; Heby and R u s s e l l ,  

1973).  This  enzyme a c t i v i t y  i s  ve ry re spons ive  to  changes in the  

p h y s io lo g i c a l  s t a t e  o f  c e l l s  and t i s s u e s  as evidenced by the  r a p id  i n ­

c r e a s e  in ODC a c t i v i t y  in t i s s u e s  t r e a t e d  with  s p e c i f i c  growth f a c t o r s  

(Janne e t  a l . ,  1968; S t a s tn y  and Cohen, 1970; MacDonnell e t  a l . ,  1977; 

Lewis e t  a l . ,  1978),  hormones (Janne e t  a l . ,  1978) o r  s u r g i c a l  l e s i o n s  

(R u s s e l l ,  1973). In c o n t r a s t ,  c o n d i t io n s  which block c e l l u l a r  growth 

o r  p r o l i f e r a t i o n  r e s u l t  in th e  f a l l  o f  ODC a c t i v i t y  (Heby and R u s s e l l ,  

1973),  w hi le  i n h i b i t o r s  o f  ODC a r e  re p o r te d  to  i n h i b i t  p r o l i f e r a t i o n  

o f  c e r t a i n  c e l l  l i n e s  (Mamont e t  a l . ,  1976). As th e  r a t e  l i m i t i n g  en­

zyme in polyamine b io s y n th e s i s  (Tabor e t  a l . ,  1964; Pegg e t  a l . ,  1968), 

ODC plays  a p o t e n t i a l l y  im por tan t  r o l e  in r e g u l a t i n g  c e l l u l a r  growth 

and p r o l i f e r a t i o n  ( R u s s e l l ,  1973).

In view o f  i t s  u b iq u i to u s  r e s p o n s iv e n e s s ,  ODC would be expected  

to  be a use fu l  probe in a system e x h i b i t i n g  c e l l u l a r  t u rn o v e r  and



s y n a p t i c  remodeling such as th e  v e r t e b r a t e  o l f a c t o r y  pathway.  In t h i s  

p ape r ,  we dem onst ra te  t h a t  very high l e v e l s  o f  ODC a c t i v i t y  a r e  p r e s e n t  

in  o l f a c t o r y  bulb  and e p i th e l iu m  and t h a t  t h i s  a c t i v i t y  i s  very r e s p o n ­

s i v e  to  a v a r i e t y  o f  chemical  and s u r g i c a l  l e s i o n s .
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MATERIALS AND METHODS

M ateria ls

L - [ l - 14C ]o rn i t h in e  mono-hydrochloride (59 mCi/mmol) and NCS t i s ­

sue s o l u b i l i z e r  were purchased from Amersham-Searle Corpora t ion  (Ar­

l i n g to n  H e igh ts ,  IL).  G lycy lg lyc ine  and p y r id o x a l - 5 ' -phospha te  were 

ob ta ined  from Sigma Chemical Co. (S t .  Louis,  MO); t h e  a n e s t h e t i c  xy lo -  

ca in e  (2% Lidocaine  HC1) from Ast ra  Pharmaceutical  P roducts  Inc .  (Wor­

c e s t e r ,  MA), and d i t h i o t h r e i t o l  from Calbiochem (San Diego,  CA). 

Chloropent  was purchased from For t  Dodge L a b o ra to r i e s  (F o r t  Dodge, IA). 

All o t h e r  m a t e r i a l s  were purchased  from Sigma o r  Calbiochem and were 

t h e  h ig h e s t  q u a l i t y  a v a i l a b l e .  Top s to p p e r s  and c e n t e r  w e l l s  were from 

Kontes Glass Company (V ineland ,  NJ).  Mice o f  th e  CD-I s t r a i n  were pur ­

chased  from Charles  River Breeding L a b o ra to r i e s  (Wilmington,  MA). Rats 

o f  t h e  WKY S t r a i n  were from a b a r r i e r  m a in ta in e d ,  c lo sed  breeding  colony 

a t  Hoffmann-La Roche, Inc.  (Nutley ,  NJ).

Tissue preparation

Three - to  four-month o ld  v i r g i n  female CD-I mice were used un less  

o the rw ise  i n d i c a t e d  and were k i l l e d  by COg a sp h y x ia t io n  fo l lowed  by 

ex s a n g u in a t io n .  O l fac to ry  bulbs and ep i th e l iu m  were r a p i d l y  d i s s e c t e d  

onto  dry i c e ,  weighed and homogenized with  10-20 volumes o f  25 mM 

Tris-HCl (pH 7.5)  c o n t a in in g  5 mM d i t h i o t h r e i t o l  and 0.1 mM EDTA. A f te r  

c e n t r i f u g a t i o n  a t  48,000 x g f o r  60 min a t  4°C the  s u p e rn a ta n t  was used 

as t h e  enzyme source  f o r  t h e  ODC as s ay .

53



ODC assay

ODC a c t i v i t y  was measured as the  r e l e a s e  o f  ^ C 0 2 from l_ - [ l - 14C] 

o r n i t h i n e  by a m o d i f i c a t io n  o f  the  method o f  Janne and Williams-Ashman 

(1971) .  The s t an d a rd  in c u b a t io n  mix tu re  con ta ined  in f i n a l  volume o f  

0 .5  ml: 0.1 mM NagCO^, 100 mM g l y c y lg ly c i n e  (pH 7 . 1 ) ,  5 mM d i t h i o ­

t h r e i t o l ,  0 .4  mM p y r i d o x a l - 5 ' - p h o s p h a t e ,  0.1 mM n o n - r a d io a c t i v e  L -o rn i -  

t h i n e ,  300 yl t i s s u e  e x t r a c t  ( 0 . 4 - 0 . 6  mg p r o t e i n )  and 0 .5  yCi L - [ 1 - 14C] 

o r n i t h i n e  (59 mCi/mmol). A f te r  15 min p re in c u b a t io n  a t  37°C, t h e  r e ­

a c t i o n  was i n i t i a t e d  by adding th e  r a d i o a c t i v e  o r n i t h i n e  and inc u b a t in g  

f o r  60 min more. The r e a c t i o n  was te rm ina ted  by th e  a d d i t i o n  o f  0 .5  ml 

o f  40% t r i c h l o r o a c e t i c  ac id  and fo l lowed by an a d d i t i o n a l  60 min to  

a l low th e  r e l e a s e  o f  a l l  o f  th e  ^ C 0 2 formed.  The ^ C 0 2 was t rapped  

w i th  200 yl o f  NCS on g l a s s  f i b e r  f i l t e r s  held in  c e n t e r  w e l l s  suspended 

in  t h e  s to ppered  in c uba t ion  tu b e s .  At t h e  end o f  t h e  i n c u b a t i o n ,  th e  

c e n t e r  w e l l s  were t r a n s f e r r e d  to  count ing  v i a l s  c o n t a in in g  10 ml 

t o l u e n e - s c i n t i l l a t i o n  f l u i d  and r a d i o a c t i v i t y  was measured in  a Beckman 

l i q u i d  s c i n t i l l a t i o n  s p ec t ro m e te r .  P ro te in  was determined by th e  meth­

od o f  Sedmak and Grossberg (1977),  us ing  the  dye Coomassie b r i l l i a n t  

b lue  G-250 and bovine serum albumin as  s t an d a rd .

ODC a c t i v i t y  measured under t h e s e  c o n d i t io n s  was found to  i n ­

c r e a s e  l i n e a r l y  w ith  t ime f o r  a t  l e a s t  2 h and was a l s o  p ro p o r t io n a l  

to  t h e  q u a n t i t y  o f  e x t r a c t  p r o t e i n .  The r e l e a s e  o f  ^ C 0 2 was s t o i c h i o ­

m e t r i c  w ith  p u t r e s c i n e  format ion  (determined by the  method o f  Kremzner 

e t  a l . ,  1970). ODC a c t i v i t y  e x h i b i t e d  an a b s o lu t e  requ irement f o r  

p y r i d o x a l - 5 ' -p h o sp h a te  and was enhanced by 5 mM d i t h i o t h r e i t o l  (Janne 

and Williams-Ashman,  1971).  The appa re n t  Km f o r  o r n i t h i n e  was about
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0.1 mM a t  pH 7.1 and was i n h i b i t e d  by 1 mM sem i -ca rb az id e  (97%), 100 

mM ammonium c h l o r i d e  (28%)  and 1 mM p u t r e s i n e  (28%). There was no 

e f f e c t  o f  th e  a n a lo g s ;  c i t r u l l i n e ,  a - k e t o g l u t a r a t e ,  v -aminobutyr ic  a c i d ,  

a r g i n i n e ,  l y s in e  o r  1 ,5 -d iaminopentane  a t  1 mM.

O lfactory nerve sec tio n

U n i l a t e r a l  o l f a c t o r y  nerve s e c t i o n  was performed (Harding e t  a l . ,  

1977) on Chloropent  a n e s t h e t i z e d  mice.  A small c u t  was made on the  

m id l ine  between th e  eyes and th e  sk in  was r e t r a c t e d ,  exposing th e  s k u l l .  

A small hole was d r i l l e d  above th e  f r o n t  end o f  th e  bu lb ,  us ing  a den­

t i s t ' s  d r i l l .  The bulb was then pushed s l i g h t l y  backward with  a humidi­

f i e d  a i r  s tream t o  expose t h e  o l f a c t o r y  nerve and to  p reven t  damage to  

t h e  bulb w h i le  s e c t i o n i n g  th e  nerve .  A small k n i f e  was i n s e r t e d  i n t o  

th e  hole and the  nerve  was sec t i o n e d  by seve ra l  s i d e - t o - s i d e  movements 

o f  th e  k n i f e  a long th e  c r ib i fo rm  p l a t e .  The ho le  was covered by Gelfoam 

(Upjohn) and th e  sk in  c lo sed  by wound c l i p s .  The mice were al lowed to  

recove r  from th e  a n e s t h e t i c  on an e l e c t r i c  h ea t ing  pad.  Sham-operated 

mice were i d e n t i c a l l y  t r e a t e d  excep t  t h a t  th e  sku l l  was not  f u l l y  pene­

t r a t e d  dur ing  d r i l l i n g .

Chemical nerve sec tio n

Chemicals were a p p l i e d  to  i n t r a n a s a l  i r r i g a t i o n  with  100 yl s o lu ­

t i o n  (Margolis  and G r i l l o ,  1978) a t  th e  d e s i r e d  c o n c e n t r a t i o n s  in 

aqueous medium: ZnSO^ [0 .17  M]; T r i t o n  X-100 [0.5% in s a l i n e ]  and

c o l c h i c i n e  [10 mM in s a l i n e ] .
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01 fa c to ry  bulb a b la tio n

U n i l a t e r a l  bulbectomy was performed on a n e s t h e t i z e d  mice.  A

small c u t  was made on t h e  m id l in e  between th e  eyes and th e  sk in  was

r e t r a c t e d ,  expos ing th e  s k u l l .  A small  ho le  was d r i l l e d  above th e  b u lb ,  

us ing  a d e n t i s t ' s  d r i l l  and th e  bulb  was removed by a s p i r a t i o n .  The 

ho le  was covered w i th  Gel foam and t h e  sk in  was c lo sed  with  wound c l i p s ,  

and r ecove ry  was as  f o r  nerve  s e c t i o n .  Sham-operated mice were i d e n ­

t i c a l l y  t r e a t e d  excep t  t h a t  t h e  s k u l l  was no t  f u l l y  p e n e t r a t e d  du r ing

th e  d r i l l i n g  and a s p i r a t i o n  was o m i t t e d .

In v i t r o  incubation

Nasal t u r b i n a t e s  c o n t a in in g  t h e  o l f a c t o r y  e p i th e l i u m  were i n ­

cubated  in  v i t r o  in  v i a l s  c o n t a in in g  1 .5  ml o f  HEPES medium (N e id le  e t  

a l . ,  1973): 119 mM NaCl; 5 mM KC1; 0 .75  mM CaCl2 ; 1 .2  mM MgS04 ; 1 .0  mM

NaH2P04 ; 1 .0  mM NaHC03 ; 25 mM HEPES; 12 mM NaOH; 10 mM g l u c o s e ,  10 U/ml 

p e n i c i l l i n  and 10 yg/ml s t r ep to m y c in  (pH 7 .4 )  a t  37°C f o r  4 hr  under 

oxygen. The in c u b a t io n  was s topped  by co o l in g  on i c e  and a s p i r a t i o n  o f  

t h e  medium. The t i s s u e  was then  f ro zen  and ODC a c t i v i t y  was measured 

as above.
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RESULTS

ODC a c t i v i t y  in  the developin g nervous system

The developmental  p a t t e r n  o f  ODC a c t i v i t y  was measured in s o l u b l e  

p r o t e i n  e x t r a c t s  o f  o l f a c t o r y  e p i th e l i u m ,  b u lb ,  ce rebe l lum  and h ippo­

campus from male WKY r a t s  (30 to  115 days o f  ag e ) .

The ODC a c t i v i t y  in  o l f a c t o r y  t i s s u e  exceeded t h a t  in  ce rebellum 

and hippocampus a t  a l l  ages t e s t e d ,  and a t  4 months o f  age was t e n - f o l d  

than  t h a t  in  th e  ce rebe l lum  and t h r e e - f o l d  than  t h a t  in hippocampus 

(F ig  1 . ) .  There was a p r o g r e s s i v e  d e c l i n e  in ODC a c t i v i t y  w i th  age ,  

r eac h in g  t h e  a d u l t  l e v e l  e a r l i e r  in ce rebe l lum  and hippocampus than  in 

o l f a c t o r y  bulb  and e p i th e l i u m .

Since  t h e  a c t i v i t y  o f  ODC had reached a p l a t e a u  w i th in  90 days in 

a l l  t i s s u e s  measured,  an imals  s e l e c t e d  f o r  f u r t h e r  s t u d i e s  were 90 to  

100 days o f  age to  avoid  problems a s s o c i a t e d  w i th  measuring  s u r g i c a l l y  

r e l a t e d  changes a g a i n s t  a d e c l i n i n g  b a s e l i n e .

Tissue d is tr ib u tio n  of. ODC a c t i v i t y  in  mice

The developmental  s tudy  demonst ra ted  t h a t  ODC a c t i v i t y  i s  h ighe r  

in o l f a c t o r y  e p i th e l iu m  and bulb  than  in  o t h e r  neura l  t i s s u e s .  In o rd e r  

t o  t e s t  t h e  g e n e r a l i t y  o f  t h i s  o b s e r v a t i o n ,  a s tudy  o f  th e  t i s s u e  d i s ­

t r i b u t i o n  o f  ODC a c t i v i t y  was under ta ken .

The a c t i v i t y  o f  ODC in  o l f a c t o r y  bulbs o f  3-month o ld  mice i s  0.16 

nmoles ^COg/mg p r o t e i n / h  (Table 1 ) ,  which i s  s l i g h t l y  exceeded by t h a t  

in  o l f a c t o r y  e p i th e l i u m .  The ODC a c t i v i t y  in  c e r e b ra l  c o r t e x ,  hippocam­

pus ,  c o l l i c u l u s  and ce rebe l lum  a r e  q u i t e  low and range  between 3.4-13%
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Figure 1 . ODC a c t i v i t y  during develoym ent o f  r a t .  ODC a c t i v i t y  was 

measured as t h e  r e l e a s e  o f  ^COg from L - [ l - ^ C ] o r n i t h i n e  by s o lu b le  

t i s s u e  e x t r a c t s  from r a t s .  Each p o in t  r e p r e s e n t s  the  average  from 

two groups o f  two r a t s  (each assayed  in d u p l i c a t e ) .

Ages: 30, 44, 72 and 114 days .  S p e c i f i c  a c t i v i t y :  16,970 cpm/nmole.

O l f a c to ry  e p i th e l iu m  (®), o l f a c t o r y  bulb ( o ) ,  ce rebe l lum  ( a )  

and hippocampus ( □ ) .
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TABLE 1. Tissue d is tr ib u tio n  o f  ODC a c t iv i ty  in mouse tissu e

Tissue

nmole ^ C 0 2/  

mg p r o t e i n / h

ct!o

O lfa c to ry  ep i th e l iu m

O lfa c to ry  ep i th e l iu m 0.21 100

O lfa c to ry  bulb 0.16 75

Cerebellum 0.02 13

Cortex 0.007 3.4

Hippocampus 0.023 11

C o l l i c u l u s 0.035 12

Heart 0.031 15

Kidney 0.37 176

Liver 0.007 3.3

Lung 0.03 14

Spleen 0.042 20

ODC was measured as th e  g en e ra t io n  o f  ^ C 0 2 from L - [ 1 - " ^ o r n i ­

t h i n e  by t i s s u e  e x t r a c t s .  Each va lue  r e p r e s e n t s  the  average o f  

s ix  mice assayed in d u p l i c a t e ,  age 90 days (16,230 cpm/nmole).
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o f  t h e  ODC a c t i v i t y  in  o l f a c t o r y  e p i th e l i u m .  The a c t i v i t y  o f  th e  non- 

neura l  t i s s u e s  t e s t e d  was a l s o  very low in comparison to  the  o l f a c t o r y  

e p i th e l i u m  w i th  t h e  e x ce p t io n  o f  t h e  kidney.  S i m i l a r  r e s u l t s  were ob­

t a i n e d  in  r a t s  (Data n o t  shown.)

This high ODC a c t i v i t y  in o l f a c t o r y  t i s s u e  i s  unusual f o r  neural  

t i s s u e ,  bu t  i s  c o n s i s t e n t  w ith  t h e  c o n t in u a l  r e c o n s t i t u t i o n  phenomenon 

o f  t h e  r e c e p t o r  neurons  and s u g g e s t s  t h a t  ODC could be used as a probe 

to  s tudy  t h i s  neura l  t u r n o v e r .  One approach i s  to  moni to r  th e  re sponse  

o f  ODC to  o l f a c t o r y  bulb  a b l a t i o n  o r  o l f a c t o r y  nerve  s e c t i o n .

Changes in  ODC a f te r  u n ila te ra l o lfa c to ry  nerve se c tio n  in  mice

S urg ica l  nerve  s e c t i o n  was used to  induce r e c e p t o r  neuron degen­

e r a t i o n  and r e g e n e r a t i o n .  Mice were s a c r i f i c e d  a t  d i f f e r e n t  t imes  a f t e r  

s u r g e r y ,  and ODC a c t i v i t y  was measured inde penden t ly  in  both  bulbs and 

in  both s i d e s  o f  t h e  o l f a c t o r y  e p i th e l i u m  in  n e r v e - s e c t io n e d  mice ,  in 

u n i l a t e r a l l y  sham-opera ted  mice and in  u n t r e a t e d  mice.  Changes in  ODC 

a c t i v i t y  occur red  in  bo th  bulb  and e p i th e l i u m  w i th  d i f f e r e n t  v e c t o r i a l  

c h a r a c t e r i s t i c s  (Table 2 and Fig.  2 ) .

ODC a c t i v i t y  in  t h e  e p i th e l i u m  from t h e  ope ra ted  s i d e  e x h i b i t e d  

a tw o- fo ld  d ec re ase  w i th in  3 h a f t e r  t r e a t m e n t  and then  in c re a s e d  

g r a d u a l l y  between 1-3 days a f t e r  t r e a t m e n t .  I t  i s  o f  i n t e r e s t  t h a t  ODC 

a c t i v i t y  in  th e  unopera ted  e p i th e l i u m  e x h i b i t e d  a t r a n s i e n t  and l e s s  

dram at ic  d e c l i n e  even though th e  nerve on t h i s  s i d e  was no t  damaged.

The r e d u c t io n  o f  ODC on t h e  unopera ted  s id e  was s m a l l e r  in  magnitude 

(minimum a t  63% o f  c o n t ro l  on th e  f i r s t  day) and o f  s h o r t e r  d u r a t i o n ,  

r e t u r n i n g  to  c o n t ro l  l e v e l s  by t h e  second day.
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Figure 2 . E ffe c t o f  u n ila te ra l nerve sec tio n  on ODC a c t i v i t y  in  o l ­

fa c to ry  ep ithelium  ccnd bulb. O rd ina te :  The r a t i o  o f  ODC a c t i v i t y
14(nmoles COg/mg p r o t e i n / h )  in o p e ra t e d  s id e  to  c o n t r o l .  A bsc issa :  Days 

a f t e r  s u rg e ry .  The va lues  r e p r e s e n t  th e  average  o f  two groups o f  two 

mice assayed  in d u p l i c a t e .  Ep i the l ium (#) and bulb  ( o ) .
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TAELE 2 .  E ffe c t o f  u n ila te ra l nerve sec tio n  on ODC a c t iv i ty  in  o lfa c to ry  ep ithelium

Treatment Tissue

Percent of ODC a c t iv i ty  in control mice. 
. Time a f t e r  operation.

3 h 5 h 1 day 2 days 3 days 9 days

Nerve Section:
operated Epithelium 47 45 65 60 98 100
unoperated Epithelium 88 68 63 96 110 101
r a t io 47: • 0.56 0.65 1 0.62 0.87 0.99
operated Bulb 310 202 670 545 350 133
unoperated Bulb 266 124 163 . • 143 122 ' 105
ra t io 47: 1.19 1.57 4.1 3.8 2.8 1.3

Sham:
operated Epithelium 186 148 134 106 150 129
unoperated Epithelium 152 140 130 112 133 129
ra t io 47: 1.25 1.03 1.03 0.93 1.12 1.00
operated Bulb 300 147 269 183 224 119
unoperated Bulb 405 139 162 128 195 123
ra t io 47: 0.84 1.11 1.76 1.42 1.17 1.17

These data are from a represen ta tive  experiment and the values represent the average of two groups of two

mice (each assayed in du p lica te ) .  ODC a c t iv i ty  was ca lcu la ted  r e la t iv e  to  the a c t iv i ty  values obtained fo r
j

untreated control mice taken as 1005?..

a These values represent the ra t io  of  ODC a c t iv i ty  in the operated side to th a t  in the unoperated side of 

u n i la te ra l ly  nerve-sectioned mice.



Although th e  e f f e c t  o f  u n i l a t e r a l  s u rge ry  on ODC a c t i v i t y  was o f  

a b i l a t e r a l  n a t u r e ,  one can use th e  r a t i o  o f  ope ra ted  s id e  t o  unoperated  

s id e  to  compensate f o r  n o n - s p e c i f i c  e f f e c t s .  Th is  approach i s  f r e q u e n t ­

l y ,  bu t  n o t  a lways ,  v a l i d  due t o  t h e  p o s s i b l e  i n f l u e n c e  o f  o t h e r  neural  

i n t e r a c t i o n s  between th e  two s i d e s .  T h e re fo re ,  th e  r e s u l t s  were a l s o  

compared to  sham and unopera ted  mice.

In c o n t r a s t  to  th e  r e l a t i v e  cons tancy  o f  th e  va lues  o f  ODC in  th e  

e p i th e l iu m  o f  t h e  c o n t r o l -  and sham-opera ted  mice,  th e  v a lues  in  the  

bulb were much more s u s c e p t i b l e  to  change.  N e v e r th e l e s s ,  when eva lu a te d  

e i t h e r  as w i th i n  animal ( i . e .  ope ra ted  versus  unopera ted  s id e )  o r  r e l a ­

t i v e  e i t h e r  to  sham o r  to  c o n t ro l  u n t r e a t e d  mice,  th e  response  o f  ODC 

in th e  bu lb ,  which was s u r g i c a l l y  t r e a t e d ,  was de layed  r e l a t i v e  to  the  

r a p id  f a l l  in th e  e p i th e l i u m .  Here,  however,  the  response  was an i n ­

c r e a s e  to  s i x - f o l d  c o n t ro l  l e v e l s ,  which s lowly  r e t u r n e d  to  normal over  

s evera l  days .  Thus, both  th e  r a t e  o f  re sponse  and th e  r a t e  o f  r e t u r n  

were slower in th e  bulb  than  in th e  e p i th e l iu m .  Although a s l i g h t  i n ­

c r e a s e  in ODC a c t i v i t y  was seen on th e  unoperated  s i d e ,  i t  was no t  s i g ­

n i f i c a n t l y  d i f f e r e n t  from th e  t r a n s i e n t  re sponse  seen in  th e  s h a m - t r e a t ­

ed mice.

Mixing experim ents

Mixing experiments  were c a r r i e d  o u t  in  o r d e r  to  f u r t h e r  e v a l u a t e  

t h e  changes t h a t  o ccu r red  in  ODC a c t i v i t y  in  t h e  o l f a c t o r y  bulb  ( i n ­

c r e a s e )  and e p i th e l iu m  ( d e c re a s e ) a s  a r e s u l t  o f  nerve s e c t i o n .

E x t r a c t s  from n e r v e - s e c t io n e d  mice were mixed with  e x t r a c t s  from 

co n t ro l  mice and ODC a c t i v i t y  was measured.  I t  i s  assumed t h a t  th e  

p resence  o f  a s o lu b l e  a c t i v a t o r  o r  i n h i b i t o r  in th e  e x t r a c t s  from
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TABLE 3. Influence o f mixing e x tra c ts  from co n tro l and nerve- 

sec tio n ed  o lfa c to ry  t is su e  on ODC a c t i v i t y .

cpm

T issue Control NX
Mixture o f  

Control  + NX
C alc u la t e d  Sum o f  

Control  + NX

I . Ep i the l ium 558 248 918 836

I I . Ep i the l ium 632 343 1110 975

I I I . Bulb 178 760 972 938

The ODC a c t i v i t y  o f  h igh-speed  s u p e r n a t a n t s  o f  o l f a c t o r y  t i s s u e  

homogenates were measured as  d e s c r ib e d  in "Methods".  The mixed

a c t i v i t y  was measured in 1:1 (volume) m ix tu re  o f  s u p e r n a t a n t s  from 

two s o u rc e s .  Nerve s e c t i o n  was performed 1 day b e fo re  t h e  mixing 

exper iment .  The r e s u l t s  a r e  expressed  as t h e  counts  in ^COg from 

s e p a r a t e  e x t r a c t s  and from th e  m ix tu re  o f  th e  e x t r a c t s .  Each va lue  

r e p r e s e n t s  th e  r e s u l t s  o f  t h r e e  groups o f  t h r e e  mice assayed  in 

d u p l i c a t e .
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n e r v e - s e c t io n e d  mice would s t i m u l a t e  or i n h i b i t ,  r e s p e c t i v e l y ,  the  

a c t i v i t y  o f  ODC from c o n t ro l  mice.

The r e s u l t s  o f  t h e s e  measurements (Table 3) i n d i c a t e  t h a t  no i n ­

h i b i t o r y  a c t i v i t y  i s  p r e s e n t  in th e  e x t r a c t  o f  e p i t h e l i u m ,  and no s t i ­

m ula to ry  a c t i v i t y  i s  p r e s e n t  in  t h a t  o f  bulbs  from n e r v e - s e c t io n e d  

mice.

Chemical nerve sec tio n

A second method ( in  a d d i t i o n  t o  nerve  s e c t i o n )  f o r  caus ing  o l f a c ­

t o r y  e p i th e l iu m  d e g e n e ra t io n  invo lved  th e  i n t r a n a s a l  i r r i g a t i o n  o f  mice 

w i th  c e r t a i n  compounds. Depending on t h e  compound and i t s  c o n c e n t r a ­

t i o n ,  t h i s  p rocedure  can cause  permanent  o r  temporary  anosmia accom­

panied by s p e c i f i c  m o rp h o lo g ica l ,  biochemical  and e l e c t r o p h y s i o l o g i c a l  

changes (Takag i ,  1971; Margolis  and G r i l l o ,  1978 and unpub l i shed  ob­

s e r v a t i o n s ;  Harding and Wright ,  1979).

The f i r s t  agen t  used was ZnS04 (0 .17  M), which was p r e v io u s ly  

s tu d ie d  by a number o f  i n v e s t i g a t o r s  (Takagi ,  1971; A l b e r t s ,  1974;

Harding e t  a ! . ,  1978). I t  was found to  cause  e x t e n s i v e  damage to  the

o l f a c t o r y  e p i th e l i u m  accompanied by development o f  long- te rm anosmia 

(Harding e t  a l . ,  1978).  M orpho log ica l ly ,  s lough ing  o f  th e  o l f a c t o r y  

ep i th e l iu m  i s  observed  accompanied by lo s s  o f  e l e c t r o p h y s i o l o g i c a l  

r esponse  to  o d o ran t  s t i m u l a t i o n  (Takagi ,  1971; A l b e r t s ,  1974) and de­

c r e a s e s  in t h e  biochemical  markers  o f  t h e  r e c e p t o r  neurons  in th e  o l ­

f a c t o r y  e p i th e l i u m  and bulb  (Harding and M argo l i s ,  1976; Margolis  and

G r i l l o ,  1977; Harding e t  a l . ,  1978).

Both c o l c h i c i n e  (10 mM) and T r i to n  X-100 (0.5%) were found by 

Margolis  and G r i l l o  (1978) to  induce temporary anosmia,  accompanied by
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D A Y S  AFTER TREATMENT

Figure  3 . E ffe c t o f  chemical nerve sec tio n  on ODC a c t i v i t y .  One-hun­

dred  yl o f  0.17 M ZnSO^ ( a ) ,  10 mM c o l c h i c i n e  (b)  or  0.5% T r i to n  X-100 

(c)  were adm in is te red  by i n t r a n a s a l  i r r i g a t i o n .  Mice were s a c r i f i c e d  

a t  3 h and 1, 3, 5 and 9 days a f t e r  t r e a tm e n t ,  and ODC a c t i v i t y  in o l ­

f a c t o r y  ep i th e l iu m  and bulb was measured.  Values r e p r e s e n t  the  average 

from two groups o f  two mice,  each assayed  in  d u p l i c a t e .  Control l e v e l s  

o f  ODC a c t i v i t y  were: Ep i the l ium,  0 . 2 - 0 . 4  nmoles/mg p r o t e i n / h  and

bulb ,  0 . 1 - 0 . 2  nmoles/mg p r o t e i n / h .  O rd ina te :  Percen t  o f  change in

ODC a c t i v i t y  a f t e r  t r e a tm e n t .  Absc issa :  Days a f t e r  t r e a tm e n t .  Epi­

the l ium (o) and bulb (a ) .
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morphologica l  changes in  th e  r e c e p t o r  c e l l s  and lo s s  o f  s p e c i f i c  b io ­

chemical markers a s  above.  All o f  t h e s e  markers  r e t u r n e d  to  c o n t ro l  

l e v e l s  a f t e r  2 months.

Although th e  chemical a g e n t s  chosen f o r  t h i s  s tudy  induce r e ­

d uc t ion  o f  biochemical  markers  and cause  anosmia,  each  has a d i f f e r e n t  

mechanism o f  a c t i o n  due t o  i t s  d i f f e r e n t  i n t e r a c t i o n  w i th  t h e  t i s s u e .  

This  was expressed  by d i f f e r e n c e s  in  t ime co u r s e s  o f  t h e  b iochem ica l ,  

behav io ra l  and morphologica l  e ven t s  in  th e  o l f a c t o r y  e p i th e l i u m .  Study 

o f  th e  e f f e c t s  o f  t h e  chemical t r e a tm e n t s  o f  o l f a c t o r y  ep i th e l iu m  on 

ODC a c t i v i t y  i s  v a l u a b le  f o r  t h e  unders tand ing  o f  t h e i r  mechanisms o f  

a c t i o n .

Zinc s u l f a t e  t r e a tm e n t  caused an immediate drop o f  ODC in th e  

e p i th e l iu m  (F ig .  3 a ) ,  r eac h in g  p r a c t i c a l l y  ze ro  3 h a f t e r  i r r i g a t i o n ,  

fo l lowed  by an i n c r e a s e  reac h ing  50% 1 day a f t e r  t r e a t m e n t ,  200% o f  

c o n t ro l  a f t e r  3 d ay s ,  260% a f t e r  6 days and r e t u r n i n g  to  c o n t ro l  a f t e r  

9 days .  The i n i t i a l  r a p i d  d e c l i n e  o f  ODC i s  p robab ly  due to  the  ZnSO^- 

induced c o a g u l a t i o n  o f  p r o t e i n s  and th e  dea th  o f  a l l  t h e  c e l l  types  

c o n s t i t u t i n g  t h e  o l f a c t o r y  e p i th e l i u m  down t o  th e  basal  lamina .  P re ­

sumably,  th e  i n c r e a s e  o f  ODC a c t i v i t y  fo l low ing  th e  i n i t i a l  d e c l i n e  

r e p r e s e n t s  i n c re a s e d  c e l l u l a r  a c t i v i t y  a s s o c i a t e d  with  t i s s u e  r e p a i r  

p ro c e s s e s .  This  i s  accompanied by th e  appearance  o f  scavenging c e l l s  

which a r r i v e  a t  t h e  e p i t h e l i u m ,  c l e a n in g  and removing t h e  huge mass of  

d eg en e ra t in g  c e l l s  and c e l l  d e b r i s  (Burd,  1979),  s u g g e s t in g  t h a t  t h e  

r e s u l t i n g  ODC a c t i v i t y  i s  l o c a t e d  in th o s e  c e l l s .

In th e  bu lb ,  ODC a c t i v i t y  i n c r e a s e s  3 and 6 h a f t e r  i n t r a n a s a l  

ZnSO^ t r e a t m e n t ,  r e ac h in g  240% o f  c o n t r o l ,  fol lowed  by a d e c l i n e  to  

100% a t  1 day and to  20% a t  3 days .  ODC a c t i v i t y  remained low 9 days
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a f t e r  i r r i g a t i o n  with  ZnSO^, and was s t i l l  very  low (20% o f  c o n t r o l )  54 

days a f t e r  ZnSO^ t r e a tm e n t .

C o lc h ic in e  causes  d i s a g g r e g a t i o n  o f  m i c ro tu b u le s ;  t h e r e f o r e ,  i t  

can i n t e r f e r e  w ith  m i t o t i c  c e l l s  or  w i th  mature nerve c e l l s  which con­

t a i n  l a r g e  numbers o f  m ic ro tu b u le s  (B or isy  and T a y lo r ,  1967; Wilson e t  

a l . ,  1974). I r r i g a t i o n  o f  t h e  o l f a c t o r y  ep i th e l iu m  with  10 mM c o l c h i ­

c in e  caused a d e c re a s e  o f  ODC a c t i v i t y  in  e p i th e l iu m  a t  6 h and 3 days 

a f t e r  t r e a tm e n t  ( t o  70% and 40% o f  c o n t r o l ,  r e s p e c t i v e l y )  [F ig .  3 b ] ,  

fo l lowed by a p r o g r e s s iv e  in c r e a s e  to  85% o f  c o n t ro l  a t  9 days.  An 

i n c r e a s e  o f  ODC a c t i v i t y  was d e t e c t e d  in  th e  o l f a c t o r y  bulb a t  6 h 

and 3 days a f t e r  c o l c h i c i n e  a p p l i c a t i o n  (170% and 350%, r e s p e c t i v e l y ) ,  

fo l lowed  by a d e c l i n e  t o  135% a t  9 days.

C o lc h ic in e - in d u ced  changes in ODC a c t i v i t y  in th e  o l f a c t o r y  e p i ­

the l ium  and bulb resemble the  changes t h a t  were d e t e c t e d  a f t e r  nerve  

s e c t i o n  but  t h e i r  development i s  s lower .  While ODC a c t i v i t y  in e p i t h e ­

l ium had reached  a minimum a t  3 h a f t e r  nerve s e c t i o n  and in c re a s e d  

toward normal l e v e l s  a t  3 days ,  ODC a c t i v i t y  reached  a minimum only  3 

days a f t e r  c o l c h i c i n e  t r e a tm e n t  and approached i t s  o r i g i n a l  l e v e l s  a t  

6-9 days .  This  de layed  e f f e c t  o f  c o l c h i c i n e  on ODC a c t i v i t y  in compar i­

son t o  nerve  s e c t i o n  c o r r e l a t e s  w ith  t h e  de layed  r e t u r n  o f  biochemical  

markers and r e v e r s a l  o f  anosmia d e t e c t e d  a f t e r  c o l c h i c i n e  t r e a tm e n t  

(Margolis  and G r i l l o ,  1978).

T r i to n  X-100 i s  a d e t e r g e n t  which presumably i n t e r a c t s  with the  

c e l l  membranes. The morpholog ical  damage seen a f t e r  i n t r a n a s a l  a p p l i ­

c a t i o n  o f  0.5% T r i to n  X-100 i s  l e s s  d ram at ic  than  a f t e r  t h e  c o l c h i c i n e  

o r  ZnSO^ t r e a t m e n t s  (F.L.  M argo l i s ,  unpubli shed  o b s e r v a t i o n s ) .  The 

reco v e ry  o f  th e  biochemical  and behav io ra l  pa ram ete rs  i s  f a s t e r  a f t e r
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T r i to n  X-100 a p p l i c a t i o n  than a f t e r  c o l c h i c i n e  or  ZnSO^ t r e a t m e n t s  ( th e  

l a t t e r  i s  e s s e n t i a l l y  i r r e v e r s i b l e ) .

The o v e ra l l  e f f e c t  o f  T r i t o n  X-100 t r e a tm e n t  on th e  l e v e l s  o f  ODC 

a c t i v i t y  (F ig .  3c) has a d i f f e r e n t  p a t t e r n  than  th ose  seen a f t e r  c o l c h i ­

c i n e  or  ZnSO^ a p p l i c a t i o n s .  ODC a c t i v i t y  in th e  e p i th e l i u m  d e c l i n e s  

very r a p i d l y ,  i d e n t i c a l  t o  th e  d e c l i n e s  d e t e c t e d  a f t e r  nerve  s e c t i o n ,  

c o l c h i c i n e  o r  ZnSO^ and then  r e t u r n s  to  c o n t ro l  le ve l  very s low ly ,  

reac h ing  about  60% o f  c o n t ro l  a f t e r  9 days .  The a c t i v i t y  o f  ODC in the  

o l f a c t o r y  bulbs d id  not  e x h i b i t  t h e  d ram at ic  i n c r e a s e  t h a t  was d e t e c t e d  

a f t e r  o t h e r  nerve s e c t i o n  t r e a t m e n t s .  In s tead  o f  the  expec ted  i n c r e a s e ,  

a slow d e c re ase  o f  ODC in th e  bulb  was d e t e c t e d ,  r ea c h in g  40% o f  c o n t ro l  

a t  th e  3rd day a f t e r  t r e a tm e n t  and remaining below c o n t ro l  f o r  up to  9 

days.

This  e f f e c t  i s  c o n s i s t e n t  w ith  t h e  assumption t h a t  th e  bulk  o f  th e  

i n c r e a s e  o f  ODC a c t i v i t y  in t h e  bulb  a f t e r  s u r g i c a l  nerve  s e c t i o n  i s  due 

to  g l i a l  c e l l  p r o l i f e r a t i o n .  A minimal l o s s  o f  o l f a c t o r y  bulb weight  

occurs  a f t e r  T r i t o n  X-100 t r e a t m e n t ,  compared to  t h a t  seen a f t e r  ZnSO^ 

(Margolis  .and G r i l l o ,  1978),  sugges t ing  t h a t  th e  e x t e n t  o f  t h e  damage 

and r e s u l t a n t  t i s s u e  r e p a i r  p ro c e s s e s  a r e  l e s s  e x t e n s i v e ,  as  expressed  

by th e  la ck  o f  in c r e a s e  o f  ODC a c t i v i t y  in th e  bulb a f t e r  T r i t o n  X-100 

t r e a tm e n t .

O lfactory  bulbectomy

A t h i r d  way to  induce de g e n e ra t io n  o f  th e  r e c e p t o r  neurons in th e  

o l f a c t o r y  ep i th e l iu m  i s  o l f a c t o r y  bulbectomy ( s u r g i c a l  removal o f  the  

o l f a c t o r y  b u lb ) ,  thus  i t  was im por tan t  to  s tudy  th e  e f f e c t  o f  b u lb e c td -  

my on ODC a c t i v i t y  in th e  o l f a c t o r y  pathway.
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Figure 4 . The e f f e c t  o f  u n ila te ra l bulbectomy on the a c t i v i t y  o f  ODC 

in  the epithelium  ccnd fo reb ra in  from the operated  s id e .  Mice were 

u n i l a t e r a l l y  bulbectomized on the  r i g h t  s i d e ,  and ODC a c t i v i t y  in the  

o l f a c t o r y  ep i th e l iu m  (#) and in a 2-3 mm coronal  s e c t i o n  o f  r o s t r a l  

f o r e b r a i n  (o) was measured a t  3 and 5 h and 1,  3 and 6 days a f t e r  

bulbectomy. O rd ina te :  P e r c e n t  of  change in ODC a c t i v i t y  from opera ted

s id e .  A bsc issa :  Time a f t e r  bulbectomy. Values a r e  from a r e p r e s e n t a ­

t i v e  exper iment o f  nine  mice in  each group assayed in  d u p l i c a t e .
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TABLE 4 .  Effect  o f  bulbectomy on ODC a c t i v i t y  in  o lfac tory  epitheliums bulb}

fo reb ra in  and cerebellum

Trea tment T issue

P ercen t  o f  ODC a c t i v i t y  in c o n t ro l  mice.  
Time a f t e r  o p e r a t i o n .

3 h 5 h 1 day 3 days 6 days

Bulbectomy:

o p e ra t e d Epi thel ium 220 150 95 50- 132
unopera ted Epi thel ium 110 170 63 60 80

rat io*2: 2 0 .89 1.53 0.73 1.6

Bulb 399 385 96 134 85

o p e ra t e d Forebra in 838 661 829 1065 646

unopera ted Forebra in 581 961 207 734 117

r a t i o a : 1.44 0.69 4 1.45 5.5

Cerebellum 227 241 56 128 105

Sham:
o p e ra t e d Epi the l ium 167 136 108 111 113

unopera ted Epi the l ium 128 122 112 105 105

rat io*2 : 1 .3 1.1 0.96 1.1 1 .1

o p e ra t e d Bulb 220 220 215 92 104

unopera ted Bulb 204 157 130 89 81

ratio*2 : 1.1 1.6 1.65 1 1 .3

o p e ra t e d Forebra in 250 286 115 136

unopera ted Forebra in 230 290 93 97

r a t i o a : 1 .1 0.99 1.2 1 .4

Cerebellum 220 250 122 120

Mice were u n i l a t e r a l l y  bulbectomized  on th e  r i g h t  s i d e ,  and ODC measured a t  3 

and 5 h and 1, 3 and 6 days a f t e r  bulbectomy. Each va lue  r e p r e s e n t s  the  average 

o f  d u p l i c a t e  a s s a y s  from groups o f  nine  mice.

a These va lues  r e p r e s e n t  th e  r a t i o  o f  ODC a c t i v i t y  in  the  o p e ra t e d  s id e  to  t h a t  

in the  unopera ted  s i d e  o f  u n i l a t e r a l l y  bulbectomized  mice.
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At severa l  t imes  a f t e r  u n i l a t e r a l  bulbectomy ODC a c t i v i t y  was 

measured in th e  e p i th e l i u m  on th e  c o n t ro l  and s u r g i c a l l y  t r e a t e d  s i d e s ,  

as  well as  in the  remain ing bulb  and in th e  f o r e b r a i n  and cerebe llum .

The a c t i v i t y  o f  ODC in th e  o l f a c t o r y  e p i th e l i u m  on th e  o p e ra ted  s id e  

i n c re a s e d  s h a r p ly  a f t e r  bulbectomy (Table 4 and Fig. 4) and was 250% 

o f  c o n t ro l  a t  3 h. T h e r e a f t e r ,  t h e  a c t i v i t y  o f  ODC in o l f a c t o r y  e p i ­

the l ium  s lowly  d e c l in e d  to  50% o f  c o n t ro l  by 3 days .  On th e  6 th  day,

ODC a c t i v i t y  in th e  e p i th e l iu m  had r e tu r n e d  to  c o n t ro l  v a lu e s .  This  

was c l e a r l y  a d i f f e r e n t  p a t t e r n  from t h a t  seen a f t e r  o l f a c t o r y  nerve  

s e c t i o n  (F ig .  2 ) .

ODC a c t i v i t y  in th e  c o n t r a l a t e r a l  o l f a c t o r y  bulb  was 400% o f  con­

t r o l  a t  3 and 5 h a f t e r  bulbectomy. This was fo l lowed by a r a p id  de­

c l i n e  to  c o n t ro l  v a lues  f o r  th e  ba lance  o f  th e  exper iment .

Removal o f  th e  o l f a c t o r y  bulb  r e s u l t s  de f a c t o  in a c e r t a i n  amount 

o f  damage o r  l e s i o n  to  th e  f o r e b r a i n ,  to  which i t  i s  connec ted  both 

n e u r a l l y  and m ech an ic a l ly .  T h e re fo re ,  we a l s o  s tu d i e d  th e  e f f e c t  o f  

bulbectomy on ODC a c t i v i t y  in t h i s  b r a in  r e g io n .  ODC was measured in 

t h e  r o s t r a l  f o r e b r a i n  and i t s  a c t i v i t y  waa found to  i n c r e a s e  d r a m a t i c a l ­

l y  to  800% o f  c o n t r o l  3 h a f t e r  bulbectomy, r eac h in g  a maximum o f  1000% 

a f t e r  3 days and remain ing in excess  o f  600% a t  6 days a f t e r  t r e a tm e n t .  

This  p a t t e r n  resembles  th e  in c r e a s e  o f  ODC a c t i v i t y  t h a t  was induced 

in  th e  o l f a c t o r y  bulb  a f t e r  s u r g i c a l  nerve  s e c t i o n  and presumably i s  an 

" i n j u r y  re sponse"  r e l a t e d  to  g l i o s i s  and r e p a i r .  To t e s t  whether  t h i s  

r e sponse  was e x h i b i t e d  th roughou t  t h e  CNS, ODC a c t i v i t y  was measured in 

t h e  ce rebe l lum  a f t e r  bulbectomy and in th e  o l f a c t o r y  bu lb ,  f o r e b r a i n  

and ce rebe l lum  o f  sham-opera ted  mice.  The changes in ODC a c t i v i t y  in 

t h e s e  b r a in  r eg io n s  a r e  o f  th e  magnitude o f  a tw o- fo ld  b i l a t e r a l
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i n c r e a s e  a t  3 and 5 h a f t e r  t r e a tm e n t ,  with  no s i g n i f i c a n t  d i f f e r e n c e  

between the  opera ted  s ide  and the  unopera ted  s id e .  T h e re fo re ,  a change 

o f  t h i s  magnitude in ODC a c t i v i t y  o f  bulbectomized mice was not  con­

s id e r e d  to  be a s i g n i f i c a n t  e f f e c t  o f  bulbectomy. The response o f  ODC 

a c t i v i t y  in  th e  remaining o l f a c t o r y  bulb i s  due e i t h e r  to  unintended  

trauma o r  i s  a response  to  t h e  d i s r u p t i o n  o f  anatomical  pathways which 

pass between th e  two bulbs v i a  th e  a n t e r i o r  commissure.

E ffe c t o f  asparagine on ODC a c t i v i t y

Asparagine was r e p o r t e d  by Chen and C an e l lak i s  (1977) to  cause an 

in c re a s e  o f  growth r a t e  o f  neura l  c e l l  c u l t u r e s  t h a t  was preceded by 

in duc t ion  o f  ODC a c t i v i t y  in th ose  c e l l s .  Several  o th e r  s t u d i e s  de­

s c r ib ed  the  use o f  enzyme a sp a ra g in a s e  (summarized by C a lab res i  and 

P arks ,  1975) a s  a c a r c i n o s t a t i c  ag en t .  These f in d in g s  led  us to  study  

the  e f f e c t  o f  a s p a ra g in e  on ODC as a p o s s i b l e  growth signal  or  growth 

r e g u l a t o r  o f  the  r e c o n s t i t u t i n g  o l f a c t o r y  e p i th e l iu m .

O lf a c to ry  e p i th e l iu m  was incuba ted  in v i t r o  in the  presence  and 

absence o f  a s p a ra g in e .  At t h e  end o f  th e  incuba t ion  p e r io d ,  ODC a c t i ­

v i t y  in the  t i s s u e  was measured.  The inc u b a t io n  o f  t h e  o l f a c t o r y  e p i ­

the l ium in v i t r o  in th e  presence  o f  a s p a ra g in e  (10 mM f o r  4 h a t  37°C) 

r e s u l t e d  in  a tw o-fo ld  in c r e a s e  in ODC a c t i v i t y  compared to  con t ro l  

ep i th e l iu m  t h a t  was incuba ted  w i thou t  a s p a ra g in e .  ODC a c t i v i t y  in the  

incuba ted  c o n t ro l  was e l e v a t e d  as compared to  the  non- incuba ted  e p i ­

the l ium.  Incuba t ion  in th e  presence  of  both a sp a rag in e  and 1.7% goat  

serum r e s u l t e d  in  a t h r e e - f o l d  i n c r e a s e  in ODC a c t i v i t y  (F ig .  5a) .  

However, when th e  e f f e c t  o f  a sp a rag in e  was measured in ep i the l ium  a f t e r  

bulbectomy, th e  in d u c t io n  o f  ODC by a s p a rag in e  was reduced and amounted
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Figure 5 . E ffe c t o f  asparagine and serum on ODC a c t i v i t y  in  ep ithelium  

and i t s  r e la t io n  to  bulbectom y . (a)  Mouse o l f a c t o r y  e p i th e l iu m  was

incuba ted  in  th e  p resence  or  absence o f  10 mM as p a ra g in e  (A), 1.7% 

goat  serum (S^) or  7% goa t  serum (S^) and t h e i r  combinations  (S^ + A 

and + A) a t  37°C f o r  4 hr  and ODC a c t i v i t y  measured in d u p l i c a t e  

(n = 3 ) .  All t r e a tm e n t s  were s t a t i s t i c a l l y  d i f f e r e n t  from c o n t r o l ,  

with  p <0.01 f o r  serum and a s p a r a g i n e  and p <0.001 f o r  o t h e r  t r ea tments ,  

(b) Bulbectomized (Bx) mice compared to  c o n t ro l  mice incuba ted  a t  37°C 

f o r  4 h in  th e  p resence  and absence  o f  1.7% serum and 10 mM as p a ra g in e  

(S^ + A). Epi the l ium from bulbectomized  mice was from the  ope ra ted  

s id e .
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t o  on ly  177% 1 day a f t e r  bulbectomy as compared to  333% in c o n t r o l .

The e f f e c t  o f  a s p a ra g in e  was no t  s i g n i f i c a n t l y  d i f f e r e n t  from c o n t ro l  

(a 286% in c re a s e )  3 days a f t e r  bulbectomy (F ig .  5b).  This  sugges t s  

t h e  e x i s t e n c e  o f  two p o p u la t io n s  o f  a s p a ra g in e  s e n s i t i v e  ODC a c t i v i t y ,  

one o f  which i s  p r e f e r e n t i a l l y  a f f e c t e d  a t  s h o r t  t imes a f t e r  bulbectomy. 

Whether t h i s  i s  due to  d i f f e r e n t i a l  in d u c t io n  or  d i f f e r e n t i a l  s t a b i l i z a ­

t i o n  i s  unknown (Chen and C a n e l l a k i s ,  1977).



DISCUSSION

ODC a c t i v i t y  has been s tu d i e d  in mice a f t e r  t r e a tm e n t s  inducing 

chemoreceptor neuron d e g e n e ra t io n  fo l lowed  by r e g e n e r a t i o n  in  t h e  o l f a c ­

t o r y  e p i th e l iu m  and accompanying remodeling in t h e  o l f a c t o r y  bulb.  The 

e f f e c t  o f  a s p a ra g in e  on ODC was i n v e s t i g a t e d  in o rd e r  to  reach  a b e t t e r  

unde r s tan d in g  o f  th e  biochemical  e v e n t s  o cc u r r in g  in  th e  o l f a c t o r y  s y s ­

tem dur ing  r e g e n e r a t i o n .

ODC a c t i v i t y  in th e  o l f a c t o r y  bulb and e p i th e l i u m  i s  much h ighe r  

than  i s  seen in  o th e r  neura l  t i s s u e s  a t  a l l  ages t e s t e d .  Although a 

s i m i l a r  p a t t e r n  o f  p o s t  weaning d e c l i n e  i s  seen in  seve ra l  r a t  t i s s u e s ,  

th e  o l f a c t o r y  t i s s u e s  p l a t e a u  t o  much h ig h e r  f i n a l  l e v e l s  and a t  l a t e r  

ages than  do e i t h e r  ce rebe l lum  o r  hippocampus, two r eg io n s  which a l s o  

e x h i b i t  p o s tn a t a l  c e l l u l a r  m u l t i p l i c a t i o n  (Altman,  1969; Kaplan and 

Hinds,  1977).

The o l f a c t o r y  e p i t h e l i u m ,  which i s  a unique neural  t i s s u e  under ­

going con t inuous  neuronal  r e g e n e r a t i o n ,  was expected  to  e x h i b i t  high 

l e v e l s  o f  ODC a c t i v i t y  based on th e  f i n d i n g s  in many o t h e r  r e g e n e ra t i n g  

systems (Snyder e t  a l . ,  1970; R u s s e l l ,  1973). The CNS, on th e  o t h e r  

hand,  i s  a n o n - r e g e n e ra t in g  system and t h e r e f o r e  was expec ted  to  have 

very  low ODC a c t i v i t y  in comparison to  o l f a c t o r y  e p i th e l i u m .  Our ob­

s e r v a t i o n  t h a t  ODC in mouse o l f a c t o r y  e p i th e l iu m  i s  10-20 t imes h ighe r  

than  th o se  o f  a l l  CNS r e g io n s  t e s t e d  i s  c o n s i s t e n t  with  t h i s  view, a l ­

though th e  s i m i l a r l y  high a c t i v i t y  in  t h e  o l f a c t o r y  bulb was unexpected.

The d i s t r i b u t i o n  o f  ODC a c t i v i t y  among stem c e l l s ,  d i f f e r e n t i a t ­

ing c e l l s  and mature c e l l s  in  p r o l i f e r a t i n g  or  r e g e n e ra t i n g  t i s s u e s  i s  

s t i l l  an unreso lved  problem. Our o b s e r v a t i o n s  in  the  o l f a c t o r y  e p i -
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t he l ium  show t h a t  ODC a c t i v i t y  d e c l in e d  whenever d e g e n e ra t io n  o f  mature 

r e c e p t o r  neurons was induced e i t h e r  by nerve  s e c t i o n ,  bulbectomy o r  by 

chemical t r e a t m e n t s .

ODC i s  c o n s id e re d  to  be a very  s e n s i t i v e  marker o f  growth r a t e ,  

having a h a l f  l i f e  o f  11-15 min ( R u s s e l l ,  1973) and responding  very  

r a p i d l y  to  changes in c e l l u l a r  envi ronment .  T h e re fo re ,  th e  f a l l  o f  

ODC a c t i v i t y  a f t e r  th e  above t r e a t m e n t s ,  but p r i o r  to  t h e  appearance  

o f  any d e g e n e r a t i v e  changes in th e  r e c e p t o r  c e l l s ,  s u g g e s t s  t h a t  about  

50% o f  the  ODC a c t i v i t y  in th e  o l f a c t o r y  e p i th e l i u m  i s  compartmented 

w i th in  the  mature o r  matu r ing  r e c e p t o r  neurons .  This  unexpected 

a s s o c i a t i o n  o f  ODC with  mature c e l l s  o f  r a p i d l y  p r o l i f e r a t i n g  e p i t h e ­

l ium was a l s o  observed  in t h e  small i n t e s t i n a l  mucosa, where ODC a c t i ­

v i t y  i n c re a s e d  as c e l l s  m ig ra ted  o u t  o f  t h e  c r y p t  (Bay! in e t  a l . ,  1978).  

A dd i t iona l  su p p o r t  f o r  t h i s  hy p o th e s i s  i s  d e r iv e d  from th e  mixing ex­

p e r im en ts ,  where no i n h i b i t o r  a c t i v i t y  could  be d e t e c t e d  in t h e  e p i ­

the l ium  a f t e r  nerve  s e c t i o n .  T h e re fo re ,  i t  i s  p robab le  t h a t  th e  l o s s  

o f  ODC a c t i v i t y  d id  not  r e s u l t  from the  r e l e a s e  o f  i n h i b i t o r  by one 

ty pe  o f  c e l l s  (mature n eu ro n s ) ,  which i n h i b i t s  th e  ODC a c t i v i t y  in th e  

o t h e r  (stem c e l l s ) ,  but  r a t h e r  r e s u l t e d  from l o s s  o f  th e  enzyme a c t i ­

v i t y  i t s e l f  from r e c e p t o r  c e l l s  d e s t i n e d  to  d e g e n e ra te .  Our s t u d i e s  

o f  a s p a ra g in e  e f f e c t s  on ODC a c t i v i t y  a r e  c o n s i s t e n t  w i th  t h e  e x i s t e n c e  

o f  two p o p u la t io n s  o f  ODC a c t i v i t i e s .  One which may be in  t h e  mature 

neuron i s  more s e n s i t i v e  to  a s p a ra g i n e  and i s  l o s t  a f t e r  bulbectomy, 

whi le  t h e  second which i s  l e s s  a s p a ra g i n e  s e n s i t i v e  and remains a f t e r  

bulbectomy may be in  th e  basal  c e l l s .  Th is  hy p o th e s i s  must be sub­

s t a n t i a t e d  th rough a d d i t i o n a l  s t u d i e s  us ing  immunochemical methods t o  

de te rm ine  th e  c e l l u l a r  l o c a l i z a t i o n  and le ve l  o f  enzyme p r o t e i n .
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Our r e s u l t s  in the  o l f a c t o r y  pathway a r e  in c o n t r a s t  to  th e  

e f f e c t s  o f  r e g e n e ra t io n - i n d u c in g  t r e a tm e n t s  in o th e r  t i s s u e s  ( l i v e r ,  

t h y r o i d ,  u t e r u s  and a d re n a l s  [ R u s s e l l ,  1973]) ,  which a r e  r e p o r t e d  to  

cause a f i v e -  to  f i v e  hundred-fo ld  i n c r e a s e  o f  ODC a c t i v i t y .  This  

d i f f e r e n c e  in  response  o f  ODC a c t i v i t y  to  induc t ion  o f  r e g e n e ra t i o n  may 

be r e l a t e d  t o  t h e  f a c t  t h a t  the  o l f a c t o r y  ep i th e l iu m  i s  a c o n t i n u a l l y  

re g e n e ra t in g  t i s s u e  (Moulton,  1974),  which e x h i b i t s  very  high b a s e l i n e  

l e v e l s  of  ODC a c t i v i t y ,  as  compared to  th e  t i s s u e s  noted above.  This 

im plie s  t h a t  th e  l e v e l  of  ODC a c t i v i t y  in the  stem c e l l s  i s  s u f f i c i e n t  

to  suppor t  the  c e l l  rep lacement  o c cu r r in g  a f t e r  nerve s e c t i o n ,  as  i t  

suppor ts  th e  normal co n t in u a l  r e g e n e ra t i o n  process  in the  o l f a c t o r y  

ep i th e l iu m .  T he re fo re ,  t h e r e  may n o t  be a need f o r  spec ia l  induc t ion  

of  ODC in t h i s  t i s s u e  when exper imenta l  r e g e n e ra t i o n  i s  induced.  Gra- 

z i a d e i  and Monti-Graziadei  (1978) ,  Monti-Graziadei  and Graz iade i  (1979) 

and Graziadei  and Okano (1979),  in c o n t r a s t ,  r e p o r t  a l a rg e  i n c re a s e  

in m i t o t i c  a c t i v i t y  a f t e r  nerve s e c t i o n  in the  f r o g ,  mouse and pigeon.  

Our da ta  imply t h a t  normal mechanisms o f  stem c e l l  p r o l i f e r a t i o n  and 

d i f f e r e n t i a t i o n  a r e  being used to  r e p l a c e  th e  degenera ted  neurons ,  and 

t h a t  e l e v a t i o n  o f  ODC a c t i v i t y  beyond normal i s  no t  r e q u i r e d .  Fu r the r  

s u b s t a n t i a t i o n  o f  t h i s  theo ry  would be dependent  upon immunohistochemi- 

cal  l o c a l i z a t i o n  o f  ODC in  o l f a c t o r y  e p i th e l i u m ,  p e rm i t t in g  d i r e c t  

moni to r ing  o f  c e l l s  which c o n ta in  ODC and o f  th e  c e l l u l a r  response  of  

ODC c e l l s .

An i n t e r e s t i n g  phenomena t h a t  has been observed in the  o l f a c t o r y  

pathway i s  the  high a c t i v i t y  o f  ODC in  o l f a c t o r y  bulb and the  e l e v a t i o n  

of  ODC a c t i v i t y  in the  o l f a c t o r y  bulb a f t e r  nerve s e c t i o n  or  c o l c h i c i n e  

a d m in i s t r a t i o n  and a t  s h o r t  t imes a f t e r  ZnS04 t r e a tm e n t .  S im i l a r l y ,
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t h e r e  i s  a mass ive i n c r e a s e  in  f o r e b r a i n  ODC a c t i v i t y  fo l low ing  bu lbec ­

tomy. The high a c t i v i t y  o f  ODC in normal o l f a c t o r y  bulb cannot  be 

r e l a t e d  to  r a p i d  c e l l  t u r n o v e r ,  s in c e  on ly  very  slow c e l l u l a r  p r o l i f e r ­

a t i o n  was d e t e c t e d  in  th e  g lom eru la r  l a y e r  (Kaplan and Hinds, 1977).  

However, t h i s  a c t i v i t y  may be r e l a t e d  to  th e  r e s t r u c t u r i n g  o f  d e n d r i t e s  

o f  m i t r a l ,  t u f t e d  and s h o r t  axon p e r ig l o m e r u l a r  c e l l s  t h a t  a r e  con­

t i n u o u s l y  lo s in g  old  i n p u t s  from e p i th e l i u m  and r e c e iv in g  new i n p u t s .

The s e v e r a l - f o l d  in c re a s e  o f  ODC a c t i v i t y  in  the  bulb  o f  the  

ope ra ted  s ide  a f t e r  nerve  s e c t i o n  fo l low s  very  c l o s e l y  t h e  t ime course  

o f  the  appearance  and d i sap p ea ran ce  of  scavenging g l i a l  c e l l s  in  th e  

bulb (G raz iade i  and M o n t i -G ra z i a d e i , 1978),  and presumably t h e  same i s  

t r u e  in th e  f o r e b r a i n  fo l low ing  bulbectomy. S im i la r  o b s e r v a t i o n s  have 

been noted by G. Jancso  (1978).  T h e r e f o re ,  th e s e  responses  a r e  most 

l i k e l y  due to  a s t r e s s  o r  i n j u r y  re sponse  r e l a t e d  to  g l i a l  p r o l i f e r a ­

t i o n  and d e n d r i t i c  remode ling.

The high l e v e l s  o f  ODC a c t i v i t y  we have observed in  o l f a c t o r y  

ep i th e l iu m  and bulb  compared to  o t h e r  b r a in  r e g i o n s ,  coupled  with  t h e  

d i f f e r e n t i a l  l i f e  span o f  p u t r e s c i n e  and th e  ami nopropyl p o r t i o n s  o f  

polyamines in  b ra in  as re p o r te d  by Antrup and S e i l e r  (1980),  sugges t  

t h a t  a s tudy  o f  th e  a c t i v i t y  o f  S-adenosy lm eth ion ine  deca rboxy lase  and 

of  polyamine tu rn o v e r  in o l f a c t o r y  t i s s u e s  befo re  and a f t e r  l e s i o n  

would c o n t r i b u t e  t o  our  und e r s tan d in g  o f  t h e  r o l e  o f  ODC.

In c o n c lu s io n ,  we have demonst ra ted  un u s u a l ly  high  l e v e l s  o f  ODC 

a c t i v i t y  in the  o l f a c t o r y  e p i th e l iu m  and bu lb ,  cons ide re d  the  p o s s i b l e  

r o l e  o f  ODC in t h i s  t i s s u e  and shown the  re sponse  o f  t h i s  enzyme to  a 

v a r i e t y  o f  l e s i o n s  o f  th e  o l f a c t o r y  pathway.  In t h e  o l f a c t o r y  e p i t h e ­

l ium, th e  response  o f  ODC i s  c o n s i s t e n t  w i th  an absence o f  d ram a t ic
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m i t o t i c  s t i m u l a t i o n  fo l lowing  c e n t r a l  l e s i o n s ,  w hi le  in  th e  bu lb ,  a 

r o l e  a s s o c i a t e d  with  te rm ina l  remodeling  a nd /o r  g l i o s i s  seems probab le .
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ABSTRACT

The membrane p o t e n t i a l  of  o l f a c t o r y  bulb synaptosomal f r a c t i o n s  was
+ 2

monitored with the  l i p o p h i l i c  c a t i o n  te tr aphenylphosphonium (TPP ) , which 

has been r ep o r te d  to  d i s t r i b u t e  ac ross  membranes accord ing  to the  Nernst  equa­

t i o n .  The p r o p e r t i e s  o f  th e  synaptosomal membrane p o t e n t i a l  as  monitored 

with  TPP+ were s i m i l a r  to  those  r e p o r t e d  f o r  neura l  t i s s u e s  us ing o th e r  

measurement te ch n iq u es .  There i s  an e l e c t r i c a l  p o t e n t i a l  (at) of  -64 mV and 

-77 mV in the  P  ̂ and P^  synaptosomal f r a c t i o n s ,  r e s p e c t i v e l y .  This 

p o t e n t i a l  i s  due p r i m a r i l y  t o  the  K+ d i f f u s i o n  g r a d i e n t  ac ross  the 

synaptosomal membrane.

The in f lu en ce  of  ouabain on TPP+ accumula t ion in d i c a t e s  t h a t  the  

Na+ ,K+-ATPase e l e c t r o g e n i c i t y  c o n t r i b u t e s  about  -20 mV to  the  r e s t i n g  

synaptosomal membrane p o t e n t i a l .  V e ra t r i d in e  induced a d e c l in e  in TPP+ 

accumula t ion ,  which was blocked by t e t r o d o t o x i n  or  by the  omission of  NaT 

from the  medium.

A s i g n i f i c a n t  m i tochondr ia l  c o n t r i b u t i o n  t o  TPP+ accumulat ion was ob­

s e rved ,  which v a r ie d  as a complex f u n c t io n  of  TPP+ c o n c e n t r a t i o n  in the 

medium in a manner i n d i c a t i n g  t h a t  TPP+ i n t e r f e r e d  with maintenance of mi to ­

chond r ia l  p o t e n t i a l .  This m i tochondr ia l  c o n t r i b u t i o n  could be e l im in a ted  

by performing the  experiments  a n a e r o b i c a l l y  in the  presence  of  ol igomycin.

The r e s u l t s  are d i scussed  with r e l a t i o n  to  the  f u t u r e  p o s s i b l e  use of  TPP+ 

f o r  AT measurements in synaptosomal p r e p a r a t i o n s .
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INTRODUCTION

Nerve endings  ( synap tosomes) , p repared  by homogenizat ion of  b ra in  

t i s s u e  under c o n d i t io n s  o f  moderate shear  ( f o r  review; see  W hi t take r ,  

1969),  a re  an im por tan t  jn_ v i t r o  system f o r  th e  s tudy  of  processes  

a s s o c i a t e d  with  b ind ing ,  up take ,  metabolism and r e l e a s e  of  

n e u r o t r a n s m i t t e r s  (Cotman e t  a l . ,  1976; f o r  rev iew, see B a ld e s s a r in i  and 

Karobath,  1973 and Levi and R a i t e r i ,  1976).  Such p r e p a r a t i o n s  have been 

shown to  r e t a i n  many of  the  me tabolic  (Bradford ,  1969 and 1975), osmotic 

(White and Keen, 1970; Keen and White, 1971) and morphological  p r o p e r t i e s  

of  th e  neura l  t i s s u e  of o r i g i n  and to  c on ta in  one or  more mi tochondr ia  

(W hi t take r ,  1969).  In a d d i t i o n ,  synaptosomes possess  ex t remely  a c t i v e  

ion t r a n s p o r t  systems (Li and White,  1977),  which m ain ta in  s e l e c t i v e  

d i s t r i b u t i o n  of  Na , K and Cl ac ro ss  the  synaptosomal membrane 

(Campbell,  1976).

An impor tan t  ques t ion  t h a t  has to  be addressed  i s :  Do synaptosomes

main ta in  a AY which r e g u l a t e s  and i s  r e g u la t e d  by o th e r  components in a 

normal manner so as to  p rovide  a model system to  s tudy  neuronal  func t ion?  

However, measurement of  changes in synaptosomal membrane p o t e n t i a l  (ay) 

a s s o c i a t e d  with  th e  above p rocesses  cannot  be performed by d i r e c t  

e l e c t r o p h y s i o l o g i c a l  t e c h n iq u e s .  Evalua tion  of  th e  synaptosomal plasma 

membrane ay by moni to r ing  changes in cyanine dye f l u o r e s c e n c e  (B la u s te in  

and Goldr ing,  1975; Ng and Howard, 1978; Sen and Cooper, 1978) or 

c a l c u l a t i o n s  based on the  Na+ , K+ and Cl" d i s t r i b u t i o n  across  the  

synaptosomal membrane (Campbell,  1976) or the  d i f f u s i o n  p o t e n t i a l  o f  Rb+ 

( S c o t t  and N ic h o l l s ,  1979 and 1980) each s u f f e r  from d i f f e r e n t  problems 

(Sims e t  a l . ,  1974; Simons, 1976; K inna l ly  and Tedeschi ,  1977; Krasne,  

1977; Montecucco e t  a l . ,  1979; Hansson e t  a l . ,  1980).
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The r a d i o a c t i v e  permeant l i p o p h i l i c  c a t i o n s  such as m e th y t r ip h en y l -  

phosphonium (TPMP+ ) and te traphenylphosphonium (TPP+) have been used to  

measure membrane p o t e n t i a l  in m i tochondr ia  (G r in iu s  e t  a l . ,  1970) and 

b a c t e r i a  and b a c t e r i a l  v e s i c l e s  (H. R. Kaback, persona l  communication) 

and r e c e n t l y  a l s o  in in t rasynap tosomal  mi tochondr ia  ( S c o t t  and N ic h o l l s ,  

1979 and 1980), neuroblastoma glioma hybr id  c e l l s  ( L i c h t s t e i n  e t  a l . ,

1979) and guinea pig  synaptosomes (Ramos e t  a l . ,  1979; Crevel ing  e t  a l . ,

1980).

In the p r e s e n t  paper ,  we have c r i t i c a l l y  ev a lu a te d  the  u t i l i t y  of  

3 +[ H1TPP f o r  s tudy ing  the  membrane p o t e n t i a l  p r o p e r t i e s  of mammalian 

synaptosomal p r e p a r a t i o n s .  In p a r t i c u l a r ,  we have s tu d ie d  p r e p a r a t i o n s  

from r a t  o l f a c t o r y  bu lbs .  This  is a b ra in  a rea  r i c h  in d e n d ro d e n d r i t i c  

synapses (Shepherd,  1977; Kornguth e t  a l . ,  1979; Quinn and Cagan, 1980), 

and about  which we have r e c e n t l y  lea rned  a g r e a t  deal  r eg a rd in g  the  

occurrence  and d i s t r i b u t i o n  of  n e u r o t r a n s m i t t e r s  and n e u r o t r a n s m i t t e r -  

r e l a t e d  b iochem is t ry  (Nadi e t  a l . ,  1980a and 1980b; f o r  rev ie ws ,  see 

M argo l i s ,  1974 and 1980).
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MATERIALS AND METHODS

3 +[H]TPP (2 .5  Ci/mmol) was generous ly  supp l ied  by Dr. H.R. Kaback 

(Roche I n s t i t u t e  of  Molecular  Biology,  Nutley ,  New J e r s e y ) .  TPP+ bromide 

was purchased from K & K L a b o ra to r i e s  (P la inv iew,  New York).  V e r a t r i d in e  

was from Sigma Chemical Co. (S t .  Louis,  M is s o u r i ) .  T e t ro d o to x in ,  ouabain,  

ol igomycin and carbonyl-cyan ide -m-ch lo rophenyl  hydrazone (CCCP) were p u r ­

chased from Calbiochem (La J o l l a ,  C a l i f o r n i a ) .  The r a d i o a c t i v e  

compounds: (0.1 C i / g ) ,  [methoxy-^Cl i n u l i n  (15.0  mCi/g) ,  [1-

^ C ] S - a l a n i n e  (55 mCi/mmol), (3,5-^Hl (Ring) t y r o s i n e  (53.2  Ci/mmol) ,  L l -  

^ C l g l u t a m a t e  (23 mCi/mmol), [^H-methyl]diazepam (39.1 Ci/mmol), t^H-(N)-
O

methyleneImuscimol (12.1 Ci/mmol) and [1-p h e n y l -4 -  H ]sp i ro p e r id o l  (26 .4  

Ci/mmol) were a l l  from New England Nuclear  (Boston,  M assa chuse t t s ) .  The 

fo l low ing  were ob ta ined  from Amersham Corpora t ion  (A r l ing ton  Heigh ts ,  

I l l i n o i s ) :  [1 , 7 , 8 ( N ) - 3HIdihydromorphine (81 Ci/mmol) and [3 -3H]DL-

q u in u c l id i n y l  b e n z i l a t e  (13 and 16 Ci/mmol). [^HjCarnosine was syn the-  

s i z e d  in t h i s  l a b o ra to ry  from [3- H(N)l!3-alanine (36 Ci/mmol) ob ta ined  

from New England Nuclear  and un labe led  L - h i s t i d i n e  us ing the 

method of  Hirsch e t  a l .  (1978),  d e sc r ibe d  p r e v io u s l y .  All o th e r  chemica ls  

used were of  a n a l y t i c a l  grade.

O l f a c to ry  bulbs were ob ta ined  from inbred WKY r a t s  r a i s e d  in a germ- 

f r e e  colony a t  Hoffmann-La Roche Inc.  (Nut ley,  New J e r s e y ) .  Two- to  

three-month old  female r a t s  were s a c r i f i e d  by exsangu ina t ion  fo l lowing  

C0£ a s p h y x ia t io n ,  and the  o l f a c t o r y  bulbs were r a p i d l y  removed and placed 

on i c e .

Synaptosomal P rep a ra t io n

O l fac to ry  bulbs were homogenized (accord ing  to  Hajos e t  a l . ,  1974; as 

adapted by K e l l e r ,  1975) in 10 volumes of 0.32 M s uc rose ,  1 mM MgSOa and
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5 mM HEPES-Tris (pH 7.4)  by 50 s t r o k e s  with  a Dounce homogenizer  (Kontes)  

(HQ) fo l lowed  by s e q u e n t i a l  f i l t r a t i o n  through 1000, 210 and 70 mM mesh 

nylon b o l t i n g  c l o t h  (H-j), with  subsequent  c e n t r i f u g a t i o n  a t  1000 x g f o r  1 

min t o  y i e l d  a p e l l e t  (PQ) and a s u p e r n a t a n t  (SQ) .  SQ was r e c e n t r i f u g e d  

a t  1000 x g f o r  10 min t o  give  p e l l e t  P^ and s u p e rn a t a n t  S-j. was then 

c e n t r i f u g e d  a t  14,500 x g f o r  20 min t o  g ive  p e l l e t  P2 and f i n a l  

s u p e r n a t a n t  S2 . The p e l l e t s  were g e n t l y  resuspended in 1 ml of  homogeni­

z a t i o n  medium f o r  each gram of  s t a r t i n g  m a t e r i a l .

Synaptosomal C h a r a c t e r i z a t i o n

Synaptosomal f r a c t i o n s  were p repared  f o r  e l e c t r o n  microscopy accord ­

ing t o  a m o d i f i c a t i o n  of  the  method of  Cotman and Flansburg  (1970) by 

f i x a t i o n  with 1% osmium t e t r o x i d e  in Beem c a p s u le s ,  dehydra t ion  with 

i n c r e a s i n g  c o n c e n t r a t i o n s  of  ace tone  and embedding in Epon 812. Embedded 

p e l l e t s  (1 mm t h i c k )  were s e c t i o n e d  in a p lane  p e rp e n d i c u la r  t o  t h e  ax is  

of  c e n t r i f u g a t i o n  in o rd e r  t o  be ab le  to  e v a l u a t e  a l l  t h e  components of  

t h e  f r a c t i o n .

To moni tor  th e  d i s t r i b u t i o n  of  newly s y n th e s iz e d  c a rn o s in e  in the

synaptosomal f r a c t i o n s ,  animals were s u b je c t e d  t o  i n t r a n a s a l  lavage with

25 uCi [ l - ^ C ] S - a l a n i n e  on th e  evening b e fo re  d e a th .  The synaptosomal 
14[ C ]ca rnos ine  c o n te n t  was determined as d e s c r ib e d  p r e v io u s l y  by Margolis

and G r i l l e  (1977) .  Carnosine  was determined c h em ica l ly  as t h e  f l u o r e s c e n t

2-m ethoxy-2 ,4 -d ipheny l -3 (2J l ) - fu ranone  (MDPF) d e r i v a t i v e  e s s e n t i a l l y  as

p r e v i o u s l y  d e s c r ib e d  (Wideman e t  a l . ,  1978) but  us ing  an i s o c r a t i c  r a t h e r

than  s tepw ise  e l u t i o n  p rocedu re .  Glutamate deca rboxy lase  a c t i v i t y  was
14 14moni tored as t h e  r e l e a s e  of  C02 from [1- C]g lu tamate  accord ing  to  

Baxter  (19 7 2 )as modif ied by Margol is  e t  a l .  (1974).  Tyros ine hydroxylase

93



3
a c t i v i t y  was ev a lu a te d  by moni to r ing  th e  format ion  of  [ HJI^O, r e s u l t i n g  

from hydroxy la t ion  of  3 , 5 [ H ] t y r o s i n e  as d i scussed  by Nadi e t  a l .  (1980b).

Binding s i t e s  f o r  th e  l igands  s p i r o p e r id o l  (S P I) ,  dihydromorphine 

(DHM), q u in u c l id i n y l  b e n z i l a t e  (QNB), diazepam (DZ), muscimol and 

ca rn o s in e  were assayed as p r e v io u s l y  d esc r ibed  by Nadi e t  a l .  (1980a).

DNA c on ten t  was determined accord ing  t o  Burton (1956) ,  and p r o t e i n s  

were e s t im a ted  by th e  dye b inding  method of  Sedmak and Grossberg (1977) 

with BSA as s t a n d a rd .  In s o lu b le  p r o t e i n s  were d i s s o lv e d  in a small volume 

of formic ac id  and d i l u t e d  f o r  as say  so t h a t  th e  f i n a l  c o n c e n t r a t i o n  of  

formic acid  in the  r e a c t i o n  mixtu re  was one p e r c e n t .

[ 3H]TPP+ Accumulation

Synaptosomal f r a c t i o n s  P-j and were i n d i v i d u a l l y  resuspended in 

homogenizat ion medium and 10 yl a l i q u o t s  co n ta in in g  50-120 y g  p r o t e i n  were 

incubated  a t  37°C f o r  5 min in 200 y l  of e i t h e r  low K+ medium: 121.5 mM

NaCl + 5 mM KC1, or high K+ medium: 121.5 mM KC1 + 5 mM NaCl o r  cho l ine

medium, 121.5 mM ch o l in e  c h l o r i d e  + 5 mM KC1. In a d d i t i o n ,  a l l  the

incuba t ion  media con ta ined  0.25 yCi of  5 yM [3H]TPP+, 0 .8  mM MgSO^, 1.8 mM 

C a C ^ ,  1 mM sodium phosphate ,  5 .5  mM glucose  and 45 mM HEPES b u f fe red  with 

t r i s  base to  pH 7 .4 .  All in c u b a t io n s  were in a i r  un le ss  o the rwise  

i n d i c a t e d .  A l t e r a t i o n s  in incuba t ion  t ime,  a d d i t i v e s  and composit ion of  

th e  medium w i l l  be s p e c i f i e d  as a p p r o p r i a t e .  Incubat ion  was stopped by 

th e  ad d i t io n  of  2.5 ml of  cold 0 .8  M NaCl and immediate r a p id  vacuum 

f i l t r a t i o n  through M i l l i p o re  f i l t e r s  (EHWP c e l l o t a t e ) ,  fol lowed  by an 

a d d i t i o n a l  wash with 2.5 ml of  0 .8  M NaCl. The t o t a l  f i l t r a t i o n  t ime f o r  

each sample was l e s s  than  20 seconds .  The f i l t e r s  were then d r i e d  a t  50°C 

f o r  30 min and the  r a d i o a c t i v i t y  was determined in a l i q u i d  s c i n t i l l a t i o n
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s pec t rom ete r  in th e  presence  of  10 ml of  Hydrof luor (N at iona l  D ia g n o s t i c s ,  

Pars ippany ,  New J e r s e y ) .

Synaptosomal Volume

The i n t e r n a l  synaptosomal volume was eva lu a te d  us ing  [methoxy-
14 3C l i n u l i n  as an i n d i c a t o r  of  th e  e x t e r n a l  volume and C Hlf^O as an

i n d i c a t o r  of  th e  t o t a l  volume, b a s i c a l l y  accord ing  t o  t h e  procedure

d esc r ibe d  by Schuld iner  and Kaback (1975).  The synaptosomal volume is

de f ined  as th e  c a l c u l a t e d  d i f f e r e n c e  between th e  t o t a l  volume and th e

e x t e r n a l  volume.

An a l i q u o t  of  synaptosomal suspension  (30 y l ,  500 vl p ro t e i n )  was 

added t o  470 ul  of  the  same b u f f e r  composi t ion  as in t h e  v a r ious  TPP+
O

accumula t ion s t u d i e s ,  bu t  which con ta ined  in a d d i t i o n  0 .5  uCi [ Hlh^O and 
140.05 uCi [ C ] i n u l i n .  A f te r  r a p id  mixing,  the  samples were immediately

c e n t r i f u g e d  f o r  30 sec a t  about  15,000 x g in  an Eppendorf Microfuge.  An

a l i q u o t  of  su p e rn a ta n t  was taken  from each tube  f o r  th e  d e t e rm in a t io n  of  
3 14th e  co n te n t s  of  [ H] and [ C] to  e v a l u a t e  th e  t o t a l  i n p u t .  A f te r  removal 

of  th e  ba lance  of  th e  s u p e rn a ta n t  by a s p i r a t i o n ,  th e  p e l l e t  was d i s s o lv e d  

in 0 .5  ml of  \% SDS a t  room te m pera tu re  o v e rn ig h t  and t r a n s f e r r e d  

q u a n t i t a t i v e l y  to  s c i n t i l l a t i o n  v i a l s  with  1 ml H20 and counted in 10 ml 

Hydrofluor with the  a p p r o p r i a t e  s t a n d a r d s .  I n t e r n a l  synaptosomal volumes 

of  6 .6  ± 0.53 S.D. ul/mg p r o t e i n  f o r  P^ and 5.5  ± 0.51 S.D. ul/mg p r o t e i n  

f o r  were o b ta in e d .  No s i g n i f i c a n t  v a r i a t i o n  in volumes were observed 

under i s o t o n i c  c o n d i t io n s  with  changes in K c o n c e n t r a t i o n s  and drug 

a d d i t i o n s .

C a lc u la t io n  of  [^HlTPP* Gradient  and w

The transmembrane p o t e n t i a l  ( Af) of  the  synaptosomes was c a l c u l a t e d  

based on th e  d i s t r i b u t i o n  of  [^H]TPP+ according to  an a d a p t a t i o n  o f  the
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Nernst  e q u a t io n :

A, tTPP+] 1n/tTPP+] ou1. (1 )

which a t  37°C s i m p l i f i e s  t o :

M  = 61.5 log [TPP+] . n/[TPP+] out  (2)

+ . +
where: [TPP+^in = [TPP+^inW K " tTPP+] i n 9h K ( 3 )

This c o r r e c t i o n  [ equa t ion  (3)]  i s  based on th e  assumption t h a t  th e

accumula t ion of  [ HlTPP in the  p resence  of  d e p o l a r i z i n g  c o n c e n t r a t i o n s

of  e x t r a c e l l u l a r  po ta ss ium (122 mM) i s  no t  due t o  t h e  synaptosomal 

membrane p o t e n t i a l  as d i s c u s s e d  by L i c h t s t e i n  e t  a l .  (1979).  The r a t i o :

[Tpp+]in / [ TPp+]ou t  = TPP+ g r a d i e n t .  (4)

Equations  (4) and (2)  were th e  b a s i c  e q u a t io n s  used in t h i s  s tudy  to  
3 +c a l c u l a t e  t h e  [ H]TPP g r a d i e n t  and membrane p o t e n t i a l ,  r e s p e c t i v e l y .  

C e r t a in  m o d i f i c a t io n s  of  th e s e  eq u a t io n s  have been de r ived  in th e  t e x t  in 

o rd e r  t o  adapt  them t o  the  s p e c i f i c  problems o f  at q u a n t i t a t i o n  in 

o l f a c t o r y  bulb synaptosomes.
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RESULTS

Synaptosomal F r a c t io n  C h a r a c t e r i z a t i o n

The o l f a c t o r y  bulb synaptosomal f r a c t i o n s  have been c h a r a c t e r i z e d  

both m orpho log ica l ly  and b iochem ica l ly .

E lec t ron  microscopic  o b s e rv a t io n s  (F ig .  1) i n d i c a te d  t h a t  f r a c t i o n  Pq 

c o n s i s t s  p r i m a r i l y  of nuc le i  and unbroken c e l l s .  F r a c t io n  P-j co n ta in s  

mult isynaptosomal p a r t i c l e s ,  occas iona l  n u c le i  and some u n i d e n t i f i e d  mem­

b ran es .  F rac t io n  P^  co n t a in s  p r i m a r i l y  in d iv id u a l  synaptosomes as i d e n t i ­

f i e d  by t h e i r  c on ten t  of  i n t e r n a l  m i tochondr ia ,  synap t i c  v e s i c l e s  and 

p o s t s y n a p t i c  d e n s i t i e s ,  as well  as some u n i d e n t i f i e d  p a r t i c l e s  and occa­

s io n a l  f r e e  mi tochondr ia .

The d i s t r i b u t i o n  of  ONA in th e  v a r io u s  homogenate s u b f r a c t i o n s  

(Table 1) suppor ts  the  conc lus ion  ob ta ined  from the  EM s tudy  t h a t  most of  

the  n u c le i  in the  o r i g i n a l  homogenate (Ho) a re  removed in to  th e  Pq 

f r a c t i o n  s in c e  only  a small amount o f  the  homogenate DNA is  observed in 

the P-| f r a c t i o n ,  and no DNA could be d e t e c te d  in the  or  S£ f r a c t i o n s .  

The d i s t r i b u t i o n  of the  a c t i v i t y  of  the  n e u r o t r a n s m i t t e r - s y n t h e s i z i n g  en­

zymes, g lu tamate  decarboxylase  (GAD) and t y r o s i n e  hydroxylase (TH) [Table  

11, shows t h a t  about 75% of  GAD and 44% of  TH a c t i v i t i e s  a re  a s s o c i a t e d  

with the  p a r t i c u l a t e  f r a c t i o n s .  Their  d i s t r i b u t i o n  among Pq , P-j and P2 i s  

uniform. Carnosine ( B - a l a n y l - L - h i s t i d i n e )  i s  s p e c i f i c a l l y  a s s o c ia t e d  

with o l f a c t o r y  neuron t e rm in a l s  in the  bulb (Margolis  e t  a l . ,  1974; 

M argoli s ,  1974; F e r r i e r o  and M argoli s ,  1975; Hirsch and M argoli s ,  1979; 

Nadi e t  a l . ,  1980a).  The d i s t r i b u t i o n  p a t t e r n  of  t h i s  d ip e p t id e  among the  

p a r t i c u l a t e  f r a c t i o n s  i s  very  s i m i l a r  whether measured chem ica l ly  or as
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Fi qure 1 . E lectron micrographs, o f  the o lfa c to ry  bulb homogenate 

fra c tio n s .  Synaptosomal f r a c t i o n s  p repared  from r a t  o l f a c t o r y  

bulbs by g e n t l e  homogenizat ion in 0.32M b u f f e r e d  su c ro se .  A f te r  

removal o f  most o f  the  nuc le i  and unbroken c e l l s  in t o  the  Pq

p e l l e t  by c e n t r i f u g a t i o n  a t  lOOOxg f o r  1 min,  th e  P-j f r a c t i o n  

was ob ta ined  by subsequent  c e n t r i f u g a t i o n  o f  Sg f o r  10 min a t  

lOOOxg. The P-| f r a c t i o n  (A, B, C) co n ta in s  a few nuc le i  

(not  shown) and p r im a r i l y  synaptosomes (s )  c l u s t e r e d  t o g e t h e r  in 

s y n a p t i c  complexes ( c ) .  Synaptic  v e s i c l e  a r e  observed  as a re  

s y n a p t i c  c o n ta c t s  (arrow heads)  with  c l a s s i c a l  p o s t s y n a p t i c  

t h i c k e n in g  o f  the  membrane. In trasynaptosomal  mitochondr ia 

(m) and a few fragments o f  myelina ted  axons (y) a r e  a l so  

observed .

F rac t ion  P^  (°» E) r e p r e s e n t s  the  c l a s s i c a l  crude 

synaptosomal p e l l e t  o b ta in ed  by c e n t r i f u g a t i o n  o f  ( the  su p e r ­

n a t a n t  o f  P.|) f o r  20 min a t  14,500g.  The legend i s  the  

same as f o r  P-j. However, P^  c o n ta in s  conventiona l  synaptosomes 

r a t h e r  than m u l t i s y n a p t i c  p a r t i c l e s ,  a few f r e e  mitochondr ia  

(m) a re  v i s i b l e .  No nucle i  o r  myelina ted  fragments a re  observed .  

Marker bar  = 1.0  micron.
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TABLE 1. Biochemical characterization of rat olfactory bulb homogenate fractions

Carnosine
Glutamic Acid 
Decarboxylase Tyrosine Hydroxylase DNA

Chemical
%

Recovery0

analysis  
nmol/mg

Radioactive
analysis

% b 
Recovery

%
Recovery0

nmol/min/ % d 
Recovery

pmol/min/ * eRecovery
pq DNA

Protein mg Protein mg Frotein mg Protein

H0 23.5 12.4 20.0 0.035

H1 23.5 11.9 19.3 0.033

po 6.9 12.8 7.4 20.9 12.7 14.4 20.1 75.9 0.17

P1 S .5 18.4 9.3 23.2 13.1 14.3 18.5 21.1 0.034

P2 10.5 11.4 9.9 28.2 14.2 14.9 17.2 <4.4 <0.006

S2 73.0 51.9 73.4 28.0 8.2 56.4 38.0 <3.0 <0.006

a Total carnosine in the t i s su e  was 1.5 nmol/mg t i s s u e .

^ Represents the newly (16 h) synthesized carnosine a t  'about 30,000 cpm/mg t i s s u e .  •

0 I n i t i a l  a c t iv i ty  for HQ was 0.57 nmol/min/mg t i s su e .

I n i t i a l  a c t iv i ty  fo r  HQ was 1.3 pmol/min/mg t i s s u e .
*

e Represents percent of to ta l  DNA in t i s su e  (3.15 pg DNA/mg t i s su e )  th a t  was recovered in each f r a c t io n .

All values are the averages of th ree  separate  preparations.



newly s y n th es iz ed  [ ^C] ca rn o s in e  (Table 1).  Much more of  the  d ip e p t id e  

c a rn o s in e  i s  p r e s e n t  in th e  f i n a l  s u p e rn a ta n t  than  i s  seen f o r  e i t h e r  of  

t h e  two enzyme a c t i v i t i e s  s tu d i e d .

The d i s t r i b u t i o n  of l igand  b inding s i t e s  (Table 2) among the  o l f a c ­

t o r y  bulb homogenate s u b f r a c t i o n s  shows t h a t  the  f r a c t i o n s  can be d i f ­

f e r e n t i a t e d  accord ing  t o  t h e i r  binding  s i t e  com pos i t ions .  S p i ro p e r id o l  

and ca rn o s in e  b inding are en r iched  in P^, while QNB b inding  i s  h ig h e s t  in 

Pg. Muscimol, DHM and DZ binding d i s t r i b u t e  s i m i l a r l y  among the  Pg, P  ̂

and P2 f r a c t i o n s .  Thus, f r a c t i o n s  and P2 share  many bas ic  synaptosomal 

c h a r a c t e r i s t i c s  such as n e u r o t r a n s m i t t e r  b in d ing  s i t e s ,  ca rnos ine  

c o n t e n t ,  GAD and TH a c t i v i t y  and some morphological  p r o p e r t i e s ,  while they  

d i f f e r  from one ano the r  in the  morphological  appearance of  m u l t i -  versus  

monosynaptosomal p a r t i c l e s  and in the  d i s t r i b u t i o n  o f  c e r t a i n  n e u r o t r a n s ­

m i t t e r  b inding  s i t e s .  These may se rve  as an i n d i c a t o r  o f  the  a rea  of  

o r i g i n  of  P-j and Pg p a r t i c l e s  in the o l f a c t o r y  bu lb ,  which to g e t h e r  with  

the  r e s t i n g  membrane p o t e n t i a l  p r o p e r t i e s  ( t o  be d esc r ibed  n e x t ) ,  w i l l  

f a c i l i t a t e  f u r t h e r  in v i t r o  s tudy  of  o l f a c t o r y  bulb f u n c t i o n .

TPP+ Accumulation in synaptosomes

When th e  o l f a c t o r y  bulb synaptosomal f r a c t i o n s  P-j and Pg were 

incubated  in low K medium with 5vM TPP , accumula t ion of  t h i s  c a t i o n  was 

r a p id  f o r  the  f i r s t  2 min (80% of max.) ,  and achieved s teady  s t a t e  l e v e l s  

by 5 min ( see  below) which were maintained  f o r  1 h r .  At t h i s  time th e  TPP+ 

c o n c e n t r a t i o n  g r a d i e n t s  ([TPP+] in / f TPP^ o u t ) were 25 f o r  P] and 39 fo r  Pg. 

Based on the  r e p o r t  of  Ramos e t  a l .  (1979) and on our s t u d i e s  (unpubli shed 

d a ta )  showing t h a t  a t  5 yM TPP accumulat ion i s  a l i n e a r  fu n c t io n  of
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TABLE 2 . Distribution of ligand binding sites in olfactory bulb fractions

Fraction

fmol/mg P ro te ina

[3H]SPI*
(Dopamine)

[3H]DHM*
(Levallorphan)

[3H]QNB*
(Atropine)

[3HJDZ*
(Diazepam)

[3H]Muscimol
(GABA*)

3
[ H]Carnosirie 

(Carnosine)

H1 26 59 1153 757 901 216

P0 106 24 581 469 459 97

P1 171 40 1035 733 726 257

P2 68 39 1377 668 706 147

•fa
Abbreviations: Spiroperido l,  SPI; dihydromorphine, OHM; quinuclidinyl b en z ila te ,  QNB;

diazepam (DZ); y-aminobutyric acid (GABA). The unlabelled  competitor is  indicated in 

parentheses below the labe lled  ligand. Binding was estimated as previously described 

(Nadi e t  a l ; ,  1980a). . . '

a All values are the averages of two separate  prepara tions.
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synaptosomal p r o t e i n  c o n c e n t r a t i o n  in the  range from 50 y g  t o  150 y g  

p r o t e i n  per  a s say ,  a c o n c e n t r a t i o n  of  5 yM TPP+ was chosen f o r  

the se  exper iments .  When the  pro tonophore CCCP was added a t  5 min,

about 90% of th e  TPP+ a s s o c i a t e d  with  synaptosomes was l o s t  in l e s s  than  1 

min. S im i la r  r e s u l t s  were ob ta ined  when the  d e t e r g e n t  T r i ton  X-100 was 

added to  the  inc uba t ion  medium a t  a f i n a l  c o n c e n t r a t i o n  of  0.5% or when 

the  synaptosomes were lysed  with  d i s t i l l e d  water  a f t e r  th e  s teady  s t a t e  

leve l  of  TPP+ accumula t ion was achieved .  Fur thermore ,  TPP+ t h a t  i s  

accumulated e x h i b i t s  no a l t e r a t i o n  in the  BuOH-.Ĥ O d i s t r i b u t i o n  c o e f f i ­

c i e n t  or  m o b i l i t y  on TLC, i n d i c a t i n g  t h a t  TPP+ i s  u n a l t e r e d  dur ing the se  

in c u b a t io n s .  These r e s u l t s  a l s o  i n d i c a t e  t h a t  the  p la teau  l e v e l s  of 

accumulat ion r e p r e s e n t  a r e v e r s i b l e  s tead y  s t a t e  accumulat ion of  TPP+ 

( r a t h e r  than convers ion  .of  TPP+ in to  a s t a b l e  i n t e r n a l  component of  the 

synaptosomes).

In f luence  of  pH on the  Accumulation of  TPP*

The i n t e r n a l  pH of nerve c e l l s  was r e p o r te d  to  be 6 .7 -7 .1  ( A r i e f f  e t

a l . ,  1976; Sundt and Anderson,  1980),  while  the  e x t e r n a l  pH value of  body

f l u i d s  i s  about 7 .4 .  I t  i s  p o s s i b l e  t h a t  a change in one of  th e s e  va lues

could cause a change in th e  p o l a r i t y  of  the  plasma membrane and
+ +subsequen t ly  in the  accumula t ion of  th e  c a t i o n  TPP . TPP uptake was 

independent  of  e x t e rn a l  pH in the  range 7 to  7 .6  (Table 3 ) .  Since TPP+ 

uptake de c l in e d  o u t s id e  t h i s  r ange ,  i t  i s  c l e a r  t h a t  the  optimum e x te rn a l  

pH f o r  m a in ta in ing  av in the  synaptosomes i s  near  t h a t  of  normal e x t r a ­

c e l l u l a r  pH.

In f luence  of Potassium Concen t ra t ion  on Membrane P o t e n t i a l  and Mitochon­

d r i a l  C on t r ibu t ion

In trasynaptosomal  mi tochondr ia  might be expec ted  to  accumulate TPP+
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TABLE 3. pH E ffec t  on TPP+ Accumulation

P ercen t  of  TPP+ Accumulation a t  pH 7 .4 '

pH P1 P2

6.7 80 74

7.0 100 92

7.2 95 94

7.4 100 100

7.6 101 101

*̂J 00 88 87

8.0 88 90

* Synaptosomes incubated  a t  37°C f o r  5 min in low K+ 

(4 .5  mM) medium a t  va r ious  e x t e r n a l  pH and TPP+ accumula­

t i o n s  were compared to  pH 7 .4 .  Values a re  the  averages 

of  t h r e e  s e p a r a t e  p r e p a r a t i o n s .



in a cascade f a sh ion  as a f u n c t io n  of the  cy toplasmic  TPP+ c o n c e n t r a t i o n ,  

thus  c o n t r i b u t i n g  to  th e  t o t a l  observed synaptosomal c o n ten t  of TPP+. An 

i n d i c a t i o n  of  the  m i tochondr ia l  c o n t r i b u t i o n  i s  th e  o b se rva t ion  t h a t  ay 

va lues  d e c l in e  in the  presence  o f  ol igomycin/Argon.  Thus, the  mi tochon­

d r i a l  proton e l e c t ro ch e m ic a l  g r a d i e n t  com pl ica te s  the  de te rm ina t ion  of  ay 

with  TPP+ . The e f f e c t  of  vary ing  e x t e r n a l  potass ium c o n c e n t r a t i o n s  on the  

plasma membrane p o t e n t i a l  of  r a t  o l f a c t o r y  bulb synaptosomal f r a c t i o n s  

was t h e r e f o r e  eva lua ted  in th e  absence and presence  of  ol igomycin/Argon 

(F ig .  2 ) .

The membrane p o t e n t i a l s  observed in the  presence  of  5 mM e x t e r n a l  K+ 

under oligomycin/Argon are  -64 mV f o r  P  ̂ and -77 mV f o r  P^ and are  in good 

agreement with  va lues  r e p o r t e d  in nervous t i s s u e  by va r ious  methods, while 

the  ay va lues  observed in a i r  are h i g h e r ; -86 mV f o r  P-j and -98 mV f o r  

r e s p e c t i v e l y .  The d e c l in e  in ay in response  to  in c re a s in g  e x t e r n a l  K+ 

e i t h e r  in the  presence  or  in the  absence of  ol igomycin/Argon (F ig .  2) 

demonst rates  the  dependence of  the  membrane p o t e n t i a l  on the  e x t e r n a l  

potass ium c o n c e n t r a t i o n ,  with l i m i t i n g  s lopes  somewhat sm al le r  than th e  

expected  value  of 61 .5 ,  assuming:

AY = - 6 1 . 5  log [K+] i n /[K+] o u t .

The exper imen tal  da ta  d e v i a t e  from the  Nernst  equa t ion  above a t  co n c e n t ra ­

t i o n s  of  e x t e rn a l  K+ below 10 mM, i n d i c a t i n g  th e  presence  o f  an a d d i t i o n a l  

small c o n t r i b u t i o n  to  th e  synaptosomal AY, p o s s i b ly  from Na+ conductance.

In o rd e r  to  e v a l u a t e  more c a r e f u l l y  the  c o n t r i b u t i o n  of  the  mitochon-
3 +dria l  poten t ia l  to the accumulation o f  [ H]TPP into the synaptosomal 

f r a c t i o n s ,  the ca lcu lated  ay values obtained in the absence of

106



Figure 2 . E ffe c t o f  potassium  concen tration  o f  membrane p o te n tia l .

TPP accumulat ion was measured in th e  presence  o f  0 mM to  150 mM K
3 +c o n c e n t r a t i o n s .  The r e a c t io n  was i n i t i a t e d  by adding [ H] TPP 

(5 yM) t o  synaptosomes t h a t  were p r e e q u i l i b r a t e d  with'  K+ b u f f e r  in  

a i r  o r  in  ol igomycin/Argon f o r  5 min a t  37°C. The r e a c t i o n  wasstopped 

a f t e r  5 min by rap id  vacuum f i l t r a t i o n .  Data a re  p re sen te d  as the  

averages  o f  t h r e e  de te rm in a t io n s  ± S.D. o r  o f  s i n g l e  d e t e rm in a t io n s .  

The l i m i t i n g  s lope  was c a l c u l a t e d  us ing membrane p o t e n t i a l  values 

ob ta ined  f o r  10 mM K+ o r  h ighe r .  Panel A = F rac t ion  P̂  and Panel 

B = F rac t ion  P] ( ° )  anc* P2 ^  = in a1r  ^n0 ° ^ 1' 9 ° / ^ r ) anc* P ]

(*) and ( • )  = o l i g o /A r .  C a l c u la t io n  o f  the  lo g a r i th m ic  

r e g re s s io n  o f  th e  Nernst  eq u a t io n :

Ay = a-b  log [K+] o u t , where w  = b log [K+] in  -  b log [K+] out  

r e s u l t e d  in the  fo l lowing  r e g re s s io n  param ete rs :

a b 2*R

P1 - o l i  go/Ar 149 60 0.78

+ol igo /A r 109 50 0.74

P2 -o l i g o /A r 141 45 0.83

+o l igo /A r 123 50 0.80

2
*R i s  th e  c o r r e l a t i o n  c o e f f i c i e n t .
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oligomycin/Argon were compared with  th e  ^  va lues  ob ta ined  in the  presence  

of  ol igomycin/Argon by l i n e a r  r e g r e s s i o n  a n a l y s i s  (F ig .  3) according to  the  

eq u a t io n :

^ ( - o l i g o m y c i n / A r g o n )  a + ^ ( + o l i g o m y c i n / A r g o n ) *

A l i n e a r  c o r r e l a t i o n  was ob ta ined  between th e  two s e t s  of  ay values  (R = 

0.91 f o r  and 0 .98 f o r  P2) ,  with  a s lope  of  approxim ate ly  1, having the  

same increment in * V o ]  Igomycin/Argon) as in the  r e s p e c t i v e

4V o l igomycin/Argon)- This  i n d i c a t e s  t h a t  "easurement  o f  [ 3H] TPP+ accum-

u l a t i o n  in th e  absence o f  ol igomycin/Argon,  al though not  q u a n t i t a t i v e l y  

measuring the  synaptosomal p o t e n t i a l  due t o  the  presence  of  a m i tochondr ia l  

c o n t r i b u t i o n  (which in t h i s  case  r e p r e s e n t s  about  -25 mV), can n e v e r t h e l e s s  

r e f l e c t  changes in synaptosomal plasma membrane p o t e n t i a l  so long as 

mi tochondr ia l  p o t e n t i a l  changes a re  no t  invo lved .  C o n s is ten t  with t h i s  

conc lus ion  i s  the  o b s e rv a t io n  of  a c o n s t a n t  value  f o r  th e  m i tochondr ia l  

c o n t r i b u t i o n  t o  t o t a l  apparen t  synaptosomal ay (F ac to r  a ) ,  expressed  as the  

d i f f e r e n c e s  between th e  ay p a i r s  over  a wide range of  plasma membrane 

p o t e n t i a l s  and e x t e r n a l  po ta ss ium c o n c e n t r a t i o n s .

Time Course of  th e  E f f e c t  of  Na+ ,K+ -ATPase Blocker Ouabain on TPP+ 

Accumulation

The c a rd i a c  g ly c o s id e  drug ouabain is  a s p e c i f i c  i n h i b i t o r  of Na ,K -

ATPase (Baker,  1965; Schatzmann, 1965; Smith and Harber,  1973; Dahl and

Hokin, 1974; Glynn and K a r l i s h ,  1975; Wall ick e t  a l . ,  1979), and was

r e p o r t e d  t o  have no e f f e c t  on m i tochondr ia l  ATPase or  mi tochondr ia l  ay

( S c o t t  and N ic h o l l s ,  1980).  Thus, i t s  e f f e c t  on TPP+ accumula t ion was
+ +

s tu d i e d  in o rde r  to  e v a l u a t e  Na ,K -ATPase c o n t r i b u t i o n  t o  the  r e s t i n g  

synaptosomal ay.
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LINEAR CORRELATION BETWEEN MEMBRANE POTENTIALS OBTAINED 
IN THE ABSENCE AND IN THE PRESENCE OF OLIG OM YCIN /ARG ON

40 60 80 "  0 20 40
MEMBRANE POTENTIAL (mV)

IN THE PRESENCE OF OLIGOMYCIN/ARGON

Figure 3 . Linear co rre la tio n  between membrane p o te n tia ls  ob ta in ed  

in  the absence and in  the presence o f  oligomycin/Argon. The 

exper iment was performed as d e s c r ib e d  in Figure 2. Membrane p o t e n t i a l s  

o b ta in e d  in  a i r  a t  each potassium c o n c e n t r a t i o n  were p l o t t e d  versus 

membrane p o t e n t i a l s  ob ta ined  under ol igomycin/Argon f o r  t h e  same 

K+ c o n c e n t r a t i o n .  Panel A = F rac t ion  and Panel B = F rac t io n  9 ^ '

The c o r r e l a t i o n  l i n e  param ete rs  o b ta in e d  f o r  the  l i n e a r  equat ion

o f  « ( - o l 1 g o / A r g )  '  a + b " ( +o l ig o /A rg )  a r e :  For P1 '  a = 25 ' 61 and
p

b = 1.03 and th e  c o r r e l a t i o n  c o e f f i c i e n t  R = 0 . 9 8 ;  and f o r  P^,
2

a = 22.6 and b = 1.01 and the  c o r r e l a t i o n  c o e f f i c i e n t  R = 0 . 9 1 .
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3 +Two a spec t s  of  ouabain on [ H]TPP accumulat ion in P-j and ? 2  f r a c t i o n s  

were observed (F ig .  4 ) .  The f i r s t  was a r a p id  e f f e c t ,  in which ouabain 

added a f t e r  TPP+ accumula t ion had achieved s teady  s t a t e ,  caused a very 

r a p id  r e l e a s e  of 50% of the  TPP+. The second was a s lowly developing 

e f f e c t ,  which became obvious a f t e r  20 min and almost  comple te ly  e l im in a te d  

TPP+ accumulat ion by 1 hr  a f t e r  ouabain a d d i t i o n .  When ouabain and TPP+ 

a re  added t o  t h e  synaptosomal f r a c t i o n s  s im u l tane ous ly ,  the  e x t e n t  of  

i n i t i a l  TPP+ accumulat ion i s  reduced bu t  not  blocked .

The E f f e c t  of  In c rea s in g  C oncen t ra t ions  of  V e r a t r i d in e  on TPP+ 

Accumulation

The neu ro to x ic  a l k a l o i d  v e r a t r i d i n e  causes  d e p o l a r i z a t i o n  of  nerve

c e l l s  or  synaptosomes (B la u s t e in  and Goldr ing,  1975) by keeping the  ac t io n

p o t e n t i a l  sodium channel c o n s t a n t l y  open, p e r m i t t i n g  e l e c t r o g e n i c  Na+

in f l u x  ( U lb r i c h t ,  1969; C a t t e r a l  and Nirenberg ,  1973; Li and White,  1977).

V e r a t r i d in e  caused a dose-dependent  r e d u c t io n  of TPP+ accumulat ion in to

both P-j and ? 2  f r a c t i o n s  suspended in low K+ medium (F ig .  5 ) .  This
3 +r e s u l t e d  in a p r o g r e s s iv e  f a l l  in the  [ H]TPP c o n c e n t r a t i o n  g r a d i e n t  

( [TPP+] i n/[TPP+] o u t ) to  about  50% of c o n t ro l  a t  a c o n c e n t r a t io n  of  50 yM 

v e r a t r i d i n e  and 25% of co n t ro l  a t  100 y M .  This decrease  in TPP+ accumula­

t i o n  in the  presence  of  v e r a t r i d i n e  i s  c o n s i s t e n t  with v e r a t r i d i n e  ac t in g  

as a d e p o l a r i z i n g  agent  in our system. Based on th e s e  d a t a ,  v e r a t r i d i n e

c o n c e n t r a t i o n s  of  50 yM or 100 y M  have been chosen fo r  use in subsequent

exper im en ts ,  where com pet i t ion  or  a c t i v i t y  with o th e r  drugs was monitored.  

In f luenc e  of  Ay-Modifying Drugs on TPf*- Accumulation and a y

In order to  further  character ize  the mechanisms involved in the

determination of  synaptosomal ay , we studied the e f f e c t s  of AY-modifying
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TIME COURSE OF THE OUABAIN EFFECT ON TPP+ 
ACCUMULATION IN OLFACTORY BULB SYNAPTOSOMES
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Figure 4 . Time course o f  the ouabain e f f e c t  on TPP+ accumulation. 

Ouabain (10 mM) was added to  the  synaptosomes a t  time 0 ( P j - * ,  P2“«) 

o r  a t  5 min (P£-a)  a f t e r  the  beginn ing o f  in c uba t ion  with  TPP+ . 

Incubat ion  was stopped a t  d i f f e r e n t  t ime p o in t s  between 30 sec to 

to  60 min. Control (P-j-a, P2- 0 ). Panel A = F rac t io n  P-j and Panel 

B = F rac t ion
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EFFECT OF VERATRIDINE ON THE TPP+ CONCENTRATION GRADIENT

30

£ 20

200 300 4000 50 100
VERATRIDINE CONCENTRATION ( j jM )

Fi gure 5. E ffec t o f  v e ra tr id in e  on the TPP'1' concentration  grad ien t. 

Synaptosomes were in cuba ted  f o r  5 min in the  absence o r  in  the  presence  

o f  i n c r e a s in g  c o n c e n t r a t i o n s  o f  v e r a t r i d i n e .  F rac t io n  (a)  and 

F rac t io n  P2 (o)-  The va lues  r e p r e s e n t  mean ±S.D. fo r  t h r e e  

p r e p a r a t i o n s .
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drugs on TPP+ accumulat ion in high and low pota ss ium media in the  presence  

or  absence of  ol igomycin/Argon.  The s p e c i f i c i t y  of  t h i s  approach is  

de r ived  from our p rev ious  exper imen ts  (F ig .  2 ) .  Incuba t ion  of  synaptosomes 

in the  presence  of  ol igomycin/Argon reduces  th e  TPP+ accumula t ion in both 

high and low K+ media (F ig .  6 ) .  This indeed i n d i c a t e s  t h a t  t h e r e  i s  TPP+ 

accumula t ion in m i tochondr ia ,  which i s  dependent upon the  s t a t e  o f  the  

mi tochondr ia .  These mi tochondr ia  con t inue  to  accumulate TPP+, even in the  

presence  of  high K+ in the  medium. As in d ic a te d  b e f o r e ,  the  cascade 

accumulat ion  of TPP+ in to  m i tochondr ia  leads  t o  a h ighe r  apparen t  av in a i r  

than in oligomycin/Argon.

V e r t r i d i n e  i s  w ithout  e f f e c t  on TPP+ accumula t ion in the  presence  of  

high K+ and oligomycin/Argon ( i . e .  under c o n d i t i o n s  where n e i t h e r  synap to ­

somal nor m i tochondr ia l  av e x i s t ) .  However, in t h e  presence  of  low K+ 

medium, v e r a t r i d i n e  causes th e  same p r o p o r t i o n a l  lo s s  in TPP+ in the  

presence  of  oligomycin/Argon as i t  causes  in a i r  (F ig .  6 ) .  No e f f e c t  of  

v e r a t r i d i n e  i s  observed when Na+ is  rep la ced  with  c h o l i n e +. Te t rodo tox in  

(TTX) i s  known to  be a s p e c i f i c  b locker  of  a c t io n  p o t e n t i a l  sodium channels  

(Evans,  1972; Narahashi  e t  a l . ,  1964),  and by i t s e l f  has no e f f e c t  on TPP+ 

accumula t ion in e i t h e r  high or  low K+ medium. However, TTX i n h i b i t s  the 

e f f e c t s  of  v e r a t r i d i n e  t h a t  a re  seen a t  low K+ both in the  presence  and in 

th e  absence of  oligomycin/Argon (F ig .  6 ) .  Thus, TTX has no e f f e c t  on 

r e s t i n g  A'i', but i t  can p reven t  th e  d e p o la r i z in g  e f f e c t  of  v e r a t r i d i n e  in 

synaptosomal f r a c t i o n s  (Table 4 ) .

Ouabain had no e f f e c t  on TPP+ accumulat ion a t  high K+ , but  i t  reduced 

TPP+ accumulat ion in low K+ in th e  presence  or  in the  absence of  oligomy­

cin/Argon (F ig s .  4 and 6 ) ,  i n d i c a t i n g  t h a t  ouabain reduces  only  the
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CHARACTERIZATION OF TPP+ACCUMULATION

100
LOW K + HIGH K + LOW K +

60

40

<  100
LOW K +LOW K+

g  80

60

VV

Figure  6 . C haracteriza tion  o f  TPP+ accumulation. Synaptosomes were 

al lowed t o  e q u i l i b r a t e  with  b u f f e r ,  drugs and a i r  o r  Argon f o r  5 min 

b e fo re  TPP+ a d d i t i o n .  TPP+ accumulat ion i n t o  F ra c t io n s  P-j or  

was measured in  high K+ o r  low K+ medium. R e la t i v e  accumula t ion 

under each c o n d i t io n  was c a l c u l a t e d  us ing accumulat ion o f  TPP+ under 

low K+ and a i r  with  no drugs as 100% va lue .  In Panel A (F ra c t i o n  

P-j) and Panel B (F rac t io n  P2 ) ,  e f f e c t s  of  t e t r o d o t o x i n  (15 yM), 

v e r a t r i d i n e  (50 yM) and ol igomycin (10 yg /m l) were compared. Empty 

bars  = in  a i r  and no ol igomycin.  F i l l e d  bars  = under o l igomycin /  

Argon. In Panel C (F rac t ion  P^) and Panel D ( F ra c t io n  e f f e c t s  

o f  ol igomycin (10 yg /m l) ,  ouabain (10 mM) andCCCP(10 yM) were com­

pared.  Empty bars  = no CCCP. F i l l e d  bars  = in the  presence  o f  

CCCP.
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TABLE 4. Synaptosomal Membrane Potential Changes as a Result o f Drugs 

A. E ffects of veratridine (Ver) and tetrodotoxin (TTX)

Tissue
Fraction

01igomycin/Arq 
(10 jig/ml)

■ Control Ver TTX Ver and TTX
Membrane Potential, (mVJ*

P1 + 61.2 29.1 66.8 59.1

- 95.9 43.2 91.5 84.3.

P2
+ ■ 69.0 31.9 67.1 69.7

- 95.5 64.1 95.7 90.3

B. Ef f ec t s  of  ouabain (Qua) and carbonyl-icyanide-m-chiorophenyl hydrazone (OOCP)

Tissue 01igomycin/Arg Contro I Oua" CCCP CCCP and Oua
Fraction (10 ug/ml) Membrane Po ten tia l (mV)*

P1
+ 56.5 47.2 45.1 18.8

- 95.1 71.5 17.3 29.9'

P2
+ 76.3 56.2 36.2 31.6

- 89.6 79.2 46.1 33.7

+* Membrane p o ten t ia ls  were calcu la ted  from the d iffe rence  of TPP uptake in 

low and high potassium under each drug and are the average from'two separate  

preparations (each in d u p lica te ) .

Experimental d e ta i l s  described in legend to  Figure 6 .
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synaptosomal a t , with  no d i r e c t  e f f e c t  on th e  m i tochondr ia l  AT. The e f f e c t  

o f  ouabain a t  s a t u r a t i n g  l e v e l s  and v e r a t r i d i n e  a t  u n s a t u r a t i n g  l e v e l s  were 

a d d i t i v e .  The pro tonophore CCCP, which i s  expec ted t o  c o l l a p s e  the  

synaptosomal plasma membrane at and the  m i tochondr ia l  at , reduced the

accumula t ion o f  TPP to  very low l e v e l s  in both high  and low K media.  No
+ 1 

f u r t h e r  red u c t io n  of  TPP accumulat ion could be d e t e c t e d  in th e  presence  of

CCCP when oligomycin/Argon or ouabain were added alone  or in combination

(F ig .  6 ) .  The cause of  t h e  r e s i d u a l  TPP+ accumula t ion in the  presence  of

CCCP (Table 4) i s  unknown.

In f luenc e  of TPP^ C oncen t ra t ions  on TPP+ Accumulation

Synaptosomal TPP+ accumula t ion was observed to  behave as an inve rse  

fu n c t io n  of  e x t e r n a l  TPP+ c o n c e n t r a t i o n  in t h e  range of  0 .5  to  100 uM, so 

t h a t  in c re a s in g  e x t e r n a l  TPP+ r e s u l t e d  in red u c t io n  of  the  apparen t  a t  

(F ig .  7 ) .  A p o s s i b l e  ex p la n a t io n  f o r  t h i s  phenomenon may be de r ived  from 

the  fo l lowing  c o n s i d e r a t i o n :  I f  one assumes a plasma membrane p o t e n t i a l  of  

-66 mV (based on our ol igomycin/Argon r e s u l t s )  and a m i tochondr ia  at of 

-120 mV (accord ing  to  S c o t t  and N ic h o l l s ,  1980),  then a t  5 yM e x t e r n a l  TPP+ 

th e  sy n a p t i c  cytoplasm would con ta in  about  6 0 uM TPP+, while th e  c o n ce n t ra -

t i o n  of  TPP in th e  in t ra synaptosomal mi tochondr ia  would be about  6 mM.
+ + 

Fur thermore ,  as the  e x t e r n a l  TPP c o n c e n t r a t i o n  r i s e s ,  th e  TPP co n c e n t ra ­

t i o n  in th e  in t rasynap tosomal mi tochondr ia  would a l so  be expected  t o  r i s e  

and f i n a l l y  a t t a i n  l e v e l s  such t h a t  TPP+ no longer behaves as an i n e r t  

component in the  system. This would lead t o  c o l l a p s e  of  the  e l e c t r i c a l  

g r a d i e n t  e x i s t i n g  ac ro ss  th e  m i tochondr ia l  membrane.

Thus, as th e  medium c o n c e n t r a t i o n s  of  TPP+ i n c re a s e ,  the  f r a c t i o n  of 

in t rasynaptosomal TPP+ , which i s  e x t r a m i to c h o n d r ia l ,  i n c re a s e s  such t h a t  

a t  e x t e r n a l  TPP+c o n c e n t r a t i o n s  in excess of 50 uM v i r t u a l l y  a l l  the  TPP+
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SYNAPTOSOMAL TPP+ ACCUMULATION AS A FUNCTION 

OF TPP+ CONCENTRATION
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"h  ~hFigure 7. Synaptosomal TTP accumulation as a ju n ction  o f  TPP

concentration . TPP+ accumula t ion proceeded f o r  5 min a t  37°C in  the

presence  o f  e x t e rn a l  TPP+ c o n c e n t r a t i o n s  ranging from 0 .5  uM to  200

yM. A'F was c a l c u l a t e d  f o r  F rac t ion  P-j (□) and F rac t ion  Pg (o ) .

Dotted l i n e s  i s  e x t r a p o l a t i o n  o f  the  p l a t e a u  s lope  to  zero TPP+

c o n c e n t r a t i o n .  Data a re  means o f  t h r e e  p r e p a r a t i o n s .
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TABLE 13. TPP+ Tox i c i t y  to M itochondria (P^ Fraction)

Time a f te r  
Addition 

of TPP+
TPP+
(yM)

-AY Total -AY a 
Mitochondria

[TPP+I in Mitochondria (mM)
+01igo/Arg • -Oligo/Arg Calculatedo Expectedb

5 min 1 60.3 110.0 106.7 0.52 1.2

5 60.2 92.6 84.4 1.13 6.0

50 46.9 63.4 57.2 2.46 60.0

10 min 1 56.6 114.3 108.5 0.66 1.2

5 54.9 96.1 96.3 1.44 6 .0

50 54.5 57.7 6.4 0.49 60.0

n +u AY Mitochondira was ca lcu la ted  from the d if fe ren ce  between TPP accumulation in the absence 

and in the presence of oligomycin/argon, assuming the mitochondrial volume to be 10/ r o f  synap­

tosomal volume. This gave [TPP+] mitochondria.- The synaptosomal [TPP+]^ n in the presence of 

oligomycin was taken as the mitochondrial [TPP+] . AH' was ca lcu la ted  as:

•  [TPP+] . mitochondria i n ____________
61 .j  log [TPP+lQUt mitochondria.

*1* +The expected concentration of• TPP inside the mitochondria was ca lcu la ted  from the TPP

concentration inside the synaptosomes, assuming a mitochondrial p o ten t ia l  of 120 mV or TPP+ 

gradient of 100.
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accumula t ion would be e x t r a m i t o c h o n d r i a l . To t e s t  t h i s  h y p o th e s i s ,  t h e  

accumula t ion of  TPP+ in to  th e  synaptosomal f r a c t i o n s  was monitored as a 

f u n c t io n  of  medium TPP+ c o n c e n t r a t i o n  in the  presence  and in th e  absence of  

ol igomycin/Argon.  However, in the  presence  of  ol igomycin/Argon TPP+ 

accumula t ion was independent  of  the  e x t e r n a l  TPP+ c o n c e n t r a t i o n  (Table 5 ) .  

The m i tochondr ia l  a t  has been c a l c u l a t e d  based on ( i )  the  d i f f e r e n c e  in 

TPP+ accumulat ion in th e  presence  versus  th e  absence of  ol igomycin/Argon 

(Table 5) and ( i i )  the  assumption t h a t  the  in t rasynaptosomal mi tochondr ia  

r e p r e s e n t  about 10% of the  t o t a l  i n t e r n a l  volume (accord ing  to  S c o t t  and 

N ic h o l l s ,  1980). At 1 uM TPP+ the  observed m i tochondr ia l  AT of -110 mV is  

in e x c e l l e n t  agreement with va lues  r e p o r t e d  in the  l i t e r a t u r e  (M itche l l  and 

Moyle, 1969). The mitoch'ondrial  c o n te n t  of TPP+ does not  in c re ase  p ro p o r ­

t i o n a l l y  as the  e x t e r n a l  TPP+ c o n c e n t r a t i o n  r i s e s ,  i n d i c a t i n g  t h a t  the  

m i tochondr ia l  at d e c l in e s  p r o g r e s s i v e l y  with  in c re a s in g  TPP+ c o n c e n t r a ­

t i o n s  (Table 5 ) ,  presumably due to  d i s s i p a t i o n  of  the  m i tochondr ia  at by
+ 3

the  high i n t e r n a l  TPP c o n c e n t r a t i o n  .
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DISCUSSION

The d a t a  in t h i s  paper demonst rate t h a t  the  plasma membrane p o t e n t i a l  

o f  o l f a c t o r y  bulb synaptosomal p r e p a r a t i o n s  can be q u a n t i t a t e d  from 

measurements of  the  s t e a d y  s t a t e  accumula t ion of the  l i p o p h i l i c  c a t i o n  

te traphenylphosphonium.  However, due to  a s i g n i f i c a n t  and v a r i a b l e  con­

t r i b u t i o n  of mi tochondr ia l  TPP+ accumulat ion to  t o t a l  TPP+ accumulat ion in 

the  synaptosomal p r e p a r a t i o n  an a c c u ra te  c a l c u l a t i o n  of plasma membrane at 

can be performed only  under c e r t a i n  c o n d i t i o n s .  A c o n t r i b u t i o n  of  the 

m i tochondr ia l  p o t e n t i a l  to  t o t a l  TPP+ accumulat ion was expected  (M itche l l  

and Moyle, 1969; N ic h o l l s ,  1974; Rot tenberg ,  1979) as m i tochondr ia  e x h i b i t  

a n e g a t iv e  i n t e r n a l  p o t e n t i a l .  The mi tochondr ia l  c o n t r i b u t i o n  can be

d er ived  by comparing TPP+ accumulat ion under a i r  versus  i t s  accumula t ion in 

the  presence  of  ol igomycin/Argon.  I f  one i n s e r t s  both the  m i tochondr ia l  

and the  plasma membrane p o t e n t i a l  c o n t r i b u t i o n  to  TPP+ accumulat ion in to  

th e  Nernst  equa t ion  (as  was desc r ibed  by S c o t t  and N ic h o l l s ,  1979) [ s  = 

synaptosomal ,  e = e x t e r n a l ,  ay = at of plasma membrane, a t ^  = at of

m i tochondr ia ,  V = cy toplasmic  volume and V = m i tochondr ia l  volume], one c J r  m

o b t a in s :

[TPP+s] Vc • 1° A% / 6 1 ’5 + vm - 10 (AVm + AV / 6 1 *5

[TPP+e]  VcV_ + Vm

Resolving th e  equa t ion  f o r  t h e  measurable paramete rs  of  A ^ _ o l i gomy Ci n/Argon)

a n d 4 V o l  igomycin/Argon)-  th1s  reduces  to :

+ V + V 10 ^ m 7® " ^
[TPP s] _ Vc m * lu__________  ATp/61.5

[TPP+e] Vc + Vm *10
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[ TPP*s3 Vc + Vm ,10
or :  61.5 log [Tpp+e] = 61.5 log \1Q + Vm + AYp

which s i m p l i f i e d  to :

AY ~ a + AY(-o l igomycin/Argon) " (+oligomycin /Argon)’

where parameter  a r e p l a c e s  the  mi tochondr ia l  c o n t r i b u t i o n  f a c t o r .  P a ra ­

meter  a i s  c o n s t a n t  when th e  m i tochondr ia l  p o t e n t i a l  and th e  volume a re  

c o n s t a n t .  Under t h i s  c o n d i t i o n ,  t h i s  equa t ion  p r e d i c t s  a l i n e a r  r e l a t i o n ­

sh ip  between ( _0 iigomycin/Argon) anc* ^ (+ o l ig o m y c in /A rg o n )* ^ 1S r e ~

l a t i o n s h i p  was a c t u a l l y  ob ta ined  with a s lope  of  1 as p r e d i c t e d  by the  

e q u a t io n ,  and gave va lues  of  -25 mV f o r  P  ̂ and -22 mV f o r  P^ (F ig .  3 ) .  The 

m i tochondr ia l  accumulat ion of  TPP+ decreased  as a fu n c t io n  of  i n c re a s in g  

c o n c e n t r a t i o n  of  TPP in the  range from 0.1 uM to  200 uM TPP , while no such 

change was observed in plasma membrane ay dependent  accumulat ion of  TPP+ . 

This demonst ra tes  t h a t  TPP+ i t s e l f  i n t e r f e r e s  with  t h e  m i tochondr ia l  

membrane p o t e n t i a l  under ae rob ic  c o n d i t i o n s .

T here fo re ,  changes in the  plasma membrane p o t e n t i a l  o f  o l f a c t o r y  bulb 

synaptosomes can be eva lua ted  by TPP+ accumula t ion q u a n t i t a t i v e l y  in the  

presence  of  ol igomycin/Argon,  where the  m i tochondr ia l  c o n t r i b u t i o n  i s  

e l im in a te d ,  or q u a l i t a t i v e l y  in the  absence of  ol igomycin/Argon,  i f  the  

drug in ques t ion  does not  a f f e c t  the  m i tochondr ia l  p o t e n t i a l .  Our da ta  

sugges t  t h a t  a second approach t o  overcome the  mi tochondr ia l  c o n t r i b u t i o n  

to  TPP+ accumulat ion i s  to  use high enough TPP+ c o n c e n t r a t i o n s  to  block 

mi tochondr ia l  f u n c t i o n  and subsequent  back e x t r a p o l a t i o n  to  e s t im a te  

plasma membrane ay  (F ig .  6 ) .  This i s  t e c h n i c a l l y  much s im pler  than the  

oligomycin/Argon approach,  and in some s i t u a t i o n s  may be e q u i v a l e n t .
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U t i l i z i n g  t h i s  approach,  our r e s u l t s  f o r  r a t  o l f a c t o r y  bulb synap to­

somes agree  with the  q u a l i t a t i v e  e v a l u a t i o n  of the  l i p o p h i l i c  ca t io n  

g r a d i e n t s  in guinea pig  synaptosomes p resen ted  by Ramos e t  a l .  (1979) fo r  

TPP+ and by Crevel ing  e t  a l .  (1980) f o r  TPMP+ . In a d d i t i o n ,  by c h a ra c ­

t e r i z i n g  and e l im i n a t in g  the  m i tochondr ia l  c o n t r i b u t i o n ,  we have achieved 

an ac c u ra te  q u a n t i t a t i v e  biochemical  measurement of  synaptosomal membrane 

a y , which p r e v io u s ly  could be e s t im a ted  only  q u a l i t a t i v e l y  with o th e r  

biochemical  t e ch n iq u es .

The p r o p e r t i e s  of  the  o l f a c t o r y  bulb synaptosomal plasma membrane 

p o t e n t i a l  were found to  be s i m i l a r  to  those  of  nerve c e l l s  accord ing  to  the 

fo l low ing  c r i t e r i a :  (A) There i s  a n e g a t iv e  e l e c t r i c a l  p o t e n t i a l  (AY) of

-64 mV in P-j and -77 mV in P2 synaptosomes. (B) These ay are  p r i m a r i l y  due 

to  a K+ d i f f u s i o n  g r a d i e n t  ac ross  the  synaptosomal membrane, as in d ica te d  

by inc reased  d e p o l a r i z a t i o n  as a r e s u l t  of  in c re a s in g  e x t e r n a l  c o n c e n t r a ­

t i o n s  of  K+, and no la rg e  change when Na+ is  r e p la c e d  by c h o l in e +. A 

c o r r e l a t i o n  of  ay with th e  loga r i thm of  e x t e r n a l  K+ c o n c e n t r a t i o n  r e s u l t e d  

in a l i m i t i n g  s lope  of  50 i n s t e a d  of 61.5 as p r e d i c t e d  by the  Nernst  

e q u a t io n .  This d i f f e r e n c e  i s  s i m i l a r  to  t h a t  noted p r e v io u s ly  by Hodgkin 

and Keynes (1955) fo r  the  squid g i a n t  axon. The d e v i a t i o n  from the  l i n e a r  

r e l a t i o n s h i p  t h a t  was observed f o r  t h i s  synaptosomal p r e p a ra t io n  a t  

e x t e rn a l  c o n c e n t r a t i o n s  of K+ below 10 mM was s i m i l a r  to  t h a t  observed by 

e l e c t r o p h y s i o l o g i c a l  measurements in o th e r  neura l  c e l l s  (Hodgkin and 

Keynes, 1955; Gorman and Marmor, 1970; Eyzaguir re  and Fidone,  1975) and has 

been a t t r i b u t e d  t o  a small sodium p e r m e a b i l i t y .  (C) A minor r o l e  f o r  the 

c o n t r i b u t i o n  of  a c t i v e  sodium t r a n s p o r t  to  ay was expressed  in our s tu d i e s  

by the  d e p o l a r i z a t i o n  which occurred  in the  presence  of  ouabain ,  as well as 

by the s l i g h t  h y p e r p o la r i z a t io n  observed when c h o l in e  r ep laced  Na+ in the  «
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incuba t ion  medium. (D) A r o l e  f o r  Na+ ,K+-ATPase in m a in ta in ing  the  

synap t i c  plasma membrane p o t e n t i a l  based on the i n h i b i t i o n  of the  Na+ ,K+- 

ATPase by ouabain.  Ouabain causes a r a p id  d e p o l a r i z a t i o n  with a t ^ 2 of  30 

sec wi thou t  any d e t e c t a b l e  loss  of i n t e r n a l  K+ , i n d i c a t i n g  an e l e c t r o g e n i c  

r o l e  f o r  the  Na+ ,K+-ATPase in synaptosomes which c o n t r i b u t e s  a b o u t -10 to  

-20 mV to  th e  membrane p o t e n t i a l .  This  f i n d i n g  agrees with Gorman and 

Marmor (1970) and Thomas (1972) ,  whose s t u d i e s  a l so  sugges ted  an e l e c t r o -
*4* 4*

genic r o l e  f o r  t h e  Na , K -ATPase. The slow d e p o l a r i z i n g  e f f e c t  o f  ouabain i s

most l i k e l y  due to  the  i n a b i l i t y  o f  o u a b a i n - i n h i b i t e d  synaptosomes to  reaccumula te

K+t h a t  has leaked  ou t  with  the  r e s u l t a n t  lower [K+] .  / [K+ ] . r a t i o .  The 80% lo s s  o fin  out

i n t e r n a l  K+ as observed by atomic a bso rp t ion  spec t rom etry  1 hr  a f t e r  

ouabain a d d i t i o n  to  synaptosomes (unpubli shed  o b s e rv a t io n s )  suppor ts  t h i s  

h y p o th e s i s .  (E) The e x i s t e n c e  of a v e r a t r i d i n e - s e n s i t i v e  sodium channel  

through which v e r a t r i d i n e  caused a decrease  in TPP+ accumulat ion in to  

synaptosomes.  This e f f e c t  of  v e r a t r i d i n e  was blocked by t e t r o d o t o x i n  and 

was not  observed when sodium was rep la ced  by cho l ine  in the  e x t ra sy n a p -  

tosomal medium. These o b s e rv a t io n s  a re  c o n s i s t e n t  with the  e x i s t e n c e  of an 

ac t io n  p o t e n t i a l  sodium channel of  the  the  type known in whole nerve c e l l s  

(Narahashi e t  a l . ,  1964; U l b r i c h t ,  1969; Evans, 1972; C a t e r a l l  and 

Nirenberg ,  1973).

In summary, measurements of  the  d i s t r i b u t i o n  of  the l i p o p h i l i c  c a t io n  

tetraphenylphosphonium have been used to  c h a r a c t e r i z e  th e  plasma membrane 

p o t e n t i a l  of  synaptosomal f r a c t i o n s  from r a t  o l f a c t o r y  bu lbs .  When the  

mi tochondr ia l  c o n t r i b u t i o n  to  TPP+ accumulat ion was e l im i n a t e d ,  synap to­

somal plasma membrane Af p r o p e r t i e s  were found to  be s i m i l a r  to  neuronal  ^  

ob ta ined  by e l e c t r o p h y s i o l o g i c a l  measurements.  As the  TPP+ measurements
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must be c a r r i e d  out  a t  s teady  s t a t e  in o rde r  t o  be used t o  q u a n t i t a t e  ay ,  

t h i s  probe i s  no t  s u i t a b l e  f o r  th e  s tudy  o f  the  e f f e c t s  of  

n e u r o t r a n s m i t t e r s  which r e s u l t  in r a p id  (msec) and r e v e r s i b l e  changes in 

t h e  membrane p o t e n t i a l .  The in f lu en ce  of  var ious  drugs with long- te rm 

e f f e c t s  on the  plasma membrane p o t e n t i a l  and the  r o l e  of  c e r t a i n  ions in 

m a in ta in in g  the  plasma membrane p o t e n t i a l  can be s tu d ie d  co n v e n ie n t ly  with 

t h i s  l i p o p h i l i c  c a t i o n ,  as exem pl i f i ed  by our s t u d i e s .  Thus, TPP+ 

accumula t ion in to  synaptosomes can be used t o  monitor  long- term changes in 

neuronal  membrane ay genera ted  by s lo w ly -a c t in g  hormones or  

neuromodulators  with time courses  of  seconds to  hours .  I t  would be of  

i n t e r e s t  t o  e v a l u a t e  the  use of  TPP+ in the  m i l l i s e c o n d  range (us ing  a s top  

f low system under non-s teady  s t a t e  c o n d i t i o n s )  as a ay probe fo r  the  

d e t e c t i o n  of  s h o r t - t e r m  ev e n t s .  L a s t ly ,  as the  o l f a c t o r y  bulb was found to  

c o n ta in  s e v e ra l  types  of  pe p t id e  n e u r o t r a n s m i t t e r s  and hormones, the  

a p p l i c a t i o n  of  TPP+ as a ay probe should be very  use fu l  in s tudy ing  the  

r o l e  of  th e s e  p ep t id e s  in th e  o l f a c t o r y  pathway.
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CHAPTER 4

CALCIUM DEPENDENT DEPOLARIZATION STIMULATED CARNOSINE RELEASE 

SUPPORTS CARNOSINE ROLE AS A NEUROEFFECTOR
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ABSTRACT

The d ip e p t id e  ca rnos ine  ( 3 - a l a n y ! - L - h i s t i d i n e )  has been proposed 

as a n e u r o t r a n s m i t t e r  in the  mammalian o l f a c t o r y  pathway. T h ere fo re ,
.14 ,

t h e  e f f l u x  o f  in vivo s y n th es iz ed  [ C] ca rnos ine  from mouse o l f a c t o r y  

bulb  synaptosomes was i n v e s t i g a t e d .  The synaptosomal p r e p a ra t io n  

used in  th e s e  s t u d i e s  main ta ined  a potassium dependent transmembrane 

p o t e n t i a l  o f  -70mV. Carnosine  was found to  be r e l e a s e d  from th e  o l ­

f a c t o r y  bulb synaptosomes by two mechanisms. The f i r s t  i s  a slow 

spontaneous process  which i s  independent  o f  d e p o l a r i z a t i o n .  The r a t e  

o f  t h i s  r e l e a s e  was doubled in the  p resence  o f  1 mM e x te rn a l  c a rnos ine .  

Release by the  second mechanism was markedly s t im u la t e d  in the  p r e ­

sence o f  calcium by d e p o l a r i z a t i o n  with  e i t h e r  60 mM K+ o r  300 yM 

v e r a t r i d i n e .  Omission o f  calcium ab o l i sh ed  the  s t im u la t o r y  e f f e c t  

o f  both o f  t h e s e  agen t s .  Fur thermore ,  blockage o f  th e  v e r a t r i d i n e  

induced d e p o l a r i z a t i o n  by TTX a l s o  i n h i b i t e d  c a rn o s in e  r e l e a s e .  These 

r e s u l t s  a r e  c o n s i s t e n t  with th e  hypothes i s  t h a t  ca rnos ine  a c t s  as a 

n e u r o t r a n s m i t t e r  in  the  mouse o l f a c t o r y  pathway.
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INTRODUCTION

Over t h e  l a s t  decade,  s u b s t a n t i a l  biochemical  ev idence  has 

been accumulated i n d i c a t i n g  t h a t  th e  d ip e p t id e  c a rn o s in e  (B -a la n y l -  

L - h i s t i d i n e )  may p la y  a c r u c i a l  r o l e  as a n e u r o t r a n s m i t t e r  in the  

roden t  o l f a c t o r y  pathway ( f o r  review see Margolis  1980).  Many o f  

th e  biochemical  c r i t e r i a  e s s e n t i a l  f o r  the  d e t e rm in a t io n  o f  i t s  r o l e  

as a n e u r o t r a n s m i t t e r  in  t h i s  system have been met. Carnosine  has 

been found to  be compar tmental ized  s o l e l y  in the  o l f a c t o r y  r e c e p t o r  

neurons (Margolis  and G r i l l o ,  1978; Margolis ,_et ,a]_ . , 1974; Neidle 

and Kandera,  1974; F e r r i e r o  and M argoli s ,  1975; Harding,  e t  a l . ,

1977, 1978) where i t  i s  sy n th e s iz e d  by a s p e c i f i c  s y n th e t a s e  ( H o r in i s h i ,  

£ t  aj_. , 1978; Harding and M argo li s ,  1976; Harding,  e t  al_. , 1977;

Ng and M arsha l l ,  1978).  Carnosine  i s  t r a n s p o r t e d  by axoplasmic flow 

(Margolis  and G r i l l o ,  1977) i n t o  l a y e r s  o f  t h e  o l f a c t o r y  bulb con­

t a i n i n g  th e  o l f a c t o r y  nerve axons and t e rm in a l s  (N a d i , e t  al_. , 1980;

Burd, e t  a l . ,  1980).  In a d d i t i o n ,  th e  o l f a c t o r y  pathway co n ta in s  a 

very a c t i v e  and s p e c i f i c  d eg ra d a t iv e  enzyme, ca rn o s in a se  (M arno li s ,  

e t  al_., 1979; Harding and M argoli s ,  1976) which i s  e x t r a n e u ro n a l ly  

lo c a te d  (Harding,  et_ aj_. , 1977; Farbman, G r i l l o  and M argo l i s ,  un­

publ i shed  o b s e r v a t i o n s ) .  Carnosinase may, in t u r n ,  a c t  as an i n ­

a c t i v a t i n g  system in  a fash ion  analogous to  the  enzymes r e s p o n s ib l e  

f o r  t h e  deg rada t ion  o f  o t h e r  n e u r o t r a n s m i t t e r s ,  e . g . ,  a c e t y l c h o l i n e  

and th e  enkepha l ins  (S p a r f ,  1973; Macintosh and C o l l i e r ,  1976;

Hambrook, e t  al_. , 1976; J a c q u e t ,  e t  aj_. , 1976).  F i n a l l y ,  membrane 

f r a c t i o n s  o f  o l f a c t o r y  bulbs e x h i b i t  r e v e r s i b l e ,  s a t u r a b l e ,  and
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s t e r e o s p e c i f i c  b inding o f  c a rn o s in e  (Hirsch and M argo l i s ,  1979;

H i r sch ,  e t  al_. , 1978) s t r o n g ly  sugges t ing  t h a t  s p e c i f i c  r e c e p to r s  

f o r  c a rn o s in e  e x i s t  in t h i s  system.

One remaining c r i t e r i o n  necessa ry  f o r  e s t a b l i s h i n g  ca rnos ine  

as a n e u r o t r a n s m i t t e r  i s  th e  demonst ra t ion  t h a t  i t  p lays  a phys io ­

lo g ic a l  r o l e  in o l f a c t i o n .  P re l im ina ry  s t u d i e s  have a t tempted  to  

i n v e s t i g a t e  t h i s  q u es t i o n  by e v a lu a t in g  the  e l e c t r o p h y s i o l o g i c a l  

responses  o f  o l f a c t o r y  bulb  neurons to  ca rn o s in e  (Gonzale s-Es t rada  

and Freeman, 1980; Tonosaki and Shibuya,  1979; Nicol 1,  e t  al_., 1980; 

MacLeod and S t raughan ,  1979). These s t u d i e s  have n o t ,  however, 

reached a common c onc lu s ion .

In t h i s  paper  we have approached th e  q u es t i o n  o f  a p h y s io lo g ica l  

r o l e  f o r  ca rn o s in e  as a n e u r o e f f e c t o r  in the  mouse o l f a c t o r y  pathway 

by e s t a b l i s h i n g  t h a t  t h e  r e l e a s e  o f  in  vivo l a b e l e d  ca rn o s in e  from 

synaptosomal p r e p a r a t i o n s  i s  s t im u la t e d  by d e p o l a r i z a t i o n ,  a s i g n i ­

f i c a n t  f r a c t i o n  o f  which i s  calcium dependent ,  p rov id ing  f u r t h e r  

suppor t  f o r  i t s  c l a s s i f i c a t i o n  as a n e u r o t r a n s m i t t e r .
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MATERIALS AND METHODS

Radioactive Labeling o f  Synaptosomal Fractions

[^4 C ] -ca rnos ine  was s y n th e s iz e d  in  vivo from [ ^ C ] - e - a l a n i n e  

t h a t  was adm in is te re d  by in t r a n a s a l  i r r i g a t i o n  (20yCi/20 yl /mouse) as 

p r e v io u s ly  d esc r ibed  (Margolis  and G r i l l o ,  1977).  The [ 14C ] -ca rn o s in e ,  

thus  formed,  was t r a n s p o r t e d  to  the  nerve  t e rm in a l s  o f  th e  o l f a c t o r y  

r e c e p t o r  neurons in  th e  o l f a c t o r y  bulb (Margolis  and G r i l l o ,  1977;

Burd, e t  a l . , 1980).
3

[ H]-GABA load ing  was c a r r i e d  out  in  v i t r o  by in c u b a t in g  200 yl 

(2 mg P r o t e i n )  a l i q u o t s  o f  resuspended synaptosomal f r a c t i o n s  (see 

below) with  5 yM [ 3H]-GABA (1 .78  yCi) in  1 ml f i n a l  volume o f  HEPES
.j.

b u f f e r e d  5 mM K sup e r fu s io n  medium (see  below) c o n ta in in g  amino- 

o xy a c e t i c  ac id  (2 yg /m l) a t  37°C f o r  5 min. Incuba t ion  was te rm in ­

a t e d  by the  a d d i t io n  o f  2 .5  ml co ld  b u f f e r  fol lowed by r a p id  f i l t r a t i o n  

and an a d d i t i o n a l  wash with  2 .5  ml co ld  b u f f e r .  GABA uptake was found 

to  proceed in a t em pera tu re  dependent manner ( t h e  r e s id u a l  uptake a t  

0°C was 4%), and was i n h i b i t e d  by 100 yM GABA (10% re s id u a l  u p ta k e ) ,

100 yM d iam inobu ty r ic  ac id  (50% r e s id u a l  uptake) and only p a r t i a l l y  

i n h i b i t e d  by 100 yM 3 - a l a n in e  (75% re s id u a l  up take) .  [ 3H]-GABA 

loaded synaptosomes to  be used in r e l e a s e  s t u d i e s ,  were incuba ted  

with  [ H]-GABA f o r  15 min. Incuba t ion  was te rm in a ted  by d i l u t i o n  in 

5 ml co ld  HEPES b u f f e r  co n ta in !n g l00 yM GABA' fo l lowed by c e n t r i f u g a t i o n  

a t  14,500g f o r  10 min. The s u p e rn a ta n t  was d i sca rded  and the  p e l l e t  

was resuspended in 800 y l  o f  5 mM K+  super fu s ion  medium, The r e ­

suspended p e l l e t  served  as synaptosomal source  f o r  GABA r e l e a s e
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s t u d i e s .  The in p u t  per  r e l e a s e  sample con ta ined  about  36,000 cpm/100
3yg P ro t e i n /5 0  y l .  [ H]-Leucine uptake was performed as above f o r

3
[ H]-GABA a t  10 yM le u c in e  us ing 10 yCi/ml/2  mg synaptosomal pro­

t e i n .  Leucine uptake was found to  be te m pera tu re  dependent  (30% 

r e s id u a l  uptake a t  0°C). The synaptosomal in p u t  per  r e l e a s e  study  

was about  27,000 cpm [ ^ H ] - l e u c i n e / l 00 yg p r o t e i n / 5 0  yl suspension .

r i d
Time Course o f  l  Cj-Cam osine Labeling

CD-I female mice were i r r i g a t e d  with  [ ^ C ] g - a l a n i n e  (1 yCi/100 

yl /mouse) and k i l l e d  by CÔ  asp h y x ia t io n  fo l lowed by exsangu ina t ion  a t  

th e  i n d i c a t e d  t im es .  The o l f a c t o r y  bulbs were d i s s o lv e d  in 1 ml o f  

formic ac id  and a f t e r  the  a d d i t i o n  o f  2 ml o f  w ate r  and 10 ml o f  

h y d ro f lu o r ,  r a d i o a c t i v i t y  was measured in  a l i q u i d  s c i n t i l l a t i o n  

spec t rom e te r .  The r a d i o a c t i v i t y  in  th e  o l f a c t o r y  bulbs was ev a lu a te d  

f o r  ca rnos ine  c o n te n t  by chromatographic  s e p a r a t i o n  on Dowex 50 

columns accord ing  t o  Margolis  and G r i l l o  (1977) and by high p r e s s u re  

l i q u i d  chromatography (HPLC) as th e  f l u o r e s c e n t  2 -methoxy-2 ,4 -d ipheny l- 

3(2H)-furanone(MDPF)derivat ive  accord ing to  Wideman, e t  aj_. , (1978).

At l e a s t  95% o f  th e  i n c o rp o ra te d  counts were a s s o c i a t e d  with  carno­

s in e .

Preparation o f  Synaptosomes

Synaptosomes were prepared  from mouse o l f a c t o r y  bulbs (accord ­

ing to  Hajos ,  e t  al_., 1974 as adap ted by Rochel , Chapter  3 ,  This work) by 

g e n t l e  homogenizat ion in a Dounce homogenizer (Kontes Co.) in 0.32 M 

s u c ro se ,  5 mM HEPES, (pH 7 . 4 ) ,  1 mM MgSO^. The homogenate was
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f i l t e r e d  s e q u e n t i a l l y  th rough  1000, 210, and 70 yM nylon b o l t i n g  

c l o t h .  The p e l l e t  removed by c e n t r i f u g a t i o n  f o r  1 min a t  1000 x g__w
MiaX

was d i s c a rd e d  and th e  s u p e r n a t a n t  c e n t r i f u g e d  a t  14,500 x g_av, f o r
llidX

20 min and th e  p e l l e t  used as t h e  source  o f  th e  synaptosomes in  th e s e  

s t u d i e s .  About 13% o f  the  t o t a l  r a d i o a c t i v i t y  p r e s e n t  in  t h e  bulb 

was recove red  in t h i s  f r a c t i o n .  The p e l l e t  was r o u t i n e l y  resuspended 

in  t h e  homogenizat ion b u f f e r  a t  a c o n c e n t r a t i o n  eq u v a le n t  to  1 mg o f  

o r i g i n a l  t i s s u e  p e r  yl and used w i th in  1 .5  hours.

R elease o f  [}^C]-Cam osine from Synaptosomes

[ ^ C ] - c a r n o s i n e  r e l e a s e  was s tu d i e d  in a su p e r fu s io n  system 

m odi f ied  from Muler ,  a t  al_. , (1975).  Super fus ion  medium c o n ta in ed  

50 mM HEPES b u f f e r e d  to  pH 7 .4  with  NaOH, 5 .5  mM D -glucose ,  0 .8  mM 

MgSO^ and 1 mM sodium phospate .

In th e  5 mM K+ medium, the  NaCl c o n t e n t  was 135 mM; in o t h e r  

e x p e r im en t s ,  the  c o n te n t  o f  NaCl was a d j u s t e d  in  o r d e r  t o  m a in ta in  

c o n s t a n t  o s m o l a l i t y .  When p r e s e n t ,  ca lc ium was 2 mM CaClg. The

resuspended  synaptosomal p e l l e t  f r a c t i o n s  (50 yl c o n t a in in g  28-40 x
310 cpm and 0 .8  t o  1 mg p r o t e i n )  were l a y e re d  on top  o f  a 0 .8  x 1 .0  

cm G-15 Sephadex column formed in a 3 ml d i s p o s a b le  s y r in g e  b a r r e l  

a f t e r  p r e e q u i l i b r a t i o n  w i th  s u p e r fu s io n  b u f f e r  a t  37°C. These 

columns were supe r fu sed  a t  37°C with  c o n t in u o u s ly  oxygenated medium 

a t  0.75 ml/min using a p e r i s t a l t i c  pump (Buchler  I n s t r u m e n t s ) .  

S u p e r fu s a te  f r a c t i o n s  were c o l l e c t e d  a t  3 min i n t e r v a l s  and th e  r a d i o ­

a c t i v i t y  was moni tored  in  t h e  p resence  o f  10 ml H ydrof luor  (Nat ional  

D iag n o s t i c s  Corp.)  in a l i q u i d  s c i n t i l l a t i o n  sp e c t ro m e te r .  The
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s u p e r fu s io n  p ro toco l  fo l lowed was: 1) su p e r fu s io n  with  5 mM K+ medium

f o r  15 min t o  al low spontaneous  r e l e a s e  o f  ca rn o s in e  to  ach ieve  a low, 

s t a b l e  r a t e ,  2) a 6 min su p e r fu s io n  with  t e s t  compounds fo l lowed by 

s u p e r fu s io n  with  5 mM K+ medium f o r  6 a d d i t i o n a l  min,  3) a wash o f  0.1 

M HCl f o r  3 min in  o rd e r  to  r e l e a s e  th e  remaining c a rn o s in e  from the 

synaptosomes.  When th e  synaptosomes were s upe r fu sed  with  d i s t i l l e d  

w a te r ,  92% o f  th e  r a d i o a c t i v i t y  e l u t e d  in t h e  f i r s t  wash and a t o t a l  

o f  99.5% e l u t e d  in  th e  f i r s t  and second washes. This  i n d i c a t e s  t h a t  

t h e  [^4C ] -ca rn o s in e  i s  no t  i r r e v e r s i b l y  bound to  some i n t e r n a l  s t r u c ­

t u r e  o r  to  the  G-15 column, and t h a t  i t  can be r e l e a s e d  when th e  

synaptosomes a re  ly s e d  with  d i s t i l l e d  1^0. A f u r t h e r  i n d i c a t i o n  t h a t  

c a rn o s in e  does not  bind  to  t h e  G-15 column r e s u l t s  from th e  ob se rv a ­

t i o n  t h a t  in the  absence o f  synaptosomes,  more than 99% o f  the  r a d i o ­

a c t i v e  ca rn o s in e  i s  e l u t e d  from th e  G-15 column in  t h e  f i r s t  f r a c t i o n .  

The r e l e a s e  o f  [^4C ] -ca rn o s in e  i s  e xp re s sed  as t h e  r a t i o  o f  t h e  r a d i o ­

a c t i v i t y  r e l e a s e d  in a s p e c i f i c  f r a c t i o n  t o  t h e  t o t a l  r a d i o a c t i v i t y  

p r e s e n t  in the  synaptosomes (as a pe rc e n ta g e )  a t  t h e  beginning  o f  t h a t  

3 min r e l e a s e  pe r io d .

M aterials

[ l - 14C ] -3 -a la n in e  (55.2 mCi/mmol), [ 2 , 3 - 3H(N)]-GABA (35 .6  Ci/ 

mmol) and [ 4 ,5 -  H (N )] - le uc ine  (51 .6  Ci/mmol) were o b ta in e d  from New 

England Nuclea r  (Boston,  Mass.) V e r a t r i d i n e ,  EGTA, c h o l in e  c h l o r i d e ,  

HEPES, c a p s a i c i n ,  and b e s t a t i n  were o b ta in e d  from Sigma Chemical 

Co. (S t .  Louis ,  Mo.). T e t ro d o to x in  was from Calbiochem-Behring 

(San Diego,  C a l . )  G-15 sephadex was o b ta in e d  from Pharmacia Fine
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Chemicals (P isca taway ,  N. J . ) .  All o t h e r  reage n ts  were o f  a n a l y t i c a l  

grade.  Female exbreeder  CD-I mice were ob ta ined  from Charles  River 

Farms and were main ta ined  on wate r  and food p e l l e t s  ad l i b i t u m , with  

a 12-hour n ig h t /d a y  cy c l e .
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RESULTS

Time Course o f  ~C]-Carnosine Appearance in  the O lfactory  Bulb

14 n
Mice were i n t r a n a s a l l y  i r r i g a t e d  with  [ C ]3 -a la n in e  and 

s a c r i f i c e d  a t  the  i n d i c a t e d  t imes fo l lowing  t r e a tm e n t ,  and t h e  r a d i o ­

a c t i v i t y  in th e  o l f a c t o r y  bulb monitored (Fig.  1) .  The accumula t ion 

o f  [ ^ C ] - c a r n o s i n e  in th e  o l f a c t o r y  bulb reached a peak a t  about  

9 hours and decreased  slowly t h e r e a f t e r  c o n s i s t e n t  with  th e  r ep o r te d  

h a l f  l i f e  o f  ' 2 0  hours (Margolis  and G r i l l o ,  1977). Animals used 

f o r  ca rnos ine  r e l e a s e  s t u d i e s  were always s a c r i f i c e d  w i th in  th e  

12-16 hour per iod  fo l lowing  i r r i g a t i o n  with  [ ^ C ] 3 - a l a n i n e .  Approxi­

mately 0.5% o f  t h e  r a d io i s o to p e  adm in is te red  appeared as c a rn o s in e  in 

th e  bu lb ,  15 hr  a f t e r  i r r i g a t i o n .

Stim ulation  o f  Carnosine Release by 60 mM K+

O lfa c to ry  bulb  synaptosomes were super fused  f o r  15 min with  non­

d e p o l a r i z i n g  medium c o n ta in in g  5 mM K+ in the  absence o f  calcium.

The s t i m u la t io n  o f  ca rnos ine  r e l e a s e  was i n i t i a t e d  by r e p l a c in g  t h i s  

medium with  d e p o l a r i z i n g  media c o n ta in in g  60 mM K+ in  t h e  presence
Or

o r  absence o f  2 mM Ca (F ig .  2) .  The spontaneous r e l e a s e  o f  carno­

s in e  from th e  o l f a c t o r y  bulb synaptosomes (dur ing  s u p e r fu s io n  with  

5 mM K+ medium) reached a low, s teady  s t a t e  9 min a f t e r  the  o nse t  

o f  th e  sup e r fu s io n  and remained s t a b l e  f o r  a t  l e a s t  40 min. The 

r a t e  o f  spontaneous ca rnos ine  r e l e a s e  was about  l%/3 min o f  the  t o t a l  

r a d i o a c t i v i t y  in th e  synaptosomal f r a c t i o n  and r e p re s e n t e d  about  10 

t imes background.
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TIM E COURSE OF l4C CARNOSINE 
ACCUMULATION IN OLFACTORY BULB
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Fi gure 1 . Time course o f  [}~C~\-camosine accumulation in  the mouse 

o lfa c to ry  bulb. [ ^ C ] 3 - a l a n i n e  was adm in is te re d  by i n t r a n a s a l  

i r r i g a t i o n  ( luC i / lO O yl). Mice were k i l l e d  a t  the  i n d i c a t e d  times 

a f t e r  i r r i g a t i o n ,  and the  r a d i o a c t i v i t y  in th e  o l f a c t o r y  bulb was 

determined.  The r e s u l t s  a re  the  average o f  fou r  de te rminations  ±S.D.
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A marked i n c r e a s e  in ca rn o s in e  r e l e a s e  ( 3 - f o ld )  occur red  f o l ­

lowing exposure  o f  t h e  synaptosomes to  d e p o l a r i z i n g  c o n c e n t r a t i o n s  o f  

pota ss ium (60 mM) in  th e  s u p e r fu s io n  medium. An even g r e a t e r  i n ­

c r e a s e  was observed  ( 5 - f o l d )  when th e  60 mM K+ medium a l s o  c o n ta in ed  

2 mM CaCl2 * (F ig .  2) .

When a second d e p o l a r i z i n g  s t im ulus  o f  60 mM K+ was a p p l i e d  

a f t e r  the  synaptosomes were al lowed to  reco v e r  t h e i r  A'y in 5 mM K+ 

f o r  6 min, a second p u l s e  o f  c a rn o s in e  r e l e a s e  was induced (F ig .  3) .  

Thus,  a s i n g l e  d e p o l a r i z i n g  t r e a t m e n t  does not  t o t a l l y  d e p l e t e  the  

synaptosomes o f  a l l  t h e  r e l e a s a b l e  c a rn o s in e .  Success ive  d e p o l a r i z i n g  

s t i m u l i  can be used t o  g e n e r a t e  a s e t  o f  s e q u e n t i a l  c a rn o s in e  r e ­

l e a s e s  from th e  synaptosomal f r a c t i o n s .

Comparison o f  E fflu x  Parameters fo r  Carnosine, GABA and Leucine

The param ete rs  o f  c a rn o s in e  e f f l u x  from o l f a c t o r y  bulb  synap­

tosomes were compared to  th o s e  o f  a t r a n s m i t t e r  amino ac id  (GABA) 

and a n o n t r a n s m i t t e r  amino a c i d  ( l e u c in e )  (Table 1 ) .  Only 45% o f  

c a rn o s in e  o r  33% o f  GABA were l o s t  dur ing  th e  e q u i l i b r a t i o n  p e r io d  o f  

th e  s u p e r fu s io n  and,  w i th in  9 min, the  e f f l u x  had reached  a very  low, 

s t e a d y  s t a t e  o f  1.3% f o r  c a rn o s in e  and 2.7% f o r  GABA per  3 minu tes .

In c o n t r a s t ,  t h e  synaptosomes were very leaky  f o r  th e  n o n t r a n s m i t t e r  

amino a c i d  l e u c in e  with  a 90% lo s s  o f  l e u c in e  from synaptosomes 

o c c u r r in g  dur ing  the  i n i t i a l  e q u i l i b r a t i o n ,  fo l lowed  by a c o n t i n u i n g ,  

very high r a t e  o f  e f f l u x  (>8%). In a d d i t i o n ,  when r e l e a s e  was s t im u­

l a t e d  by d e p o l a r i z a t i o n  w i th  60 mM K+ , th e  e f f l u x  o f  both GABA and 

ca rn o s in e  i n c re a s e d  2 .7  f o l d ,  while  l e u c in e  e f f l u x  was only  1.5 t imes
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Ca+ +  DEPENDENT K+ STIM ULATED  

l4 C CARNOSINE RELEASE
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r l 4  TFigure 2. [ C j - C a r n o s i n e  r e l e a s e  a s  a  f u n c t i o n  o f  p o t a s s i u m  a n d

c a l c i u m .  Synaptosomes were s upe r fu sed  15 min with  5 mM K+ medium
2+in  t h e  absence o f  Ca . At 15 min (*) t h e  s u p e r fu s io n  medium was

+ + ?+ 
r e p la ced  by e i t h e r  50 mM K (□) o r  by 60 mM K + 2  mM Ca (o) o r  by

5 mM K+ (A),  a f t e r  6 min in  t h e  s u p e r fu s io n  media were changed back

to  5 mM K+ (T).  [ ^ C ] - c a r n o s i n e  r e l e a s e d  in each f r a c t i o n  i s  ex-
14

p re s sed  as the  p e r c e n t  i t  r e p r e s e n t s  o f  the  t o t a l  [ C j -c a rn o s in e  in 

the  synaptosomes a t  the  beginning  o f  th e  t h r e e  min r e l e a s e  pe r io d .  

The r e s u l t s  a re  average  o f  8 d e t e rm in a t io n s  ±S.D.

The c a rn o s in e  r e l e a s e  induced by 60 mM K and 60 mM K + c a l ­

cium was 3 t imes and 5 t imes the  r e l e a s e  a t  5 mM K , r e s p e c t i v e l y .
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TABLE 1 .  Comparison o f  e f f l u x  parameters fo r  carnosine> GABA and leucine . ^

( r l  Ml +(e )
% l igand lo s t  ' % e f f l u x  during % re leased by 60 mM K

/Li during eq u i l ib ra t ion  s teady s t a t e  ~% re leased by 5mM K+
Ligand^' ' ( f i r s t  9 m i n ) _______(per 3 min)_________ -Ca^+_______  +Ca2+______

3H-GABA 33 .54±7.9 (35) 2.66+0.48 (8) 1.66+0.32 (5) 2.71+0.56 (5)

3
H-Leucine 90.5±1.7 (12) 8 . 5±0.63 (12) 1.23+0.10 (4) 1.51 ±0.13 (4)

14C-Carnosine 45.0+2.3 (14) 1.31 ±0.14 (11) 1.95+0.40 (4) 2.70+0.62 (21)

(a)'Synaptosomal f r ac t ions  containing the appropr ia te  compound were superfused with 

5 mM K+ buffer  a t  37°C, e f f l u e n t  was co l l ec ted  in 3 min f r ac t ions .  Stimulat ion 

o f  re lease  with 60 mid K+ s t a r t e d  15 min and terminated a t  21 min. All the 

r e s u l t s  are expressed as mean +S.D. (n).

^ S y n a p t o s o m e s  were lab el led  by in v i t ro  uptake of  compound for  [ 3H]GABA or 
3 14[ H]leucine or by in vivo l ab e l l in g  wi th[  C]-3-alanine as precursor  as 

described in the te x t  for  [ 14C]carnosine.

frl'  'Expressed as % of  t o t a l  compound in the  synaptosomes in the beginning of the 

superfusion.

(^Expressed a t  % of  content  in synaptosomes a t  the beginning of  the 3 min 

re lease  period.

(e ^Ratio between % re leased as expressed in (d).
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con t ro l  (Table 1) .  This  demonst ra tes  t h a t  th e  c a rn o s in e  e f f l u x  

paramete rs  show g r e a t e r  s i m i l a r i t y  to  th o se  o f  GABA than  they  do to 

th o s e  o f  l e u c in e .

E ffea ts  o f  EGTA on Carnosine Release

2+The r o l e  o f  Ca in th e  r e l e a s e  o f  ca rn o s in e  was f u r t h e r  eva lu -
2+a t e d  by e i t h e r  o m i t t in g  Ca from medium, o r  c h e l a t i n g  i t  with  3 

mM EGTA dur ing  d e p o la r i z in g  s t im u la t i o n  (F ig .  3 ) .  EGTA blocked the  

calcium dependent  component o f  c a rn o s in e  r e l e a s e  but  did  no t  s i g n i ­

f i c a n t l y  ( P<0.5) a l t e r  ca rnos ine  r e l e a s e  induced by 60 mM K+ in the  

2+absence o f  Ca . This e f f e c t  o f  EGTA f u r t h e r  im pl ie s  t h a t  calcium 

ions  p lay  a major r o l e  in ca rnos ine  r e l e a s e  induced by d e p o l a r i z a t i o n .

R ela tionsh ip  Between Synaptosomal P o ten tia l and Carnosine Release

The r e l a t i o n s h i p  between c a rn o s in e  r e l e a s e  and th e  plasma mem­

brane p o t e n t i a l  was i n v e s t i g a t e d  by de termin ing  th e  e x t e n t  t o  which 

ca rnos ine  e f f l u x  was s t im u la t e d  by vary ing c o n c e n t r a t i o n s  o f  K+ ions 

in  th e  presence  o f  calcium (Fig.  4 ) .  P o ta s s iu m -s t im u la ted  ca rn o s in e  

r e l e a s e  in c re a s e d  in d i r e c t  p ro p o r t io n  to  the  d e p o l a r i z a t i o n  o f  the  

synaptosomal plasma membrane imposed by i n c r e a s in g  c o n c e n t r a t i o n s  

o f  ex t e rn a l  potassium.

V eratridine E ffe c t on Carnosine Release

The n e u ro a c t iv e  a l k a lo id  v e r a t r i d i n e  was used as a s p e c i f i c  

d e p o l a r i z i n g  agen t  which mimics the  phy s io lo g ica l  d e p o l a r i z a t i o n  

v ia  the  a c t i o n  p o t e n t i a l  sodium g a te  (Fig.  5) .  Under c o n d i t io n s
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EGTA EFFECT ON CARNOSINE RELEASE
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Figure 3. EGTA e f f e c t  on carnosine re le a se .  Synaptosomes were 

super fused  as d esc r ibe d  in the  legend o f  Figure 2. The t r e a tm e n t  

was i n i t i a t e d  a t  15 min w i th  media c o n ta in in g  e i t h e r  60 mM K+ EGTA 

( a ) ,  o r  60 mM K+ + Ca2+ ± EGTA (-EGTA, o;  +EGTA,t) o r  5 mM K+ con­

t r o l  (o ) .  A second t r e a tm e n t  was i n i t i a t e d  a t  27 min. (T) i n d i c a t e s  

the  beginning o f  the  t r e a tm e n t s ;  (+ ) ,  t h e i r  end. The r e s u l t s  a re  

the  average o f  4 d e te rm in a t io n s  ±S.D.
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RELATIONSHIP BETWEEN PLASMA MEMBRANE POTENTIAL 
AND l4C CARNOSINE RELEASE
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Figure 4 . R ela tion sh ip  between membrane p o te n tia l  and oam osine  

re le a se .  Synaptosomes were super fused  as de sc r ib e d  in  Methods s e c t i o n .  

Caronsine r e l e a s e  was s t im u la t e d  with  var ious  c o n c e n t r a t i o n s  o f  K+ .

The p e rce n t  o f  ca rnos ine  r e l e a s e d  (□) during th e  s t i m u l a t i o n  per iod  

( f r a c t i o n  VI + VII) and the  membrane p o t e n t i a l  (O) ob ta ined  a re  

p l o t t e d  as fu n c t io n s  o f  the  e x te rn a l  potassium c o n c e n t r a t i o n s .

Membrane p o t e n t i a l s  o f  the  synaptosomes were e v a u la te d  in  prev ious  

s t u d i e s  (Rochel ,  e t .  al_. , 1980) with  the  l i p o p h i l i c  c a t i o n  t e t r a -  

phenyl phosphonium. The r e s u l t s  a r e  the  average  o f  4 d e te rm in a t io n s  

±S.D.
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Ca++ DEPENDENT VERATRIDINE 

STIMULATED l4C CARNOSINE RELEASE
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Figure 5 . Stim ulation  o f  aam osine re lea se  by v e ra tr id in e .  The

legend as in Figure 2. S t im u la t io n  o f  ca rnos ine  r e l e a s e  was i n i t i a t e d

by media c o n t a in in g  5 mM K+ with  o r  w i thou t :  300 yM v e r a t r i d i n e ,
2+Ca , TTX (15 yM) and t h e i r  combinations.  Beginning o f  t r e a tm e n t  (h ) ;

i t s  end ( i ) .  The r e s u l t s  a re  means o f  fou r  de te rm ina t ions  ±S.D.



s i m i l a r  to  those  used h e re ,  v e r a t r i d i n e  was shown to  d e p o l a r i z e  o l ­

f a c t o r y  bulb synaptosomes (Rochel ,  e t  a_l_., 1980, 1981 ) and to  be 

bicoked by t e t r o d o t o x i n .  V e r a t r i d in e  s t im u la t e d  the  r e l e a s e  o f  

[ ^ C ] - c a r n o s i n e  t h r e e - f o l d  in the  presence  o f  calcium but  had no 

e f f e c t  in th e  absence o f  ca lc ium. The s t im u la t o r y  e f f e c t  o f  ve ra ­

t r i d i n e  was e n t i r e l y  abo l i shed  in the  presence  o f  the  sodium ga te  

b lo c k e r  t e t r o d o t o x i n  (15 pM). Te t rodo tox in  i t s e l f  d id  not  a f f e c t  the 

r a t e  o f  spontaneous ca rn o s in e  r e l e a s e .  This i n d i c a t e s  t h a t  the  e f f e c t  

o f  v e r a t r i d i n e  on ca rnos ine  r e l e a s e  i s  mediated v ia  the  d e p o l a r i z a t i o n  

o f  the  synaptosomal plasma membrane.

Romoexchange o f  Carnosine

Addit ion o f  ca rn o s in e  (1 mM) to  the  supe r fu s ion  medium r e s u l t e d  

in a tw o- fo ld  in c r e a s e  in  the  r a t e  o f  the  spontaneous ca rnos ine  r e -
4* ?+l e a s e  which (occurred in th e  presence  o f  5 mM K and 2 mM Ca (from 

1% to  2% t o t a l  c a rn o s in e /3  min). When ca rn o s in e  was added under de­

p o l a r i z i n g  c o n d i t i o n s ,  a s i m i l a r  i n c r e a s e  (o f  1%) was observed in 

a d d i t i o n  to  the  in c re a s e  brought about  by the  60 mM K+ . Replacement 

o f  sodium by cho l ine  in the  s u pe r fu s ion  medium did not  s i g n i f i c a n t l y  

a l t e r  the  in c re a s e  o f  ca rnos ine  r e l e a s e  induced by e x te rn a l  ca rn o s in e .

E ffec ts  o f  Various Neuro tra n sm itte rs  on Carnosine Release

In the  o l f a c t o r y  b u lb s ,  dopamine (H alasz ,  e t  al_. , 1977, 1978, 

1979) and GABA (Ribak,  e t  a]_., 1977) have been sugges ted  to  be the  

n e u r o t r a n s m i t t e r s  o f  the  peri  g lomerula r  c e l l s ,  w h i l s t  a s p a r t a t e  and 

glutamate a r e  thought to  be t r a n s m i t t e r s  o f  t h e  m i t r a l  c e l l s
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Figure 6 . Romoexchange. o f  carnosine . The legend as in Figure 2. 

During t r e a t m e n t ,  t h e  su p e r fu s io n  media were supplemented with  1 mM 

ca rn o s in e  and c o n ta in ed  e i t h e r  5 mM K+ + Ca2+ o r  60 mM K+ + Ca2+ in  

the  p resence  o r  absence  o f  sodium. (Na+ was rep la ced  by c h o l i n e ) .  

Beginning o f  s t im u lus  (+) ;  end o f  s t im ulus  (+).  The r e s u l t s  a r e  

average  o f  fou r  d e t e rm in a t io n s  ±S.D.
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Figure  7. Modulation o f  carnosine re lea se  by various neurotrans­

m itte r s .  The legend as in F igure 2. S t im u la t io n  o f  ca rnos ine  r e ­

l e a s e  was i n i t i a t e d  (+) by th e  a d d i t i o n  o f  a s p a r t a t e  (100 yM, A), o r

g lu tamate ( 1 0 0  y M ,  B ) ,  o r  dopamine ( 1 0 0  y M,  C ) ,  or  GABA ( 1 0 0  y M,  D)

+ + in 5 mM K medium o r  in 60 mM K medium, ( f )  i n d i c a t e s  end o f

s t im u lus .  Resu l t s  a r e  mean o f  fou r  de t e rm in a t io n s .  5 mM K+ ( o ) ,

5 mM K+ + drug (□) ,  60 mM K+ ( • ) ,  60 mM K+ + drug (■).
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( C o l l i n s ,  1979a,  1979b, 1981) w i th  GABA being im p l ic a te d  a l s o  in th e  

g ranu le  c e l l s  (Ribak,  e t  al_ . , 1977).  Since th e  f i r s t  two groups o f  

c e l l s  form anatomical  c o n ta c t s  with  the  o l f a c t o r y  r e c e p t o r  neurons 

and because t r a n s s y n a p t i c  r e g u l a t i o n  o f  t y r o s i n e  hydroxylase a c t i v i t y  

and o f  dopamine l e v e l s  i s  mediated by the  r e c e p t o r  neurons as i n d i c a t e d  

by denerva t ion  s t u d i e s  (Nadi, e t  a l . ,  1981; Kawarro, et^ a]_., 1981; 

M argoli s ,  e t  al_. , 1981),  i t  was o f  i n t e r e s t  to  i n v e s t i g a t e  whether 

th e s e  n eu ro a c t iv e  agen ts  i n f l u e n c e  ca rn o s in e  r e l e a s e  (F ig .  7) .

Dopamine (100 yM) d id  not  a l t e r  the  r a t e  o f  ca rn o s in e  r e l e a s e  from 

o l f a c t o r y  bulb synaptosomes in th e  p resence  o f  e i t h e r  5 mM K+ +

2 mM Ca2+ o r  60 mM K+ + Ca2+ medium. Addit ion  o f  g lu tamate  (100 

yM o r  1 mM) produced a s l i g h t  i n c r e a s e  o f  c a rn o s in e  r e l e a s e  in  the  

presence  o f  5 mM K+ + 2 mM Ca2+ o r  20 mM K+ 2 mM Ca2+. However,

g lu tamate  s l i g h t l y  decreased  the  s t im u l a t o r y  e f f e c t  o f  60 mM K+ +
2+2 mM Ca . A sp a r t a t e  (500 yM) s l i g h t l y  i n c re a s e d  the  ca rnos ine

+ 2+ + r e l e a s e  both in  th e  presence  o f  5 mM K + 2 mM Ca and 60 mM K

+ 2 mM Ca2+. Super fus ion  with  GABA (100 yM) a l s o  caused s l i g h t

s t i m u l a t i o n  o f  ca rn o s in e  r e l e a s e  in both d e p o l a r i z i n g  (60 mM K+) and

n o n -d e p o la r i z in g  (5 mM K+) media. Capsa ic in  (8 -N -m e th y l -N -v an i l ly l -

nonenamide) i s  a drug known t o  induce subs tance  P r e l e a s e  from pr imary

a f f e r e n t s  o f  chemosensory neurons in  the  sp ina l  cord (A la r i e

and K e l l e r ,  1973; Akagi,  £ t  a h > 1980; J a n c s o ,  1966).  In analogy to

subs tance  P, ca rn o s in e  i s  a l s o  a p u t a t i v e  n e u r o t r a n s m i t t e r  pep t ide

lo c a t e d  in primary a f f e r e n t  chemosensory neurons .  However, c a p s a i c in

d id  not  a l t e r  ca rnos ine  r e l e a s e  in  th e  p resence  o f  non -d ep o la r iz in g

potassium c o n c e n t r a t i o n s  (Table 2 ) .
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TABLE 2 .  E ffe c t  o f  te s ta t io n  and capsaicin  on carnosine re lease .

PRE-TREATMENT TREATMENT •
[ l4C]CARN0SINE

RELEASE

Medium Medium
Capsaicin 

1 UM
B esta tin  
1 pg/ml -

Treatment
Control

EXPERIMENT T :

5 mM K+ + Ca2'1' 5 mM K+ Ca2+ 1.0
II II + - 1.0
II 60 mM K+ + Ca2+ - - 2.12

EXPERIMENT I I :

5 mM K+ + Ca2+ • 5 mM K+ + Ca2'1" - - 1.03
II U - + 1.04
I t 60 mM K+ + Ca2+ - - -  -  2.43
II I t - + 2.41

The legend as in Figure 2. When present., Besta tin  was included in  the medium

continuously from the onset of the superfusion , treatment was i n i t i a t e d  a t
+ + ?+15 min by replacing the 5 mM K medium with 60 mM K + Ca medium containing

b es ta t in  in the treatment superfusion. Medium was not changed in the con tro ls

Capsaicin was applied on the onset o f  treatment in  5 mM K+ superfusion media.

The re s u l ts  are average of 4 determinations.

1 5 6



I d
Effect o f  a Camosinase Inhib itor  on Observed Release o f  [  ~Cj-Camosine

B e s t a t i n , ( [{2S ,3R)-3 -am ino-2 -hydroxy-4 -pheny l -bu tanoy l ] -L -
°+l e u c i n e ) ,  i n h i b i t s  the  Mn  ̂ ■ s t im u la t e d  membrane bound ca rn o s in a se

a c i t i v i t y ,  o f  b ra in  both in vivo and in  v i t r o  (M argo l is ,  Kawano and

G r i l l o ,  unpubl ished o b s e r v a t i o n s ) .  A d m in i s t r a t ion  o f  b e s t a t i n  in  th e

s u pe r fu s ion  media (1 yg /m l) did  not  a f f e c t  the  apparen t  ca rnos ine
+ 2+e f f l u x  e i t h e r  dur ing spontaneous r e l e a s e  (5 mM K + 2 mM Ca ) ,  o r

+ 2+
dur ing  d e p o l a r i z a t i o n  s t im u la t e d  r e l e a s e  (60 mM K + 2 mM Ca )

(Table 2) .  These o b s e rv a t io n s  i n d i c a t e  t h a t  a l l  o f  th e  [ ^ C ] - c a r n o -  

s i n e  r e l e a s e d  from the  snyaptosomes i s  d e t e c t e d  in  t h i s  system and 

t h a t  t h e r e  i s  no s i g n i f i c a n t  lo s s  o f  r a d i o a c t i v i t y  as a r e s u l t  o f  

h y d ro ly s i s  o f  c a rn o s in e  by a d i p e p t id a s e  with  subsequent  r eup take  o f  

r a d i o a c t i v e  6 - a l a n in e .
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DISCUSSION

The r o l e  o f  t h e  p u t a t i v e  n e u r o t r a n s m i t t e r  c a rn o s in e  in th e  

o l f a c t o r y  pathway was i n v e s t i g a t e d  with  r e s p e c t  t o  i t s  r e l e a s e  from 

o l f a c t o r y  bulb  synaptosomes in  response  to  d e p o l a r i z i n g  s t i m u l i  and 

to  n e u r o t r a n s m i t t e r  a p p l i c a t i o n .

A ca lc ium dependent  d e p o l a r i z a t i o n  s t im u l a t e d  r e l e a s e  o f  ca rn o ­

s i n e  by o l f a c t o r y  bulb  synaptosomes was dem onst rated  and c h a r a c t e r i -

2+zed.  The p rocess  o f  d e p o l a r i z a t i o n  s t im u l a t e d  Ca dependent  r e l e a s e

o f  l i g a n d s  by nerve  endings  has been p r e v io u s l y  d e s c r ib e d  f o r  many

n e u r o a c t iv e  agen ts  i n c lu d in g  a c e t y l c h o l i n e  (Katz and M i le d i ,  1967] ,

ca techo lam ines  ( P e l l e g r i n o  de I r a l d i ,  1980,  Smith and Winkler ,  1972;

S t j a r n e ,  1970; Folko and Haggendal , 1970; G effen ,  e t  al_. , 1970; Gron-

b a ld ,  e t  al_. , 1980);  enkepha l in s  (Henerson,  e t  a ^ . , 1979; Bayon, e t  a l . ,

1978) and GABA (Cotman and Hyacock, 1976).  This p rocess  has been co r -
2+r e l a t e d  with  s p e c i f i c  v e s i c l e  e x o c y to s i s  r e s u l t i n g  from Ca i n f l u x  

in response  to  d e p o l a r i z a t i o n  o f  th e  p r e s y n a p t i c  membrane e i t h e r  

by e l e c t r i c a l  s t im u lu s  o r  by s p e c i f i c  membrane p o t e n t i a l  drugs 

(Katz and M i le d i ,  1965, 1967; M i le d i ,  1973; Heuser and Reese,

1973, 1976; Gray, 1975; J e u s e r ,  1977). The da ta  p r e s e n te d

in t h i s  paper  have demonst rated  a very  c l o s e  r e l a t i o n s h i p  

between c a rn o s in e  r e l e a s e  and plasma membrane p o t e n t i a l  (a^)  imposed 

by vary ing  th e  c o n c e n t r a t i o n  o f  e x t e rn a l  po ta ss ium.  D ep o la r i z a t i o n  

o f  th e  plasma membrane by th e  a c t i v e  sodium ga te  drug v e r a t r i d i n e  

( U l b r i c h t ,  1969) induced ca rn o s in e  r e l e a s e .  However, v e r a t r i d i n e  

was unable to  induce ca rn o s in e  r e l e a s e  when the  d e p o l a r i z a t i o n  o f
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t he  plasma membrane was blocked by th e  sodium ga te  i n h i b i t o r  t e t r o -  

dotoxin (N arahash i ,  e t  a K , 1964; Evans, 1972; Li and White,  1977). 

Calcium enhanced the  ca rn o s in e  r e l e a s e  produced by d e p o l a r i z a t i o n  

with  60 mM K+, and i t s  presence  was a b s o l u t e l y  re q u i re d  f o r  p ro­

ducing th e  v e r a t r i d i n e  dependent  e f f l u x . .

2+These d a t a  sugges t  t h a t  a mechanism s i m i l a r  to  t h e  Ca de­

pendent  e x ocy tos i s  de sc r ib e d  above i s  f u n c t io n a l  in ca rnos ine  r e ­

l e a s e  from the  o l f a c t o r y  nerve endings  in the  o l f a c t o r y  bulb.

The synaptosomal p r e p a r a t io n  used in t h i s  s tudy  r e p r e s e n t s  a

he terogeneous p o p u la t io n .  However, as  a r e s u l t  o f  the  unique process

o f  ca rn o s in e  l a b e l i n g ,  ( i . e . ,  [^4C]- g - a l a n in e  uptake by o l f a c t o r y

neurons ,  and t r a n s p o r t  o f  the  in  vivo s y n th e s iz e d  [ ^ C ] - c a r n o s i n e

to  th e  o l f a c t o r y  nerve e n d in g s ) ,  [ ^ C ] - c a r n s i n e  i s  r e s t r i c t e d  to  a

s p e c i f i c  subpopula t ion  o f  t e rm in a l s .  Thus,  ca rnos ine  r e l e a s e  can

occur  only  from o l f a c t o r y  neuron synaptosomes. In c o n t r a s t ,  both 

3 3[ H]-GABA and [ H ] - l e u c in e  were loaded in  v i t r o  a f t e r  the  synaptosomes 

were i s o l a t e d .  S ince  no uptake system f o r  c a rn o s in e  has been d e t e c te d  

(unpubl ished o b s e rv a t io n s )  i t  could not  be loaded in  v i t r o . Furthermore,  

GABA i s  presumably taken up by nerve endings o f  p e r ig lo m e ru l a r  and 

g r a n u l e c e l l s  d i f f e r e n t  from those  c o n ta in in g  ca rnos ine  (Halasz ,  e t  a l . ,  

1977),  whereas l e u c in e  i s  taken up by a l e s s  r e s t r i c t e d  subpopula t ion  

o f  synaptosomes.

Keeping th e s e  d i f f e r e n c e s  in mind, the  parameters  o f  ca rnos ine  

e f f l u x  were compared to  th ose  o f  GABA and l e u c in e .  Carnosine was 

found to  be compartmenta l ized  in  the  synaptosomal p r e p a r a t i o n  in a 

manner t h a t  immobil ized i t  to  the  same e x t e n t  as GABA in  t h i s  s tudy
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and as re p o r te d  f o r  o t h e r  n e u ro a c t iv e  agen ts  such as ca techolamines  

which a re  p r e s e n t  in s p e c i f i c  v e s i c l e s  w i th in  the  nerve endings 

(Cotman and Haycock, 1976).  In c o n t r a s t  to the  low r a t e  o f  basal  

e f f l u x  seen f o r  ca rn o s in e  and GABA, th e  synaptosomal f r a c t i o n  was 

very leaky  f o r  the  n o n t r a n s m i t t e r  amino ac id  le u c in e  and was s i m i l a r  

to  t h a t  r e p o r te d  f o r  l y s i n e  e f f l u x  (Cotman and Haycock, 1976). In 

a d d i t i o n ,  60 mM K+ d e p o l a r i z a t i o n  s t im u la t e d  r e l e a s e  o f  GABA and 

ca rn o s in e  t o  a s i m i l a r  e x t e n t  whi le  l e u c in e  r e l e a s e  was a lmost  un­

re sp o n s iv e .  These ob s e rv a t io n s  imply t h a t  ca rnos ine  i s  lo c a te d  in 

synaptosomes in  a r e s t r i c t e d  manner as seen fo r  var ious  o t h e r  

neurot ransmi t t e r s .

The e f f e c t  o f  exogenous ca rnos ine  a l s o  suppo r t s  t h e  hypothes i s  
2+t h a t  the  Ca dependent  r e l e a s e  i s  by s p e c i f i c  v e s i c l e  e x o c y t o s i s .  

External  ca rnos ine  a t  1 mM caused an in c re a s e  o f  [^4C ]-ca rnos ine  

r e l e a s e  under both n o n -d e p o la r i z in g  c o n d i t io n s  (5 mM K+ ) and depol^
+ O-J.

a r i z i n g  c o n d i t io n s  (60 mM K. , Ca ) .  The increment was s i m i l a r  in 

both cases  and,  in the  l a t t e r ,  was in  a d d i t i o n  to  th e  d e p o l a r i z a t i o n  

induced r e l e a s e .  This im plie s  t h a t  t h e  e f f e c t  o f  ex t e rn a l  ca rnos ine  

i s  ach ieved by a mechanism d i f f e r e n t  from the  one r e s p o n s ib l e  f o r  the  

in c re a s e d  e f f l u x  produced by d e p o l a r i z a t i o n  with  60 mM potassium.

The apparen t  i n c re a s e  in [ ^ C ] - c a r n o s i n e  r e l e a s e  in the  presence  

o f  1 mM ca rnos ine  cannot  be accounted f o r  by com pe t i t ive  i n h i b i t i o n  

o f  ca rn o s in a se  by the  n o n - r a d io a c t i v e  c a rn o s in e ,  s i n c e  t h e r e  was no 

in c re a s e  in th e  presence  o f  the ca rn o s in a se  i n h i b i t o r  b e s t a t i n . .  

Fur thermore ,  i n h i b i t i o n  o f  ca rn o s in a se  a c t i v i t y  should r e s u l t  in the 

same p ro p o r t io n a l  in c r e a s e  o f  [ ^ C ] - c a r n o s i n e  r e l e a s e  in  th e  presence
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+ +
o f  60 mM K as in 5 mM K . However, n e i t h e r  o f  th e s e  e f f e c t s  were 

d e t e c t e d  in t h e  o l f a c t o r y  bulb synaptosomes t h u s ,  s t r o n g ly  arguing  

a g a i n s t  c a rn o s in a se  involvement as r e s p o n s ib l e  f o r  the  e f f e c t  o f  1 mM 

c a rn o s in e .

These r e s u l t s ,  in  a d d i t i o n  to  the  o b s e rv a t io n s  t h a t  t h e  exogenous 

ca rn o s in e  induced [ ^ C ] - c a r n o s i n e  r e l e a s e  i s  Na+ independen t ,  i n d i c a t e  

t h a t  th e  ca rnos ine  e f f e c t  i s  most l i k e l y  due to  homoexchange with  c y to ­

plasmic c a rnos ine .

Two models f o r  the  e f f e c t s  o f  d e p o l a r i z a t i o n  by 60 mM K+ o r

v e r a t r i d i n e  can be cons ide red .  The f i r s t  invo lves  d e p o l a r i z a t i o n

induced c a rn o s in e  r e l e a s e  from a cy top lasmic  pool .  Such a process

must be a f f e c t e d  by ex t e rn a l  ca rn o s in e  through an exchange mechanism.

In th e  second mechanism, th e  d e p o l a r i z a t i o n  e f f e c t  proceeds through
2+s p e c i f i c  v e s i c u l a r  e x o c y to s i s .  This process  should be Ca depend­

e n t  and una f fec ted  by th e  presence  o f  e x t e r n a l  c a rn o s in e .  Our r e s u l t s  

a re  most c o n s i s t e n t  with  the  second model,  t h a t  induc t ion  o f  ca rnos ine  

r e l e a s e  by d e p o l a r i z a t i o n  occurs  through s p e c i f i c  v e s i c l e  e x o c y to s i s .  

This conc lus ion  i s  in  d isagreement with  t h e  c la im put  forward by 

Harding and O 'F a l lon  (1979) t h a t  c a rn o s in e  i s  no t  lo c a te d  in v e s i c l e s  

de r ived  from synaptosomal f r a c t i o n s  o f  o l f a c t o r y  bu lb s .  However, they  

did n o t  demonst ra te  the  presence  o f  any known t r a n s m i t t e r  compound 

in t h e i r  v e s i c l e  f r a c t i o n s .

To e v a l u a t e  the  fu n c t io n a l  r e l a t i o n s h i p  between a d j a c e n t  neuronal  

s t r u c t u r e s  and the  ca rnos ine  co n ta in in g  a f f e r e n t  neurons ,  th e  e f f e c t s  

o f  s ev e ra l  n e u r o t r a n s m i t t e r s  p r e s e n t  in th e s e  p o s t s y n a p t i c  s t r u c t u r e s  

were s tu d ie d .
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Since  th e  s t i m u l a t i o n  by e i t h e r  GABA, g lu tamate  o r  a s p a r t a t e  

was ex t remely  small and s in c e  dopamine had no i n f l u e n c e  a t  a l l  on 

c a rn o s in e  r e l e a s e  (F ig .  7 ) ,  i t  appears  t h a t  none o f  t h e s e  agen ts  i s  

a major modula tor  o f  ca rnos ine  r e l e a s e  by the  o l f a c t o r y  neuron t e rm i ­

n a l s .  These r e s u l t s  a r e  c o n s i s t e n t  with  th e  anatomical  e v a lu a t io n  

o f  o l f a c t o r y  bulb o rg a n iz a t i o n  (Shepherd,  1972; Pinching and Powell ,  

1971a,  b; White,  1971,  1973) which did  n o t  d e t e c t  any p r e s y n a p t i c  

c o n t a c t s  on t h e  o l f a c t o r y  nerve axons and nerve endings .

In c o n c lu s io n ,  th e  r e l e a s e  mechanism prov ides  a p h y s io lo g ica l  

c lu e  to  the  r o l e  o f  ca rnos ine  as a n e u r o t r a n s m i t t e r  in th e  o l f a c t o r y  

pathway. Biochemical and anatomical  ev idence  o f  ca rn o s in e  l o c a l i ­

z a t i o n ,  s y n t h e s i s  and t r a n s p o r t  in  the  o l f a c t o r y  neuron and i t s  e x t r a  

neuronal  deg rada t ion  as well as  t h e  p resence  o f  c a rn o s in e  binding 

s i t e s  in th e  g lom eru la r  r e g io n ,  have been p re v io u s ly  r e p o r t e d .  (For 

rev iew, see M argo li s ,  1980).  Toge ther  w ith  t h e  calcium dependent 

c a rn o s in e  r e l e a s e  mechanism desc r ib e d  in t h e  p r e s e n t  paper ,  th e s e  

a l l  p rovide  a s t ro n g  argument in  suppo r t  o f  c a rn o s in e  as a neu ro t rans  

m i t t e r  in t h e  o l f a c t o r y  pathway.

However, to  unequivocally  e s t a b l i s h  th e  p h y s io lo g ic a l  r o l e  o f  

c a rn o s in e  in the  o l f a c t o r y  neurons ,  i t  s t i l l  remains e s s e n t i a l  to 

demonst ra te  t h a t  t h i s  p r e s y n a p t i c a l l y  r e l e a s e d  d ip e p t id e  has a physio 

l o g i c a l  e f f e c t  on the  p o s t - s y n a p t i c  neurons.
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