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Abstract 

Vasopressin (VP) is axonally distributed in many brain structures, including the ventral hippocampus. Picogram quantities of VP 
injected into the hippocampus improve the passive avoidance response of rats, presumably by enhancing memory processes. Vasopressin 
is metabolized by the brain tissue into shorter peptides, such as [pGlu4,Cyt~']VP(4-9) and [pGlu4,Cyt~']VP(4-8), which preserve the 
behavioral activity but lose the peripheral activities of the parent hormone. Using brain slices, we investigated whether VP or VP(4-8) 
affects excitatory postsynaptic potentials (EPSPs) and/or  membrane responses to depolarization in neurons of the CA 1/subiculum of lhe 
ventral hippocampus. The EPSPs were evoked by stimulating the stratum radiatum of the CAI field; the membrane responses were 
elicited by current injections. Exposure of slices for 15 min to 0.1 nM solution of these peptides resulted in an increase in the amplitude 
and slope of the EPSPs in 21 neurons (67%) tested. No consistent change in either the resting membrane potential or the input resistance 
of the neurons was observed. The peptide-induced increase in EPSPs reached a maximum 30-45 min after peptide application. In 14 of 
these neurons (66%), the peptide-induced increase in EPSPs remained throughout the entire 60-120 min washout period. In the remaining 
7 neurons (33%1, the initial increase in EPSPs amplitude was followed by a gradual decline to the pre-adminislralion level. The increase 
in EPSP amplitude was often, but not always, associated with a decrease in the threshold and increase in the number of action potentials 
in response lo depolarizing current injection. Suppression of GABA a receptor-mediated inhibition and N-methyl-D-aspartate (NMDA) 
receptor-mediated excitation did not prevent the effects of VP and VP(4-8) on the EPSP amplitude or the threshold for action potentials. 
The results demonstrate that 0.1 nM concentrations of these neuropeptides can elicit a long-lasting enhancement of the excitability of 
CAl/subiculum neurons of the ventral hippocampus to excitatory, glutamatergic synaptic input. This novel action of VP and its 
metabolite in the ventral hippocampus may be the physiological action, mediating the memory-enhancing effect of these peptides. 
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1. I n t r o d u c t i o n  

The C A I / s u b i c u h t m  of the ventral hippocampus is one 
of the brain structures in which vasopressin (VP)- and 
oxytocin (OT)-containing fibers [8,16] and specific binding 
sites for these hormones have been found [23,24,34,63]. 
Centrally administered VP improves avoidance behavior, 
stimulates the maintenance of tolerance to alcohol, and 
affects the regulation of  the body temperature and many 
other physiological  parameters (for review see [20]). 
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Learning of a passive avoidance response and retrieval or 
relearning of an Go-No Go discrimination task is markedly 
improved by picogram quantities of VP or VP(4-9 )  in- 
jected into the ventral hippocampus of rat or mice [32,42], 
indicating that the peptides have a strong influence on the 
functioning of  this structure. The brain metabolizes VP 
into shorter peptides, such as [pGlu4,Cyt~']VP(4-9) or 
[pGlu4,Cyt~]VP(4-8),  that are even more potent than VP 
in improving the learning of a passive aw)idance response 
[9,19] but which lack the pressor a n d / o r  antidiuretic activ- 
ity of the parent hormone [14]. On the basis of these and 
other experiments (for review see [20]), it has been sug- 
gested that brain VP and VP metabolites may function as 
memory-faci l i tat ing principles [18]. The beneficial effect 
of centrally administered VP or VP(4-81 on the learning 
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of a passive avoidance response was demonstrated when 
the peptide was administered 60 min prior to learning [17] 
and immediately thereafter [33], but also when the learning 
trial was given 3 h after VP administration [25]. Thus, the 
memory-enhancing effect of VP and VP(4-8) is presum- 
ably the result of a long-lasting modulatory action on the 
neurotransmission and/or  membrane excitability of neu- 
rons in the hippocampus and presumably in other brain 
structures. 

The action of microiontophoretically or bath-applied 
micromolar concentrations of VP on hippocampal and 
other brain neurons is predominantly an excitatory one, 
characterized by a reversible increase in the firing rate that 
vanishes immediately or within several minutes after the 
termination of peptide administration [28,38,43,45,62,67]. 
In vitro, micromolar concentrations of VP are usually 
needed to demonstrate this excitatory action of VP in a 
significant population of neurons, suggesting that these 
short-lasting excitations are presumably not the action by 
which the picogram quantities of VP or its active metabo- 
lites facilitate memory. Most of the lateral septum and 
ventral hippocampal neurons that were not excited by 
iontophoretically applied VP exhibited a marked increase 
in their responses to iontophoretically released glutamate, 
an effect which lasted for tens of minutes after the termina- 
tion of peptide application [29,67]. Also, the synaptic 
responses of lateral septum neurons to stimulation of the 
fimbria fibers, that are presumably mediated by glutamate 
[30,73], were markedly potentiated by iontophoretically 
applied VP [29]. These findings suggested that the brain 
VP and/or  its metabolites may function as a long-acting 
principle, facilitating the neuronal responses to an excita- 
tory, glutamatergic input [64]. The long-lasting facilitation 
by 0.1 nM vasopressin of the excitatory postsynaptic po- 
tentials (EPSPs) in lateral septum neurons, evoked by 
stimulating the fimbria fibers [69], supports this notion. 
However, the action of picomolar concentrations of VP 
and VP(4-8) on the excitability and glutamatergic trans- 
mission of neurons in the ventral hippocampus has not yet 
been investigated, although some data for the dorsal hip- 
pocampus have been recently published [12,52]. The aim 
of the study is to examine, by using intracellular electrodes 
in brain slices, whether 0.1 nM VP and VP(4-8) affect the 
excitability and/or  the amplitude of the glutamatergic 
EPSPs evoked in the CA1/subiculum neurons of the 
ventral hippocampus by stimulation of the radiate layer. 

Some results with VP have been presented previously 
[68]. 

2. Materials and methods 

Male Wistar rats (80-120 g) were decapitated and the 
right hippocampus was dissected from the brain by a 
cortical approach. Transverse, 450 /~m thick slices of the 
ventral hippocampus were prepared, using a McIlwain 

tissue chopper, and placed into oxygenated medium at 
room temperature. The connection between the CAI and 
CA3 fields was interrupted by a transverse cut through all 
the layers in order to eliminate the spread of activity from 
the CA3 field of the hippocampus [11]. After approxi- 
mately 1 h, the slices were transferred to recording cham- 
bers [65], fixed between two nylon nets, and superfused at 
a rate of 1.5 ml /min  with warm (32°C), carbogenated 
(95% 02; 5% CO 2) medium of the following composition 
(in raM): NaC1 (124), KC1 (3.5), CaC12 (2.5), M g S Q  
(1.4), NaH2PO 4 (1.25), NaHCO 3 (26) and D-glucose (10). 
A bipolar stimulating electrode, made of stainless steel 
wire of 50 k~m diameter, insulated except at the tip and 
positioned in the stratum radiatum, was used to evoke the 
synaptic responses in neurons of the CA1/subiculum 
fields. The neurons were impaled with glass microelec- 
trodes filled with either 4 M potassium acetate (KAc; 
resistance 60-120 M~(~) or 3 M KC1 (resistance 40-90 
MS2). The KAc-fiiled electrodes were used in slices with 
intact inhibitory pathways and superfused with the normal 
medium. KCl-filled microelectrodes were used in slices in 
which the GABA A receptor-mediated synaptic inhibition 
was suppressed by picrotoxin. Membrane potentials were 
recorded with a Dagan 8100 amplifier and monitored on 
an oscilloscope. The resting membrane potential (RMP) 
was monitored on a chart recorder. The actual value of 
RMP was determined from the voltage step produced by 
withdrawal of the microelectrode from the cell. 
Computer-generated stimuli were used to evoke synaptic 
or membrane responses. These stimuli, which were fed 
either into a stimulus-isolating constant current circuit or 
into the current-injection circuit of the amplifier, were 
reproducible at all times and allowed comparison of the 
stimulus-response relationship of the EPSPs and mem- 
brane responses to depolarizing current injection (threshold 
for action potential) in neurons before, during, and after 
treatment with the peptides. A hyperpolarizing current of 
100-300 pA intensity and 30-60 ms duration was applied 
before the stimulus in each of the EPSP sweeps in order to 
monitor the resting input resistance (R~N~) of the cell 
throughout the experiment. Whenever a disbalance of the 
bridge circuit was noticed, a 1 ms buzzer pulse was 
applied to clean the tip and/or  the bridge was re-adjusted. 

2.1. Experimental  protocol  

The neurons that exhibited a stable resting membrane 
potential (RMP) of at least - 6 0  mV, an action potential 
> 70 mV, an R~N} > 35 M~Q which responded to stimula- 
tion (monophasic constant current pulse of 0.1 ms dura- 
tion) of the stratum radiatum with EPSPs of at least 4 mV 
were included in the study. In the first 20-30 min of the 
experiment, the stimulus intensity required to evoked EP- 
SPs of half the maximum amplitude that evoked an action 
potential was determined and baseline EPSPs elicited by at 
least 3 series of 10 stimuli (0.1 Hz) at 5-min intervals were 
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obtained. In addition, 3-5  membrane potential responses 
to a depolarizing current of 100-400 pA and 300-400 ms 
were recorded. In some neurons, EPSPs evoked by a series 
of 10 stimuli of increasing intensity were recorded in order 
to determine the stimulus-response relationship in the EP- 
SPs prior to peptide treatment. The superfusion medium 
was switched for 15 min to a medium containing 0.1 nM 
arginine s-V P (Organon) or [pGlu 4,Cyt 6 ]_arginineS_VP(4_ 
8) (VP4-8; Organon). EPSPs elicited by a series of 10 
stimuli applied at 5-min intervals were recorded during 
this period. The superfusion was then switched back to the 
control medium for the rest of the recording session. In 
many neurons, the stability of the responses allowed us to 
record EPSPs and membrane responses to depolarization 
for at least 6ll min after peptide administration. In some 
experiments, the effect of peptides was studied during 
superfusion of the slices with a medium containing 10-50 
/.tM picrotoxin (Sigma) or picrotoxin and 10-50 #M 
D-2-amino-5-phosphonovaleric acid (D-APV; oeCRB). 

2.2. Data analysi,v 

The synaptically and current-induced membrane poten- 
tials were digitized (20 kHz) and stored in a personal 
computer, using p-Clamp software (Axon Instruments Inc.) 
which computes, stores and prints the average EPSPs, peak 
amplitude (in mV), latency (in ms) and slope (in /xV/ms) 
of the EPSPs. The slope was computed from the voltage at 
two fixed time intervals in the rising phase of the EPSPs. 
In addition, R~n/was computed from the voltage response 
to hyperpolarizing current injections, and the voltage and 
the time to the onset of the action potential elicited by 
depolarizing current injection (threshold for action poten- 
tial) were determined. The average EPSPs amplitude, slope. 
and R/~n~ during and after peptide treatment are expressed 

VP 3 0 ' ~  

VP 6 0 ' 1 ~  

Fig. 1. Example of average EPSPs (n = 10) in two C A l / s u b i c u l u m  
neurons (A and B), recorded with KAc-filled electrode (see Methods), 

before (dotted line), 30 and 60 min after treatment with 0.1 nM VP in 
control medium. The action potentials superimposed on EPSPs in neuron 

B were truncated by averaging. The resting membrane potential of 
neurons A and B was - 6 8  and - 6 3  mV, respectively. The hyperpolariz- 
ing current in A and B was ().2 and 0.1 nA, respectively. Calibration: 10 
mV and 5 ms. 
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Fig. 2. Effect of 0.1 nM VP nn the 'ampli tude and slope of the EPSPs and 

on the input resistance (R~IN)) in 21 C A l / s u b i c u l u m  ncurons of the 

ventral hippocampus. Mean values of the mean ( + SEM) arc cxprcssed ;is 

percentages of the baseline values. ()pen bar indicates the lime of the 

15-min administration of peptidc. The mean EPSPs at N) rain (n 19, 

see Results) was significantly differcnt ( t - 5.S74, l" < O.IR)I in two-tailed 

t-test for related measurcments) from the control EPSPs. 

as percentages of the average baseline of these parameters 
before peptide treatment. The significance of the peptide 
treatment was assessed by comparing the mean baseline 
values with the mean values obtained 6(1 rain after peptide 
administration in a two-tailed paired t-test for related 
measurements. 

3. Results  

The neurons included in the study (n = 72) had an 
RMP of - 6 3 . 6 + 4 . 6  ( m e a n + S E M )  mV, an R~ln~ of 
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Fig. 3. The stimulus-response relationship of the average EPSPs in one of 

the C A l / s u b i c u l u m  neurons before (filled , 'ymbols) and 60 min after 

(open symbols)  treatment with 0.1 nM VP. 

46.8 4-6.5 M O, and an action potential amplitude of 
86.7 _+ 3.9 mV. The average stimulus intensity used to 
evoked EPSPs was 59.9 _+ 39.8 /~A. The average ampli- 
tude of  the EPSPs was 4.9 _+ 0.4 mV. 

3.1. Effect of VP 

The effect of 0.1 nM VP on EPSPs in slices superfused 
with control medium was studied in 27 neurons. Data from 
6 of  these neurons were excluded from the final analysis 
because the amplitude of the EPSPs decreased irreversibly 
during the experiment (n = 4), or because the membrane 
potential became instable during the first 10-15 min of the 
washout period (n = 2). The data from the remaining 21 
neurons were analyzed. In 14 of these neurons (67%), the 

V P  6 0 '  

Fig. 4. Typical example of the effect of 0.1 nM VP on the response of the 
postsynaptic membrane of CA1/subiculum neurons to depolarizing cur- 
rcnt injection of 250 pA. Upper panel: three superimposed sweeps of the 
responses before treatment with VP; lower panel: three superimposed 
sweeps of the membrane responses 60 min after VP treatment. The 
resting membrane potential of the neuron was - 65 mV. Note the steeper 
rising phasc (arrow) and increased number of action potentials (partially 
truncated) aftcr VP treatment (lower panel). Calibration: 10 mV and 10 
ms. 
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Fig. 5. Typical example of the effect of 0. l nM VP on EPSPs in a neuron 

pretreated for 30 min with 50 /.~M picrotoxin before VP application. 

Superimposed are the sweeps of average (n = 10) EPSPs before (control), 

20 (20')  and 60 (60')  rain after treatment with VP. Note that picrotoxin 

was present in the medium for the entire recording period. Also note a 

small increase in the response to hyperpolarizing current injection of 125 

pA in this neuron after peptide treatment. Calibration: l(I mV and It) ms. 

amplitude of average EPSPs 60 min after VP administra- 
tion was markedly increased compared to the baseline 
amplitude, while the RI~N) of the neurons changed little 
(see example in Fig. 1A). In 5 of these neurons (see 
example in Fig. 1B), an EPSP spike complex appeared 
after VP treatment. In the remaining 7 neurons, the initial 
increase in EPSPs diminished during the washout period 
(n = 4), or the EPSPs were not changed by VP (n = 4). 
Fig. 2 summarizes the effect of VP treatment on the 
EPSPs, on the slope of the EPSPs, and on the Rt~NI in 
these 21 neurons. Typically,  the EPSP amplitude started to 
rise at the end of  the VP application or during the first 
minutes of the washout period. The amplitude reached a 
plateau within 30 -45  min. Thereafter, it either stayed at 
the same level for the rest of the recording, lasting 60 -120  
min, or it gradually declined. However, the mean ampli- 
tude of EPSPs at 60 min was significantly ( t =  5.874; 
P < 0.001 in two-tailed paired t-test) higher than the base- 
line amplitude. Also, the slope of EPSPs of these neurons 
often increased after VP application although the variabil- 
ity of the slope increase was considerably greater than that 
of the amplitude increase. Although the mean Rur~ was 
little affected by VP (see Fig. 2), a temporary change of 
5 - 3 0 %  during a n d / o r  after the application of VP was 
observed in approximately 35% of the neurons. Membrane 
leakage a n d / o r  adherence of membranes to the electrode 
tip might have contributed to these apparently treatment- 
unrelated fluctuations in Rm~ ). Three out of four neurons, 

tested before and 60 rain after VP treatment, exhibited an 
increase in the stimulus-response relationship of the EPSPs 
(see example in Fig. 3). Five other neurons were studied 
with 0.001 nM of VP in the medium. The average EPSPs 
in these neurons changed little after the peptide administra- 
tion, being at 60 min of the washout period 92.4-112.8% 
of  the control level prior to VP administration (not shown). 
Higher VP concentrations did not seem to markedly aug- 
ment the effect. In 3 out of 4 neurons studied with 1 nM 
VP, the average amplitude of EPSPs at 60 rain after the 
VP administration was 149.6-192.6% of the baseline, 
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while EPSP in the one neuron was decreased by 14.7eA 
after VP administration. In 4 out of 6 other neurons 
exposed to 10 nM VP, the EPSP amplitude at 60 min after 
VP administration was 126.8-174.9% of the control EP- 
SPs before the peptide administration (not shown), the 2 
remaining neurons showed no treatment-related change in 
the EPSP amplitude. However, whenever the amplitude of 
EPSPs was increased by 1.0 or 10 nM VP, the increase 
remained present for the entire recording period (60-150 
rain). In that the effect differed from that induced by 0.1 
nM VP which in some cells disappeared within the 60 rain 
washout period. A repeated administration of 0.1 nM VP, 
performed in two neurons in which EPSPs increased after 
the first administration of VP, failed to produce an addi- 
tional increase in the EPSP amplitude (not shown). 

We compared the voltage and latency of the first action 
potential fired in response to depolarizing current injec- 
tions administered before and after VP treatment in 10 
neurons in which EPSPs were potentiated by VP and in 
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Fig. 6. Effect of (),1 nM VP on EPSPs and input resistance (R(in>) in 

eight C A l / s u b i c u l u m  neurons of the ventral hippocampus in the pres- 
ence of picrotoxin and D-APV in the medium. Plotted are the means 
( + SEM) of the measurements obtained at 10-rain intervals. A temporary 

increase in variability of R(IN) during administration of the peptide was 
seen in five of thc neurons, The mean EPSP at 60 min was significantly 
different from that at bascline (t  = 2.486: P < 0.05 in two-tailed t-test for 

repeated measurements). Thc mean R(IN) at 50 min is missing because 
data were accidenhdly lost. 

0,, 

e~ 

200' 

150 ' 

I 0 0  • 

sO ' 

0 

• oT ~ 1 
• • ]. 

V P 4  8 
[ - - I  

t 

1 

I T 

- I 0  0 tO 2(1 ~() 40  ~() 6 0  711 

ro') 
O( 
lal 

o 

2 0 0 '  

150 ' 

I {X)  ' 

5 0 '  

i) 

T 

1 

Vp 4 . 8  
[ - - ]  

T 

I0  0 I0  20 h )  41) S() 6(I 7(1 

111 ° ,~ 

2iX) 

150 

I(X) • • • 6 • 
i 

50 
V P 4  K 

I J 
0 

0 I0  0 I{) 20 ~1) 

• ot o ° • e 6 

4O 5O 60  70 

T i m e  ( m i n )  

Fig. 7. Effect of ().1 nM VP(4-8)  on the amplitude and slope of EPSPs 

and the input resistance (R(IN)) in Ill C A l / s u b i c u l u m  neurons of the 

ventral hippocampus, expressed as percentages of baseline values. Open 

bar indicates the time of the 15-min administration of peptide. The mean 

( + S E M )  amplitude and slope of EPSPs at 6(I rain were significantly 
different from those of the controls (amplitude: i - 2 . 2 8 2 ,  P <  ().(15: 

slope: t - 2.269 in two-tailed t-test for related mcasuremenls).  The value 

of the mean of EPSPs at 5(1 min is missing. 

which the RMP remained stable ( _+ 1 mY) during washout. 
No significant difference was found in means (n = 10) of 
either parameter: the mean threshold for action potential 
was 11.22 _+ 1.9 mV before VP and 9.76 + 1.7 mV 60 min 
after VP ( t =  1.76; P = 0 . 1 1 2 ) ;  the action potential oc- 
curred at 128.07 _+ 26.8 ms in controls versus 91.85 + 29.0 
ms after VP treatment (t = 1.30; P = 0.226). However, in 
8 of these neurons, the rising phase of the membrane 
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response became steeper, the neurons started to fire earlier, 
and the number of action potentials during depolarization 
increased after VP treatment (see example in Fig. 4). Two 
other cells showed an increase in the latency and threshold 

of the action potential after the treatment with 0.1 nM VP 
(not shown). Higher concentrations (1 and 10 nM) of VP 

were also associated with a similar, long-lasting increase in 

the rising phase of the membrane response and in the 
number of action potentials fired in response to depolariz- 

ing current injection (not shown). 
Seven neurons were studied with KCl-filled electrodes 

in slices in which GABA A receptor-mediated inhibition 
was suppressed by superfusing the slice for 30 rain before 
VP administration with a medium containing 10-50 /~M 

picrotoxin. Four of these neurons exhibited a 20-100% 
(150.1 _+ 15.2% of the baseline level) increase in the am- 
plitude of EPSPs 60 rain after VP administration (see 

example in Fig. 5). The EPSP increase in the remaining 
cells either diminished during the washout period (n = 2) 

or the EPSPs were not changed by VP (n = 1). None of 
these neurons showed a treatment-related change in RMP 
after peptide treatment (not shown). The mean R~l~) of 

these cells at 60 min (97.4 + 11.8% of controls) differed 

little from that at baseline although the VP-induced in- 
crease in EPSPs in one neuron was associated with a 19% 

decrease in the R(IN) but in another neuron with a 15% 
increase in the R~IN) (see Fig. 5). 

In 8 cells, the effect of VP was studied in the presence 
of 50 /.~M picrotoxin and 50 ~ M  D-APV in the medium. 
The antagonist-containing medium was superfused 30 min 

before VP and resulted in a ~ 20% decrease in EPSPs. 

This decrease was compensated for (to original baseline 
level) by increasing the stimulus intensity. Fig. 6 summa- 

rizes the results obtained with these neurons and illustrates 
that a combined blockade of GABA A receptor-mediated 

inhibition and NMDA receptor-mediated excitation did not 
prevent the enhancing action of VP on EPSPs. Five of 

these neurons showed a long-lasting increase in the ampli- 
tude of EPSPs after VP administration. In 2 neurons we 
observed a temporary decrease in the EPSPs during (n = 1) 

or after (n = 1) the administration of VP. This decrease in 
EPSPs was associated with a slight decrease in R0N ). In 

one neuron EPSPs did not change. The mean RI~N) at 60 
min (102.8 + 15.8% of the baseline) was little affected by 
VP. 

3.2. Effects of VP(4-8) 

The effect of VP(4-8)  was studied in 13 neurons. In 3 

neurons, EPSPs and R~tN) gradually and irreversibly de- 

A B 

~ , . . .  P(4-8) 
L 

,~~VP(4-8) 

VP(4-8) 

Fig. 8. A: Example of the effect of 0.1 nM VP(4-8) on average (n - 10) EPSPs in one neuron of the CA1/subiculum in the ventral hippocampus before 
(dotted line), during, 30 and 120 min the administration of peptide. Note the appearance of action potentials 30 min after the administration of VP(4-8). 
The response to hyperpolarizing current of 120 pA in neuron A 120 min after the peptide administration decreased slightly. B: Example of the effects of 
0. l nM VP(4-8) on average EPSPs (n = 10) in another neuron, studied in the presence of 5{) /zM picrotoxin and D-APV in the medium before, 30 and 60 
min after the peptide treatment. Superimposed are responses to three different stimulus intensities: high (H), medium (middle sweep in the all panels), and 
low (L). At 60 min, the medium stimulus intensity (the middle sweep in the lower panel) produced action potentials above the EPSPs while the EPSPs 
elicited by weak stimuli remained under the firing threshold of the neuron. The response to hyperpolarizing current injection temporarily decreased 30 min 
after peptide administration, indicating that R~IN~ of the neuron decreased at this time, but it returned to the control level at 60 min (see lower panel). 
Calibration: 15 mV and 5 ms (A); 10 mV and 5 ms (B). 
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clined during the washout period and data from these 
neurons were excluded from the final analysis. The results 
for the remaining 10 neurons are summarized in Fig. 7. 
The mean amplitude of the EPSPs at 60 min was signifi- 
cantly (t = 2.282; P < 0.05) higher than the baseline level. 
The slope of the EPSPs also increased after peptide treat- 
ment, however, this increase was not seen in all the 
neurons in which the amplitude of EPSPs was potentiated 
by VP. The magnitude of the slope increase varied more 
than that of the EPSP amplitude. In 6 of these 10 neurons, 
EPSPs remained increased for the entire 60-120 rain 
washout period (see example in Fig. 8A). In 3 neurons, the 
amplitude of the EPSPs initially increased but started to 
decline later during the washout, and 1 neuron showed no 
change in EPSPs after peptide administration. The mean 
R,N ) was little changed by VP(4-8) although temporary 
fluctuations in R,N ~ were noticed in 3 of the neurons. 

Three out of the 5 neurons that showed an increase in 
the EPSP amplitude also showed a steeper rising phase of 
the depolarization, a decreased threshold, and an increased 
number of action potentials in response to current injection 
(see example in Fig. 9A). The two remaining neurons 
showed no change in the threshold and the number of 
action potentials after VP administration. 

The EPSP-enhancing effect of VP(4-8) was also seen 
in 4 out of 7 neurons in slices in which GABA A receptor- 
mediated inhibition was suppressed by 50 /xM picrotoxin 
in the medium. The EPSPs at 60 min after peptide applica- 
tion reached 129.1 _+ 11.9% of baseline, while the R,N ~ 
was 94.3 + 7.3% of baseline. In 2 neurons the initial 
increase in EPSPs vanished during the washout period, and 
1 neuron showed no change in EPSPs after VP(4-8) 
treatment. 

Inclusion of 50 /xM D-APV in the picrotoxin-contain- 
ing medium did not interfere with the facilitating effect of 
VP(4-8) on the amplitude of EPSPs. Fig. 10 summarizes 
the results liar 9 neurons. The mean amplitude and slope of 
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Fig. 10. Effect of  0.1 nM V P ( 4 - 8 )  on the ampli tude (mean +-SEM) and 

slope o f  the EPSPs (mean _+ SEM) and the input resistance ( R, [N ~) of  nine 

neurons  of  the C A l / s u b i c u l u m  of  the ventral h ippocampus  studied in a 

medium conta in ing  50 # M  picrotoxin and 50 `aM D-APV.  The values 

are expressed as percentages  of  the baselinc values. ()pen bar indicates 
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EPSPs at 60 rain was  s ignif icant ly different fi'om the controls  ( t  2,572: 

P < 0.05 in two-tai led t-test for  related measurements) .  
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Fig. 9. Example  of  super imposed  (n = 3) membrane  responses  to depolar-  

izing current  injection in two neurons  of  the C A 1 / s u b i c u l u m  in the 

ventral  h ippocampus ,  s tudied in the control  medium (A) or in a medium 

conta in ing  50 ,aM picrotoxin and 50 /xM D-APV (B). Note the steeper 

r ising phase of  the response and increased number  of  act ion potentials 60 

min alter VP(4 8) administrat ion.  Calibrat ion:  10 m V  and 50 ms. 

EPSPs at 60 min after peptide administration was signifi- 
cantly (t = 2.572; P < 0.05) higher than the baseline value. 
However, the average amplitude increase in treated neu- 
rons was smaller than that in neurons exposed to the 
medium without antagonists, as 4 neurons showed a tem- 
porary decrease in the EPSP amplitude and RI~N~ during or 
shortly after peptide administration, which partially re- 
versed before the end of the 60 min washout period. The 
mean RIIN~ at 60 rain was decreased by approximately 
11% (not significant). VP(4-8) also increased the stimu- 
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lus-response relationship in EPSPs when the antagonists 
were present in the medium (Fig. 8B). Two of 4 neurons 
tested showed an acceleration in the rising phase of the 
depolarization, a decrease in the latency, and an increase in 
the number of action potentials in response to current 
injection (see example in Fig. 9B). 

4. Discussion 

Our principal finding is that both VP and VP(4-8), in 
concentrations as low as 0.1 nM, facilitated excitatory 
transmission in a majority of the neurons studied in the 
CA1/subiculum of the ventral hippocampus. This facilitat- 
ing action of the peptides often outlasted their administra- 
tion by more than 60 min, and it was frequently, though 
not always, accompanied by a long-lasting increase in the 
excitability of the postsynaptic membrane to depolarizing 
current injections. The blockage of GABA A receptor- 
mediated inhibition and NMDA receptor-mediated excita- 
tion did not prevent this effect of these peptides. 

The increase in the amplitude and/or  slope of the 
EPSPs, induced in the ventral hippocampus neurons by 0.1 
nM VP or VP(4-8), was not associated with any consistent 
changes in the spontaneous activity, resting membrane 
potential, and input resistance of the neurons. Thus, the 
effect of the peptides on EPSPs was different from the 
reversible excitation observed by others in the hippocam- 
pus and in other brain neurons exposed to 103 higher 
concentrations of VP and which is associated with mem- 
brane depolarization or an increase in firing rate or changes 
in input resistance [10,38,43,47,50,51,70]. Although an- 
tidromic stimulation was not used to identify the neurons 
tested, the average R~N) and the appearance of after-hyper- 
polarization following an action potential in response to 
depolarizing current were similar to those observed in 
pyramidal neurons by others [7,37], suggesting that the 
majority of these neurons were the pyramidal neurons. 

The notion that VP in very low concentrations potenti- 
ates the responses of brain neurons to excitatory, gluta- 
matergic input came from earlier field potential [66] and 
microiontophoretic studies [29,67], and from recent intra- 
cellular experiments. Bath-applied 0.1-0.001 nM VP in- 
creased the amplitude of the EPSPs in lateral septum 
neurons, evoked by stimulation of the fimbria fibers, in 
nearly the same fashion as that described here. The EPSPs 
started to increase 10-20 min after the onset of VP 
application, reaching a maximum response at 30-45 min. 
In many lateral septum neurons, the EPSP increase re- 
mained for the entire 60-120 min washout period. The 
concentration of VP higher than 0.1 nM increased only the 
duration of the peptide effect but not its magnitude [71]. 
Also in the ventral hippocampus, 0.1 nM VP elicited a 
long-lasting increase in EPSP amplitude, and higher con- 
centrations of the peptide increased the duration of the 
effect rather than its magnitude. This feature in the dose- 
response relationship of VP, in which the duration rather 

than the magnitude of the effect increases with increasing 
concentration of the peptide, has already been reported 
[45]. With 0.1 nM VP we could demonstrate the effect in a 
majority of the ventral hippocampus neurons impaled. This 
does not indicate 0.1 nM concentration to be the lowest 
effective concentration of the peptide. A small increase in 
the field EPSPs in the CA1 and CA3 fields of the dorsal 
hippocampus was already elicited with 0.001 nM VP [52], 
suggesting that a small population of the hippocampus 
neurons can be affected by this low peptide concentration. 
The threshold concentration of VP for potentiation of 
EPSPs in the ventral hippocampus can better be deter- 
mined in a different kind of experiment. 

Repeated VP administration failed to increase further 
the EPSP amplitude, suggesting that a saturation of this 
effect may occur after the first exposure to the peptide. 
This contrasts with the short-lasting excitation by VP 
which was seen after a repeated VP administration [45]. 
VP also potentiates the field EPSPs in the dentate gyrus 
[12]. However, 100-500 nM VP and low (1.5 mM) Ca 2÷ 
concentrations in the medium were needed to demonstrate 
this effect. Interestingly, in the presence of 2.5 mM Ca 2+, 
the concentration used in the present study, VP decreased 
the field EPSPs in the dentate gyms, suggesting that the 
mechanisms underlying the VP-induced potentiation ~,~ 
EPSPs in the dentate gyrus might be different from t~-: :~ 
underlying the facilitation of EPSPs in the CAl / sub -  
iculum of the ventral hippocampus. The short-lasting de- 
pression of the field potential in the CA1 field of the 
hippocampus observed by Albeck et al. [2] after an intrac- 
erebroventricular injection of 500 ng VP could have been 
due to a short-lasting excitatory action of VP on inhibitory 
interneurons [46]. 

The observation that VP(4-8) facilitated EPSPs in the 
ventral hippocampus neurons in a similar manner as VP is 
new, demonstrating yet again that the biologically active 
metabolites of VP, such as VP(4-8) and VP(4-9), share 
some central effects with VP. Thus, centrally injected VP 
and VP(4-8) and VP(4-9) stimulate the maintenance of 
passive avoidance behavior [9,19,21]. Both VP and VP(4- 
9) facilitated the functional tolerance to ethanol [6(I,61] and 
stimulated the release of acetylcholine from the hippocam- 
pus [40]. 

The receptor mediating these central effects of VP and 
VP metabolites, including the effect on EPSPs, has not yet 
been identified. It is possible that some of these central 
effects of VP might have been established after metabolism 
of VP into active metabolites, detected in the hippocampus 
[56]. Alternatively, they could be a result of an action of 
VP on binding sites specific for VP(4-8) /VP(4-9) .  Auto- 
radiography with [3H] and/or  [L~_5 l] ligands for the vascu- 
lar V 1 type of VP receptor and for oxytocin (OT) receptors 
revealed a distinct distribution of both V~ and OT receptors 
in the hippocampus and in other brain areas. The dentate 
gyrus of the hippocampus contains predominantly high 
affinity V~ type VP receptors [34], while the 
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subiculum/CAl field of the ventral hippocampus is rich in 
OT binding sites [23,34] which have the same affinity for 
OT and VP [24,48]. Thus, OT receptors might be involved 
in the EPSP increase elicited by VP and VP(4-8). How- 
ever, neither VP(4-8) nor VP(4-9), administered in a dose 
103 higher that the effective dose of OT, produces oxy- 
tocin-like effects on uterine muscle in vivo [14]. In addi- 
tion, VP(4-9) fails to displace a V| receptor antagonist 
from its binding in the hippocampus [48]. The binding sites 
for VP(4-9) in the brain, demonstrated with either 
[35S]arginineS-VP [5,15] or monoclonal anti-idiotypic anti- 
bodies [31], differ from those of VP/OT.  These results 
and the recenl finding of specific binding sites for VP(4-8) 
in synaptosomal membrane preparations from the anterior 
cortex [22] strongly suggest that many of the central 
effects of VP and its metabolites are mediated by specific 
receptor complex(es) distinct from the peripheral V l, V~ or 
OT receptors. The observation that many of the VP effects 
on the brain neurons are prevented by pretreatment of the 
neurons  with d ( C H 2 ) 5 - T y r ( M e ) - a r g  inines VP 
[38,45,47,67,70], shown to be a selective antagonist at the 
periheral V~ pressor VP receptor [36], might be misleading 
as this antagonist acts as a general neurodepressant agent 
[49]. Thus, further studies with various ligands for VP and 
for OT types of receptors might be a better approach for 
characterization of the receptors mediating the VP effect 
on EPSPs. 

The mechanism involved in the VP and VP(4-8)-in- 
duced long-lasting enhancement of the EPSPs evoked in 
the CA/subiculum cells by stimulation of the stratum 
radiatum rcmains to be elucidated. The increase in the 
slope and the amplitude of these, presumably, glutamate- 
mediated EPSPs [13] was not associated with a change in 
the RMP and/or  R{|N| of the neurons. A typical feature of 
the receptor-mediated long-term potentiation (LTP) of these 
EPSPs in the CA1 of the hippocampus is that they depend 
on an influx of Ca 2+ through the NMDA receptor-channel 
complex. The Ca-' ~ influx initiates the intracellular pro- 
cesses that lead to an increase in glutamate release, and 
enhances the sensitivity of postynaptic glutamate receptors 
(for review see [4]). VP and VP(4-8) still facilitated 
EPSPs in the presence of GABA A and NMDA receptor 
antagonists. A decreased synaptic inhibition or increased 
Ca-" + influx through NMDA receptors is therefore unlikely 
to be the mechanism of the EPSP-potentiating action of the 
peptides. However, VP and VP(4-8) stimulate inositol 
phospholipid metabolism in neurons [44,54], mobilize Ca e+ 
from internal stores in cultured hippocampus neurons and 
in vascular smooth muscle cells [6,72], and increase trans- 
mitter release [1]. Thus, VP and VP(4-8) might have 
facilitated the EPSPs through a Ca2+-dependent mecha- 
nism, leading to an increase in glutamate release. How- 
ever, a Cae+-induced increase in the sensitivity of post- 
synaptic receptors for glutamate, similar to that shown by' 
LTP [4], accounts equally well for this effect of the 
peptides. 

In most of the neurons studied, the peptide-induced 
increase in EPSPs was associated with a shortening of the 
rising phase of the voltage response to depolarizing pulses, 
and a decrease in the threshold and an increase in the 
number of action potentials elicited by sustained depolar- 
ization, suggesting that the conductances controlling the 
membrane response to a voltage step were affected by 0.1 
nM VP peptides. The delay, threshold, and number of 
action potentials in hippocampal neurons in response to 
depolarizing current injection are predominantly deter- 
mined by various components of the outward potassium 
current, such as the rapidly inactivating IA, the rapidly 
activating and slowly inactivating Ii~, and the Cae+-depen - 
dent IA|tP [3,26,37,39,53,58,59]. A partial suppression of 
this current by VP or VP(4-8) would presumably decrease 
the delay and threshold and increase the number of action 
potentials during depolarization. Suppression of the out- 
ward potassium current might also be expected to decrease 
the threshold and increase the number of action potentials 
triggered by EPSPs, an effect seen in several of the 
neurons tested. Vasopressin closes ATP-sensitive K ~ 
channels in cultured smooth muscle cells [74] and in 
insulin secreting cells [41]. This and other effects of VP on 
brain neurons, such as reversible depolarization, increase 
in input resistance and spontaneous activity, and activation 
of a voltage-dependent inward current [38,43,47,51,75], 
could thus be a result of different intracellular effector 
pathways being activated by these peptides via the same or 
different membrane receptors. Activation of three different 
intracellular effector pathways by activation of the same 
VP receptor has been demonstrated [35,72]. Two neurons 
showed a peptide-induced increase in EPSPs while the first 
action potential was delayed and the threshold increased. 
Thus, the peptide-induced increase in the rise time and 
decrease in the threshold of the action potential might have 
contributed to the increase in the slope and amplitude of 
EPSPs but it was not the sole cause of effect of the 
peptides on the EPSPs. 

Finally, a drug that potentiated transmission through the 
hippocampus non-NMDA receptor type markedly im- 
proved performance in odor discrimination and water-maze 
tasks [57], suggesting that potentiation of transmission via 
these receptors may be important in the role played by the 
hippocampus in many forms of learning and memory [55]. 
The enhancing effect of peptides on non-NMDA glutamate 
receptor-mediated EPSPs suggests that VP and VP 
metabolites might have enhanced the memory function by 
this or a similar mechanism, namely by enhancing trans- 
mission though the non-NMDA type(s) of glutamate recep- 
tors. However, the block of the peptide effect with non- 
NMDA receptor antagonist needs to be demonstrated in 
order to support this notion. This. presumably, physio- 
logically significant action of these peptides in the brain 
may be complementary to LTP, increasing transmission 
plasticity in those brain structures that are innervated by 
VP-releasing fibers. The facilitation by VP of I,TP expres- 
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sion in the lateral septum [69] and the electron microscopic 
finding of vasopressin-containing synapses in the close 
vicinity of glutamate-containing terminals of the fimbria 
fibers on dendrites of the lateral septum neurons [27] 
support this notion. 
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