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Abstract 

Learned behaviors and tolerance to ethanol can be maintained by peripheral injection of arginine8-vasopressin (vasopressin) 
under conditions in which they would otherwise be lost. However, the sites of this action in the brain have not been clearly 
identified. Using a polyclonal antibody raised against Fos and Fos-like proteins, we have demonstrated increases in immuno- 
reactive Fos and Fos-like proteins in the suprachiasmatic, supraoptic and paraventricular nuclei of the hypothalamus, and lesser 
increases in piriform cortex and amygdala, of the rat 2 h after a s.c. injection of vasopressin. Our results suggest that the 
exogenous vasopressin may exert its central action by activating a cellular immediate early gene in specific brain regions. 
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I. Introduction 

Peripheral (s.c.) administration of vasopressin has 
been shown to maintain learned behaviors under con- 
ditions normally leading to extinction (Ader and De 
Wied, 1972; Le Moal et al., 1984). Hoffman et al. 
(1978) demonstrated that systemic injections of vaso- 
pressin were also able to maintain tolerance to ethanol 
after cessation of ethanol treatment. For these vaso- 
pressin-mediated effects to occur, integrity of the cen- 
tral noradrenergic (Hoffman et al., 1989) and seroton- 
ergic (L~ et al., 1982; Speisky and Kalant, 1985; Lan~a 
et al., 1993; Wu et al., 1994) systems was required. This 
effect of vasopressin was mediated by sites in the brain, 
because  it was also p roduced  by [des-glycin- 
amide9,arginine8 ]vasopressin (des-Gly 9-[ArgS ]vasopres - 
sin) which is almost devoid of peripheral effects (L~ et 
al., 1982). However, the exact sites of this vasopressin 
action following peripheral injection were not known. 
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By the use of [3H]vasopressin as a ligand, vasopressin 
binding sites have been identified in the paraventricu- 
lar, supraoptic and suprachiasmatic nuclei of the hypo- 
thalamus of the rat brain (Yamamura et al., 1983; 
Junig et al., 1985; Phillips et al., 1988) as well as the 
lateral septum of the mouse (Ishizawa et al., 1990) and 
the rat (Raggenbass et al., 1987), and the medial poste- 
rior hypothalamic nucleus of the canary brain (Voorhuis 
et al., 1988). The vasopressin receptors in the lateral 
septum have been shown to be of the vasopressin V 1 
type (Raggenbass et al., 1987). Recent experiments 
have also shown that the vasopressin potentiation of 
acute ethanol-induced motor impairment (Wu et al., 
1992) and the vasopressin maintenance of ethanol tol- 
erance (Szab6 et al., 1988) were mediated through an 
action on vasopressin V 1 receptors in the brain. Activa- 
tion of brain vasopressin V 1 receptors leads to stimula- 
tion of inositol triphosphate (IP 3) formation (Stephens 
and Logan, 1986), and the increased IP 3 raises the 
intracellular Ca 2 ÷ and thus activates the c-fos immedi- 
ate early gene (Morgan and Curran, 1991). Giri et al. 
(1990) showed that i.c.v, injection of vasopressin in the 
mouse increased the amount of Fos mRNA in North- 
ern blots of the septum and hippocampus, and sug- 
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gested  that  the c-fos immed ia t e  early gene  might  be 

involved in vasopress in  actions. However ,  this ap- 

proach  does  not  provide  the necessary in format ion  to 

identify the precise  dis t r ibut ion and character is t ics  of  
the neurona l  popula t ion  s t imula ted  by vasopressin ad- 

minis t ra t ion.  Moreover ,  the i.c.v, and s.c. routes  of  

Fig. 1. Immunocytochemical demonstration of Fos protein in different regions of rat brain, after i.p. injection of pentylenetetrazole, or s.c. 
injection of vasopressin or saline. Bar = 150 /zm. A, B and C: Anterior cingulate cortex, after pentylenetetrazole (A), vasopressin (B) or saline 
(C). D, E and F: Dentate gyrus, after pentylenetetrazole (D), vasopressin (E) or saline (F). G, H and I: Piriform cortex, after pentylenetetrazole 
(G), vasopressin (H) or saline (I). 
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Fig. 1 (continued). 

administration may result in actions at different sites in 
the brain, especially in the case of substances that do 
not readily permeate the blood-brain barrier. 

In order  to obtain further evidence that peripherally 
injected vasopressin does act in the brain, and to 
identify specific brain sites at which the vasopressin 
action may be produced, we used an immunocyto- 
chemical technique to demonstrate vasopressin-stimu- 
lated Fos and Fos-like proteins after an s.c. injection of 
vasopressin. Many of the brain regions examined have 
been implicated in learning and memory. 

2. Materials and methods 

Sheep polyclonal antibody to Fos oncoproteins was 
purchased from Cambridge Research Biochemicals 
(Wilmington, DE, USA). Biotinylated anti-sheep IgG 
(H + L) (antibodies directed against intact immuno 
gamma globulin heavy and light chains) immuno- 
globulin and avidin-biotin kit were obtained from Di- 
mension Lab (Mississauga, Ontario, Canada). Glucose 
oxidase, 3 ,3 ' -diaminobenzidine te t rahydrochlor ide  
tablets and pentylenetetrazole were purchased from 
Sigma Chemicals (St. Louis, MO, USA). All other 
reagents were of analytical grade. 

Male Sprague-Dawley rats weighing 240-300 g were 
purchased from Charles River Laboratory (Montrdal, 
Queb6c, Canada). The rats were housed singly in a 
colony complex in which the lights were on from 7:00 
a.m. to 7:00 p.m., and the room temperature  was 
maintained at 22°C. Each rat received five pellets of 
rat chow daily and tap water ad libitum. 

For examination of c-fos expression, a preliminary 
experiment was carried out in which separate groups of 
rats (n = 3 per group) treated with saline, vasopressin 
or pentylenetetrazole were killed at 30 and 60 min. 
Staining for Fos-like immunoreactivity (see below) 
showed a clear increase in the pentylenetetrazole ani- 
mals from 30 to 60 min, particularly in hippocampus 
and cortex, but no detectable staining at either time, in 
any brain, in the animals pretreated with saline or with 

vasopressin. Therefore  a longer survival time (2 h) was 
used in the major experiment. 

Rats were injected with vasopressin (10 ~ g /0 .3  ml 
s.c.; n = 6), saline (0.3 ml s.c.; n = 6), saline (2 ml i.p.; 
n = 3) or pentylenetetrazole (50 m g /k g  in 2 ml i.p.; 
n = 3). This dose of vasopressin is the same as that 
used previously in behavioral studies in which des- 
Gly9-[ArgS]vasopressin and vasopressin maintenance of 
ethanol tolerance was observed (L~ et al., 1982; Speisky 
and Kalant, 1985; Wu et al., 1994). Two hours later, 
each rat received an injection of pentobarbital (50 
m g / k g  i.p.). When the rat was fully anesthetized, in- 
tracardiac perfusion of 100 ml saline followed by 400 
ml of ice-cold fixative (4% paraformaldehyde in 0.1 M 
phosphate buffer, pH 7.25) was performed. The brain 
was removed and immersed in the fixative for 2 h 
before being stored in a 20% sucrose-phosphate buffer 
solution at 8°C overnight. Coronal brain sections of 48 
Izm thickness were cut on a freezing microtome (IEC 
microtome-microcryostat) and were immunostained for 
Fos and Fos-like proteins according to the method of 
Dragunow and Robertson (1987). Briefly, the sections 
were incubated with the primary antibody (sheep poly- 
clonal antibody to Fos oncoproteins, 1:1500 dilution) 
in 1% normal rabbit serum for 48-72 h at 8°C. The 
sections were then washed 3 times in phosphate buffer 
saline (PBS) and were incubated with biotinylated 
anti-sheep IgG (1:500 dilution) for 1 h. After further 
rinsing in PBS (3 x 10 min), the sections were incu- 
bated for 1 h with the chromogen, diaminobenzidine, 
and visualized with the addition of glucose oxidase. In 
each batch, appropriate saline-treated control animals 
were included, as well as one rat injected with 
pentylenetetrazole (50 m g /k g  i.p.), and the brains were 
processed in an identical manner. The brain sections of 
the pentylenetetrazole-treated rats served as positive 
controls for Fos and Fos-like oncoprotein immuno- 
reactivity. The sections were dehydrated and mounted 
on microscopic slides in a Permount  histological 
mounting medium (Fisher Scientific) and were ob- 
served under a Nikon Optiphot microscope. Kodak 
ASA-160 film was used for the photography. For the 
semiquantitative studies, the antibody-stained cell nu- 
clei were counted under the microscope in a minimum 
of ten different fields per animal. 

3. Results 

The immunocytochemical technique used in our ex- 
periments was able to detect an increase in Fos and 
Fos-like proteins in many brain regions after pentyl- 
enetrazole treatment. The results were in general 
agreement with those reported earlier by Dragunow 
and Robertson (1987) (Fig. 1A, D and G). In the brain 
slices of pentylenetetrazole-treated animals, Fos-like 
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immunoreac t iv i ty  was consis tent ly  robus t  in every ex- 
pe r imen t ,  espec ia l ly  in the  h i p p o c a m p u s  and d e n t a t e  
gyrus (Fig. 1D). A n  in jec t ion  of  sal ine (s.c.) d id  not  
resul t  in an increase  in Fos- l ike  immunoreac t iv i ty  ex- 

cep t  in the  p i r i fo rm cor tex  (Fig. 11). In  this  a rea  the  
n u m b e r  o f  Fos - l ike  i m m u n o r e a c t i v e  nuc le i  was 
m a r k e d l y  inc reased  in the  p e n t y l e n e t e t r a z o l e - t r e a t e d  
animals  (Fig.  1G). In jec t ion  of  vasopress in  (s.c.) p ro-  
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Fig. 2. Fos-like immunoreactivity in different hypothalamic nuclei of the rat; same treatments as in Fig. 1. Bar = 150 /zm. A, B and C: 
Suprachiasmatic nucleus, after pentylenetetrazole (A), vasopressin (B) or saline (C). D, E and F: Supraoptic nucleus, after pentylenetetrazole 
(D), vasopressin (E) or saline (F). G, H and I: Paraventricular nucleus, after pentylenetetrazole (G), vasopressin (H) or saline (I). 
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Fig. 2 (continued). 

duced moderate increases in Fos-like immunoreactive 
nuclei in the anterior cingulate and piriform cortices 
(Fig. 1B and E) but not in the dentate gyrus (Fig. 1H). 

In contrast, vasopressin (s.c.) injection strongly stim- 
ulated Fos-like immunoreactivity in the hypothalamus 
and pons. In the hypothalamus, many Fos-like 
immunoreactive nuclei were seen in neuronal perikarya 
in the suprachiasmatic, supraoptic and paraventricular 
nuclei (Fig. 2B, E and H), whereas in the saline-in- 
jected animals only a very small number of Fos-like 
immunoreactive nuclei were present. Pentylenetetra- 
zole injection led to moderate increases in Fos-like 
immunoreactivity in suprachiasmatic nucleus (Fig. 2A) 
and paraventricular nucleus (Fig. 2G) as well as in the 
dorsal portion of the supraoptic nucleus (Fig. 2D). 

Histological examination of all the regions under 
study confirmed that vasopressin increased Fos-like 
immunoreactivity strongly in the hypothalamic nuclei 
and pons (ventrolateral pontine nuclei and superior 
and inferior olivary complex), clearly in the piriform 
cortex and amygdala, and more modestly in the ante- 
rior cingulate cortex, entorhinal cortex and to lesser 
degree, the lateral septum. The hippocampus and den- 
tate gyrus did not show any increase in Fos-like im- 
munoreactivity in the vasopressin-treated rats. Saline 
injection produced only slight increases in the piriform 
cortex, amygdala, olfactory tract and cortex, and agran- 
ular cortex, and no effect at all in the hypothalamus, 
hippocampus and pons. Detailed quantitative analysis 
of these regional differences is currently in progress. 

4. Discussion 

It has been shown that enhanced immediate early 
gene expression can be used to identify sites of drug 
action in brain (Robertson, 1993; Smeyne et al., 1992; 
Smeyne et al., 1993). If peripherally injected vaso- 
pressin activates vasopressin V 1 receptors in the brain, 
then the s.c. injection of vasopressin should result in 
the activation of c-fos immediate early gene in neurons 
possessing vasopressin V 1 receptors. In our experi- 

ments, the antibody was able to demonstrate increased 
expression of Fos or Fos-like proteins in many brain 
areas including the anterior cingulate cortex and hip- 
pocampus of the pentylenetetrazole-treated rats, as 
reported by others (Morgan et al., 1987; Dragunow and 
Robertson, 1987). In our hands, saline (s.c.) adminis- 
tration did not stimulate the production of Fos and 
Fos-like proteins in most brain regions except the 
piriform cortex and olfactory cortex as shown by 
Smeyne et al. (1992). The apparent increase of Fos and 
Fos-like immunoreactivity in these brain areas after 
saline injection may possibly be due to activation of 
c-los immediate early gene in these regions by olfac- 
tory stimuli present in the test environment. 

The peripheral administration of vasopressin did not 
markedly change Fos-like immunoreactivity over the 
background levels (saline-treated rat brain) in the ol- 
factory tract, olfactory cortex and cortical layers II and 
IlI, suggesting that these four regions probably are not 
involved in the central actions of exogenous vaso- 
pressin. The brain regions that were most likely associ- 
ated with exogenous vasopressin actions were the hy- 
pothalamic suprachiasmatic, supraoptic and paraven- 
tricular nuclei in which Fos-like immunoreactivity was 
markedly increased over levels seen in the saline- 
treated animals. Moreover, these increases after vaso- 
pressin injection were relatively much greater than 
those produced by pentylenetetrazole in the same area. 
Somewhat less marked increases were found in the 
piriform cortex, amygdala and thalamic paraventricular 
nucleus, which might also be important sites of action 
of exogenous vasopressin. There was a very low level of 
Fos-like immunoreactivity in the septum, but virtually 
no identifiable Fos-like immunoreactivity in the hip- 
pocampus after vasopressin treatment, despite an ear- 
lier report (Giri et al., 1990) of increased c-los expres- 
sion (Fos mRNA) in the septum and hippocampus 
after i.c.v, injection of vasopressin. Though vasopressin 
also produced a strong increase in the pons, it is 
unlikely that pontine nuclei are involved in the vaso- 
pressin effect on learned behaviors or on ethanol toler- 
ance, because these regions are known to be mainly 
involved in control of peripheral and autonomic activi- 
ties. 

The differences between our results and those of 
Giri et al. (1990) may possibly be attributed to method- 
ological factors. Firstly, different modes of vasopressin 
administration were used. It is possible that i.c.v, ad- 
ministration produces a sufficiently high concentration 
of vasopressin in the hippocampus to increase the 
expression of c-fos there, while the vasopressin level in 
the hippocampus after s.c. injection may not have been 
high enough to do so. Secondly, Giri et al. (1990) 
measured mRNA levels in blocks of dissected tissue 
that included the septum, but that may also have 
included adjacent structures such as the diagonal band 
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of  Broca,  tha t  is also known to conta in  a large  n u m b e r  
of  vasopress in -con ta in ing  f ibers  (De  Vr ies  and Buijs, 
1983; Sofroniew and  Weind l ,  1978) and  vasopress ine r -  
gic r ecep to r s  (Baskin  et  al., 1983). 

T h e  p r e sen t  f indings  do not,  by themselves ,  pe rmi t  
any conclus ion  as to w h e t h e r  the  act ivat ion of  cen t ra l  
c-fos express ion  by p e r i p h e r a l  admin i s t r a t ion  of  vaso-  
press in  is r e l a t ed  to the  p e r i p h e r a l  ac t ions  of  vaso- 
press in  on b lood  pressure ,  f luid ba lance ,  etc., or  the  
cen t ra l  ac t ions  such as those  on l ea rn ing  and  to le rance .  
In  o r d e r  to he lp  d i f f e ren t i a t e  b e t w e e n  these  possibi l i -  
t ies,  fu r the r  s tudies  recen t ly  c o m p l e t e d  in our  l abora -  
tory have r e p l a c e d  vasopress in  with pe r iphe ra l ly  ad-  
min i s t e r ed  des-Gly9-[ArgS]vasopress in ,  tha t  is v i r tual ly  
devoid  of  p e r i p h e r a l  ac t ions  bu t  re ta ins  the  cen t ra l  
ac t ions  of  vasopress in .  The  most  s t r iking d i f fe rence  
be tween  the  effects  of  des-Gly9-[ArgS]vasopress in  and  
vasop re s s in  o b s e r v e d  to  da t e  is tha t  d e s - G l y  9- 
[ArgS]vasopress in  does  not  s t imula te  c-fos express ion  
in sup raop t i c  and  pa r aven t r i cu l a r  nuclei ,  bu t  does  so 
s t rongly in the  sup rach ia sma t i c  nucleus  (Lan~a et  al., 
manusc r ip t  in p repa ra t ion ) .  This  suggests  tha t  the  c-los 
express ions  in sup raop t i c  and  pa raven t r i cu l a r  nucle i  
a re  r e l a t ed  to p e r i p h e r a l  ac t ions  of  vasopress in  or  to 
f e e d b a c k  cont ro l  of  vasopress in  p roduc t ion ,  whe reas  
the  inc reased  express ion  in suprach iasma t i c  nucleus  
may be  r e l a t ed  to the  cen t ra l  ac t ions  sha red  by vaso- 
press in  and  des-Gly9-[ArgS]vasopress in ,  This  is consis-  
ten t  with the  observa t ion  tha t  the  sup rach ia sma t i c  nu- 
cleus conta ins  exclusively vasopress in  V 1 r ecep to r s  
whe reas  the  sup raop t i c  nuc leus  and  pa raven t r i cu l a r  
nucleus  con ta in  p r e d o m i n a n t l y  vasopress in  V 2 recep-  
tors  ( Johnson  et  al., 1993), and  tha t  the  m a i n t e n a n c e  of  
t o l e r ance  by vasopress in  is m e d i a t e d  by vasopress in  V~ 
r ecep to r s  (Szab6 et al., 1988). 

W e  have previously  p r o p o s e d  tha t  the  known inter-  
ac t ion  b e t w e e n  se ro ton in  and  vasopress in  in the  main-  
t enance  of  e thano l  t o l e r ance  occurs  at the  level of  the  
s e p t u m  (Kalant ,  1993). S tud ies  employ ing  c o m b i n e d  
r e t r o g r a d e  t rac ing  and  immunocy tochemis t ry  (Lan~a et  
al., 1993) led to a mod i f i ed  hypothes is  tha t  such inter-  
ac t ion  could  also occur  at  the  level of  vasopress in -p ro -  
ducing cells in the  hypo tha lamus .  The  p r e sen t  f indings  
are  cons is ten t  with this modi f ica t ion .  Ac t iva t ion  of  
c-los express ion  in the  sup rach ia sma t i c  nucleus  via 
vasopress in  V 1 r ecep to r s  suggests  the  possibi l i ty  of  
i nc reased  p roduc t i on  of  vasopress in  in the  cell  bod ies  
and  consequen t ly  inc reased  re l ease  of  vasopress in  in 
the  p ro jec t ion  a reas  of  sup rach ia sma t i c  nucleus ,  includ- 
ing l a te ra l  s e p t u m  (Sofroniew and  Weind l ,  1978). 

In  conclus ion,  our  resul ts  d e m o n s t r a t e  tha t  pe r iph -  
eral ly  in jec ted  vasopress in  s t imula tes  the  express ion  of  
c-fos i m m e d i a t e  ear ly  gene  select ively in d i f fe ren t  b ra in  
regions ,  and  most  in tense ly  in the  hypo tha lamic  
suprach iasmat ic ,  sup raop t i c  and  pa raven t r i cu l a r  nuclei .  
Such s t imula t ion  may unde r l i e  the  abi l i ty  of  the  exoge- 

nous vasopress in  to ma in ta in  l e a rne d  behaviors  and  
to l e r ance  to e thanol .  
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