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ABSTRACT 

Vasopressin, or antidiurectic hormone, has long been known to 

have peripheral antidiuretic and vasoconstrictor properties. However, 

more recently a body of research has shown that vasopressin (AVP) 

affects central nervous system functions by to influencing memory 

processes. In light of the growing evidence for the role of vasopressin 

(AVP) in memory, my dissertation research was designed to test the 

hypothesis that AVP acts as a neuromodulator in the CNS. To test this 

hypothesis criteria used to establish neurotransmitter status was 

applied to AVP. Thus, a series of experiments were carried out to 

investigate 1. AVP brain levels; 2. release of AVP in the CNS; 3. 

existence of specific AVP binding sites in brain and finally, 4. 

existence of AVP metabolite peptide, AVP(4-9), binding sites in brain. 

Results of these experiments indicate that AVP meets some of the 

criteria for neuromodulator status in the CNS. The detection of AVP in 

brain, elucidation of the modulatory influence of a CNS depressant upon 

the content and release of AVP in brain, demonstration and 

characterization of the regional distribution for putative AVP receptors 

in brain along with binding sites for a metabolite peptide of AVP, all 

suggest that AVP acts through receptors within the CNS to influence 

memory processes. 

ix 



CHAPTER 1 

INTRODUCTION 

Behavioral studies 

The role of vasopressin in memory processes was uncovered in the 

early and now classical work of de Wied and his colleagues. In these 

studies, hypophysectomized rats were found to be deficient in acquiring 

and maintaining aversively motivated tasks. These deficiencies were 

corrected by treatment with pitressin, a crude pituitary extract, and 

(as shown by later work) with arginine vasopression or AVP (DeWied, 

1971; DeWied, Bohus, Van Wimersma, 1975). 

Treatment with vasopressin itself also reversed these behavioral 

deficits, as observed in Brattleboro rats with diabetes insipidus, the 

genetically based and inheritable inability to synthesize vasopressin 

(DeWied, Bohus and Van Wimersma, 1975; Bohus, Van Wimersma and DeWied, 

1975). In both normal and such diabetic rats, the influence of 

vasopressin on the acquisition and maintenance of aversively motivated 

tasks is long-lasting, and in fact the behavioral effect persists 

without further exogenous administration of the peptide (DeWied, 1971; 

Bohus, Gispen and DeWied, 1973; Adder and DeWied, 1976). 

As an interesting contrast, anti-vasopressin immune serum has 

been shown to inhibit retention of a learned response (Van Wimersma and 
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DeWied, 1976). Moreqver, results of experiments in which vasopressin 

was administered imm~diatlely after the training procedure or just prior 

to the retention t~st ~howed that vasopressin enhances both the 

consolidation and ret+ieval process of memory (Bohus, Kovacs and DeWied, 

1978). 

In confirmatio;n of the above, Koob and coworkers at the Salk 

Institute and at the Vnivetsite de Bordeaux have successfully reproduced 

and extended the work of die Wied and his associates (LeMoal et a1., 

1981; Koob et al., 19f,l). They report that both subcutaneous and 

intracerebroventricul~r infiection of vasopressin enhances retention of 

an active avoidance r~sponae. And, in contrast again, a pressor 

antagonist analog of ~rginine vasopressin (l-deaminopenicillamine, 2-(0-

methyl) tyrosine AVP), while blocking as expected the pressor effect of 

vasopressin (Bankoski et al., 1978), also abolished its effects upon 

memory. 

At first glanc~, it might seem that the blockade of both the 

pressor response and ~he memory-enhancing effects of vasopressin 

indicates that affereijt signals from arteriolar smooth muscle, where the 

receptors for the for~er r~sponse lie, play a role in learning and 

memory through increa,sed v:ascc(lnstriction and consequent visceral 

afferent enhancement pf sensory events. (A more effective cerebral 

blood flow might also be expected to occur.) 

A considerable body I of knowledge, however, suggests that 

vasopressin acts inde,ende.tly of its classically recognized endocrine 

action on the renal blood vessels to produce its behavioral effects. 

Desglycinamide-Iysin vasopressin, a vasopressin analog devoid of 



antidiuretic activity, has been shown to reverse memory deficits in 

Brattleboro ~ats, enhance memory processes in normal animals (DeWied, 

Bohus and Van Wimersma, 1975) and protect against puromycin, 

pentylenetetrazol, electroconvulsive shock and CO -induced amnesia 
2 

(Land, Flexner and Flexner, 1972; Walter et al., 1975; Asin, 1980; 

Bookin and Pfiefer, 1977; Rigter, Van Reizen and DeWied, 1974). 

Alternatively, it is possible that the receptors at which vasopressin 

elicits its pressor effects are similar to those where its behavioral 

3 

effect takes place. This possibility could be explored by comparing the 

receptor binding characteristics of the vascular receptor with those of 

the brain receptor. 

The studies associating vasopressin with memory functions 

mentioned thus far have been based on learning paradigms employing 

aversively motivated tasks. If vasopressin is indeed a neurochemical 

component of memory, it should also exert similar effects upon 

positively motivated tasks. In fact, there are in the literature 

several reports of retention of tasks learned under positively motivated 

conditions. Bohus (1977) showed that vasopressin increased retention of 

a sexually-motivated discrimination task. More recently, Koob et al. 

found that post-training administration of vasopressin can facilitate 

performance of a learned appetitive task (Koob et al., 1981). 

From the data presented thus far, we see that there is strong 

evidence that vasopressin significantly influences memory processes. To 

further support this conclusion, studies conducted with human subjects 

treated with vasopressin show enhanced memory functions, and these 

findings are perhaps the most striking of all. 
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Clinical studies 

Recent clinical studies have shown that vasopressin can have 

pronounced therapeutic effects in patients suffering from memory 

deficits. Oliveros ~ al. (1978) found substantial improvement after 

vasopressin treatment in persons with post-traumatic amnesia. In a 

double-blind study by Legros et ale (1978), marked improvement of memory 

functions was found after treatment with vasopressin in elderly subjects 

with memory deficits secondary to senile dementia (Legros et al., 1978). 

In two recent double-blind studies, a synthetic analog of vasopressin, 

1-desamino-8-D-arginine vasopressin (DDAVP), produced consistent 

improvement on tests of long-term memory in persons suffering from 

affective disorders (Weingartner et al., 1981a). In addition, DDAVP 

produced improvement in serial learning, prompted free recall and 

enhanced recall of semantically related words in both cognitively

impaired and normal adults. Weingartner et al. (1981b) very recently 

reported improved cognitive-memory processes in early stage progressive 

idiopathic dementia patients also treated with DDAVP. 

Further evidence of the influence of memory in human subjects has 

come from studies with agents which influence the release of 

vasopressin. Carbamazepine, a potent releaser of vasopressin, has been 

shown to improve alertness and mental functions in a group of epileptic 

patients (Dodrill and Troupin, 1977). In contrast, ethyl alcohol, which 

decreases vasopressin plasma levels (Kleeman et al., 1955), is 

associated with disruption of memory functions (Carpenter and Ross, 

1973). 
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Vasopressin-related effects Qli tolerance and dependence to addictive 

drugs and pain 

Development of functional tolerance to drug effects has been 

considered analogous to the adaptive CNS process which occurs during 

learning and/or memory consolidation (Clouet and Iwatsubo, 1975; Cohen 

et al., 1965; Kesner, Priano and DeWitt, 1976; Siegel, 1975). 

Interestingly, several investigators have shown that vasopressin 

facilitates development and maintenance of tolerance to narcotic 

analgesics and ethyl alcohol (Krivoy, Zimmerman and Lade, 1975; DeWied 

andGispen, 1976; Takamori, 1976; Hoffman et al., 1978; Mucha and Kalant, 

1979). 

Very recent reports claim increased tolerance to heat in rats 

treated with vasopressin as measured by increased tail flick latencies 

(Kordower et al., 1981). Bodnar et al (1981) reported hyperanalgesia 

and selective analgesic deficits in rats genetically deficient in 

vasopressin. 

Mechanism of action 

Several possibilities exist for the behavioral effect of 

vasopressin. One of these is that this nonapeptide is a neuromodulator 

of catecholamine transmission. It could be that it interacts with 

presynaptic receptors at catecholamine terminals to modulate 

catecholamine biosynthesis (Walter and Hoffman, 1977). Or it could act 

at other sites on the catecholamine terminals, causing increased 

transmitter synthesis and release by interacting with receptors for 

uptake of the precursor amino acid tyrosine or with systems for the 

membrane transport of ions. 
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Additionally, vasopressin could interact with postsynaptic 

catecholaminergic receptors to up- or down-regulate receptor density or 

to modify receptor sensitivity. A recent study by Church (1981) 

supports the latter possibility. Results of this study showed that 

under in vitro conditions a mixture of lysine vasopressin and 

norepinephrine produced nine to ten times greater accumulation of cyclic 

AMP in mouse hippocampal slices over that of norepinephrine alone. 

Lysine vasopressin alone had little effect. These results suggest that 

vasopressin neurochemically modulates the responsiveness of the 

hippocampal norepinephrine-cyclic AMP system. 

Further evidence for a catecholamine~vasopressin interaction comes 

from lesion and micro injection studies. Destruction of the ascending 

noradrenergic bundle by bilateral injection of 6-hydroxydopamine 

abolished the effect of vasopressin on memory consolidation (Kovacs, 

Bohus and Versteeg, 1979), whereas memory consolidation was facilitated 

by microinjections of vasopressin into brain regions containing 

projections of this bundle (Kovacs et al., 1979). Further, accelerated 

catecholamine disappearance was observed after vasopressin treatment in 

brain regions associated with memory functions and which receive NE 

projections (Kovacs et al., 1979). 

Electrophysiological effects 

In the mammalian nervous system Nicoll and Barker (44) demonstrated 

depression of supraoptic neurosecretory cell activity after 

micro iontophoresis of vasopressin. These investigators also reported a 

predominantly excitatory effect of vasopressin on cortical neurons. 

Somewhat different electrophysiological responses to vasopressin have 
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been observed in the invertebrate nervous system. Barker and Gainer 

(1974), however, have shown that vasopressin administered in a bath OT. 

iontophoretically initiates bursts of pacemaker potentials (pacemaker 

cell Rll ) in land-snail neurons. Additionally, vasopressin produced a 

small increase in membrane input resistance and nonlinearity in the I/V 

(current/voltage) curve. The effects of vasopressin, unlike those of 

acetylcholine, were delayed in onset and prolonged duration. 

In the mammalian brain, Multhaler et al. (1982) found that AVP 

depolarized hippocampal neurons. Interestingly, Versteeg, De Jong and 

Bohus (1984) showed that AVP inhibits the centrally induced pressor 

response by modulation of hippocampal mechanisms. 

Localization of vasopressin containing cells and pathways 

The Gomori stain and immunocytochemical preparations permit the 

demonstration of vasopressin within the magnocellular elements of the 

paraventricular and supraoptic hypothalamic nuclei. Vasopressin is also 

found in the parvocellular components of the suprachiasmatic nucleus 

(Palkovits, 1980). Immunoreactivity in this nucleus is localized in 

much smaller granular vesicles than those found in the large 

neurosecretory cells. In addition, the axons which originate from these 

cells are much finer than those of magnocellular neurons. This 

difference in fiber size permits easy differentiation of the nucleus of 

origin (Palkovits, 1980). 

As is well known, the paraventricular and supraoptic nuclei form 

the neurohypophysial tract, which traverses the internal layer of the 

median eminence, passes through the infundibular stalk of the pituitary 

and innervates the pars nervosa of the neurohypophysis. Some axons, 
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however, leave the tract to terminate around portal vessels in the zona 

incerta of the median eminence. And in addition to these two 

destinations, other neural pathways and target structures, all of them 

extrahypothalamic, have been mapped by immunocytochemical techniques. 

Reviews of these extrahypothalamic projections of hypothalamic 

neurons by Sofroniew (1979) and Zimmerman (1981) provide a comprehensive 

survey of the immunocytochemical and autoradiographic studies in this 

field. The major targets of paraventricular projections to the 

brainstem are the nucleus of the tractus solitarius, dorsal motor vagal 

nucleus and lateral reticular nucleus (Sofroniew, 1979). Vasopression 

fibers are consistently present along the entire margin of the 

substantia gelatinosa of the spinal nucleus of the trigeminal nerve, as 

well as along the entire length of the spinal cord in Rexed's laminae I

III (Sofroniew, 1979). It is reasonable to speculate that vasopressin 

may be modulating perception of nociceptive stimuli in these posterior 

zones of the spinal gray. 

Vasopressin fibers from the suprachiasmatic nucleus lead to the 

medial amygdala, lateral septum, lateral habenula and ventral 

hippocampus (Sofroniew, 1979). A few fibers originating in the 

suprachiasmatic nucleus terminate in the dorsal hippocampus, dorsal 

raphe nucleus and mesencephalic central gray (Sofroniew, 1979). 

To summarize, vasopressin innervation of all or part of various 

nuclear structures in the rat CNS include the lateral septal nucleus, 

thalamus and amygdala in the forebrain; the central gray, parabrachial 

nucleus and nucleus solitarius in the brainstem; and the 

intermediolateral gray and substantia gelatinosa of the spinal cord. 
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Vasopressin terminals are also found in the entorhinal cortex, cerebral 

cortex, subiculum of the hippocampal formation, substantia nigra (pars 

reticulata), locus coeruleus and nucleus ambiguous (Zimmerman, 1981). 

Characterization of peripheral vasopression receptors 

For peptides which have been well characterized as hormones in 

peripheral systems and shown to have significant effects on behavior, it 

should be useful to compare the pharmacology of peripheral receptors to 

data obtained from brain receptors. A close similarity would strongly 

suggest that the brain binding sites are also receptors, although a 

dissimilarity would not necessarily mean that the brain sites are not. 

Bockaert and coworkers (1973) investigated the specific binding 

of [3H]lysine-vasopressin to pig kidney plasma membranes and the 

relationship of receptor occupancy to adenylate cyclase activation. 

Vasopressin binding was found to be a time- and concentration-dependent 

process. As a hormone concentration of 10-8 M at 300 C, equilibrium was 

reached in about 10 min. [3H]vasopressin binding was completely 

reversible at a 20-fold dilution of the incubation medium. Logarithmic 

transformations of the association and dissociation curves indicated 

linear relationships which were described in terms of reversible binding 

of vasopressin on a homogeneous population of independent binding sites. 

It was further reported that [3H] lysine-vasopressin binding was 

involved in adenylate cyclase activation and that binding occurred in 

relationship to a dose-dependent activation of adenylate cyclase 

activity. Binding of vasopressin and activation of adenylate cyclase 
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followed the same time course. Comparison of adenylate cyclase 

activation by vasopressin, oxytocin, (0-Me)Tyr2-oxytocin and angiotensin 

showed that the activation was highly specific for vasopressin. 

Although maximal adenylate cyclase activation occurred at 

saturation of the vasopressin binding sites, significant activation was 

observed with vasopressin concentrations at which receptor site 

occupancy was very low. This observation led Bockeart and colleagues to 

suggest a nonlinear coupling between receptor occupancy and response. 

Investigating the nonlinear coupling and the possibility of 

heterogeneous binding sites, Roy, Barth and Jard (1975) studied the 

relationship between receptor occupancy and adenylate cyclase activation 

of ten vasopressin analogs which have predominantly antidiuretic 

activity. Results of this study showed a homogeneous population of 

binding sites. 

In a study on the vasopressin receptor in human platelets, 

Berrettini et al., (1982) reported kinetics similar to those reported 

for the pig kidney vasopressin receptor. 

The AVP receptor in liver and arterial blood vessels are similar 

in their kinetic and effector properties. The liver AVP receptor has 

been most thoroughly characterized by Kirk (Takar and Kirk, 1981) and 

Michell (1975). These investigators and their coworkers have found that 

the liver type AVP receptor is not coupled to a cyclic AMP system but is 

instead coupled to influx of calcium into the cell. Within the liver 

this influx of calcium is linked to glycogeneolysi~ while in arterial 

blood vessels AVP induces vasoconstriction leading to increases in blood 

pressure. 
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The increased calcium influx induced by AVP is mediated by the 

breakdown of phosphatidylinositol (Michell. 1975) and accumulation of 

phosphatidic acid (Takenewa, Homma and Nagai, 1982). Studies by a number 

of investigators (Michell, 1975; Takhar and Kirk, 1981; Weiss, McKinney 

and Putney, 1982) strongly suggest that phosphatidic acid acts as a 

calcium ionophore. Thus AVP influences calium influx by increasing the 

accumulation of phosphatidic acid in the cell membrane. 

Based on behavioral data indicating potentiation of memory 

processes by AVP, histochemical findings of AVP immunoreactivity in 

brain and the existence of AVP receptors in peripheral organs the 

following series of experiments were conducted to investigate the 

neuromodulatory status of AVP in the eNS. 
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CYS-TYR-PHE-GLN-ASN-CYS-PRO-ARG-GLY-NH2 

Figure 1. Amino acid sequence of arginine-vasopressin as first described 

by du Vigneaud in 1953 (du Vigneaud et al., 1953). 



CHAPTER 2 

A NON-EQUILIBRIUM 24-HOUR VASOPRESSIN RADIOIMMUNOASSAY: DEVELOPMENT AND 

BASAL LEVELS IN THE RAT BRAIN 

Immunocytochemical studies, localizing vasopressin within the 

neurohypophysial system and in the CNS, paved the way for quantification 

of this peptide (Buijs, 1978; Buijs and Swaab, 1979; Dogterom, 

Snijdeewint and Buijs,1978; Zimmerman, 1981). Subsequently, 

concentrations of arginine vasopressin (AVP) in neural tissue have been 

measured by radioimmunoassay (Beardwell, 1971; Husain et al., 1973; 

Miller and Moses, 1969; Morton et al., 1975; Oyama, Kagan and Glick, 

1971; Robertson et al., 1973; Skowsky, Rosenbloom and Fisher, 1974). 

Earlier studies reported AVP levels in plasma, urine and cerebrospinal 

fluid (58, 69, 72-75, 79). Sensitivity of the RIAs utilized in these 

studies ranged from 0.1 to 4.0 pg of AVP, while the incubation times 

varied from 2 days (using a double antibody technique) to 5 and 7 days. 

While these techniques are generally useful for measuring low levels of 

AVP, we found it difficult to produce equilibrium assays with a 

detectable level below 1.0 pg AVP. 

We are interested in investigating extrahypothalamic vasopressin 

which is present in femtomole to picomole quantities. In at least two 

13 
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studies it was reported that AVP levels were below the dec teet ion limit 

of presently utilized AVP assays (Dorsa and Bottemiller: 1982; Rossor et 

a., 1981). Therefore, we examined the possibility that a rapid, non

equilibrium RIA, which would increase the sensitivity of detection 

(Feldman and Rodbard, 1971; Robertson et al., 1973; Rodbard et a1., 

1981), could be applied to measure this psychologically relevant 

neuropeptide (DeWied, 1971; Koob et a., 1981; Koob et alo, 1982). 

Methods 

Known amounts of synthetic vasopressin (Calbiochem-Behring Corp.) 

were serially diluted from 100 pg to 0.1 pg in 50 mM Na/K phosphate 

buffer, pH 7.4 and containing 0.1% BSA and 0.1% Na azide. A 50 ul 

aliquot of a 1:7,500 dilution of vasopressin antiserum (AVP-Ab) or a 50 

ul aliquot of a 1:75,000 dilution of AVP-Ab (gift of D. A. Fisher) was 

added to each 10 x 75 mm disposable glass tube. Following the 

preincubation period, 10,000 cpm of [125I]AVP (50 ul, Calbiochem-Behring 

Corp; specific activity 1826uCi/ug) was added to each sample. Two 

control tubes, one containing antiserum and [125I]AVP and the other 

containing only [125I]AVP were included for estimates of maximum binding 

achieved and for separation effectiveness, respectively. Fin&.l assay 

volume was 300 ul. All assays were performed in duplicate. Bound AVP 

was separated from free [125I]AVP by the addition of 500 ul of dextran

coated charcoal. Assay tubes were then vortexed, incubated at 0-4°C for 

15 min and centrifuged at 1,500 x g for 15 min (Beckman TRG centrifuge). 

The supernatant was counted in a gamma counter (MODEL). The percent 

of maxinum bound (bound/max bound) [125I]AVP is plotted against known 

amounts of unlabeled AVP on a semilog plot. The resultant relationship 
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is sigmoidal with a linear segment located at AVP levels of 0.5 to 10 

pg. Cross reactivity with oxytocin is less than 0.01% for commercially 

(Calbiochem behring) produced AVP-Ab and less than 0~01% for the Fisher 

AVP-Ab (Skowsky, Rosenbloom and Fisher, 1974). 

Equilibrium and non-equilibrium incubations of varying time 

sequences were investigated for their influence on RIA sensitivity. 

Under non-equilibrium conditions, arginine vasopressin antibody was 

preincubated with unlabeled AVP for 72, 48, 24, or 12 hours at 4°C. 

Iodinated AVP was then added and incubation continued for an additional 

48, 24, or 8 hours (cf. Fig 1 for incubation schedules). Under 

equilibrium conditions, AVP antibody, unlabeled AVP and iodinated 

vasopressin were incubated simultaneously for 120 or 24 hours. 

Male Wistar rats (180-200 g), conventionally used in vasopressin 

behavioral studies, were housed two per cage and kept on a 12 hour 

light/dark cycle with food and water given ad lib. Animals were 

sacrificed by decapitation at varying times during the daylight hours 

and their brains immediately removed. Dissection of brains was 

performed over ice on a Petri dish; specific regions were stored at -

600 C until extraction. 

The effect of dissection time on AVP concentration was 

investigated by comparing matched half brain samples. One half of the 

brain was frozen at 5 min post removal (n=3), while the other half was 

stored on ice and frozen 1 hr after removal (n=3). 

There was no significant difference in AVP concentrations between 

matched half brain samples frozen 5 min after removal (5.30 = 0.40 

pmole/g AVP; mean = S.E.M., n=3) and half brain samples ~ ... hich were kept 
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on ice and frozen one hour after removal (5.74 = 0.30 pmolelg AVP; n=3). 

These results indicate post-mortem stability of AVP and are in agreement 

with results reported by Rossor et ale (1981) for human brain. 

Brain tissue was homogenized in 2 ml of hot 0.25% acetic acid 

using a Polytron homogenizer. The homogenate was then placed in a 

boiling water bath for 2 min, removed and chilled on ice. The 

suspension was centrifuged at 10,000 g for 15 min at 40 C and the 

supernatant removed, frozen and lyophilized. The dried tissue extract 

was dissolved in varying volumes of incubation buffer at time of assay. 

For estimates of AVP recovery, unlabeled vasopressin (100 ng) was 

added to cerebral cortical samples in 2 mls of 0.25% acetic acid. 

Lyophilized samples (n=8) were assayed by RIA for determination of 

recovery efficiency. Mean recovery of AVP after extraction was 96.20 

1.07 ng, (mean = S.E.M., n=8). 

The elution patterns of pituitary and supraoptic nucleus extracts 

and synthetic AVP were analyzed using an HPLC gradient system (61). 

This system consisted of two Model 6000A pumps and a Model 600 Solvent 

Programmer (Water Associates). Vasopressin was separated using an 

Altech/Beckman C-3 10 uM reversed phase 7.5 cm column and a curvilinear 

gradient of acetonitrile against a 0.01 N Trifluoro acetic acid buffer 

(pH 2.5) from 10-25% over 40 min. The flo,., rate was maintained at 1.5 

ml/min. Column temperature was 300 e. Eluting vasopressin was detected 

using a Perkin-Elmer Model LC-6sT variable wavelength UV detector. 

Effluent fractions were assayed for vasopressin immunoreactivity. 
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Results 

The sensitivity of AVP detection, under equilibrium conditions, 

was similar for the 120 and 24 hour incubation periods. And in both 

cases, the linear portion of the curve spanned the 1-10 pg AVP levels 

(Fig. 2). When assayed under non-equilibrium conditions (cf. Fig. 2), 

the linear portion of the assay is between 0.5 and 15 pg AVP. Most 
significantly , in this region, the sensitivity of the non-equilibrium 

assay is 5-10 times higher than that found for the equilibrium method. 

Finally, the data show that the very short non-equilibrium conditions 

(12 and 8 hours) are as effective as the longer incubation periods and 

considerably better than any of the equilibrium conditions. 

Mean intra-assay correlation, measured by quadruplicate pituitary 

samples, in five different RLAs was 0.96 (n=4), while the inter-assay 

correlation was 0.83 (n=5). 

Using the 12 + 8 hour non-equilibrium RIA method, we found the 

AVP levels in ten regions of the rat brain to be as follows: pituitary 

~~~ supraoptic nucleus + median eminence ~ paraventricular nucleus !2, 

suprachiasmatic nucleus ;2 amygdala !z substantia nigra = septum ~ 

thalamus ~ corpus striatum ~ hippocampus. Absolute AVP concentrations 

are given in Table 1. 

Discussion 

In our experience, equilibrium assays consistently yielded a 

sensitivity of 1-5 pg AVP per 200 ul sample. Under non-equilibrium 

conditions, the effective working range and the mid-point of the assay 

curve was shifted to the lower concentration range. Using the 12 + 8 

hours incubation schedule, with delayed addition of tracer, we were able 
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to consistently and reliably obtain a sensitivity of 0.5 to 1 pg AVP per 

200 u1 sample. This sensitivity represents a five- to ten-fold increase 

in the detection level of AVP. 

An increase in sensitivity of detection is particularly important 

for measuring levels of vasopressin in extra-hypothalamic regions. In 

brain areas, such as the hippocampus, the functional role of vasopressin 

may be quite significant despite its very low concentrations (cf. Table 

I). Further, a high sensitivity assay is crucial for investigating 

conditions where the normally low concentrations of vasopressin may be 

further reduced. 

Using the 24 hour non-equilibrium RIA, we obtained a relative 

distribution of AVP in the rat brain which is in excellent agreement 

with previous reports (Dorsa and Bottemiller, 1982; Glick and 

Brownstein, 1980; Hawthorn, Ang and Jenkins, 1980; Rossor et al., 1981). 

Moreover, the levels we observed are similar to those reported by Rossor 

et al. (1981) for comparable regions of the post-mortem human brain. 
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Table and Figures 

Table 1. Vasopressin concentration in various regions of the rat brain. 

Brain Region 

Pituitary 

Supraoptic Nucleus + 
Median Eminence 

Paraventricu1ar Nucleus 

Suprachiasmatic Nucleus 

Septum 

Amygdala 

Substantia Nigra 

Thalamus 

Corpus Striatum 

Hippocampus 

Cerebral Cortex 

Cerebellum 

Arg-Vasopressin 
pmo1e/g wet weight tissue 

(mean + S.E .M.) 

150,832 + 23,743 

500 + 122 

222 + 43 

71 + 19 

15 + 3.0 

5 + 0.3 

3 + 1.0 

2 + 1.0 

3 + 0.4 

0.2 + 0.1 

.01 

.01 

n 

11 

10 

6 

4 

6 

4 

9 

10 

7 

11 

4 

4 
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Figure 2. Effect of equilibrium and non-equilibrium incubation schedules on 
AVP RIA sensitivity. 

Incubation schedules were as follows: 1----1 24 hr equilibrium;.._ __ _,. 
120 hr equilibrium; t::r----1::::.. 24 hr+ 48 hr non-equilibrium; 0----0 24 hr+ 
24 hr non-equilibrium; X----X 12 hr+ 8 hr non-equilibrium. 
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Figure 3. AVP immunoreative elution pattern of pituitary (B) and supraoptic + 
median eminence (C) extracts as compared to synthetic vasopressin (A). 



CHAPTER 3 

MODULATION OF VASOPRESSIN CONCENTRATION AND RELEASE IN nRAIN BY ETHANOL 

While the reductive effect of ethanol upon vasopressin (AVP) 

plasma levels has been long known (Eggleton, 1942), the influence of 

ethanol (ETOH) upon AVP in brain has not been previously examined. We 

were interested in exploring this relationship because of the 

contrasting effects upon memory functions induced by AVP and ETOH. AVP 

has been shown to enhance memory functions in rodents (DeWied, 1971; 

Koob et a1., 1981), primates (Bartus, Dean and Beer, 1982) and humans 

(Weingartner et a1., 1981) while ethanol has been demonstrated to impair 

cognitive functions including memory (Weingartner et al., 1976; Ryback, 

1977; Cermack and Butters, 1973). If AVP is a key component of memory 

formation, than those substances which interfere or impair memory 

processes should exert a modulatory affect upon this neuroactive 

peptide. We therefore examined the effect of acute and chronic in-vivo 

etha nol treatment upon AVP content in various brain regions as well as 

examining the effect of ethanol upon in-vitro release of A\~ from brain. 

Methods 

For acute ethanol treatment, male Wistar rats (125-150 g; Charles 

River; n=8) received one intraperitoneal injection of 1.6 g/kg ETOH (20% 

w/v) in normal saline. Control animals (n=4), weight matched to 
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experimental animals received an equal volume of 0.9% sodium chloride. 

Animals were decapitated 15 min post injection (Newlin, Manci11as

Trevino and Bloom, 1981; Fuller et a1., 1981), their brains immediately 

removed and specific regions dissected over ice. Blood samples for blood 

ethanol determination were taken at the time of sacrifice and assayed 

using Sigma Kit (St. Louis, MO) for ultraviolet enzymatic (alcohol 

dehydrogenase) determination of serum ethyl alcohol. Data were analyzed 

by Student t-test for equal and unequal n values. 

Chronic ethanol treatment was achieved by administration of 10% 

ethanol in a liquid diet of Carnation Slender (Tabakoff, Munoz-Marcus 

and Fields, 1979) for one week to male Wistar rats (190-220 g; n=7). 

This regimen resulted in a daily dose of 8 g/kg/day ETOH. Control 

animals (n=7) received a sucrose substituted diet made isocaloric to 

experimental animals. Following the treatment period, animals were 

decapitated, their brains immediately removed and specific regions 

dissected over ice. Blood samples were taken for blood ethanol 

determination at the time of sacrifice. At the conclusion of the 

treatment period there was no significant difference between the control 

body weight 214.6 + 8.5 g and experimental body weight 213.4 ± 7.5 g 

(mean ± S.D.; t=0.23, NS). Data were analyzed by Student t-test for 

equal and unequal n values. 

For AVP release studies, male Sprague-Dawley rats (125-150) were 

decapitated and their brains immediately removed. The hypothalamo-median 

eminence (HME) region was excised and put in ice cold modified Krebs' 

buffer with the composition of (mM): 118 NaC1, 3.4 KC1, 1.0 MgS04 , 25 

NaHCO 3 , 11 glucose, 2.5 CaC1 2 and 1.2 KH 2 PO 4 • Sections, 500 um cubes, 
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containing the supraoptic nucleus and median eminence were dissected and 

placed in modified Krebs' bicarbonate buffer gased with 95% 0 2 and 5% 

CO 2 and allowed to equilibrate for 60 min at 350 C. HME sections were 

pooled 3/ chamber with each chamber containing approximately 60 mg 

tissue in 10 ml of buffer. Typically 2 chambers contained control 

sections while 3 chambers contained experimental sections. Following the 
+ 

equilibration period, sections were exposed for 10 min to 56 mM K 

Krebs' bicarbonate buffer composed of (mM): 71.4 NaCl 2 , 56 KCl, 1.0 

MgSO 4 , 25 NaHCO 3 ,11 glucose, 2.5 CaCl 2 and 1.2 KH 2 PO 4 • Experimental 

sections were exposed to 5,10, 25, 50 or 100 mM ETOH during the period 

of K+ induced depolarization. 

AVP content of brain tissue from in-vivo acute and chronic 

experiments and perfusates from in-vitro release experiments were 

measured by radioimmunoassay following the procedure described by 

Brinton et al. (1983). Data were analyzed by a one way analysis of 

variance for over-all significance followed by t-test for individual 

comparisons. 

Results 

Acute in-vivo ETOH treatment resulted in a mean blood ethanol 

level of 126 mg% + 27 mg% (mean 1:. S.E.M.) corresponding to a 

concentration of 25 mM ETOH which was associated with a significant 

increase in AVP concentrations in the nuclei that synthesize AVP as well 

as in the posterior pituitary (Table 2). The supraoptic-median eminence, 

paraventricular and suprachiasmatic nuclei all showed a rapid increase 

in AVP synthesis. The increased production of AVP was further 

substantiated by transport of the newly synthesized material to the 
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neurohypophysis. It appears that the osmotic effect of ETOH induces a 

rapid increase in AVP synthesis and transport to the neurohypophysis. It 

was surprising to find such a marked increase in the available AVP 

stores at a time when, under similar conditions, AVP plasma levels have 

been reported to decrease (Rubini, Kleeman and Lamdin, 1955; Helderman 

et al., 1978). These data demonstrate that the reduction in plasma 

levels are not caused by ETOH degradation but are more likely due to an 

inhibition of AVP release. Interestingly, the increase in AVP synthesis 

did not result in an increase in AVP content in brain regions outside 

the neurohypophysial system. These data further suggest a precise 

regulation of AVP synthesis and transport in response to system specific 

stimuli. 

AVP content in the hypothalamo-neurohypophysial system of animals 

treated chronically with ETOH was not significantly different than 

controls (Table 3). These data fit well with results indicating 

physiological adaptation to the effects of associated with acute 

exposure to ethanol (Eggleton, 1942; Chin and Goldstein, 1977b). One 

notable difference occurred in the chronically treated animals. In this 

group, AVP content in the hippocampus was significantly less than that 

of control animals (Table 3). Other brain regions examined did not show 

a similar decrement" in AVP content. As in the acute study, results of 

chronic ETOH treatment suggest that ETOH does not degrade AVP in brain. 

The blood ethanol level of the chronically treated animals was 88 mg% + 

14 mg% (mean~ S.E.M.) which corresponds to a concentration of 17.5 mM 

ETOH. 
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Exposure of hypothalamic brain sections to varying con,entrations 

of ETOH, during K+ induced depolarization, resulted in a biph~sic dose , 

response curve (Fig.4). At behaviorally relevant ethanol conqmtrations, 

ETOH produced a progressive and significant inhibition of dep~~larized 

induced AVP relt!ase (F (6,34)=20.2, P .00001; Fig 4). The ETOH 

induced inhibition of AVP release was apparent at 5 mM ETOH a~ld reached 

a maximal inhibitory effect at 25 mM ETOH (corresponding to a blood 

ethanol level of 125 mg%). The contrast between the inhibitin~ effect ofl 

ETOH at 25 mM and the synthesis stimulating effect seen after acute in

vivo ETOH administration is perhaps paradoxical. While 25 mM ~~TOH is 

able to increase plasma osmolarity (Robinson and Loeb, 1971) thereby 

inducing AVP synthesis, its fluidizing effect (Chin and Goldstein, 

1977a) at the cell membrane may lead to disruption of neuronal function 

and possibly those membrane systems involved with release. At blood 

ethanol concentrations (125 mg%) capable of inhibiting releas~, 

cognitive (Weingartner et al., 1976; Maling, 1970; Weingartne~ et al., 

1983) and motor impairments are apparent (Maling, 1970). 

At ethanol concentrations exceeding 50 mM, AVP release is 

potentiated (Fig.4). Maximal release was observed at 75 mM ETQH which isl 

in excess of the LD 50 value (60 mM) for rats (Majchrowicsa~ld Hunt, 

1981). Because potentiation of AVP release occurs at concentr~tions 

greater than the LD 50 , neuronal death may be the cause of tqe increase~ 

AVP release. 
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Discussion 

Results of this study suggest that acutely. ETOH induces an 

increase in AVP synthesis which is subsequently transported to the 

neurohypophysis exclusive of other terminal areas. The osmotic effect of 

126 mg% ETOH on AVP synthesis is in marked contrast to the inhibition of 

AVP release observed at the same relative ETOH concentration. These 

findings may relate to the memory impairments induced by similar 

concentrations of ETOH (Weingartner, 1976; Maling, 1970; Weingartner et 

al. 1983). The observation that AVP facilitates consolidation and 

retrieval of information (DeWied, 1971; Koob et al., 1981; Bartus, Dean 

and Beer, 1982; Weingartner, 1981; Walter et al., 1975; Walter, VanRee 

and DeWied, 1978) and the observation that ETOH impairs information 

storage (Weingartner et al., 1976; Ryback, 1977; Cermack and Butters, 

1973; Maling, 1970; Weingartner et al., 1983) suggest that inhibition of 

AVP release in brain may partially, but not completely, explain the 

memory deficits associated with acute ethanol intoxication. 
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Figure 4. Effects of ethanol on AVP release from the hypothalamus-median 
eminence. 

Percent inhibition of AVP release is plotted for increasing 
concentrations of ethanol along with corresponding blood ethanol levels. 
Bars represent mean+ S.E.M. and P values are confidence levels 
resulting from a one-way analysis of variance followed by paired t
tests for each dose compared to control, *P .01, *P .001. 



Table 2. Effects of Acute, In Vivo, Ethanol Administration on 

Vasopressin Concentrations in Regions of the Rat Brain. 
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Brain 

Region 

AVP Concentration (pmo1/g wet weight tissue) 

Control 

Mean ± S.E.M. 

Pituitary 145,706 ± 21,891 

Supraoptic Nucleus 

+ Median Eminence 562 ± 149 

Paraventricular Nucleus 78 ± 8.7 

Suprachiasmatic Nucleus 71 ± 19 

Amygdala 2.9 ± 1.1 

Corpus Striatum 1.0 ± 0.2 

Hippocampus 0.2 ± 0.1 

Septum 2.7 ± 1.0 

Substantia Nigra 2.7 ± 1.3 

Thalamus 1.6 ± 1.1 

N 

4 

'4 

3 

4 

3 

4 

4 

4 

4 

4 

Ethanol Treated 

Mean ± S.E.M. 

166,081 ± 26,643 

796 ± 175 

134 ± 27 . 

102 ± 27 . 

2.2 ± 1.0 

1.0 ± 0.1 

0.3 ± 0.1 

5.0 ± 1.1 

2.0 ± 0.4 

2.1 ± 0.5 

P 

N 

8 ,,001 

8 <.001 

7 <.001 

6 <.005 

8 NS 

8 NS 

8 NS 

8 NS 

8 NS 

8 NS 



Table 3. Effect of Chronic, In Vivo, Ethanol Administration on 

Vasopressin Concentrations in Regions of the Rat Brain. 
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Brain 

Region 

AVP Concentration (pmol/g wet weight tissue) 

Control 

Mean± S.E.M. 

Pituitary 155,958 ± 25,595 

Supraoptic Nucleus 

+ Median Eminence 438 ± 95 

Paraventricular Nucleus 221 ± 42 

Amygdala 4.5 ± 0.3 

Corpus Striatum 2.7 ± 0.4 

Hippocampus 0.3 ± 0.1 

Septum 15 ± 2.9 

Substantia Nigra 3.5 ± 0.6 

Thalamus 3.5 ± o.~ 

N 

7 

6 

6 

4 

7 

7 

6 

5 

6 

Ethanol Treated 

Mean± S.E.M. 

218,682 ± 24,682 

474 ± 110 

141 ± 13 

7.6 ± 1.2 

3.2 ± 0.7 

0.1 ± 0.05 

16 ± 2.9 

2.6 ± 0.3 

5.6 ± 1.1 

p 

N 

6 NS 

7 NS 

5 NS 

7 NS 

7 NS 

7 <. 01 

6 NS 

6 NS 

6 NS 



Table 4. Blood Ethanol Levels and Corresponding Molar Concentration 

in Acute and Chronically Treated Animals 
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Treatment Group 

and Dose 

Blood Ethanol Level 

mg% (mean ± S.D.) 

N Molar Concentration 

Acute (1.6 g/kg) 

Chronic (8 g/kg/day) 

126 ± 27 

88 ± 14 

8 

7 

roM 

25 

17.5 



CHAPTER 4 

REGIONAL DISTRIBUTION OF PUTATIVE VASOPRESSIN RECEPTORS IN RAT BRAIN 

AND PITUITARY BY QUANTITATIVE AUTORADIOGRAPHY 

Vasopressin (AVP), a neuropeptide with well characterized 

peripheral endocrine functions, has been shown to significantly 

enhance memory processes (Dewied, 1971; Koob et al., 1981; Bartus, Dean 

and Beer, 1982; Weingartner et al., 1981). Evidence for central nervous 

system (CNS) localization of AVP was first documented by 

immunohistochemical (Buijs, 1978; Sofroniew et al., 1979; Zimmerman, 

1981) and radioimmunological findings (Glick and Brownstein, 1980; 

Rossor et a1., 1981; Brinton et al., 1983). These initial studies 

showed AVP to be present in cell bodies and nerve terminals within the 

hypothalamus while present only synaptically in extrahypotha1amic areas. 

Very recent studies, however, have described AVP immunoreative cell 

bodies outside the hypothalamus, in the bed nucleus of the stria 

termina1is (Van Leeuwan and Caffe, 1983; DeVries and Buijs, 1983). 

Evidence for a neuroregulatory effect of AVP has come from 

electrophysio1ogical, pharmacological and behavioral studies. 

Neuronal depolarization following exposure to AVP has been observed in 

hypothalamic (Nicoll and Barker, 1971; Abe eta 1. 1983), hippocampal 

neurons (Mulhethar, Dreiffus and Gahwhiler, 1982) and identified 

invertebrate (Barker and Gainer, 1974). Vasopressin has also been shown 
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to increase catecholamine turnover (Versteeg, DeKloet and Van Wimersma, 

1979; Kovacs et al., 1979) as well as to enhance catecholamine 

activation of adenylate cyclase (Church, 1983; Courtney and Raskind, 

1983),. Increased memory for learned behaviors, following treatment with 

AVP, has been observed in rodents (DeWied, 1971; Koob et al. 1981) 

primates (Bartus, Dean and Beer, 1982) and humans (Weingartner et al., 

1981) Our work has focused on the hypothesis that AVP acts as a 

neuroregulator in the CNS. To confirm this postulate, it is essential 

to demonstrate the existence of specific AVP binding sites in the CNS. 

Our initial report of specific AVP binding sites in brain (Yamamura et 

al., 1983; Brinton et al., 1983), which has been observed and 

characterized in several other laboratories (Baskin, Petrecca and Dorsa, 

1983; VanLeeuwan and Wolters, 1983; Pearlmutter, Constantini and Loeser, 

1983; Bigeon et a., 1984; Lawrence, Poulan and Lederlis, 1984), led us 

to undertake a more detailed investigation. The following is a 

comprehensive quantitative autoradiographic analysis of the regional 

distribution of putative AVP receptors in the rat brain and pituitary. 
Methods 

High-Pressure Liquid Chromatography Analysis (HPLC): To 

determine if intact [3H]AVP or a metabolite was binding to the 

receptor, HPLC analysis of extracted [3H]AVP that had been incubated 

with synaptosomes from whole brain was performed. Synaptosomes were 

prepared from whole rat brains including pituitaries following the 

method of Gray and Whittaker (1960). The incubation buffer, peptidase 

concentrations and incubation conditions were the same as those 

described below for autoradiographic studies. [3H]AVP, 10 n~l, or AVP, 
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100 uM, was incubated with 2 mg/ml tissue for 60 min at 40 C in the 

presence or absence of peptidase inhibitors. Following incubation all 

samples were boiled (15 min) to cease enzymatic activity then placed on 

ice for 30 min. Control samples containing peptidase inhibitors and 

[3H]AVP or AVP but without tissue underwent the same procedures as 

experimental samples. Samples were then centrifuged at 15,000 rpm for 

15 min and aliquots of the supernatant frozen at -280 C until HPLC 

analysis. HPLC separation and detection of AVP and possible metabolites 

followed the method described by Davis et al. (1983). The HPLC system 

consisted of two model 6000 A pumps and a model 680 solvent programmer 

(Waters Associates, Milford, MA). AVP and its metabolites were 

detected at 210 nm using a Perkin Elmer model LC-65T variable wavelength 

detector coupled to an Axxiom model 301-99 Datasaver and a Hewlett

Packard model 3390A recording integrator. Peptide fragments were 

separated on a Beckman Ultrasphere ODS 5u column using a linear 

gradient of acetonitrile against 0.1 M NaH2P04 buffer (pH 2.2) from 15 

to 30% over 40 min. The flow rate was maintained at 2.0 ml/min and the 

column temperature was 40 0 C. Fractions from [3H]AVP samples were 

collected at 30 sec intervals. Radioactivity in 50 ul effluent 

aliquots were counted by liquid scintillation spectrophotometry 

following the addition of scintillation cocktail. Using radioactivity, 

the HPLC assay has a detection limit of less than 1 ng onto the column. 

Quantitative Autoradiographic Studies: Male Sprague-Dawley rats 

(250-350g.: University of Arizona breeding colony) were killed by 

decapitation and the brains immediately removed and placed on ice. 

Each brain was prepared for microtome sectioning by coating the brain 
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with plastic embedding nedium and freezing it onto a microtome chuck by 

immersion in 2-methy1-butane cooled with liquid nitrogen. Preparation 

of brain sections for light microscopic autoradiography followed the 

method of Wamsley and Palacios (1983). Ten micron coronal or sagittal 

sections were cut on a cryostat microtome and thaw mounted on chrome 

alum/gelatin coated slides. Slide mounted sections were stored 

desiccated overnight at OOC. Prior to the labeling of brain sections 

with [3H]AVP (51.0 Ci/mmo1, New England Nuclear; Boston, MA) serial 

sections were thawed and preincubated at room temperature in 20 mM 

Tricine, pH 7.4, containing 15% ethanol for 30 min. [3H]AVP binding to 

paired brain sections was carried out in buffer containing 20 mM 

Tricine, 0.2% bovine serum albumin, 40 ug/m1 bacitracin, 10 ug/m1 

aprotinin and 10 uM amastatin, pH 7.4 at 40 C. A .concentration of 5 nM 

[3H]AVP was used to label AVP receptors, while various concentrations 

of unlabeled AVP (1 uM, 10 uM, 200 uM or 1 mM, Bachem, Torrance CA) 

were used to estimate AVP-inhibitable binding. Incubations were carried 

out at 40 C for 60 min. The binding reaction was terminated by two 30 

sec rinses in ice cold 50 mM Tris-HCI buffer (pH7.4) followed by a 

final rinse (1 sec) in distilled water. This rinse procedure was found 

to yield the best signal to noise ratio of specific to non-specific 

[3H]AVP binding. Slide mounted sections were then dried under a stream 

of cold dry air and stored. 

Autoradiographs were prepared by exposing slide mounted sections 

to tritium sensitive film (LKB-U1trofilm, LKB Products; Rockville, MD) 

in X-ray cassettes. Films were developed following exposure for 30 

days. Photographic and densitometric analyses were performed on a 
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Leitz (West Germany) Orthoplan microscope equipped with a DADS Model 

560 computer (Stahl Research Laboratories; Rochester, NY) interfaced 

with a MPV Compact microphotometry system. Measurements of optical 

density were calculated in film areaS equivalent to 150 or 250 sq. 

microns. Femtomoles of [3H]AVP bound/mg tissue was calculated by 

comparing the autoradiographic grain density generated over each area 

of tissue with that produced by 10 um thick [3H]thymidine labeled 

standards of brain tissue prepared as previously described (Wamsley and 

Palacios, 1983). Specific binding ranged from 30-75% of total binding 

depending upon the brain region and the concentration of AVP used to 

inhibit [3H]AVP binding. 

Results 

Data from HPLC analyses showed that in the presence of several 

peptidase inhibitor.s there was no detectable degradation of unlabeled 

AVP or [3H]AVP (Figs. 5A & B). In contrast, there was marked breakdown 

of [3H]AVP in the absence of peptidase inhibitors irrespective of the 

presence of tissue (Figs. 5C & D). 

Autoradiographic visualization and quantification of [3H]AVP 

binding sites showed a regional distribution of receptors in the 

hypothalamo-limbic, and motor systems (Fig. 6, Table 5). AVP binding 

sites were also observed in the suprachiasmatic nucleus (Table 5), 

cerebral cortex,anterior pituitary, nuclei involved with autonomic 

nervous system function and the spinal cord (Fig. 6, Table 5). 

The highest density of [3H]AVP binding was seen in the 

hypothalamo-neurohypophysial system with the posterior pituitary and 

median eminence being among the most densely labeled (Fig. 6, Table 5, 
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10 uM AVP). Also densely labeled were the supraoptic and 

paraventricular nuclei (Table 5, 1uM AVP) and the suprachiasmatic nuclei 

(Table 5, 200 uM AVP). 

Within the limbic system, vasopressin binding sites were observed 

in the hippocampus and localized to the CA 1 region with labeling seen 

in the stratum oriens, stratum radiatum and stratum lacunosum 

moleculare. Also labeled in the hippocampus were the molecular layer 

(Table 5, 1 uM AVP) and the granule cell layer (Fig. 6A) of the dentate 

gyrus. [3H]AVP binding was observed in the lateral septum as well 

(Table 5, 10 uM AVP). 

In other brain regions where AVP may act as a neuroregulator, the 

parietal cortical layers I-IV (Table 5, 1 uM and 10 uM AVP) and caudate

putamen (Table 5, 10 uM AVP) contained a relatively moderate density of 

[3H]AVP binding sites. Within the cerebellum, [3H]AVP binding was 

inhibited only with 1 mM AVP. Other areas showing AVP-inhibitable 

[3H]AVP binding included the nucleus tractus solitarious (Table 5, 10 uM 

AVP) in the brain stem and the ventral and dorsal horns of the spinal 

cord (Table 5, 200 uM). 

Discussion 

The autoradiographic evidence presented in this study and in 

earlier work (Yamamura et al., 1983; Brinton et al., 1984; Baskin, 

Petrecca and Dorsa, 1983; Van Leeuwan ad Wolters, 1983), demonstrates 

the existence of [3H]AVP binding sites, most likely representing AVP 

receptors. These data are consistent with the hypothesis that 

vasopressin may influence memory processes through receptors within the 
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CNS. In support of this hypothesis is the autoradiographic localization 

of [3H]AVP binding sites within the hippocampus, a structure known to 

be involved with memory function. Moreover, we observed specific 

[3H]AVP binding within the cerebral cortex which further suggests 

receptors for modulation of complex psychological processes. 

Comparing the density of [3H]AVP binding sites associated with 

the hypothalamo-neurohypophysial system with that in other brain 

regions~ a clear distinction emerges. The density of AVP binding sites 

is considerably greater within the hypothalamo-neurohypophysial system 

than in other brain regions. Binding sites within the nuclei that 

synthesize AVP, the median eminence and posterior pituitary may be of 

two types, neurophysin binding sites and/or membrane bound receptors. 

First, [3H]AVP could be binding to, as we have suggested previously 

(Yamamura et al., 1983; Brinton et al., 1984), the neurophysin for AVP, 

pressorphysin. To test this possibility, we undertook an 

autoradiographic study in homozygous and heterozygous Brattleboro rats. 

The homozygous Brattleboro rat has an absolute genetic deficiency in 

brain and is unable to synthesize AVP or its precursor, pressorphysin 

(Brownstein and Gainer, 1977) while the heterozygous Brattleboro rat 

has a partial deficiency. Thus, if the binding we observed is 

associated with pressorphysin, [3H]AVP binding should be present in the 

heterozygous but not the homozygous Brattleboro rat. However, we found 

dense [3H]AVP binding sites in the supraoptic nucleus, median eminence 

and neurohypophysis of both heterozygous and homozygous Brattleboro 

rats. These results indicate that [3H]AVP is not binding to 

pressorphysin in the homozygous animal. It is still possible that AVP 
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is binding to the neurophysin for oxytocin. However, t~le optimum pH 

for oxytocin and vasopressin binding to their respective -neutrophysins 

is 5.5 (Gainer, 1982) while our binding experiments wer~ ca~ried out at 

pH 7.4. 

Vasopressin binding in the neurohypophysis and median eminence, 

while unlikely to be to pressorphysin, may be to AVP receptolrs on blood 

vessels such as those described by Schiffrin and Genes~ (1983). It is 

well recognized that the posterior pituitary and median eminence are 

highly vascularized regions. [3H]AVP binding in the medi~n eminence may 

be to ependymal cells associated with tanycytes for transport of AVP 

from the cerebral spinal fluid to portal vessels (Zimmel!:man ;et a1., 

1983) wherein AVP ultimately influences ACTH release fro~ the! anterior 

pituitary (Gilles, Linton and Lowry, 1982). 

Several alternatives exist to explain [3H]AVP binliing 'within the 

hypothalamus. Intra-hypothalamic binding sites may represent 

presynaptic autoreceptors or receptors for inter-nuclear communication 

between the hypothalamic nuclei synthesizing AVP. .The .existence of 

interconnecting vasopressin fibers between those nuclei that: synthesize 

vasopressin has been shown by both conventional immunoh:~stoclhemical 

methods (Buijs, 1978; Sofroniew et al., 1979) and by the horseradish 

perioxidase visualization technique (Si1verma, Hoffman a~d Zimmerman, 

1981). Horeover, evidence also exists for intranuclear: synapses. 

Leranth et a1. (1975) found that two thirds of the synapses ,within the 

supraoptic nucleus (SON) were of intranuclear origin. ;rhus, [3H]AVP 

binding sites observed in the paraventricular nucleus (BVN) land SON 

may be part of a feedback system. 
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E1ectrophysio10gica1 studies also strongly suggest the existence 

of AVP receptors within the SON (Abe et a1., 1983) and in the lateral 

septum (DeVries and Buijs, 1983). Abe et ale (1983) have shown a 

vasopressin-induced depolarization of supraoptic neurons. Somewhat 

surprisingly, this AVP-induced depolarization appears to be directly 

linked to an adeny1ate cyclase system. Within the lateral septum, AVP 

was shown by De Vries and Buijs (1983) to alter the firing pattern of 

septal neurons. Considered with the autoradiographic results, data from 

immunohistochemical and e1ectrophysio10gica1 studies support the 

contention of hypothalamic [3H]AVP binding sites that represent 

membrane bound receptors. However, the relative contributions within 

the hypotha1amo-neurohypophysia1 system of possible neurophysin binding 

sites versus AVP receptors for negative feedback, intra-hypothalamic 

communication, vasculature receptors or transport binding sites can not 

be partitioned at this time. 

Data from inhibition of [3H]AVP by varying concentrations of 

unlabeled AVP suggest the existence of high and low affinity binding 

sites. Several investigators have reported Scat chard analyses 

consistent with this possibility (Pear1mutter, Constantini and Loeser, 

1983; Lawrence, Pou1ain and Leder1is, 1984). Lawrence et a1. (1984) 

d h 1 · f b· d· . . h s of reporte a non- omogeneouB popu at~on 0 1n 1ng s~tes w~t KD 

0.775 nM and 20.8 nM. These results are consistent with our 

observations in brain homogenates and the inhibition data presented in 

Table 5. 

The presence of [3H]AVP binding sites outside the hypothalamo-

neurohypophysial system suggests the existence of vasopressin receptors 
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which may be involved in neuroregulation of complex behaviors. This 

hypothesis is supported by the finding of [3H]AVP binding sites in the 

hippocampus and cerebral cortex. The discrete distribution of binding 

sites within the hippocampus and cerebral cortex suggests a precise 

regulatory effect. Within the hippocampus, Multhaler, Driefuss and 

Gahwhiler (1982) reported that AVP depolarized hippocampal neurons and 

a very recent study by Versteeg, DeJong and Bohus (1984) showed that 

AVP inhibits a centrally induced pressor response by modulation of 

hippocampal mechanisms. Moreover, Church (1983) found that in the 

hippocampus AVP enhanced norepinephrine activated cyclic AMP. 

Other possible neuroregulatory sites were observed in the 

anterior pituitary where AVP both stimulates adrenocorticotropic 

hormone (ACTH) secretion and potentiate~ the effects of corticotropin

releasing factor on ACTH release (Gilles, Linton and Lowry, 1982). 

[3H]AVP binding was also observed in the nucleus tractus solitarious 

where AVP has been shown to regulate autonomic control of blood 

pressure (Krieger and Zimmerman, 1977). [3H]AVP binding sites were 

further detected within the motor system. These structures included the 

caudate-putamen and cerebellum. Within the caudate-putamen, Courtney 

and Raskind (1983) found that AVP enhanced dopamine activated cyclic 

AMP, an effect analogous to the AVP enhancement of norepinephrine 

activated cyclic AMP in the hippocampus. A cerebellar deficiency in 

the homozygous Brattleboro rat has been observed by Boer and his 

colleagues (Boer, Va Rheenen and Boer, 1982). This deficiency is 

corrected by prenatal treatment with AVP (Boer and Swaab, 1983). It is 

possible that the low level of cerebellar binding sites we observed 
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represents vestigial receptors for AVP which mediate a prenatal 

neurotrophic effect similar to the AVP-induced neurotrophism observed by 

Gruener, Brinton and Yamamura (1983) in cultured embryonic neurons. 

The regional distribution of putative vasopressin receptors in 

the eNS suggests a system by which complex but related functions might 

be acting in concert to modulate adaptive behaviors, like memory. The 

exact cellular mechanism by which vasopressin can modulate highly 

complex behaviors is still unknown. We are beginning to investigate 

this question by examining AVP induced responses in cultured neurons 

(Gruener, Brinton and Yamamura). 



Figure 5. HPLC profile of AVP and [3H]AVP in the presence of 
protease inhibitors and tissue. 

A: HPLC Chromatogram of AVP Incubated with Protease 
Inhibitors. Chromatogram showing separation of AVP and peptidase 
inhibitors, amastatin, aprotinin and bacitracin (P.I. 1, P.I. 2 
& P.I. 3). Peptides were separated on a Beckman Ultrasphere ODS 
5-u column (25 cm x 4 mm) using a linear gradient of 
acetonitrile (15-30%) against 0.1 M phosphate buffer delivered 
at 2.0 ml/min for 40 min at 4O oC. Detection was UV at 210 nm, 
set at 0.02 absorbance units full scale. Sample injected (10 ul) 
was equivalent to 1 ug AVP. 

B: HPLC Radiochromatogram of [3H]AVP Incubated with Tissue 
and Protease Inhibitors. Radiochromatograph of elution pattern of 
radioactivity associated with [3H]AVP. Radioactive peak 
corresponds to exact retention time of unlabeled AVP. Sample 
injected (100 ul) was equivalent to 2 ng [3H]AVP. 

C: HPLC Radiochromatogram of [3H]AVP Incubated Without 
Tissue or Protease Inhibitors. Radiochromatograph showing marked 
degradation of [3H]AVP incubated for 60 min at 40 C in the 
absence of both tissue and peptidase inhibitors. 

D: HPLC Radiochromatogram of [3H]AVP Incubated With Tissue 
But Without Peptidase Inhibitors. Radiochromatograph showing 
elution pattern of radioactivity associated with [3H]AVP 
incubated in the presence of tissue but in the absence of 
peptidase inhibitors. Again, significant enzymatic metabolism of 
the intact peptide occurred in the absence of peptidase. 
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Figure 6: Autoradiographic Localization of Receptor Sites 
for [3H]Arginine Vasopressin. 

A: Photomicrograph showing density and distribution of 
autoradiographic grains (black dots against a white background) 
as they appeared on the tritium sensitive film placed over a 
sagittal section, lateral 0.9 mm (Paxinos and Watson, 1982) of 
rat brain labeled with 5 nM [3H]-AVP. Brain sections were 
processed as described in the methods section of the text. A 
dense accumulation of grains, representing [3H]AVP binding, can 
be seen in regions corresponding to the neurohypophysis (nh), 
infundibular stalk (I) and median eminence (me). A relativelY 
lower grain density appeared in the adenohypophysis (ah) and a 
markedly discrete labeling appeared in the granule cell layer of 
the dentate gyrus (g). 

B: This autoradiogram was generated by a section adjacent to 
the one shown in A. The tissue was labeled using the same 
conditions except for the addition of 1 mM unlabeled AVP. 
Thus, the autoradiographic grains present in regions seen in 
photomicrograph A and not observed in B represent areas of AVP 
inhibitable binding of [3H]AVP. Note marked displacement of 
binding in areas cited above. Bar = 500 microns. 
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Table 5. Inhibition of [3H]AVP Binding by Un:labeled AVIP in Rat 

Brain: Regional Distribution and Quantitative Analysis.1 

Region 

Pituitary 

Neurohypophysis 

Adenohypophysis 

Hypothalamus 

Paraventricular 162 ± 9 
Nucleus 

Supraoptic 213 ±·14 
Nucleus 

Suprachiasmatic 
Nucleus 

Median Eminence 

Parietal Cortex 

I-IV 35 ± 2 

V 

VI 

Hippocampus 

Stratum oriens 

Stratum radiatum 

Stratum lacunosum 
molecular 

AVP BOUND 
(fmol/mg·tissue) 

10 ~M AVP 200 ~M AVP 

285 ± 16 287 ± 21 

·13 ± 1 99 ± 12 

190 ± 7 

285 ± 29 

55 ± 2 58 ± 4 

24 ± 1 

20 ± 1 

22 ± 1 65 ± 4 

14 ± 1 

11 ± 1 

1 mM AVP 

406 ± 41 

132 ± 8 

396 ± 38 

105 ± 7 

61 ± 5 

37 ± 2 

95 ± 5 

100 ± 3 

70 ± 2 



Table 5, Continued 

Region 
AVP BOUND 

(fmol/mg tissue) 

46 

1 )JM AVP 10 )JM AVP 200 )JM AVP 1 mM AVP 

Dentate Gyrus 

Hilus 

Molecular Layer 

Lateral Septum 

Caudate Putamen 

Cerebellum 

Granule cell layer 

Molecular layer 

Nucleus Tractus 
Solitarious 

Spinal Cord 

Dorsal horn 

Ventral horn 

00 ± 0 51 ± 2 

35 ± 2 29 ± 1 33 ± 3 105 ± 3 

14 ± 9 

43 ± 2 85 ± 5 

00 ± 0 20 ± 1 

00 ± 0 29 ± 2 

20 ± 1 37 ± 1 

78 ± 3 

77 ± 5 

Values represent femtomoles bound/mg tissue, mean ± S.E.M., 
based on total binding minus non-inhibitable binding in the presence 
of varying concentrations of unlabeled AVP, ( 1 )JM - 1 mM). Femto
moles of [3H]AVP bound/mg tissue was calculated by comparing the 
autoradiographic grain density generated over each area of tissue 
with that produced by 10 )Jm thick tritium standards of brain tissue. 
Optical density readings were made from individual tissue areas as 
well as from the standards using a window setting which encompassed 
an area equivalent to 150 or 250 square microns of tissue. 



CHAPTER 5 

[3H]VASOPRESSIN BINDING SITES IN THE HYPOTHALAMO-BYPOPHYSlAL SYSTEM OF 

BOTH HETEROZYGOUS AND HOMOZYGOUS BRATTLEBORO RATS 

Recent evidence has suggested the existence of specific binding 

sites for vasopressin in the central nervous system (Brinton et al., 

1984 Baskin, Petrecca and Dorsa, 1983; Bigeon et al., 1984; Van Leeuwan 

and Wolters, 1983). These binding sites have been observed in the 

hippocampus, cerebral cortex, lateral septum, caudate putamen, nucleus 

tractus solitarious, hypothalamus, median eminence, and hypophysis. 

Within the hypothalamus, binding sites were observed in the supraoptic, 

paraventricular and suprachiasmatic nuclei (Brinton et al., 1984). 

Hypophysial binding sites were observed in the anterior and posterior 

lobes of the pituitary (Brinton et al., 1984; Van Leeuwan and Wolters, 

1983; Bigeon, 1983). The binding sites observed in the hypothalamic 

nuclei that synthesize AVP a~d those observed in the median eminence 

and neurohypophysis have been postulated to represent neurophysin II 

binding sites (Brinton et al., 1984; Van Leeuwan and Wolters, 1983). To 

investigate this possibility we undertook a comparative 

autoradiographic analysis of [3H]AVP binding within the hypotha1amo

hypophysial system of heterozygous and homozygous Brattleboro rats. 

The homozygous Brattleboro rat (HOBR) has an absolute genetic 
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deficiency in brain and is unable to synthesize either vasopressin or 

its precursor, neurophysin II, while the heterozygous Brattleboro rat 

(HEBR) has a partial deficiency (Va1tin, Sawyer and Sokol, 1965). 

Thus, if the binding we observed is. associated with neurophysin II, 

[3H]AVP binding should be present in the heterozygous but not in the 

homozygous Brattleboro rat. The present study contains evidence for 

[3H]AVP binding in the hypotha1amo-hypophysia1 system of both 

heterozygous and homozygous Brattleboro rat. These data are discussed 

in light of their possible binding site properties. 

Methods 

Male heterozygous and homozygous Brattleboro rats (150-200 g.: 

Blue Spruce Farms, Inc., Altamont, NY) were killed by decapitation and 

the brains immediately removed and placed on ice. Each brain was 

prepared for microtome sectioning by coating the brain with plastic 

embedding medium and freezing it onto a microtome chuck by immersion in 

2-methy1-butane cooled with liquid nitrogen. Preparation of brain 

sections for light microscopic autoradiography followed the method of 

Wamsley and Palacios (1983). Ten micron coronal or sagittal sections 

were cut on a cryostat microtome and thaw mounted on chrome 

alum/gelatin coated slides. Slide mounted sections were stored 

desiccated overnight at 4°C. Prior to the labeling of brain 

sections with [3H]AVP (51.0 Ci/mmo1, New England Nuclear; Boston, MA) 

serial sections were thawed and preincubated at room temperature in 20 

mM Tricine, pH 7.4, containing 15% ethanol for 30 min. [3H]AVP binding 

to paired brain sections was carried out in buffer containing 20 mM 

Tricine, 0.2% bovine serum albumin, 40 ug/m1 bacitracin, 10 ug/ml 
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aprotinin and 10 uM amastatin, pH 7.4 at 4°C. A concentration of 5 nM 

[3H]AVP was used to label AVP recepto~s, while 200 tiM unlabeled AVP 

(Bachem, Torrance CA) was used to estimate AVP-inhibitable binding. 

Incubations were carried out at 4°C for 60 min. The binding reaction 

was terminated by two 30 sec rinses in ice cold 50 mM Tris-HCI buffer 

(pH 7.4) followed by a final rinse (1 sec) in distilled water. Slide 

mounted sections were then dried under a stream of cold dry air and 

stored desiccated overnight at OOC. Autoradiographs were prepared by 

exposing slide mounted sections to tritium sensitive film (LKB

Ultrofilm, LKB Products; Rockville, MD) in X-ray cassettes. Films were 

developed following exposure for 30 days. Photographic and 

densitometric analyses were performed on a Leitz (West Germany) 

Orthoplan microscope equipped with a DADS Model 560 computer (Stahl 

Research Laboratories, Rochester, NY) interfaced with a MPV Compact 

microphotometry system. Measurements of optical density were 

calculated in film areas equivalent to 150 or 250 sq. microns. 

Femtomoles of [3H]AVP bound/mg tissue was calculated by comparing the 

autoradiographic grain density generated over each area of tissue with 

that produced by 10 um thick standards of [3H] thymidine labeled brain 

tissue. 

Results 

Greatest specific [3H]AVP binding was observed in the posterior 

pituitary of both heterozygous and homozygous Brattleboro rats (Table 

6). Specific binding was further observed in the anterior and 

intermediate lobes of the pituitary (Table 6). The supraoptic nucleus 

(Fig.7) and median eminence of both HEBR and HOBR also contained 
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[3H]AVP binding sites. [3H]AVP binding in the supraoptic nucleus (p .05) 

and median eminence (p .01) of the homozygous Brattleboro rat was less 

dense than that observed in the heterozygous strain. 

Discussion 

The observation of [3H]AVP binding sites in the homozygous 

Brattleboro rat suggests the existence of binding sites other than 

those associated with neurophysin II. These data suggest that [3H]AVP 

may be binding to membrane bound receptors or to the neurophysin for 

oxytocin. Behavioral and autoradiographic studies have demonstrated 

the existence of AVP receptors in the HOBR. De Wied, Bohus and Van 

Wimer sma (1975) reported that HOBR demonstrated severe memory 

impairment in a passive avoidance paradigm while Boer and Swaab, (1983) 

have described a cerebellar developmental deficiency in the HOBR and 

Veldhuis and Dekloet (1982) and Sapolsky, Krey and McEwen (1984) have 

reported a glucocorticoid receptor deficiency in brain of HOBR. These 

deficiencies are reversed by treatment with vasopressin analogs devoid 

of antidiuretic activity (Boer and Swaab, 1983; DeWied, Bohus and Van 

Wimersma, 1975; Veldhuis and DeKloet, 1982). These studies suggest 

that while the endogenous ligand is not synthesized, the recognition 

sites for this peptide are still present. Indeed, the [3H]AVP binding 

sites we observed in the anterior pituitary and those observed by 

Petrecca and Dorsa (personal communication) in the lateral septum 

strongly suggest existence of membrane bound AVP receptors in the HOBR. 

Nevertheless, it is still possible that the binding sites in the 

hypothal~mo-neurohypophysial system of both HEBR and HOBR are associated 

with the precursor peptide for oxytocin, neurophysin I. Glasel et al. 
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(1976) have described the binding characteristics of AVP and oxytocin 

(OXY) to both neurophysin I and II. These investigators found that the 

binding of the neurohypophysial hormones to the neurophysins I and II 

is complex as well as pH and temperature dependent. Optimal binding of 

vasopressin to its neurophysin is obtained at pH 6.5 at 60 C (Galsel et 

al., 1976), while optimal binding for AVP to the neurophysin for 

oxytocin occurred at pH 5.4 at 60 C (Glasel et al., 1976). Moreover, 

Gainer (157) has reported that the optimal pH at which AVP binds to its 

neurophysin at 370 C is pH 5.5 (similar to the intravescicular pH) and 

that the affinity constant for this binding is quite weak (10-50M). 
Thus while it is possible that [3H]AVP is binding to the neurophysin 

for oxytocin, the assay conditions used in the present study and in 

those previously published (Brinton et al., 1984), were not optimal for 

this binding to occur. 

Because the posterior pituitary and median eminence are highly 

vascularized regions, the observed vasopressin binding sites in the 

neurohypophysis and median eminence, may be to vascular AVP receptors 

such as those described by Schiffrin and Genest (1983). Within the 

median eminence, the [3H]AVP binding sites may be associated with 

ependymal tanycyte transport proteins for passage of AVP from CSF to 

portal vessels (Robinson and Zimmerman, 1973) wherein AVP ultimately 

influences ACTH release from the anterior pituitary (Rivier and Vale, 

1983). 

Several alternatives exist to explain [3H]AVP binding within the 

supraoptic nucleus. Intra-hypothalamic binding sites may represent 

receptors for inter-nuclear communication between the nuclei that 
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synthesize AVP. Buijs (1978) found AVP fibers projecting from the 

suprachiasmatic nucleus to the supraoptic nucleus while Sofroniew et 

al. (1979) demonstrated hormone containing axons interconnecting the 

paraventricular and supraoptic nuclei. Extending these findings, 

Silverman, Hoffman and Zimmerman (1979) reported visualization of 

paraventricular nucleus innervation from the contralateral 

paraventricular nucleus and ipsilateral supraoptic nucleus. 

Electrophysiological evidence also exists for intranuclear synapses. 

Abe et ale (1983) reported a vasopressin-induced depolarization of 

supraoptic neurons which was associated with an adenylate cyclase 

system. 

Presynaptic AVP autoreceptors forming part of a negative 

feedback or recurrent collateral system may also contribute to the 

observed [3H]AVP binding in this region. Nicoll and Barker (1971) 

characterized AVP mediated recurrent inhibition in the supraoptic 

neurosecretory system. Later, Pittman, Blume and Renaud (1981) 

reported electrophysiological evidence for a recurrent collateral 

system of paraventricular- the neurohypophysial projection. The 

observation of [3ll]AVP binding sites in the hypothalamo-hypophysial 

system of the HOBR demonstrates that these binding sites are not 

associated with neurophysin II. Whether these binding sites represent 

membrane bound receptors or neurophyain I binding sites is still not 

clear. The statistically significant decrease in the density of 

[3H]AVP binding sites in the supraoptic nucleus and median eminence of 

HOBR suggests that a proportion of the [3H]AVP binding in HEBR is to 

neurophysin II. Because neurophysin is contained within the nerve 
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terminals of vasopressin and oxytocin fibers, it is possible that the 

observations reported in this study and others contain combinations of 

neurophysin and membrane bound binding sites. Further studies are 

necessary to clarify the exact nature and proportions of these binding 

sites. 
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Figure 7. [3H]AVP Binding in the homozygous and heterozygous 
Brattleboro rat. 

A: [3H]AVP binding sites in the supraoptic nucleus (so) 
adjacent to the optic chiasm (oc) of the homozygous Brattleboro rat. 

B: Nonspecific [3H]AVP binding in section adjacent to 
the one shown in Fig. lA. 
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CHAPTER 6 

VASOPRESSIN METABOLITE BINDING SITES IN RAT BRAIN AND KIDNEY: 

DISTINCT DISTRIBUTION FROM THAT OF PARENT PEPTIDE 

The memory enhancing effect of vasopressin (AVP) (DeWied, 1971; 

Koob et al., 1981) has been postulated to be mediated by metabolites of 

this nonapeptide (DeWied, 1976; Walter et al., 1975). This postulate was 

based on structure-activity relationships induced by synthetic AVP 

fragments. These studies demonstrated the dissociation of the peripheral 

endocrine and central effects of AVP. In addition, results of these 

studies showed that shortened sequences of the nonapeptide 

differentially affected specific components of memory formation. While 

it has postulated that AVP metabolite peptides exist, definitive 

biochemical confirmation of this postulate has come only recently. In 

1983, Burbach and Lebouille (1983) characterized the proteolytic 

conversion by brain synaptic membranes of AVP into four metabolite 

peptides. Following this study, Burbach et al. (1984) and DeWied et al. 

(1984) reported that two of the four metabolite peptides were more 

potent than AVP in prolonging passive avoidance behavior. Because the 

behaviorally active metabolites, AVP(4-8) and AVP(4-9), were devoid of 

pressor activity, it was concluded that the memory effects of the 

metabolites were mediated by central rather than peripheral receptors. 
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Thus, we investigated the existence of specific binding sites in brain 

for one of the AVP metabolite peptides, AVP(4-9). 

In addition, autoradiographic binding studies were also 

performed in the kidney to explore the existence of specific binding 

sites for the metabolite peptide AVP(4-9). We chose to use the kidney as 

both a po~itive and negative control tissue in the metabolite binding 

studies similar to our use of the kidney as a control for [3H]AVP 

binding studies. Interestingly, and to our surprise, we found that the 

distribution of AVP(4-9) binding sites in brain showed a distribution 

distinct from that of the parent peptide and those in the kidney were 

opposite to the distribution of AVP binding sites. 

Methods 

Male Sprague-Dawley rats (250-300 g) were decapitated and their 

brains and kidneys immediately removed and placed on ice. Each brain and 

kidney were prepared for microtome sectioning by coating the brain with 

plastic embedding medium and freezing it onto a microtome chuck by 

immersion in 2-methyl-butane cooled with liquid nitrogen. Ten micron 

sections were cut, thaw mounted onto chrom alum/gelatin slides and 

stored desiccated overnight at 40 C. Tissue sections were preincubated 

for 30 min in 50 mM Tris-Hel, pH 7.4 @ 250 C, with 3 mM Mgc12' Binding 

studies were incubated for 5 hrs at 40 C and carried out in 50 mM Tris

HCI, pH 7.4 , containing 3 mM MgCI, 0.2% bovine serum albumin, 40 ug/ml 

bacitracin, 10 ug/ml aprotinin, and 10 uM amastatin. Five nl-I [3H]AVP (51 

Ci/mmole) or 5 nM [35S]AVP(4-9) (23.1 Ci/mmole; both of New England 

Nuclear; Boston, MA) was used to label binding sites while 10 uM 

unlabeled AVP or 100 unlabeled AVP(4-9) was used to determine non-specific 
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binding against the corresponding labeled analog. The binding reaction 

was terminated by two 30 sec rinses in cold 50 mM Tris-HCI, pH 7.4 @ 

4oC, containing 3 mM MgCI, followed by a final rinse in distilled water. 

Slides were dried under a stream of cold air and stored desiccated 

overnight at -28oC. Autoradiographs were prepared by exposing slide 

mounted sections to tritium sensitive film (LKB Ultrofilm) in X-ray 

cassettes. [3H]AVP labeled sections were exposed for 30 days while 

[35S]AVP(4-9) labeled sections were exposed for 10 days. 

Results 

Specific binding sites for the metabolite peptide were found in 

several regions of the rat brain. Dense labeling was seen in the 

chloride plexus of the fourth ventricle (Fig.9A) and in the ependymal 

cell layer of the lateral ventricles (Fig.lOA & llA). [35S]AVP(4-9) 

binding sites were also observed in the superior and inferior colliculus 

(Fig. llA). Within the hippocampus the distribution of [35S]AVP(4-9) 

binding sites was distinct from that seen with the parent peptide • 

[35S]AVP(4-9) binding sites were observed in the hilus of the dentate 

gyrus (Fig.llA) while AVP binding sites were observed in theCAl region 

of the hippocampus and in the molecular layer but not in the hilus of 

the dentate gyrus (Fig. 6A & 12A)(Brinton et al., 1984). Within the 

brain stem, [35S]AVP(4-9) binding sites were observed in the pontine 

nuclei and rostrally in the lateral mamallary nucleus (Fig.13A). Diffuse 

[35S]AVP(4-9) binding sites were also seen in the brainstem reticular 

system (Fig.l3). 
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No specific [35S]AVP(4-9) binding was observed in either the neuro- or 

adenohypophysis (Fig.14) [35S]AVP(4-9) binding was displacable by AVP 

(100 uM) but not by oxytocin (100 UM). In contrast, AVP(4-9) (100 uM) 

did not displace [3H]AVP binding. 

As expected, [3H]AVP binding sites were observed in the inner and 

outer medulla of the rat kidney (Fig. 15(A» and none were observed in 

the cortex (Fig. l5(A». The non-specific binding associated with 5 nM 

[3H]AVP in the presence of 10 mM AVP can be seen in Fig. 15(e). In 

contrast, binding sites for the radio labeled metabolite peptide, 

[35S]AVP(4-9), were seen in the cortex of the rat kidney while only very 

sparse labeling appeared in the outer medulla (Fig. 15(B». No 

[35S]AVP(4-9) binding sites were observed in the inner medulla (Fig. 

l5(B». Non-specific binding associated with 5 nM [35S]AVP(4-9) in the 

presence of 100 mM AVP(4-9) can be seen in Fig. 15(D). 

Discussion 

The presence of [35S]AVP(4-9) binding sites in brain suggests the 

existence of neuronal receptors for this AVP metabolite. These binding 

sites may represent the neuronal substrate for the memory enhancing 

effects observed by Burbach et ale (1984) and DeWied et al. (1984). The 

hypothesis that the effects of AVP(4-9) upon memory are mediated by eNS 

receptors and not by peripheral receptors appears to be confirmed. While 

this hypothesis is confirmed, the presence of [35S]AVP(4-9) binding sites 

in the reticular brainstem nuclei suggests a neuronal receptor that 

could modulate arousal mechanisms. The finding of AVP metabolite binding 

sites in the reticular activating system presents neuropharmacological 

evidence for such a hypothesis. Thus, these results support the Burbach 
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and Dewied hypothesis while also supporting the hypothesis of Koob and 

Bloom (Koob et a1., 1981) who suggest that AVP influences memory through 

arousal mechanisms. 

Similarities and dissimi1arites in the distribution of binding 

sites for the metabolite and parent peptide were observed. Region 

similarity was seen in the pontine nuclei, where binding sites for AVP 

and AVP(4-9) were observed. Within the hippocampus, binding sites for 

the parent peptide,AVP, have been observed in the CAl region and in the 

molecular layer but not in the hilus of the dentate gyrus. In contrast, 

binding sites for [35S]AVP(4-9) were observed in the hilus but not in 

the molecular layer of the dentate gyrus nor in the CAl region of the 

hippocampus. Such a clear distinction in the distribution of metabolite 

peptide and parent peptide binding sites was also observed in the kidney 

(Brinton et a1., 1984b). In the kidney [3H]AVP binding sites were 

observed , as expected, 'in the medulla while , surprisingly, binding 

sites for the metabolite peptide. [35S]AVP(4-9) were observed in the 

cortex of the kidney. 

Another distinction was observed in the choroid plexus of the 

fourth ventricle, ependymal cell layer of the lateral ventricles and in 

the superior and inferior co11icu1i. [35S]AVP(4-9) binding sites were 

found in these structures, where, to date, binding sites for t~e parent 

peptide have not been previously observed. In contrast, no specific 

[35S]AVP(4-9) binding sites were observed in either the neuro- or 

adenohypophysis where dense specific binding has been observed for 

[3H]AVP. 
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The finding of AVP(4--9) binding sites in the chloride plexus and 

ependymal cell layer indicate the possibility of specific binding sites 

for transport of this peptide to or from the CSF. AVP(4-9) binding sites 

in the colliculi suggests enzyme systems for the production of AVP 

metabolite peptides in the suprachaismatic nucleus which has been shown 

to project to the co1liculi (Sofroniew, 1979). 

The presence of [3H]AVP binding sites in the kidney medulla and 

absence in the cortex was anticipated in light of the antidiuretic 

effect of AVP and characterization of AVP receptors in the kidney 

medulla (181). As such, the kidney acts as both a positive and negative 

control tissue for AVP binding sites in other tissues, such as brain. 

We anticipated similar results using the kidney as a control tissue for 

binding studies of the metabolite peptide. Although both rich and poor 

regions of AVP(4-9) binding exists in the kidney, their distribution 

is in striking contrast to that seen for the parent peptide, AVP. 

Interestingly, Wilbur Sawyer (Columbia Univ) found that AVP(4-9) had 

negligible antidiuretic activity (Personal Communication, Tucson, AZ, 

May 1984). The relative ab3ence of AVP(4-9) binding sites in the kidney 

medulla supports this finding. The physiological relevance of AVP(4-9) 

binding sites in the cortex of the kidney is yet to be described. 

However, the presence of these binding sites suggest the existence of 

AVP metabolite receptors in the kidney which are distinct from those for 

the parent peptide. 



The regional distribution and pharmacological specificity of 

AVP(4-9) binding sites suggests the existence of a distinct receptor 

system for the AVP metabolite peptide in both brain and kidney. 
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Figure 8. Amino acid sequence of vasopressin metabolite peptide, AVP(4-9), as 
described by Burbach and Lebouille (1983). 
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Figure 9. Autoradiograph showing [35S]AVP(4-9) (SnM) binding 
sites in the choroid plexus (co) of the fourth ventricle (sagittal 
section). 
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A: Shows an autoradiograph of total binding while B shows and 
autoradiograph of non-specific binding of SnM [35S]AVP(4-9) in the 
presence of 100 uM unlabeled AVP(4-9) in section adjacent to that seen 
in (A). 
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Figure 10. Autoradiograph showing [35S]AVP(4-9) binding sites in 
choriod plexus (co)of the lateral ventricles and subfornicle organ 
(sfo)(coronal section). 

A: Autoradiograph of total binding. B: Autoradiograph of non
specific binding of 5 nM [35S]AVP(4-9) in· the presence of 100 uM AVP(4-
9) in section adjacent to the one seen in lOA. 
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Figure 11. Autoradiograph showing [35S]AVP(4-9) binding 
the choroid plexus of the lateral ventricle (co), the hilus of 
dentate gyrus (hdg), the inferior colliculus (ic) and superior 
colliculus (sc) (sagittal section). 
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in 

A: Autoradiograph of total binding B. Autoradiograph showing non
specific binding in section in the presence of 100 uM AVP(4-9) in 
section adjacent to one seen in (A). 
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Figure 12. Autoradiograph showing [3H]AVP binding sites in the 
molecular layer of the dentate gyrus (mdg) and in CAI (ca) region of the 
hippocampus. 

A: Autoradiograph of total binding B: Autoradiograph showing non
specific binding in the presence of 100 uM AVP in section adjacent to 
that seen in 12A. 
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Figure 13. Autoradiograph showing [35S]AVP(4-9) (5 nM) binding 
sites in the pontine nuclei (pn), lateral mammallary nucleus (lmn) and 
pontine reticular nuclei (prn) of the rat brain. 

A: Autoradiograph of total binding Binding sites are seen as 
black grain densities relative to areas of grey.B. Autoradiograph 
showing non-specific binding in presence of 100 uM AVP(4-9) in section 
adjacent to the one seen in 13A. 
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Figure 14. Autoradiograph showing [35S]AVP(4-9) (5 nM) binding in 
adeno- and neurohypophysis from rat brain. 

A: Autoradiograh of total binding. B: Autoradiograph of non
specific binding of 5 nM [35S]AVP(4-9) in the presence of 100 uM 
unlabeled AVP in section adjacent to that seen in (A). Note lack of 
specific binding. 



Figure 15. [3H]AVP and [35S]AVP(4-9) binding sites in 
kidney. 

A. Autoradiograph showing [3H]AVP (5 nM) binding sites in 
the kidney medulla (M). Binding sites are seen as black grain 
densities inferior to the kidney cortex (C). B: Autoradiograph 
showing [35S]AVP(4-9) (5 nM) binding sites in the cortex of the 
kidney (C). Binding sites are seen as black grain densities 
superior to the medullar (M). C. Non-specific binding of 5 nM 
[3H]AVP in the presence of 10 uM unlabeled AVP in kidney section 
adjacent to that seen in (A). D. Non-specific binding of 5nM 
[35S]AVP(4-9) in the presence of 100 uM unlabeled AVP(4-9) in 
kidney section adjacent to that seen in (B). 
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Figure 15. [3H]AVP and [35S]AVP(4-9) binding sites in kidney. 



CHAPTER 7 

DISCUSS'rON 

Results of the experiments described in the previous chapters 

provide evidence for the postulate that vasopressin acts as a 

neuromodulator in the central nervous system. The generally accepted 

necessary criteria for establishment of neurotransmitter status are: (1) 

the substance be present in neurons, (2) the enzymes for synthesizing 

and catabolizing the substance be present in the nerve ending or part of 

the neuronal machinery, (3) the substance be released from neurons and 

alsq (4) recognize specific neuronal binding sites / receptors, (5) the 

physiological effect of the proposed transmitter possess the same 

pharmacological profile as the endogenous substance and (6) finally the 

exogenously administered putative neurotransmitter mimics the effects of 

the endogenous substance when released by nerve stimulation. These 

criteria, which were based on pharmacological studies in autonomic 

ganglia, are sufficient for identification of a neurotransmitter which 

falls in the category of the classical neurotransmitters, such as 

acetylcholine and norephinephrine. However, they may not be sufficiently 

encompassing or broad to directly test for the substances which have 

come to be known as neuromodulators, neuroregulators or neurohormones. 
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The presence of AVP in brain, indicated by the results presented 

in Chapter 2, and in studies referred to in the chapter, fulfill one of 

the criteria for neurotransmitter status. The levels of AVP in 

extrahypothalamic regions are quite small. However, like other peptides, 

the levels of AVP are in marked contrast to the microgram quantities of 

acetylcholine and norepinephrine found in brain. Thus while measurable 

quantities of AVP have been found in brain it is entirely possible that 

brain regions containing AVP go undetected because the concentration in 

an isolated brain region is below the detection limit of available 

radioimmunoassays. Until recently, such a situation existed with 

vasopressin. For quite some time the cerebellum was considered devoid 

of vasopressin content in the adult animal, even though it was present 

in the cerebellum during embryonic development (Palkovits, 1980). Thus, 

it was considered that the neurotrophic effects of AVP on embryonic 

neurons (Gruener, Brinton and Yamamura, 1983) and on cerebellar 

development (Boer and Swaab, 1983) were relevant only to the fetal 

animal. Moreover, the AVP binding sites in the cerebellum were 

considered to be vestigial receptors that mediated the neurotrophic 

effect of AVP on cerebellar development. However, the conclusion that 

AVP in the cerebellum is relevant only to embryonic development may be 

too limiting (Brinton et al., 1984). A recent study indicates that when 

the cerebellum from several animals are pooled, measurable quantities of 

AVP exist, but when measured singly, the quantity of AVP is below the 

assay detection limit (Valiquette et al., 1984). Thus, fulfilling 

perhaps the most basic of requirements for neurotransmitter status 

requires the recognition that minute quantities of peptides exist in 
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brain thereby requiring extremely sensitive assays or pooling of tissue 

samples for detection of these substances. 

The release of AVP from the hypothalamic nuclei that synthesize 

this peptide and from the posterior pituitary had previously been 

demonstrated (Milton and Paterson, 1974; Sladek and Knigge, 1977), 

thereby providing evidence for the neuronal release of AVP. Because of 

the extremely low concentration of AVP in extrahypotha1amic regions it 

is not realistically possible to examine release from these brain 

structures. The use of the HME (hypotha1amo-median eminence), for the 

ethanol modulation experiments described in chapter 3, allowed the 

investigation of AVP release from a brain region that had been severed 

from the neurohypophysial system but still contained AVP terminals (in 

the median eminence) for synaptic release. The region also contained a 

sufficient quantity of AVP that would permit measurement of release. 

Under potassium stimulation release, in the absence of ETOH, 

approximately 10% of the stored AVP was released. In the presence of 

ETOH this amount of depolarized-induced release was reduced by 10-60%. 

Thus, such a study could not be carried out in a brain region devoid of 

AVP synthesizing neurons and still have measurable quantities of AVP in 

the perfusate. 

While the pharmacology of AVP release has been described, the 

studies of ethanol modulation of AVP content and release in brain are 

perhaps more relevant to the examination of AVP as a neuromodulator. 

Because ETOH is a eNS depressant known to have deleterious effects upon 

memory function, it seemed reasonable to explore the influence of ETOH 
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upon AVP in brain. Results of the acute in-vivo experiments were perhaps 

paradoxical. The increase in AVP synthesis in response to blood ethanol 

levels which is associated with decreased plasma levels of AVP was 

unexpected on the one hand but entirely consistent with a physiological 

response to an increase in plasma osmolarity. Despite the increased 

content of AVP, the release of this neuropeptide is inhibited at the 

same relative concentration of ETOH which induced the increase in it's 

synthesis. ·Thus, acutely,ethanol has seemingly contradictory effects 

upon AVP related responses. 

Chronic in-vivo ethanol treatment did not induce significant 

changes in AVP content in the brain regions examined. The finding of a 

statistically significant decrease of AVP in the hippocampus of ETOH 

treated animals if confirmed in other studies may provide insights into 

the neurochemical basis of memory deficits associated with chronic 

alcohol use. The finding of no difference between the experimental and 

control groups in AVP content in other brain regions is entirely 

consistent with the experimental and clinical studies showing tolerance 

to the effects of ethanol on a variety of cellular and behavioral 

measures (Weingartner et al., 1976; Chin and Goldstein, 1977a and b). 

It is interesting to note psychological studies which show that, 

acutely, ethanol impairs the process of incoding new information into 

short term memory <Weingartner, 1976; Ryback, 1977). Conversely, 

structure activity studies of AVP have shown that abbreviated peptide 

sequences contained within vasopressin which potentiate the encoding 

process (as well as sequences which potentiate consolidation of 

information) (DeWied, 1976; Walter et a., 1975; Walter, VanRee, DeWied, 
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1978). While the effects of ETOH upon the nervous system are 

multitudinous, the finding of ETOH induced inhibition of AVP release may 

contribute to our understanding of ethanol induced memory deficits. 

The finding of AVP binding sites in discrete regions of the brain 

lends strong support for the existence of neuron associated structures 

for recognition of this neuropeptide. The distribtion of these binding 

sites correlates extremely well with the immunoreactive distribution of 

AVP. The finding of AVP binding sites in the hippocampus was especially 

interesting. to us because of our interest in the memory enhancing 

properties of AVP. The existence of AVP binding sites in the cerebral 

cortex also suggests a neuromodulatory role for AVP in the expression of 

complex psychological processes such as learning and memory. 

An obvious question with respect to the existence of AVP sites 

in brain is the functional significance of these binding sites. Is AVP 

acting in brain as a modulator of other transmitter substances or is 

AVP inducing neuronal responseD directly as seen in the kidney and liver 

(Jard, 1983)? Further, are these neuronal responses similar in kind to 

the peripheral effectors? Current evidence suggests that within the 

hypothalmus, AVP acts directly to stimulate cyclic AMP (Abe et a1. 1983) 

while in extrahypothalamic regions AVP acts as a neuromodulator of 

catecholamine stimulated cyclic AMP (Church, 1983; Courtney and Raskind, 

1983). If AVP is specific to the catecholamine system, it should be 

possible to co-map the distribution of AVP and norepinephrine and/or 

dopamine to provide further evidence for the specificity of 

neuromodulation. Thus far within the cerebral cortex, hippocampus, 

brainstem and diencephalon structures there is, at least grossly, 
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overlap between the distribution of norepinephrine and AVP binding 

sites. From the available evidence, it appears that there are at least 

two types of AVP receptors in brain, one coupled directly to a cyclic 

AMP system, the other indirectly coupled. The neuronal mechanisms which 

underly the neuromodulatory effects of AVP are still not known. 

The demonstration of AVP metabolite binding sites in brain 

supports the physiological and behavioral relevance for the metabolism 

of AVP by brain synaptosomes (Burbach and Lebouille, 1983). Moreover, 

these r.esults provide evidence for a system of receptors which are quite 

distinct in their distribution from that of the parent peptide. 

Interestingly, the mapping of binding sites preceeds the immunoreactive 

profile of this peptide. The pattern of AVP(4-9) binding sites in the 

hippocampus is particulary interesting in that there does not appear to 

be overlap between the AVP binding sites and those for the metabolite. 

In contrast, there are regions where the two radioactive analogs bind 

but differ in their specific binding. Such is the case in the anterior 

pituitary, where AVP (Fig.6) binds with high specificity but AVP(4-9) 

does not (Fig.10). In contrast, AVP(4-9) binds specifically in the 

pontine reticular nuclei (Fig 9) but AVP does not (Fig.6). 

The AVP(4-9) binding within the pontine reticular nuclei could 

provide a bridge between the central versus peripheral hypotheses of how 

AVP is able to influence memory functions. Koob and Bloom along with 

their associates have postulated that AVP influences memory processes 

via peripheral mechanisms, vasoconstriction, thereby increasing arousal 

(LeMoal et aI., 1981; Koob et aI., 1981). On the other hand, DeWied and 

his colleagues have long contended that AVP acts centrally to potentiate 
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memory processes (DeWied, 1971; Burbacr. et al. 1984; DeWied et al., 

1984). Thus, it is possible that the behavioral effects observed by both 

groups of investigators are mediated in part by activation of AVP(4-9) 

receptors in the pontine reticular nuclei with the end result of 

modulating arousal. Nevertheless, the demonstration of binding sites for 

the AVP metabolite peptide, AVP(4-9), supports the postulate that 

enzymes for the metabolism of AVP exist in brain. Futhermore, the 

metabolic products correspond to structural neuronal components by which 

they might influence eNS function. 

The experimental results described in the previous chapters support 

the hypothesis that vasopressin acts as a neuromodulator in the 

mammalian brain, despite the fact that to date all the criteria for 

neurotransmitter status have not been met for AVP. Based on the findings 

of these studies it should be possible to now explore the neuronal 

mechanisms induced by AVP in select brain regions. 
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