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Summary 
Hippocampus is a brain structure containing vasopressin (AVP) fibers and specific binding sites for this peptide. There 
is growing evidence that AVP and its metabolites participate in glutamate-mediated plasticity of the hippocampus. The 
aim of the present study was to evaluate the influence of NMDA on AVP release in the rabbit hippocampus. Caudate 
nucleus was chosen as the reference structure. The mentioned brain structures were simultaneously microdialyzed with 
0.9 % NaCl solution. AVP was determined in the outflowing fluid by radioimmunoassay. The mean basal AVP content 
in the fluid outflowing from the hippocampus was significantly greater than that from the caudate nucleus. The addition 
of K+ into the fluid perfusing the probes implanted into the hippocampus and caudate nucleus significantly increased 
AVP release into the extracellular fluid of both brain structures. NMDA applied into the mentioned brain structures 
increased AVP release only from the hippocampus but not from the caudate nucleus. Our findings indicate a role which 
NMDA receptors play in AVP release into the extracellular fluid of the hippocampus. 
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Introduction 
 

The brain vasopressinergic endings were shown 
to innervate, among other limbic system structures, the 
ventral hippocampus (Buijs 1978). Some evidence has 
indicated that AVP could function as an excitatory 
neurotransmitter in the hippocampus (for review see 
Urban 1998). It has been suggested that AVP and its 
metabolites may act as memory facilitating principles (de 
Wied and van Ree 1982). The hippocampus seems to be 
the site of AVP action on memory processes (Kovacs et 
al. 1982, Ibragimov 1990, Orłowska-Majdak et al. 2001). 
 The excitatory amino acids, glutamate and 
aspartate, are the primary mediators of excitatory 

transmission in the central nervous system and play an 
important role in neuroendocrine regulation (van den Pol 
et al. 1990, Brann and Mahesh 1994). Glutamate 
receptors can be categorized into two principal classes: 
ionotropic and metabotropic. Both classes of receptors 
are involved in the learning and memory processes in the 
hippocampus (Riedel and Reymann 1996). It is 
speculated that glutamate acts as the fast excitatory 
transmitter through its ionotropic receptors and the 
feedback regulation via metabotropic receptors acts to 
protect neurons from excessive excitation (Kullmann 
1999). 

Circuits within the hippocampus are remarkably 
plastic, and this plasticity is mediated in part through 
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changes in synaptic strength and revealed by long-term 
potentiation (LTP) and long-term depression (LTD) 
(Shapiro 2001). Both classes of glutamate receptors 
participate in these phenomena (Asztely and Gustafsson 
1996, Bortolotto et al. 1999). N-methyl-D-aspartate 
(NMDA) receptors, a subtype of ionotropic glutamate 
receptors are crucial for inducing these plastic changes, 
whereas blockade of these receptors reduces plasticity 
and impairs learning in tasks that require the 
hippocampus (Shapiro 2001).  
 Excitatory amino acids were suggested to be an 
important fast excitatory transmitter system in the 
paraventricular and supraoptic nuclei responsible for the 
secretion of vasopressin (AVP) and oxytocin (OXT) (van 
den Pol et al. 1990). NMDA injected peripherally 
enhanced AVP and OXT concentrations in the rat plasma 
(Je�ová and Michajlovskij 1992) and in vitro stimulated 
AVP release from perifused explants of the hypothalamo-
neurohypophyseal system (Swenson et al. 1998). 
Moreover, it was demonstrated that NMDA (Swenson et 
al. 1998) and non-NMDA (Sladek et al. 1998) glutamate 
receptors participate in the osmotic regulation of AVP 
release.  
 There is growing evidence that AVP and its 
metabolites participate in glutamate-mediated plasticity in 
the hippocampus (for review see Urban 1998). Present 
experiments were performed to ascertain if NMDA can 
modify AVP release from the rabbit hippocampus. The 
caudate nucleus was chosen as the reference structure. 
 
Methods 
 
Animals 

Adult male white New Zealand rabbits, 
weighing over 3 kg, were used in this study. They were 
housed individually in their cages with food and water 
ad libitum and kept under controlled laboratory 
conditions in a light regulated room (lights on at 06:00 h 
and off at 20:00 h). Eight rabbits were microdialyzed 
intrahippocampally and intracaudally with 0.9 % NaCl or 
NMDA or K+ solutions, whereas one rabbit underwent 
microdialysis with 0.9 % NaCl solution only. All 
experimental procedures were carried out in accordance 
with the NIH guide for care and use of laboratory 
animals. 
 
Surgical procedure 

Surgery for the implantation of the guide 
cannulae was performed. The animals were premedicated 

with a subcutaneous injection of atropine sulphate (1.0 
mg/animal) and anesthetized with intravenous 
hexobarbital sodium (40.0 mg/kg b.w. Germed). A 
plexiglass headpiece with guide cannulae for the 
microdialysis probes was stereotaxically implanted: two 
cannulae for the caudate nuclei and two others for the 
hippocampi, according to a rabbit stereotaxic atlas 
(Sawyer et al.1954). An additional fifth cannula inserted 
into the third cerebral ventricle was used as a reference 
cannula for four others. The whole procedure was 
described in detail earlier (Traczyk et al.1997). After the 
surgery, each rabbit received intramuscular injections of 
100 000 IU of benzylpenicillin potassium (Polfa-
Tarchomin) and 0.5 g streptomycin (Polfa-Tarchomin) 
daily during the five consecutive days. The guide 
cannulae were filled with stilettes, so they remained 
patent for several weeks until implantation of the probes. 
An aluminium cover was fixed on the headpiece as a 
protection against damage. The animals with implanted 
headpieces were kept in their cages under standard 
laboratory conditions as mentioned above. 
 
Microdialysis probe implantation 

One week before implantation of the 
microdialysis probes, the rabbits were accustomed to 
spend several hours daily in a special box designed to 
facilitate probe implantation and microdialysis. The box 
restricted body rotation but allowed free access to food 
and water. On the day of implantation the rabbits 
received an i.v. infusion of a 20 % solution of mannitol 
(600 mg/kg b.w.). The stilletes were removed from the 
guide cannulae to hippocampus and caudate nucleus 
contralaterally. Microdialysis probes (CMA/ 
Microdialysis, Stockholm, Sweden) 20 mm long, with the 
membrane of 4 mm in length, molecular cut off 
approximately 20 000 Daltons (Cat.No. 8309504) were 
perfused with degassed 0.9 % NaCl solution at a rate of 
1 µl/min. 0.9 % NaCl solution was used instead of 
artificial cerebrospinal fluid because much earlier loss of 
efficacy of the probes perfused with artificial 
cerebrospinal fluid than with 0.9 % NaCl solution was 
observed in our earlier experiments. This was probably 
caused by crystal formation inside the probe from the 
perfused artificial cerebrospinal fluid during weeks of 
experiments (Traczyk et al. 1997). The outlet tubings of 
the probes were cut shorter to the length of 2/3 of the 
inlet tubing length. Microdialysis probes filled and 
continuously perfused with 0.9 % NaCl solution were 
inserted into the guide cannulae under the operation 
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microscope and fixed in the headpiece by screws. After 
10 min of tentative microdialysis the stand with a coil 
was fixed to the rear side of the headpiece, microdialysis 
was finished and inlet and outlet tubings of microdialysis 
probes were wound round the coil. An aluminium cover 
was put over the headpiece for protection. Figure 1 shows 
the rabbit�s head during microdialysis procedure. 

 
 

 
Fig. 1. Rabbits with implanted headpiece and 
microdialysis probes during collection of the outflowing 
dialysate: 1 � plexiglass headpiece, 2 � aluminium stand 
for tubes, 3 � screw fixing the stand, 4 � tubes for outflow 
fluid collection. 

 
 

Microdialysis procedure 
All dialysis experiments were begun at least 24 h 

after probes implantation, i.e. when disturbed function of 
blood-brain barrier had probably recovered (Westergren 
et al. 1995). The probes inserted into the hippocampus 
and the caudate nucleus were simultaneously perfused 
with degassed 0.9 % NaCl at a rate of 1 µl/min three 
times or at least twice weekly. Samples of the outflowing 
fluid were collected in two polyethylene tubes containing 
18 µl of 1 N acetic acid solution and 90 µl of dextrane 
110 000 m.w. solution. Two samples of the outflowing 
fluid were collected daily from the each structure. The 
first sample was collected during the first 180 min of 
dialysis procedure (1-180 min) and the second sample 
was collected during the next 180 min of dialysis (181-
360 min). All samples were immediately frozen and 
lyophilized.  
 
 

Experimental protocol  
In one rabbit the hippocampus and the caudate 

nucleus were repeatedly dialyzed with 0.9 % NaCl 
solution to determine the release of vasopressin in the 
basic conditions. The microdialysis procedure lasted two 
months. Moreover, in eight rabbits the initial three 
microdialysis procedures were performed in the basic 
conditions using 0.9 % NaCl (Table 1). These 0.9 % 
NaCl samples obtained in nine rabbits were used to 
calculate the mean basic AVP concentration in the 
dialysate from both structures. The fourth procedure of 
microdialysis was performed in eight rabbits using 
56 mM K+ solution in 0.9 % NaCl (0.9 % NaCl + K) 
during the whole procedure to stimulate vasopressin 
release from the AVP-ergic endings. Then microdialysis 
of the brain structures was repeated three times with 0.9 
% NaCl solution to lead to the basal level of intracerebral 
vasopressin release. From this moment, N-methyl-D-
aspartic acid (NMDA, Feinbiochemica, Lot 500183) was 
added to the dialyzing medium during the first 30 min of 
the collection of the second (181-360 min) sample of the 
dialysate.  

To compare the effects caused by different doses 
of NMDA, increasing concentrations of NMDA were 
used (2, 4, 8, 16 and 32 mmol/l). Successive 
concentrations of NMDA were applied at intervals of at 
least 10-12 days. In the meantime, microdialyses of the 
brain structures were done using 0.9 % NaCl solutions. 
Taking into consideration the rate and the time of the 
infusion, and the value of 24 % as typical recovery 
determined for aspartate by CMA/Microdialysis � the 
manufacturer of the probes � the amounts of NMDA 
reaching the brain structures could have values of about 
2, 4, 8, 16 and 32 µg. At the end of experiments 0.9 % 
NaCl + K solution was used as the dialyzing medium 
again in each rabbit, if possible, to compare the 
excitability of AVP-ergic endings at the beginning and at 
the end of the experimental procedure. Samples of 
dialysate from the hippocampus and from the caudate 
nucleus were collected to determine vasopressin content.  
 Upon completion of the experiments, the 
position of the probes in the nervous structures was 
marked by perfusion of 30 µl of a 10 % Ianus Green 
solution through both probes. Later the animals were 
sacrificed with a letal dose of urethane (Fluka), their 
heads were perfused through both carotid arteries with 
200 ml of isotonic saline with heparin followed by 1-1.5 l 
of a formalin solution, cut off and immersed in a 10 % 
formalin solution for at least one week.  
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Table 1. Protocol of animal treatment.  
 
Days  
1  
4 microdialysis with 0.9 % NaCl 
7  
10 microdialysis with 56 mmol/l K+ 
13  
16 microdialysis with 0.9 % NaCl 
19  
22 control microdialysis with 0.9 % NaCl (0-

180 min) 
microdialysis with 2 mmol/l NMDA (181-
360 min) 

25  
28 microdialysis with 0.9 % NaCl 
31  
34 control microdialysis with 0.9 % NaCl (0-

180 min) 
microdialysis with 4 mmol/l NMDA (181-
360 min) 

37  
40 microdialysis with 0.9 % NaCl 
43  
46 control microdialysis with 0.9 % NaCl (0-

180 min) 
microdialysis with 8 mmol/l NMDA (181-
360 min) 

49  
52 microdialysis with 0.9 % NaCl 
55  
58 control microdialysis with 0.9 % NaCl (0-

180 min) 
microdialysis with 16 mmol/l NMDA (181-
360 min) 

61  
64 microdialysis with 0.9 % NaCl 
67  
70 control microdialysis with 0.9 % NaCl (0-

180 min) 
microdialysis with 32 mmol/l NMDA (181-
360 min) 

73  
76 microdialysis with 0.9 % NaCl 
79  
82 microdialysis with 56 mmol/l K+ 
85  
88 microdialysis with 0.9 % NaCl 
91  

 
The interval between succeeding doses of NMDA was 
occasionally greater than 12 days and at that time 
microdialysis was repeated more than three times. 

Histological verification of the position of microdialysis 
probe tips 

The block containing specified pieces of the 
hippocampus or caudate nucleus and neighboring 
structures was excised from the rabbit�s brain, washed in 
tap water for 24 h and then dehydrated in ethanol, 
clarified in methyl salicylate and embedded in paraffin 
wax. The time of processing was longer than in routine 
histology. Serial coronal sections at 12 µm thickness 
were cut off from paraffin block on a rotary microtome. 
Subsequent procedure was the same as previously 
described (Traczyk et al.1997), except that the last 
immersing procedure was performed in xylene with 
eosine. 
 
Radioimmunoassay of AVP 

Each sample of the dialysate was dissolved in 
250 µl of distilled water and AVP was determined in 
duplicate. Anti-AVP antibodies were raised in rabbits 
according to Moore et al. (1977). Characteristics of the 
antiserum obtained were described previously (Orłowska-
Majdak and Traczyk 1996). Additionally cross-reactivity 
with NMDA was determined, and it amounted to 
<0.002 %. AVP (Serva, Lot 02424) was iodinated with 
125I using chloramine-T method (Greenwood et al.1963). 
The sensitivity was about 2 pg/tube, the within-assay CV 
amounted to 3.9 % and between-assay CV was 6.3 %. 
 
Statistics 

The data were expressed as % of control per 
sample. The control for AVP release into the 
hippocampus and into the caudate nucleus following 
0.9 % NaCl + K dialysis was the value of AVP content in 
the dialysate from each structure during the previous day 
microdialysis with 0.9 % NaCl solution. The control for 
AVP release into the both structures following NMDA 
dialysis was the value of AVP content in the dialysate 
collected this day from each structure as the first sample, 
that is during microdialysis of both structures with 0.9 % 
NaCl solution. Significant differences between control 
values and 0.9 % NaCl + K or NMDA evoked values of 
AVP in dialysate were calculated using Student�s �t� test 
for paired variables. Mean basic AVP concentration in 
the fluid perfusing the hippocampus was compared with 
the value obtained in the fluid perfusing the caudate 
nucleus using the Cochran-Cox test. In all tests, p<0.05 
was taken as the level of significance and the data were 
expressed as mean ± S.E.M. 
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Results 
 
Position of microdialysis probe tips and the periprobe 
tissue reaction 

Histological verification of the probe tips 
showed a great spatial distribution of the dye dialyzed 
through the brain structures. Microdialysis probe tips 
were most frequently localized in the medial part of the 

brain structures, both in the hippocampus and the caudate 
nucleus (Traczyk et al. 1997). Hypercellularity around 
the track left by the microdialysis probe was shown in all 
rabbits, both in those dialyzed during two months and in 
these dialyzed during 3 and 5 months (Fig. 2). The cells 
were not distinguishable by eosin staining, but they could 
be fibroblasts, astrocytes and granulocytes (de Lange et 
al. 1995).

 
 

 
Fig. 2. A. A photomicrograph of the brain section indicating the region of dialyzed hippocampus in rabbit no 1449, 
whose brain structures were repeatedly dialyzed during about 3 months, and all five concentrations of NMDA were 
applied into the brain structures. Microdialysis probe has been removed from the hippocampus after the experiment. 
Periprobe reaction is visible round the hole made by the tip of the probe. Dark spots especially visible on the right 
present the dye � Ianus Green, which have penetrated into brain tissue far from the hole. Magnification x 10. B. The 
same as Fig. 2.A but magnification x 20. The edge of the hole made by the probe is shown on the upper side of the 
photomicrograph. Periprobe reaction is shown beneath. The dye spots are visible on the right. 

 
 

Release of vasopressin into the fluid dialyzing brain 
structures 

AVP was consistently detectable in almost all 
dialysates from the hippocampus and caudate nucleus, 
however, basal values during 0.9 % NaCl dialysis 
observed in nine rabbits varied from the limit of detection 
to the values approximately 100 times higher in both 
samples. The mean basal AVP concentration amounted to 
3.1±0.6 pg in the first sample and 5.7±1.3 pg in the 
second sample of the fluid dialyzing the caudate nucleus. 
In the fluid dialyzing the hippocampus the basal values of 
AVP concentration were greater and amounted to 5.5±1.6 
pg in the first sample and to 11.8±4.2 pg in the second. 
Differences between the mean AVP values in the first and 
second samples of dialysate from both structures in the 
rabbits were not significant. Total (first sample + second 
sample) mean basal AVP concentrations in the dialysate 
from the hippocampus in all rabbits amounted to 8.6±2.3 

pg/sample, and in the dialysate from the caudate nucleus 
to 4.4±0.7 pg/sample, the difference being highly 
significant (p<0.001) (Fig. 3). 
 During K and NMDA treatment, the release of 
AVP was also irregular, for example, from the value at 
the limit of detection 0.4 pg/sample to 14.2 pg/sample in 
rabbit no. 1393 (Fig. 4). To analyze the K+ effect, the 
AVP concentrations per sample after treatment with 
0.9 % NaCl + K at the beginning and at the end of 
experiments were summed and compared with the AVP 
concentrations in dialysates obtained during microdialysis 
of brain structures with 0.9 % NaCl solution. As shown in 
Figure 5, AVP content in the dialysates from the 
hippocampus increased significantly to 245±62 % of 
control value after 0.9 % NaCl + K treatment (p<0.05). 
Greater increase in AVP release was observed into the 
dialysates from the caudate nucleus, i.e. to the value of 
336±95 % of the control release (p<0.02). 



378   Orłowska-Majdak et al.  Vol. 52 
 
 

 
Fig. 3. Mean content of AVP in pg/sample in the fluid 
dialyzing the hippocampus and the caudate nucleus in 
control conditions, when the brain structures were 
dialyzed with 0.9% NaCl only (mean ± S.E.M.). 
Significantly different from values found in the caudate 
nucleus: * p<0.001. 
 
 

All the five mentioned doses of NMDA (see 
Experimental protocol) were applied in one rabbit only, 
the remaining rabbits received 4, 3 or 2 successive doses 

of NMDA. The reason for shortening the duration of the 
experiment was the blocked flow through the 
microdialysis probe, or the damage of probe tubings or 
the probe itself during several weeks of experiments. The 
increased locomotor activity observed in rabbits a few 
days after NMDA treatment was the reason of the 
deviations from the assumed experimental protocol 
(Table 1). Therefore, the intervals between successive 
doses of NMDA were sometimes greater than 12 days 
and the experimental protocols were somewhat different 
for each rabbit. The analysis of AVP release in relation to 
the applied doses of NMDA was impossible due to the 
great scatter of experimental data. Therefore, it was 
decided to pool all data of AVP concentrations in the 
dialysates from each brain structure after NMDA 
treatment (after all concentrations of NMDA had been 
applied) and to compare them with control AVP release 
into this brain structure. It was found that NMDA in the 
hippocampus significantly enhanced AVP release to 
365±127 % of the control value (Fig. 5). In the caudate 
nucleus, AVP release into the dialysate increased after 
NMDA treatment to the value of 307±131 % of the 
control value, but this increase was not significant 
(Fig. 5). 

 

 
Fig. 4. Vasopressin content (pg/sample) in the dialysate outflowing from the hippocampus and from the caudate nucleus 
in the rabbit No. 1393. The upper graph represents AVP contents in the first samples of dialysate (0-180 min) and the 
bottom graph shows AVP contents in the second samples (181-360 min). At the beginning and at the end of 
experimental procedure 56 mM K+ solution as dialysis medium was used. NMDA (2, 4 and 8 mmol/l) was dialyzed into 
both structures during the first 30 min of the second sample collection. Subsequent microdialysis was done with 
0.9 % NaCl.  
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Locomotor activity 

Enhanced locomotor activity was observed both 
in rabbits receiving 0.9 % NaCl + K and NMDA. Most 
animals exhibited rhythmic jaw movements imitating 
chewing, moreover they smacked, licked and salivated. 
Sometimes the rabbits vigorously shook their heads or 
tried to squirm and jump in their boxes. The frequency 
and time of appearance of such behavior varied from 
animal to animal. There was a tendency to increased 
locomotor movements with increasing NMDA 
concentrations.  
 
 

 
Fig. 5. AVP in the fluid outflowing from the hippocampus 
and from the caudate nucleus after 0.9%NaCl + K and 
NMDA treatment. Data are expressed in percentage of 
control values. Significantly different from control 
values:* p<0.05 ** p<0.02. 
 
 
Discussion 
 

Vasopressin was present in appreciable 
quantities both in the dialysates from the hippocampus 
and from the caudate nucleus of the rabbit. There was 
significantly more AVP in the dialysate from the 
hippocampus than from the caudate nucleus in rabbits 
under basal conditions. The existence of AVP and its 
quantity per mg of protein was previously shown in both 
structures of the rat brain. The caudate nucleus contained 
nearly twice as much AVP as the hippocampus 
(Hawthorn et al. 1984). On the contrary, AVP was found 
in the hippocampus but not in the caudate nucleus in 
human brains (Jenkins et al. 1983). Our findings that the 
amounts of AVP in dialysate from the hippocampus are 
greater than from the caudate nucleus in the rabbit may 

be the result of higher resting local AVP release in the 
hippocampus than in the caudate nucleus in this species. 
 The central release of AVP was studied in 
anesthetized (Demotes-Mainard et al. 1986) and 
conscious rats (Langdraf et al. 1988) using push-pull 
perfusions. Resting and stimulus-evoked release of AVP 
was reported in the hippocampus (Landgraf et al. 1988) 
but not in the caudate nucleus (Demotes-Mainard et al. 
1986). It is very difficult to compare the AVP release 
from the hippocampus in the present and in Landgraf�s 
experiments because of many differences in experimental 
procedures and animals used: rats vs. rabbits, push-pull 
vs. microdialysis technique, different time and rate of the 
perfusion. Taking all these into consideration and 
additionally the duration of passage of AVP through the 
dialysis membrane (determined in vitro earlier to be 
about 10 % � Orłowska-Majdak et al. 2001), the peptide 
release was similar or slightly greater in the present study 
compared to that of Landgraf et al. (1988). In additional 
experiments, when the time of perfusion was much 
shorter than in present experiments, far less AVP was 
found in the dialysates (unpublished data). 
 The present experiments were long-lasting, 
microdialysis was continued for several months and AVP 
was detectable throughout. Some changes in the 
morphology of the brain tissue surrounding the 
microdialysis membrane during a chronic procedure were 
also shown by others (de Lange et al. 1995). There was a 
reaction to the repeated perfusion procedures but not to 
the presence of the probe itself (de Lange et al. 1995). 
We therefore carried out an appropriate histological 
examination of the brain tissue after the microdialysis 
procedure was performed in each rabbit and a tissue 
reaction such as hypercellularity was actually observed. 
But the great concentration of cells shown round the site 
of probe implantation in the present experiments probably 
did not disturb molecules of brain AVP to diffuse into the 
fluid perfusing microdialysis probe. Changes in the 
permeability of the blood-brain barrier (BBB) during 
brain microdialysis, especially at the beginning, were 
possible (for review see Benveniste 1989). Evan�s blue 
extravasation was observed around the dialysis probe 1, 3 
and 7 days but not 21 days after the probe insertion 
(Johansson et al. 1995).  

In rats (Caffe et al. 1987) and in mice (Metzger 
et al. 1993), AVP-ergic endings in the hippocampus 
originate from the amygdaloid nucleus, although new 
sensitive techniques have recently allowed to identify 
AVP neurons inside the rat hippocampus itself 
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(Hallbeck et al. 1999). The origin of the AVP or AVP-
ergic endings, if there are any in the caudate nucleus of 
the rabbit, is not known. To demonstrate that AVP-
containing endings are able to release their peptide upon 
depolarization, high potassium or veratridine as 
depolarizing stimulus were used. In the present 
experiments, 56 mmol/l potassium solution (0.9 % NaCl 
+ K) was applied into both structures as the depolarizing 
stimulus. Both in the hippocampus and in the caudate 
nucleus potassium solution evoked AVP release, greater 
in the caudate nucleus than in the hippocampus. It is thus 
tempting to speculate that AVP-ergic endings must be 
present in the rabbit caudate nucleus. 
 Apart from its well-known role in the regulation 
of locomotion, the caudate nucleus may participate in 
water regulation in monkey (Simonnet et al. 1979), dog 
(Szczepańska-Sadowska et al. 1979) and cat (Rosenberg 
et al. 1988). The participation of AVP in this function of 
caudate nucleus was revealed (Simonnet et al. 1979 and 
Rosenberg et al. 1988) and the role of V1 receptors 
located in the caudate nucleus was proved (Rosenberg et 
al. 1988). In the rat, the distribution of AVP binding sites 
both in the caudate nucleus and in the hippocampus 
changes markedly during postnatal development: they 
appear early in development but disappear by adulthood 
(Petracca et al. 1986). Moreover, the caudate nucleus 
may act in the process of learning and it was shown that 
AVP also participate in this function of caudate nucleus 
(Hamburger-Bar et al. 1984, Orłowska-Majdak et al. 
2001). Such effects of AVP in the caudate nucleus are 
possible through its influence on the caudate nucleus 
dopamine system (Versteeg et al. 1979, Van Heuven-
Nolsen and Versteeg 1985). This caudate nucleus 
dopamine system is much more sensitive to some 
pharmacological agents compared with other brain 
dopamine systems (Saunders et al. 1994). 
 0.9 % NaCl + K treatment enhanced AVP 
release in the hippocampus and caudate nucleus of the 
rabbit in the present experiments. The effect of high K+ 
concentration might be in part mediated by a local 
hyperosmolarity (56 mmol/l K+ corresponds to 
112 mosm/l) of the brain extracellular fluid. Herrera et al. 
(1993) described additionally to depolarizing widespread 
effects of such treatment in the hippocampus of rats, 
namely proto-oncogene, c-fos upregulation and enhanced 
glutamate release. He suggested that c-fos expression in 

the hippocampus could be regulated by the release of 
endogenous glutamate in response to KCl treatment, and 
that c-fos expression is NMDA receptor-mediated 
(Herrera et al. 1993). Moreover, in vitro studies indicated 
that high potassium concentration induced long-term 
(LTP) potentiation of synaptic transmission in the rat 
hippocampus, blocked by NMDA-receptor antagonist 
(Fleck et al.1992). Increased release of AVP from AVP-
ergic endings treated with high potassium solution may 
be a result of the above complex effect of potassium. 
 NMDA significantly enhanced the release of 
AVP from the hippocampus and non-significantly from 
the caudate nucleus. The role of the excitatory amino 
acids and NMDA receptors in the response of plasma 
AVP to osmotic stimulation was shown by in vivo 
(Gorąca 1998) and in vitro studies in rats (Swenson et al. 
1998). The NMDA receptor is essential for the regulation 
of AVP gene transcription in response to osmotic 
stimulation in the supraoptic nucleus of rats (Amaya et al. 
1999). The influence of the excitatory amino acids and 
NMDA receptors on hippocampal AVP neurons or AVP 
endings function is unknown. One may speculate that it is 
an excitatory influence because nearly all the neurons 
studied in the ventral hippocampus were briefly excited 
by glutamate (Urban 1998). Microiontophoretically 
administered AVP facilitated the response of these 
neurons to glutamate and the effect was sustained for up 
to 60 min after the peptide administration (Urban 1998). 
Thus, the memory enhancing effect of AVP released in 
the hippocampus could be due to the enhancing effect of 
this peptide on the excitability of hippocampal neurons in 
response to glutamate. 
 
Acknowledgements 
This work was supported by the Medical University of 
Lodz, Grant no 502-11-330 and partially by the European 
Community (Biomed-1, Associated Contract 
ERBBMHICT 921193). The authors wish to express their 
thanks to Dr Andrzej Godlewski from the Department of 
Histology and Embryology, Medical University of Lodz 
(Poland) for histological verification of the probe tips and 
for microphotographs. Moreover, we thank Mrs Krystyna 
Sadzińska and Mrs Anna Kliszko for their help with the 
surgery and animals care, and Mr Krzysztof Majdak for 
the preparation of the figures. 

 
 



2003  Hippocampal Vasopressin Release Evoked by NMDA Microdialysis   381  
   
References 
 
AMAYA F, HAYASHI S, TANAKA M, TANAKA Y, IBATA Y: Evidence for regulation of vasopressin gene 

transcription by the NMDA receptor. Neuroreport 10: 157-160, 1999. 
ASZTELY F, GUSTAFSSON B: Ionotropic glutamate receptors. Their possible role in the expression of hippocampal 

synaptic plasticity. Mol Neurobiol 12: 1-11, 1996. 
BENVENISTE H: Brain microdialysis. J Neurochem 52: 1667-1679, 1989. 
BORTOLOTTO ZA, FITZJOHN SM, COLLINGRIDGE GL: Roles of metabotropic glutamate receptors in LTP and 

LTD in the hippocampus. Curr Opin Neurobiol 9: 299-304, 1999. 
BUIJS RM: Intra- and extrahypothalamic vasopressin and oxytocin pathways in the rat: pathways to the limbic system, 

medulla oblongata and spinal cord. Cell Tissue Res 192: 423-435, 1978. 
BRANN DW, MAHESH VB: Excitatory amino acids: function and significance in reproduction and neuroendocrine 

regulation. Front Neuroendocrinol 15: 3-49, 1994. 
CAFFE AR, VAN LEEUWEN FW, LUITEN PGM: Vasopressin cells in the medial amygdala of the rat project to the 

lateral septum and ventral hippocampus. J Comp Neurol 261: 237-252, 1987. 
DE LANGE ECM, DANHOF M, ZURCHER C, DE BOER AG, BREIMER DD: Repeated microdialysis perfusions: 

periprobe tissue reactions and BBB permeability. Brain Res 702: 261-265, 1995. 
DEMOTES-MAINARD J, CHAUVEAU F, VINCENT JD, PAULAIN DA: Septal release of vasopressin in response to 

osmotic, hypovolemic and electrical stimulation in rats. Brain Res 381: 314-321, 1986. 
DE WIED D, VAN REE JM: Neuropeptides, mental performance and aging. Life Sci 31: 709-719, 1982. 
FLECK MW, PALMER AM, BARRIONUEVO G: Potassium-induced long-term potentiation in rat hippocampal 

slices. Brain Res 580: 100-105, 1992. 
GORĄCA A: Increase in vasopressin concentration and cardiodepressant activity in the blood dialysates after NMDA 

and hypertonic saline administration. J Physiol Pharmacol 49: 561-575, 1998. 
GREENWOOD FC, HUNTER WM, GLOVER JS: The preparation of 131I-labelled human growth hormone of a high 

specific radioactivity. Biochem J 89: 114-123, 1963. 
HALLBECK M, HERMANSON O, BLOMQVIST A: Distribution of preprovasopressin mRNA in the rat central 

nervous system. J Comp Neurol 411: 181-200, 1999.  
HAMBURGER-BAR R, EBSTEIN RP, BELMARKER RH: Vasopressin effect on learning in 6-hydroxydopamine-

pretreated rats: correlation with caudate vasopressin levels. Biol Psychiatry 19: 735-743, 1984. 
HAWTHORN J, ANG VTY, JENKINS JS: Comparison of the distribution of oxytocin and vasopressin in the rat brain. 

Brain Res 307: 289-294, 1984. 
HERRERA DG, MAYSINGER D, GOINY M: Induction of c-fos immunoreactivity in the hippocampus following 

potassium stimulation. Neuroscience 52: 237-244, 1993. 
IBRAGIMOV RS. Influence of neurohypophyseal peptides on the formation of active avoidance conditioned reflex 

behavior. Neurosci Behav Physiol 20: 189-193, 1990. 
JENKINS JS, ANG VTY, HAWTHORN J, ROSSOR MN: Quantitative distribution of neurohypophysial hormones in 

human brain and spinal cord. Prog Brain Res 60: 123-128, 1983. 
JE�OVÁ D, MICHAJLOVSKIJ N: N-methyl-D-aspartic acid injected peripherally stimulates oxytocin and vasopressin 

release. Endocr Regulat 26: 73-75, 1992. 
JOHANSSON BB, WESTERGREN I, NORDBORG C: The blood-brain barrier and brain morphology 1-21 days after 

insertion of a dialysis probe. In: Book of Abstracts of the Cerebral Vascular Biology Conference �Biology and 
Physiology of the Blood-Brain Barrier�. Paris, 1995, p. 59.  

KOVACS GL, BUIJS RM, BOHUS B, VAN WIMERSMA GREIDANUS TJB: Microinjection of arginine8-
vasopressin antiserum into the dorsal hippocampus attenuates passive avoidance behavior in rats. Physiol 
Behav 28: 45-48, 1982. 

KULLMANN DM: Synaptic and extrasynaptic roles of glutamate in the mammalian hippocampus. Acta Physiol Scand 
166: 79-83, 1999. 

LANDGRAF R, NEUMANN I, SCHWARZBERG H: Central and peripheral release of vasopressin and oxytocin in the 
conscious rat after osmotic stimulation. Brain Res 457: 219-225, 1988. 



382   Orłowska-Majdak et al.  Vol. 52 
 
 
METZGER D, ALESCIO-LAUTIER B, BOSLER O, DEVIGNE C, SOUMIREU-MOURAT B: Effect of changes in 

the intrahippocampal vasopressin on memory retrieval and relearning. Behav Neural Biol 59: 29-48, 1993. 
MOORE G, LUTTERODT ABG, LEDERIS K: A highly specific antiserum for arginine vasopressin. Endocrinology 

101: 1421-1435, 1977. 
ORŁOWSKA-MAJDAK M, TRACZYK WZ: Vasopressin content in the cerebrospinal fluid and fluid perfusing 

cerebral ventricles in rats after the afferent vagus nerve fibres stimulation. J Physiol Pharmacol 47: 329-339, 
1996. 

ORŁOWSKA-MAJDAK M, KOŁODZIEJSKI P, TRACZYK WZ: Hippocampal vasopressin (AVP) dialysis and the 
conditioned eyelid reflex in rabbits. J Physiol Pharmacol 52: 767-780, 2001. 

PETRACCA FM, BASKIN DG, DIAZ J, DORSA DM: Ontogenetic changes in vasopressin binding site distribution in 
rat brain: an autoradiographic study. Brain Res 393: 63-68, 1986. 

RIEDEL G, REYMANN KG: Metabotropic glutamate receptors in hippocampal long-term potentiation and learning 
and memory. Acta Physiol Scand 157: 1-19, 1996. 

ROSENBERG GA, ESTRADA E, KYNER WT: The effect of arginine vasopressin and V1 receptor antagonist on brain 
water in cat. Neurosci Lett 95: 241-245, 1988. 

SAUNDERS RC, KOLACHANA BS, WEINBERGER DR: Local pharmacological manipulation of extracellular 
dopamine levels in the dorsolateral prefrontal cortex and caudate nucleus in the rhesus monkey: an in vivo 
microdialysis study. Exp Brain Res 98: 44-52, 1994. 

SAWYER CH, EVERETT JW, GREEN JD: The rabbit diencephalons in stereotaxic coordinates. J Comp Neurol 101: 
801-824, 1954. 

SHAPIRO M: Plasticity, hippocampal place cells, and cognitive maps. Arch Neurol 58: 874-881, 2001. 
SIMONNET G, RODRIGUEZ F, FUMOUX F, CZERNICHOW P, VINCENT JD: Vasopressin release and drinking 

induced by intracranial injection of angiotensin II in monkey. Am J Physiol 237: R20-R25, 1979. 
SLADEK CD, BADRE SE, MORSETTE DJ, SIDOROWICZ HE: Role of non-NMDA receptors in osmotic and 

glutamate stimulation of vasopressin release: Effect of rapid receptor desensitisation. J Neuroendocrinol 10: 
897-903, 1998. 

SWENSON KL, BADRE SE, MORSETTE DJ, SLADEK CD: N-methyl-D-aspartic acid stimulation of vasopressin 
release: Role in osmotic regulation and modulation by gonadal steroids. J Neuroendocrinol 10: 679-685, 1998. 

SZCZEPAŃSKA-SADOWSKA E, SOBOCIŃSKA J, SADOWSKI B, KOSOWSKI S: Inhibition of osmotic thirst by 
electric stimulation of the basal forebrain in dogs. Am J Physiol 236: R117-125, 1979. 

TRACZYK WZ, ORŁOWSKA-MAJDAK M, WALCZEWSKA A, DZIEDZIC B: Microdialysis of subcortical 
structures in conscious chronic rabbits. In: Drug Transport Across the Blood-Brain Barrier, In Vitro and in 
Vivo Techniques. A BERT, G DE BOER, W SUTANTO (eds), Harwood Academic Publishers, Singapore, 
1997, pp 173-184. 

URBAN IJA: Effects of vasopressin and related peptides on neurons of the rat lateral septum and ventral hippocampus. 
Prog Brain Res 119: 285-310, 1998. 

VAN HEUVEN-NOLSEN D, VERSTEEG DH: Interaction of vasopressin with nigro-striatal dopamine system: site and 
mechanism of action. Brain Res 337: 269-276, 1985. 

VAN DEN POL AN, WUARIN JP, DUDEK FE: Glutamate, the dominant excitatory transmitter in neuroendocrine 
regulation. Science 250: 1276-1278, 1990. 

VERSTEEG DH, DE KLOET ER, GREIDANUS TV, DE WIED D: Vasopressin modulates the activity of 
catecholamine containing neurons in specific brain regions. Neurosci Lett 11: 69-73, 1979. 

WESTERGREN I, NYSTROM B, HAMBURGER A, JOHANSSON BB: Intracerebral microdialysis and the blood-
brain barrier. J Neurochem 64: 229-234, 1995. 

 
 
Reprint requests 
Monika Orłowska-Majdak, Department of Experimental and Clinical Physiology, Institute of Physiology and 
Biochemistry, Medical University of Łódź, Mazowiecka 6/8, 92-215 Łódź, Poland, e-mail: morlowska@zdn.am.lodz.pl 


