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SUMMARY 

The effects of local postlearning microinjections of arginineS-vasopressin (AVP) 
and oxytocin (OXT) on one-trial learning passive avoidance behavior and the 
influence of AVP on ct-MPT-induced disappearance of norepinephrine (NE) and 
dopamine (DA) in discrete brain regions have been studied in the rat. OXT injected 
bilaterally in the hippocampal dentate gyrus (25-25 pg) or in the midbrain dorsal 
raphe nucleus (50 pg) significantly attenuated passive avoidance behavior. Facilitation 
of passive avoidance behavior was observed when the peptide was injected into the 
dorsal septal nucleus. AVP facilitated passive avoidance behavior when administered 
into the hippocampal dentate gyrus, dorsal raphe nucleus or dorsal septal nucleus. 
Injection of either neuropeptides into the central amygdaloid nucleus appeared to be 
ineffective. 

One week after the behavioral experiments a repeated injection of AVP into the 
hippocampal dentate gyrus increased the disappearance of NE in the dentate gyrus 
and in the nucleus ruber. An injection into the dorsal septal nuclei decreased the NE 
disappearance in the dorsal septal nucleus itself and increased it in the nucleus ruber. 
Injection in the dorsal raphe nucleus led to an increase in the disappearance of DA in 
the locus coeruleus and in the nucleus ruber. 

It is concluded that memory consolidation can be oppositely influenced by local 
application of minute amounts of either OXT or AVP into certain limbic-midbrain 
structures, suggesting an involvement of these brain regions in the memory effects of 
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these peptides. Modulation of catecholamine turnover in specific brain areas after 
AYP administration may be related to this behavioral effect. 

INTRODUCTION 

The two neuropeptides of hypothalamic neurosecretory origin, oxytocin and 
vasopressin, exert opposite effects on CNS mechanisms related to learning and 
memoryS,15, ~°. Both neuropeptides were shown to affect consolidation as well as 
retrieval of memory: vasopressin facilitates 3,9, while oxytocin attenuates 3 these 

processes. 
Limbic-midbrain areas may be the CNS sites mediating the effect of vasopressin 

on the maintenance of avoidance behavior. Lesions of the rostral septal region or the 
anterodorsal hippocampus almost completely and of the posterior thalamic para- 
fascicular area partially prevented the effect of vasopressin on extinction of active one- 
way avoidance behavior 27,2s. Local application of lysineS-vasopressin in the para- 
fascicular area, but not in the dorsal hippocampus, resulted in a resistance to 
extinction of the pole-jumping avoidance behavior 26. No data are, however, available, 

as to which CNS sites are sensitive to oxytocin. 
Recent biochemical observations indicate that vasopressin modulates the dis- 

appearance rate of catecholamines in limbic-midbrain structures14,22. That peptide- 
induced changes in catecholamine metabolism may be relevant factors in the 
mediation of the action of vasopressin on learning and memory stems from the 
observations that the effect of vasopressin on passive avoidance behavior could be 
prevented by a catecholamine synthesis inhibitor 14 or by the destruction of the 
ascending dorsal noradrenergic bundle 13. Conclusive data are not yet available 
concerning the involvement of neurotransmitters in the behavioral action of oxytocin. 
Oxytocin failed to modulate the disappearance rate of norepinephrine and dopamine 
in limbic-midbrain areas (Versteeg, unpublished data). Accordingly, it is unlikely that 
these catecholamines are involved in the mediation of the opposite behavioral effects 

of this neuropeptide. 
The present experiments were aimed to study the locus of action of oxytocin and 

vasopressin on memory consolidation processes. Consolidation denotes the input 
stage of memory that can be influenced by postlearning administration of peptides as 
reflected in long-term retention of a passive avoidance response. For this purpose 
peptides were administered locally into limbic-midbrain structures immediately after 
the single learning trial of a passive avoidance response and their effects on the 
behavior were tested on two subsequent days. The sites for local injections were 
selected on the basis of former lesion experiments 27,as and of the regional changes in 
catecholamine disappearance rate in isolated limbic-midbrain nuclei after intra- 
cerebroventricular administration of arginineS-vasopressin 21. A dose of 25-25 pg 
bilaterally (hippocampus, dorsal septal area, amygdaloid nuclei) or 50 pg in the 
midline (dorsal raphe nucleus) was selected for both peptides. Former observations 
indicated that an amount of 50 pg of arginineS-vasopressin or oxytocin administered 
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into a lateral ventricle fails to affect consolidation processes 5. In addition the influence 
of arginineS-vasopressin on the disappearance of norepinephrine and dopamine in 
isolated limbic-midbrain nuclei has also been determined in those cases when local 
administration of the peptide resulted in behavioral changes. The aim of these 
additional experiments was to obtain further information as to whether changes in 
catecholamine metabolism may be related to the behavioral effect of vasopressin. 
Determinations in rats which received oxytocin were omitted because of the absence of 
changes in CA disappearance rates after intraventricular injection of this neuro- 
peptide. 

METHODS 

Animals 
Male Wistar rats of an inbred strain (CPB-TNO, Zeist, The Netherlands) 

weighing 160-180 g were kept under standard illumination schedule (light between 
05.00 and 19.00 h). Standard food and water were available ad libitum. 

Surgery 
Operation was performed under fluanison/fentanyl anesthesia (Hypnorm, 0.06 

ml/100 g b.w.). Stainless steel guide cannulae (external diameter 0.66 mm) were 
implanted according to the coordinates of Albe-Fessard et al. 2 into one of the 
following brain regions: bilaterally in the dorsal septal nucleus (A 8.5, L 0.4, D 6.5), 
hippocampal dentate gyrus (A 5.0, L 1.2, D 7.2), central amygdaloid nucleus (A 5.8, L 
4.6, D 2.2) and a single cannula into the dorsal raphe nucleus (A 0.7, L 0.0, D 3.5, 
anteroposterior coordinate extrapolated according to Palkovits and De Kloet, per- 
sonal communication). A recovery period of 10 days was allowed before the 
behavioral experiments were performed. Injections were given through an internal 
cannula (diameter 0.33 mm), introduced into the chronically implanted guide cannula. 
Localization of the cannulae was histologically controlled on 300 #m thick sections. 

Passive avoidance behavior 
Passive avoidance behavior was investigated in a one-trial learning, step-through 

passive avoidance situation 1. The apparatus consists of an illuminated platform, 
attached to a dark compartment. The animals were placed on the platform and the 
latency to enter the dark compartment was measured. Three trials were given on the 
following day. Electric footshock was delivered at the end of the third trial (learning 
trial). A shock intensity of 0.25 mA AC for 2 sec was applied in the dorsal raphe 
group, while it was 0.50 mA for 2 sec in all the other groups. Pilot experiments showed 
that the intensity had to be lowered in the raphe group in order to get a control range 
comparable to other groups. Retention of passive avoidance behavior was tested 24 
and 48 h after the learning trial by measuring the latency to re-enter the dark 
compartment. Latencies were measured to a maximum of 300 sec. 

Disappearance of catecholamines 
a-Methyl-p-tyrosine (a-MPT, AB Biotec, G6tenborg, 300 mg/kg) was given i.p. 
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at 0 min and was followed by the local microinjection of AVP or the vehicle 30 min 
later. Three hours after the local microinjection the rats were killed and the brains 
were rapidly taken out and frozen. The brains were cut in 300 #m sections at a 
temperature o f - - 1 0  °C. The following brain nuclei were removed according to the 
dissection methods described earlier19,21,25: dorsal septal nucleus, medial septal 
nucleus, dentate gyrus, parafascicular nucleus, nucleus ruber, dorsal raphe nucleus, 
locus coeruleus, nucleus caudatus. Tissue pellets were homogenized in 50 #1 of 0.1 N 
HC104. A 10 #1 aliquot was taken for protein assaylL Residual homogenate was 
centrifuged (15,000 × g, 15 min, 4 °C). Norepinephrine and dopamine were 
determined in 20 #1 aliquots of the supernatant, using a radioenzymatic assay 2a. 
Results are expressed as pg transmitter/#g protein. Accordingly, a lower catechol- 
amine content indicates increased disappearance. Two series of experiments were 
performed. 

(a) In those groups where local application of vasopressin was followed by 
significant behavioral changes, the disappearance of catecholamines was determined 7 
days after completion of the behavioral experiments. Animals treated with AVP 
during the behavioral study received a second injection of the same amount of peptide, 
while control animals were treated with saline again. 

(b) In a separate group of rats cannulae were implanted into the dorsal septal 
nucleus. In this group AVP was injected either 7 days or 3 h before or both at 7 days 
and 3 h before decapitation. These animals, however, were not exposed to the passive 
avoidance situation. 

Treatment 

Arginine8-vasopressin (AVP, pressor activity 471 U/mg) and oxytocin (OXT, 
avian depressor activity 525 U/mg) were dissolved in saline, containing 0.1 ~ 0.01 N 
HCl. Amounts of 25-25 pg for bilateral injections or 50 pg for midline (dorsal raphe) 
injection were given in a volume of 0.5 #1 over a period of 2 min in the conscious rat. 
Control animals received the same volume of vehicle. 

Statistics 

Behavioral data were analyzed with Mann-Whitney's non-parametric ranking 
test. The neurochemical data were calculated with Student's t-test (two-tailed). A 
probability level of 0.05 or less was accepted as a significant difference. 

RESULTS 

The effects of postlearning microinjections of AVP and OXT into limbic- 
midbrain structures on the retention of the passive avoidance response and the 
localization of effective injection sites are shown in Figs. 14 .  When injected into the 
hippocampal dentate gyri immediately after the single learning trial, AVP caused a 
significant increase in the avoidance latencies both at 24 and 48 h retention tests. 
Conversely, OXT led to an attenuation of passive avoidance behavior at both 
retention trials (Fig. 1). Local administration of the peptides in the hippocampus 
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Fig. 1. Effects of postlearning microinjection of AVP and OXT into the hippocampal dentate gyrus 
on the retention of a passive avoidance response. The localization of the effective injection sites is 
represented by the dotted area in the schematic drawing. (Number in bars represents number of 
animals used; I"1, 24 h retention trial; ~ 48 h retention trial; * P < 0.05; ** P < 0.01). 

outside of the dentate gyri, e.g. in the subiculum, failed to affect passive avoidance 

behavior. 
Bilateral injection of AVP into the dorsal septal region facilitated avoidance 

behavior at both retention sessions. Similar effect was observed after OXT injections. 
Effective injection sites were localized in the dorsal septal nuclei and/or in the adjacent 
regions of the medial septal nuclei (Fig. 2). 

Neither AVP nor OXT had a significant effect on passive avoidance behavior 
when injected bilaterally into the amygdaloid complex. The injection sites were 
primarily localized in the central amygdaloid nuclei (Fig. 3). 

Administration of 50 pg AVP into the midbrain dorsal raphe nucleus significant- 
ly facilitated passive avoidance behavior at the 24 h retention session and caused a 
tendency to increase avoidance latency at the 48 h retention trial. OXT attenuated 
avoidance behavior, although at the 24 h retention trial only. Injections outside the 
raphe nucleus appeared to be ineffective (Fig. 4). 

Data on the disappearance of NE and DA by local microinjection of AVP in 
three groups of rats which were tested for behavior (hippocampal, septal and raphe 
groups) are summarized in Tables I and II. Microinjection of 25-25 of pg AVP 
bilaterally into hippocampal dentate gyrus increased the disappearance of NE in the 
dentate gyrus itself and in the nucleus ruber. Bilateral injection into the dorsal septal 
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Fig. 2. Effects of postlearning microinjection of AVP and OXT into the dorsal septal nucleus cn 
passive avoidance behavior (details as in Fig. 1 legend). 
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Fig. 3. Effect of postlearning microinjection of AVP and OXT into the central amygdaloid nucleus 
on passive avoidance behavior. (Details as in Fig. 1). 
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Fig. 4. Effect of postlearning microinjection of AVP and OXT into the midbrain dorsal raphe nucleus 
on passive avoidance behaviori (For details see Fig. 1 legend). 

nucleus decreased the disappearance of NE in the dorsal septal nucleus per se and 
increased it in the nucleus ruber. An injection of 50 pg vasopressin into the midbrain 
dorsal raphe nucleus did not change the NE turnover in any of the brain nuclei studied 
(Table I). The disappearance of DA in the locus c~eruleus (As region) and that in the 
nucleus ruber, however, was increased by injection of AVP in the raphe nucleus (Table 
II). 

Data obtained with single or repeated dorsal septal injection of AVP in rats 
which were not subjected to behavioral training are summarized in Table III. 
Although the same brain nuclei were sampled as in the previous groups, the 
disappearance of NE in the dorsal septal nucleus and the nucleus ruber are presented 
only. In agreement with the previous experiments changes were absent in other nuclei. 
The disappearance of NE in the dorsal septal nucleus as well as of the nucleus ruber 
was significantly decreased in the groups treated 3 h as well as 7 days plus 3 h prior to 
the decapitation. 

DISCUSSION 

Postlearning administration of OXT in a cerebral ventricle attenuates passive 
avoidance behavior in a time-dependent manner, suggesting that memory consolida- 
tion is influenced by the peptide 3. The present experiments showed that postlearning 
administration of small amounts of OXT into the hippocampal dentate gyrus or into 
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TABLE III 

Disappearance of norepinephrine after single or repeated microinjection of argininea-vasopressin into 
the dorsal septal nucleus 

I, first microinjection 7 days prior to decapitation, lI, second microinjection 3 h prior to decapitation. 

Treatment N Dorsal septal nucleus Nucleus ruber 

I / /  

(1) Saline + Saline 8 3.40 ± 0.38* 3.34 3- 0.22 
(2) AVP** + Saline 8 3.49 3- 0.58 3.68 3_ 0.15 
(3) Saline 3- AVP 9 5.10 3- 0.40§§ 5.34 3- 0.66§ 
(4) AVP + AVP 8 6.04 d: 1.06§ 4.15 3- 0.28§ 

* Mean ± standard error (pg//zg protein). 
** 25 pg AVP, dissolved in 0.5 ttl vehicle. 
§ P < 0.05. 

§§ P < 0.01. 

the midbrain raphe nuclei mimicked the behavioral effect of intraventricularly 
administered peptide. Injection into the central amygdaloid nucleus was without 
effect. That these effects were elicited from these particular brain regions, rather than 
by transport of the neuropeptide via cerebrospinal or vascular circulation to other 
brain areas, is supported by the observation that similar amounts of OXT failed to 
affect avoidance behavior when injected into the cerebral ventriclesL The observation 
therefore, suggests that limbic-midbrain structures may have an important role in the 
attenuation of memory consolidation processes, elicited by oxytocin. 

Administration of OXT into the dorsal septal nuclei has yielded opposite results. 
OXT injected into the dorsal septum facilitated memory consolidation. OXT therefore 
caused vasopressin-like effects from this locus. Vasopressin-like behavioral effects of 
peripherally administered OXT - -  particularly following high doses of the peptide - -  
have already been described 5,s. One might therefore conclude that the dorsal septum is 
the locus of action for the vasopressin-like behavioral effects of OXT. This, however, 
might be an oversimplified explanation. Since some fragments of OXT mimic the effect 
of vasopressin on passive avoidance behavior4,1% another possible explanation would 
be a difference in the metabolic degradation of OXT in various brain regions. 
Similarly, regional differences in the degradation of posterior pituitary peptides 
(Burbach et al. in preparation) may account for the short-lasting effect of these 
peptides in the dorsal raphe nucleus, as compared to the long-lasting action in limbic 
regions. 

Facilitation of memory consolidation was found after local microinjection of 
AVP into the hippocampal dentate gyrus, dorsal septal nuclei or into the midbrain 
dorsal raphe nucleus. The same amount of AVP was ineffective when injected into the 
central amygdaloid nucleus. This observation, therefore, provides evidence for a 
previous suggestion based on lesion-studies, that certain limbic-midbrain structures 
are involved in the facilitation of memory processes by vasopressin 9,z%2s. It is of 
interest to note that AVP in a dose of 25-25 pg effectively facilitated passive avoidance 
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behavior in this experiment, while a dose of 100 ng of lysinea-vasopressin was 
ineffective on extinction of a pole-jumping avoidance behavior when injected into the 
dorsal hippocampus 26. There are several possible explanations for this discrepancy, 
such as the difference in behavioral paradigms (passive versus active avoidance), 
bilateral versus unilateral injection, or the time that elapsed between learning and 
treatment. The most likely explanation, however, is the difference in the locus of 
injection. Microinjections into the dentate gyrus were highly effective but no such 
effect could be observed in those animals where the cannula was localized outside the 
dentate area (e.g. in the subiculum). Wimersma Greinadus et al. 26, on the other hand, 

injected the material in the hippocampus proper. 
Earlier studies revealed that peripheral 14 or intraventricular 22 administration of 

vasopressin affects norepinephrine and dopamine metabolism in the brain. Studies on 
isolated brain nuclei revealed a fairly distinct regional pattern, the changes being 
primarily localized in limbic-midbrain structures ~1. Local application of AVP into 
limbic areas (dorsal septum and dentate gyrus) affected NE disappearance in the 
injected area per se and the NE turnover of the midbrain red nucleus. Dorsal raphe 
injection affected the disappearance of dopamine in the locus coeruleus (A6 region) and 
that of the red nucleus. The nature of DA disappearance change in the locus coeruleus 
is not clear. The A6 region contains relatively high amounts of dopamine 25, but 
intracerebroventricular administration of AVP failed to affect DA disappearance rate. 
Instead, NE disappearance rate was facilitated 21. The locus coeruleus receives 
afferents from the dorsal raphe nucleus, but the neuron is of serotoninergic nature. 
Observations in rats not subjected to behavioral training indicate that the in situ effect 
of  the peptide is an acute one, resulting from the treatment given shortly before 
decapitation. The facilitated catecholamine turnover in the nucleus ruber (a consistent 
effect in all behavioral groups), on the other hand, seems to be related to some peptide- 
induced behavioral change. In 'naive' animals, septal injection of AVP decreased, 
rather than increased NE turnover in the nucleus ruber. The same direction of change 
(i.e. decrease) was observed in the nucleus ruber after intraventricular administration 
of AVP in naive rats 21. Whether the changes in catecholamine metabolism of the 
nucleus ruber reflect peptide-induced alterations in memory processes or more likely 
are linked to the motor output of the behavior, remains to be answered. One further 
aspect of these microinjection studies is that NE concentrations in a-MPT pretreated 
rats after vehicle administration into the dentate gyri were much higher in the dentate 
itself and in the subiculum, parafascicular and red nuclei and in the locus coeruleus 
than after vehicle injection in the septum or the dorsal raphe. DA concentration in the 
locus coeruleus appeared to be higher as well. An interassay variance for these isolated 
brain nuclei appeared to be rather minima121,zL Accordingly, it seems that the vehicle 
itself could induce an overall inhibition of catecholamine activity both at cell body and 
some of the terminal areas of the dorsal noradrenergic system. In the absence of sham- 
injected or only cannula-implanted rats one cannot exclude the possibility that 
mechanical injury of the dentate region causes changes in the noradrenergic system. 

In conclusion, local application of oxytocin and vasopressin into various limbic- 
midbrain areas and the subsequent changes in passive avoidance behavior suggest that 
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these structures are involved in the mediation of action of both posterior pituitary 
neuropeptides on memory consolidation. Although the loci for microinjections were 
selected on the basis of observations with vasopressin, two of these sites, the 
hippocampal dentate gyrus and the dorsal raphe nucleus, appeared to be sites of  
opposite effects of these peptides on memory consolidation. Data  with vasopressin 
support previous ideas based on behavioral experiments 13,14, that changes in catechol- 
amine metabolism have to be taken into account as an important factor for peptide- 
induced effects on learning and memorya3, ~4. The localized pattern of  changes in 
catecholamine disappearance in limbic-midbrain areas after intraventricular AVP 
administration2~, 24 further substantiates this notion. However, the exact function of 
opposite changes in NE disappearance in the dorsal septum versus dentate gyri in the 
induction of similar behavioral alterations after local AVP microinjections remains to 
be explored. Although oxytocin exerts its behavioral effects in the same loci, the 
absence of changes in catecholamine metabolism (Versteeg, unpublished data) suggests 
that this neuropeptide does not act on the same putative receptor sites as antagonist or 
partial agonist. 

It  is probably more than a coincidence that vasopressinergic and oxytocinergic 
fibers arising from the hypothalamic neurosecretory nuclei reach all those regions 
from which behavioral effects of the peptides could be demonstrated 6,7,H. This 
extrahypothalamic neuronal network may serve as a neuroanatomical basis for the 
involvement of certain limbic-midbrain structures in neuropeptide-induced alterations 
of  learning and memory processes, an effect that has gained much attention recently 
because of possible significance in human psychopathological disorders 1°,~6,1s. 
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