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Magnocellular neurons of the supraoptic nucleus release the neuropeptides oxytocin and vasopressin from their dendrites to regulate
their synaptic inputs. This study aims to determine the cellular mechanism by which vasopressin modulates excitatory synaptic trans-
mission. Presumably by electroporation through perforated patch, we were able to successfully introduce biocytin into cells in which we
performed an electrophysiological study. This method enabled us to determine that roughly half of the recorded neurons were immuno-
reactive to oxytocin-associated neurophysin and showed two characteristic features: an inward rectification and a sustained outward
rectification. The remaining half showed a linear voltage-current relationship and was immunoreactive to vasopressin-associated neu-
rophysin. Using these electrophysiological characteristics and post hoc immunohistochemistry to identify vasopressin or oxytocin neu-
rons, we found that vasopressin decreased evoked EPSCs in vasopressin neurons while increasing EPSCs in oxytocin neurons. In both
types of neurons, EPSC decay constants were not affected, indicating that desensitization of non-NMDA receptors did not underlie the
EPSC amplitude change. In vasopressin neurons, both vasopressin and a V1a receptor agonist, F-180, decreased AMPA-induced currents,
an effect blocked by a V1a receptor antagonist SR49059. In oxytocin neurons, AMPA-induced currents were facilitated by vasopressin,
whereas F-180 had no effect. An oxytocin receptor antagonist blocked the facilitatory effect of vasopressin. Thus, we conclude that
vasopressin inhibits EPSCs in vasopressin neurons via postsynaptic V1a receptors, whereas it facilitates EPSCs in oxytocin neurons
through oxytocin receptors.
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Introduction
It is now well accepted that dendrites are not merely recipients of
synaptic information but also can be the active speaker at the
synapse by releasing neurotransmitters. Magnocellular neurons
(MCNs) of the supraoptic nucleus (SON) are one of the cell
groups shown to be capable of dendritic release of neurotrans-
mitters. MCNs release arginine-vasopressin (AVP) and oxytocin
(OXT) within the SON from their dendrites and somata (Moos et
al., 1984; Mason et al., 1986; Pow and Morris, 1989) to control
their own electrical and secretory activity (for review, see Leng et
al., 1999). AVP inhibits the phasic pattern of action potential
firing characteristic of AVP neurons (Ludwig and Leng, 1998).
Furthermore, this inhibitory action seems to be correlated with
the level of electrical activity of the individual AVP neuron
(Gouzenes et al., 1998). In particular, AVP has been found to tune
the phasic pattern of action potential firing characteristic of AVP
neurons (Gouzenes et al., 1998; Ludwig and Leng, 1998). Previ-
ous studies in our laboratory showed that neuropeptides synthe-

sized and released from MCNs, namely OXT and AVP, modulate
excitatory synaptic input onto themselves. OXT suppresses
EPSCs by acting at the presynaptic terminals (Kombian et al.,
1997). This effect is through the inhibition of presynaptic calcium
channels, resulting in reduction of glutamate release (Hirasawa et
al., 2001). In contrast, OXT inhibits GABAA receptor-mediated
IPSCs through an interaction of OXT and GABAA receptors in
the postsynaptic cell (Brussaard et al., 1996). AVP has been
shown previously to inhibit evoked EPSCs in this nucleus
(Kombian et al., 2000), but the cellular mechanism of this effect
awaits determination.

Glutamatergic transmission in the SON is modulated by nu-
merous neurotransmitters, including GABA, adenosine, hista-
mine, and glutamate itself via metabotropic glutamate receptors
(Kombian et al., 1997; Oliet and Poulain, 1999; Li and Hatton,
2000; Schrader and Tasker, 1997). The afferent neurons contain-
ing these neurotransmitters transfer peripheral or central infor-
mation from various brain areas by modulating the tone of exci-
tatory input to the SON. In contrast, AVP and OXT comprise a
micro-feedback loop within the nucleus for controlling synaptic
inputs, thus representing a mechanism of direct monitoring and
control of MCN activity at a different level. Therefore, to better
understand how MCNs determine their activity level and the
amount of neuropeptide output, it is important to resolve how
these neuropeptides modulate synaptic inputs onto themselves.
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The goal of this study is to investigate the cellular mechanism of
AVP action to modulate excitatory synaptic inputs into the SON.

Materials and Methods
All experiments were performed in accordance with the guidelines estab-
lished by the Canadian Council on Animal Care and were approved by
the University of Calgary Animal Care Committee. Attention was paid to
use only the number of animals necessary to produce reliable results.

Slice preparation. Adult male Sprague Dawley rats (150 –250 gm) were
decapitated under halothane anesthesia, the brain was removed, and
coronal slices 300 – 400 �m thick containing the SON were generated at
0 –2°C in a low-Ca 2�, low-Na �-containing buffer solution of composi-
tion (in mM): 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2, 25
NaHCO3, 25 glucose, and 20 sucrose. Slices were then incubated at room
temperature (22°C) for at least 1 hr in artificial CSF (ACSF) of the fol-
lowing composition (in mM): 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2
MgCl2, 2.4 CaCl2, 18 NaHCO3, and 11 glucose. Both solutions were
bubbled continuously with a mixture of 95% O2, 5% CO2.

Electrophysiological recording. A hemisected slice was transferred into a
recording chamber, where it was submerged and perfused at 30 –32°C
with ACSF. The nystatin-perforated patch technique was used for the
recording with electrodes having a tip resistance of 3–7 M�. Whole-cell
access was attained within 2–30 min with a series/access resistance of
10 – 40 M�. The internal recording solution contained (in mM): 120
K-acetate, 5 MgCl2, 10 EGTA, and 40 HEPES. Nystatin was dissolved in
DMSO with Pluronic F127 and added to the internal solution to yield a
final concentration of 450 �g/ml. The pH was adjusted to 7.3. All exper-
iments were done on MCNs voltage-clamped at �80 mV using an Axo-
patch 1D or Axopatch 200A amplifier and pClamp 7 software (Axon
Instruments, Foster City, CA). MCNs were identified on the basis of the
delayed onset to action potential generation in response to positive cur-
rent injection (Tasker et al., 1991; Armstrong, 1995). Membrane currents
were recorded without series resistance compensation, filtered at 1 kHz,
digitized at 5–10 kHz, and stored for off-line analysis. A 20 mV hyperpo-
larizing pulse lasting for 75 msec was applied regularly throughout each
experiment, and the steady-state current and decay rate (�) of the capac-
itance transient were monitored as measures of input resistance and
series/access resistance, respectively. Cells that showed �15% change in
these parameters were excluded from additional analysis. Hard copy
chart records were also captured on a Gould recorder (Gould Instru-
ments, Valley View, OH).

Synaptic currents were evoked in the MCNs with a bipolar stimulating
electrode placed in the hypothalamic region dorsomedial to the SON,
close to the optic tract. For all experiments, picrotoxin 50 �M was added
to ACSF to block GABAA receptor-mediated chloride currents yielding
pharmacologically isolated EPSCs. As reported previously, EPSCs were
mediated by non-NMDA receptors, because they were sensitive to 10 �M

DNQX, a non-NMDA receptor antagonist (Kombian et al., 1996). Stim-
ulus intensities that yielded 50 – 60% of the maximum EPSC amplitude
were used in the present study.

The amplitude of EPSCs was taken as a measure of the magnitude of
synaptic strength, and the amplitude of the current induced by a brief
bath application of AMPA was taken as a measure of the postsynaptic
efficacy of the drug. Repeated application of AMPA did not attenuate the
response, and two or more AMPA currents were averaged for all condi-
tions. The current amplitudes were expressed as mean � SEM of the
percentage change from control values. Only cells that showed significant
recovery (�70%) from any drug effect were included in the data analysis.
Changes �15% of control value were considered to be effective. Statisti-
cal comparisons were performed by using appropriate tests, i.e., un-
paired and paired Student’s t tests, and the least-squares method was
used for linear regression. A value of p � 0.05 was considered significant.

Immunohistochemistry. For immunohistochemical identification of
the recorded cell, biocytin (1–1.5 mg/ml) was included in the internal
solution, which was filled into the cell at the end of the experiment by
applying adequate positive currents (in current-clamp mode) to make
the cell fire action potentials at 30 –50 Hz for 4 –5 min. On termination of
the recording, the slice was fixed in 4% paraformaldehyde in 0.1 M PBS at
a pH of 7.4 for 24 hr, transferred to 20% sucrose-PBS, then cut into 15

�m sections. Alternate sections were treated with either OXT-
neurophysin mouse monoclonal antibody (CRL-1800; American Type
Culture Collection, Manassas, VA) (Ben Barak et al., 1985) or AVP-
neurophysin mouse monoclonal antibody (CRL-1799; American Type
Culture Collection) (Ben Barak et al., 1985), both at 1:2000 dilution in 0.1
M PBS with 10% BSA, 0.1% Triton-X, and incubated overnight at room
temperature. After the slices had been washed with PBS, a 1:500 dilution
of cyanine 3-conjugated goat anti-mouse secondary antibody (Amer-
sham Pharmacia Biotech, Little Chalfont, UK) was added with a 1:500
dilution of avidin-conjugated fluorescein isothiocyanate (FITC; Vector
Laboratories, Burlingame, CA) to label biocytin for 2 hr at room temper-
ature. The sections were examined under a confocal fluorescence micro-
scope for the presence of OXT- or AVP-neurophysin immunoreactivity
(cyanine 3) and biocytin labeling (FITC). When a biocytin-labeled cell
was not observed in more than two serial sections, phenotypes of the
labeled cells were identified on the basis of a positive reaction for one
peptide or a negative reaction when nearby neurons were clearly stained.

Chemical compounds. All substances were prepared as 1000� stock
solutions and diluted to their final concentration in ACSF just before use.
AVP and [des-glycinamide 9,d(CH2)5

1, O-Me-Tyr 2, Tyr 4, Orn 8]-
vasotocin (OXT antagonist) were purchased from Bachem (Torrence,
CA). Picrotoxin, nystatin, and DMSO were from Sigma (St. Louis, MO).
AMPA was obtained from Research Biochemicals (Natick, MA). F-180
was a kind gift from Ferring Research Institute (San Diego, CA), and
SR49059 was kindly provided by Sanofi-Synthelabo Recherche (Tou-
louse, France).

Results
Previous work by Stern and Armstrong (1995) showed that a
majority of MCNs immunopositive for OXT-associated neuro-
physin displayed a sustained outward rectification (SOR) that
was largely absent in cells identified as AVP-associated
neurophysin-immunoreactive MCNs. Because the SOR is acti-
vated at a depolarized membrane potential (�40 mV) and inac-
tivated with hyperpolarizing current steps, we were able to repli-
cate their finding in our experimental protocol by initially
clamping the cells at �40 mV and applying a series of voltage
steps ranging from �130 to �40 mV. As illustrated in Fig. 1, A1
and A2, 53.2% (41/77) of the recorded MCNs did not show an
SOR, as apparent from the linear current-voltage relationship. In
contrast, in the remaining 46.8% (36/77) of the cells tested, an
SOR was apparent at membrane potentials higher than �70 mV
(Fig. 1B1,B2). Interestingly, 80.6% (29/36) of the cells presenting
with an SOR also displayed a hyperpolarization-induced inward
rectification (IR) at membrane potentials more negative than
�90 mV (Fig. 1B1,B2), a current that was blocked by 2 mM

external cesium (data not shown). Furthermore, the absence of
SOR was also correlated with the absence of IR in 95.1% (39/41)
of these neurons. Those cells that showed only either SOR or IR
were excluded from additional study. There was no significant
difference in the input and access resistance between cells with or
without IR. To further confirm the identity of these two groups of
cells, post hoc immunohistological analysis was performed on a
subset of the recorded cells. To identify the recorded neurons
histologically, we have modified the single-cell labeling method
used for dye filling a neuron simultaneously with juxtacellular
recording (Pinault, 1996; Kirouac and Pittman, 1999). Biocytin
was introduced successfully into the recorded neurons by tracer
electroporation as described in Materials and Methods. All 12
cells that showed neither SOR nor IR were identified to be AVP
neuron by post hoc immunohistochemistry (Fig. 1A3). In con-
trast to this, the majority of the cells that showed both SOR and IR
(five of seven) were immunohistochemically classified to be OXT
neurons (Fig. 1B3). The remaining two cells were classified as
AVP neurons. The strong correlation of the presence or absence
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of SOR/IR to specific phenotypes of MCNs suggests that the phe-
notype of MCNs can be determined using these electrophysiolog-
ical fingerprints. In the rest of the study, cells were classified as
OXT or AVP neurons using these biophysical characteristics.

Our previous study had shown that AVP dose-dependently
causes inhibition of EPSCs, with a maximum inhibition at a dose
of 2 �M (Kombian et al., 2000). In the present study, a maximum
dose was used to induce a robust response and identify the cellu-
lar mechanism of its action. A bath application of 2 �M AVP
reversibly reduced the EPSC amplitude by 25.2 � 2.7% in 24 of 28
AVP neurons ( p � 0.05) (Fig. 2A1,A3). Of the remaining cells,
one responded with an increase of 17.4%, whereas the other three
cells showed no change. This result is in agreement with our
previous study (Kombian et al., 2000). A similar inhibitory effect
on EPSCs was seen with bath application of a V1a receptor-
specific agonist, F-180. At 2 �M, F-180 reduced the EPSC ampli-
tude in six of nine cells by 35.8 � 2.9% ( p � 0.05) (Fig. 2A2,A3).

In contrast to the AVP-induced inhibition of the EPSCs in
AVP neurons, AVP (2 �M) increased the EPSCs by 19.6 � 3.2%
in six of eight OXT neurons ( p � 0.05) (Fig. 2B1,B3). The two
remaining neurons showed either no response or a decrease (by
34%) in the EPSC amplitude. In this type of neuron, F-180 (2 �M)
did not change the size of EPSCs in the majority of the cells tested
(six of eight cells) (0.3 � 4.1% change; p � 0.05, n � 6) (Fig.
2B2,B3), whereas the remaining two cells responded with an in-
crease of 23.1% and 156.1%. These results indicate that in AVP
neurons, AVP decreases EPSCs via V1a receptors, whereas in
OXT neurons, it increases EPSCs via another mechanism. There
was no correlation between the initial EPSC amplitude and the
direction of the response to AVP or F-180 (R 2 � 0.03; slope
deviation, p � 0.05). In both types of neurons, there was no
significant change in input resistance or holding current.

Because the directions of the responses were correlated with
the phenotype of the neurons, it is probable that the differences
were a feature of the postsynaptic cell. Changes in EPSC ampli-

tude can be a result of changes in non-NMDA receptor kinetics,
such as desensitization rate or channel conductance. Changes in
the desensitization rate of receptors would be reflected in the
decay constant of EPSCs (Vyklicky et al., 1991). The decay con-
stants between the two cell groups were similar (AVP neurons:
12.1 � 1.6 msec, n � 11; OXT neurons: 11.5 � 0.8 msec, n � 10;
p � 0.05). In addition, the decay rate of the evoked EPSCs in both
these cell phenotypes was not altered by AVP (AVP neurons:
�4.2 � 9.6% change, n � 5; OXT neurons: 8.1 � 8.1% change,
n � 4; p � 0.05) (Fig. 3). Thus, alteration in non-NMDA channel
kinetics cannot account for the effects of AVP in these cells. Fur-
thermore, F-180 also had no effect on the decay constant of
EPSCs in either phenotype (AVP neurons: �0.3 � 6.6% change,
n � 6; OXT neurons: 5.1 � 8.3% change, n � 6; p � 0.05).

To determine whether AVP caused an alteration in the steady-
state sensitivity of the AMPA receptor-activated channels to alter
the postsynaptic response to glutamate, AMPA was briefly bath-
applied to activate non-NMDA receptors with a known concen-
tration of the agonist. AMPA application (5 �M, 10 sec) induced
a reproducible steady-state inward current. In AVP neurons, ap-
plication of AVP reversibly reduced the amplitude of AMPA cur-
rents by 36.5 � 3.6% in 11 of 13 cells tested ( p � 0.05) (Fig.
4A,C). In the remaining two cells, AVP either had no effect or
increased the AMPA current by 52.5%, respectively. In OXT neu-
rons, AVP induced reversible increases in the amplitude of
AMPA currents by 33.1 � 14.2% in 11 of 14 cells tested ( p �
0.05) (Fig. 5A,C). AVP was without effect in the remaining three
cells. These observed effects of AVP on AMPA-induced currents
are in agreement with AVP effects on evoked EPSCs.

To determine whether both of these contrasting AVP effects
are mediated by V1a receptors, the V1a receptor-selective agonist
was tested on AMPA currents. In AVP neurons, F-180 reduced
AMPA currents by 33.1 � 7.8% ( p � 0.05) in four of six cells, an
effect similar to that of AVP (Fig. 4B,C). One cell showed no
change, and the other increased the AMPA current by 53.8%. In

Figure 1. The presence or the absence of voltage-activated membrane currents characterize two distinct subpopulations of magnocellular neurons. A1, Superimposed current traces represen-
tative of a subpopulation of magnocellular neurons showing a linear I–V relationship in response to 200 msec hyperpolarizing voltage steps elicited from a holding potential of �40 mV. The voltage
paradigm is depicted at bottom left. A2, A mean I–V plot of this population (n � 10). B1, A representative of another subpopulation of magnocellular neurons shows a different I–V relationship in
response to the same protocol. B2, The mean I–V plot from 10 magnocellular neurons showing a similar nonlinear relationship. A sustained outward rectification (SOR) is observed at membrane
potentials more positive than �70 mV, whereas a hyperpolarization-induced inward rectification (IR) appears at membrane potential more negative than �90 mV. A3, Confocal image of a cell that
did not display SOR/IR, filled with biocytin by electroporation through perforated patch (green). This cell was colabeled with AVP-associated neurophysin antibody (red). B3, Another cell that showed
SOR/IR, which was filled with biocytin (green) and was OXT-associated neurophysin immunoreactive (red). Scale bars, 10 �m.
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contrast to the above AVP result, OXT neurons showed no re-
sponse to F-180 in six of seven cells tested (�3.5 � 4.8%; p �
0.05), with one cell showing a 15.9% reduction. Similar to the
EPSC result, there was no significant correlation between the
control AMPA current and the direction of the response to AVP
or F-180 (R 2 � 0.11; slope deviation, p � 0.05). To further con-
firm this observation, the V1a receptor-specific antagonist
SR49059 (10 �M) was applied for 5 min before AVP application,

and it blocked the inhibition of AMPA current by AVP in AVP
neurons (AVP alone, �25.0 � 8.9% vs V1a antagonist plus AVP,
7.8 � 2.5%; p � 0.05; n � 4) (Fig. 4A,C). Thus, the effect of AVP
on AMPA currents is mediated by V1a receptors in AVP neurons
but not in OXT neurons.

Previous studies on neuropeptidergic receptors suggest that in
MCNs, V1a receptors are located exclusively on AVP neurons
and OXT receptors are expressed in OXT neurons (Freund-
Mercier et al., 1994; Hurbin et al., 1998). Because AVP can bind to
OXT receptors as well as to V1a receptors (Muhlethaler and Drei-
fuss, 1983), a possibility exists that the facilitatory effect of AVP
on AMPA current in OXT neurons may be mediated by OXT
receptors. To test this idea, a selective OXT receptor antagonist,
[des-glycinamide 9,d(CH2)5

1,O-Me-Tyr 2,Try 4,Orn 8]-vasotocin
(10 �M) was used. Pretreatment of the slices with this OXT an-
tagonist for 5 min followed by AVP resulted in a blockade of the
AVP-induced AMPA current facilitation in OXT neurons (AVP
alone, 21.5 � 8.0% vs OXT antagonist plus AVP, �2.8 � 9.4%;
p � 0.05; n � 5) (Fig. 5A,C). In addition, OXT (500 nM to 1 �M)
induced a similar increase in AMPA current in this type of cell
(14.5 � 3.9%; p � 0.05; n � 5) (Fig. 5B,C). This result indicates
that in OXT neurons, AVP exerts its effect through activation of
OXT receptors. By contrast, in AVP neurons, pretreatment with
OXT antagonist had no effect on AVP-induced inhibition of
AMPA currents (AVP alone, 54.6 � 6.7% reduction vs OXT
antagonist plus AVP, 52.7 � 6.1% reduction; p � 0.05; n � 7),
further supporting the finding that AVP depresses excitatory
transmission through V1a receptors in this type of neuron.

Discussion
The present study demonstrates that AVP modulates excitatory
synaptic transmission differentially in different subpopulations

Figure 2. AVP differentially modulates the amplitude of the evoked EPSCs in the two types of magnocellular neurons. A1, Time-dependent plot of pharmacologically isolated EPSCs recorded from
a typical AVP neuron. Each closed circle represents an average of 3– 6 consecutive EPSCs elicited per minute. Bath application of AVP (2 �M) reversibly reduces the amplitude of the EPSCs. A2, The
inhibitory effect of AVP was mimicked by the V1a receptor agonist F-180. A3, Summary of the effect of AVP and F-180 on EPSCs recorded from AVP neurons. B1, Time-dependent plot of evoked EPSCs
in a representative OXT neuron. Bath application of AVP (2 �M) reversibly enhances the amplitude of the EPSCs. B2, In contrast to AVP neurons, F-180 has no effect on evoked EPSCs recorded in OXT
neurons. B3, Summary of the effect of AVP and F-180 on EPSCs recorded from OXT neurons. *p � 0.05.

Figure 3. Decay time constant is not altered by AVP. The decay time constant of evoked
EPSCs recorded in a representative AVP neuron (top traces) or an OXT neuron (bottom traces)
does not change in the presence of AVP, as evident from scaled, superimposed traces at right.
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of supraoptic MCNs. Two subpopulations of MCNs were char-
acterized by the presence or absence of hyperpolarization-
induced IR and its coexistence with an SOR, a current found
previously in most OXT-immunoreactive neurons (Stern and
Armstrong, 1995). We showed that a combination of these cur-
rents was a highly reliable fingerprint for identifying MCN phe-
notype on the basis of correlative immunohistochemistry. Iden-
tification of the phenotype of recorded cells has been difficult
with perforated patch-clamp recording because of lack of access
of dyes into the cytosol. We resolved this problem by modifying
the single-cell labeling method used for dye-filling a neuron si-
multaneously with juxtacellular recording. Briefly, by modulat-
ing the firing of a neuron with low-intensity positive-current
injection through a microelectrode, biocytin or neurobiotin can
be filled into the cell, presumably by electroporation (Pinault,

1996; Kirouac and Pittman, 1999). In our preparation,
perforated-patch recordings were performed, after which low-
intensity positive-current was injected to cause the cells to fire at
6 –10 Hz. Biocytin dissolved in the recording solution in the patch
pipette was introduced successfully into the recorded neurons by
this method. Thus, there is now the potential for phenotypic
identification of neurons on which electrophysiological studies
have been performed by perforated-patch-clamp recording. This
is especially relevant for studying phenomena that involve
postsynaptic cytosolic component(s), which by nature require
the use of perforated-patch over conventional whole-cell record-
ing. Using this technique, we revealed that MCNs that show
SOR/IR are OXT neurons, and those that do not show SOR/IR
are AVP neurons. By these criteria, we showed that AVP en-
hanced the EPSCs in most OXT neurons, whereas it depressed

Figure 4. AVP inhibits AMPA-induced currents in AVP neurons. A, AVP reduces the inward currents induced by brief bath application of AMPA in AVP neurons. This inhibition is blocked by the V1a
receptor specific antagonist SR49059. B, The inhibitory effect of AVP is mimicked by F-180. C, Summary bar graph showing the changes in AMPA-induced currents compared with control. *p � 0.05.

Figure 5. AVP facilitates AMPA-induced currents in OXT neurons. A, AVP increases the AMPA-induced inward currents in OXT neurons. This facilitation is blocked by the OXT receptor-specific
antagonist [des-glycinamide 9,d(CH2 )5

1,O-Me-Tyr 2,Tyr 4,Orn 8]-vasotocin. B, OXT has a similar effect on AMPA-induced currents in OXT neurons. C, Summary bar graph showing the changes in
AMPA-induced currents compared with control. *p � 0.05.
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EPSCs in AVP neurons. These contrasting results seem to result
from AVP acting on different receptors.

Our previous report suggests that endogenous neuropeptides
were released from MCNs, which induced a 30 – 40% reduction
in evoked EPSC amplitude (Kombian et al., 1997). The magni-
tude of this inhibition was equivalent to that obtained by 1–10 �M

OXT (Kombian et al., 1997) and by 2–5 �M AVP (Kombian et al.,
2000). Thus, it is likely that during intense MCN activities, the
concentration of dendritically released neuropeptide in the extra-
cellular space may reach the micromolar range. In addition, an-
other group has reported that OXT shows its effect on IPSCs at
1–10 �M ranges in slice preparation (Brussaard et al., 1996).
However, endogenous peptidase activity significantly reduces the
concentration of neuropeptides by up to 100-fold (Saleh et al.,
1996). Therefore, the concentration that effectively reaches the
receptors is probably in the submicromolar range, close to the
ED50 concentration that activates isolated cells (Lambert et al.,
1994; Dayanithi et al., 1996).

Voltage-dependent currents characterize two distinct
populations of magnocellular neurons
MCNs can be distinguished from other neurons by their charac-
teristic delayed onset of action potential firing to depolarization
from hyperpolarized potentials (Tasker et al., 1991; Armstrong,
1995). In addition, two subtypes of MCNs, namely AVP and OXT
neurons, have been characterized by a number of electrophysio-
logical features, including SOR (Armstrong et al., 1994; Stern and
Armstrong, 1995). We identified another characteristic that may
be used for identification of the two subpopulations: one popu-
lation had a linear current-voltage relationship in response to
hyperpolarizing voltage steps from �40 mV, and the other
showed an IR at hyperpolarized potential, a response often asso-
ciated with an SOR. The present study has demonstrated that
MCNs that showed both IR and SOR were immunohistochemi-
cally identified as OXT neurons, whereas other MCNs that did
not display either IR or SOR were identified as AVP neurons.
Thus, we suggest that the occurrence of both of these currents can
be used as a reliable criterion to characterize the phenotype of
MCNs in the SON.

The IR recorded in this study is unlikely to correspond to IH,
which is not activated at the early time points seen in the present
experiments (Erickson et al., 1993; Ghamari-Langroudi and
Bourque, 2000). Although it could correspond to the cesium-
sensitive current revealed after blockade of IH (Ghamari-
Langroudi and Bourque, 2001), the latter current was seen in all
cells tested, whereas ours was seen in only half of the cells. Thus,
we remain open to the possibility that this rectification actually
represents the deactivation of steady-state potassium current,
whatever its underlying mechanism. Because the object of the
present study is to investigate the synaptic action of AVP, we have
not characterized this current further.

AVP differentially modulates EPSCs in different populations
of magnocellular neurons
In the present study, we have identified two distinct actions of
AVP, i.e., AVP decreases evoked EPSC amplitudes in AVP neu-
rons, whereas it increases EPSC amplitudes in OXT neurons.
AVP induces these differential effects via different postsynaptic
receptors.

A postsynaptic action of AVP was clearly demonstrated in
both cell populations, because AVP changed the amplitude of
AMPA-induced inward currents, which is a measure of postsyn-
aptic non-NMDA receptor sensitivity. AVP seemed to modulate

non-NMDA receptors to increase or decrease their sensitivity in
OXT or AVP neurons, respectively. These opposing effects were
not accompanied by alteration in EPSC decay constant, indicat-
ing that a change in desensitization of receptors did not underlie
the effects. Rather, it was a result of alteration of steady-state
currents, as shown by changes in the amplitudes of AMPA-
induced steady-state currents. Different postsynaptic neuropep-
tide receptors seem to be responsible for the differential effects of
AVP. In AVP neurons, V1a receptors mediate the decrease in
AMPA current, because the AVP effect was blocked by V1a re-
ceptor antagonist and mimicked by V1a agonist. In OXT neu-
rons, OXT receptors play this role, as evidenced by blockade of
AMPA current facilitation by OXT receptor antagonist, whereas
a V1a receptor agonist did not mimic AVP effect. This is in agree-
ment with a previous report that showed clearly that AVP neu-
rons express V1a receptors and OXT neurons express OXT re-
ceptors (Freund-Mercier et al., 1994; Hurbin et al., 1998).
Although the exclusive expression of OXT receptors by OXT
neurons has been found in female pregnant animals (Freund-
Mercier et al., 1994), our study gives functional evidence that
similar expression specification exists in male animals also. The
mechanism(s) by which activation of OXT and V1a receptors
modulates the sensitivity of non-NMDA receptors is not yet
known. V1a and OXT receptors are closely related members of
the G-protein receptor superfamily (Morel et al., 1992; Rozen et
al., 1995); however, it is possible that the signal transduction
pathways coupled to each of these receptor types are different in
SON neurons. This is envisioned from the differential calcium
dynamics resulting from activation of these two types of recep-
tors: V1a receptor activation results in calcium entry via voltage-
gated calcium channels (Dayanithi et al., 1996; Sabatier et al.,
1997), whereas OXT receptors induce calcium release from inter-
nal stores independently of calcium influx (Lambert et al., 1994).
Also, differences in calcium buffering capacity between OXT and
AVP neurons have been observed (Miyata et al., 1998). Such
differences in calcium source and dynamics may result in differ-
ential calcium-dependent modulation of postsynaptic non-
NMDA receptors. Alternatively, it has been shown that AVP and
OXT neurons possess functionally different non-NMDA recep-
tors, because of a differential combination of receptor subunits
and/or their modulation (Stern et al., 1999). Different glutamate
receptor subunits could be modulated differentially and contrib-
ute differently to the function of the receptors. The modulation of
non-NMDA receptors seems to involve cytosolic constituents,
because use of conventional whole-cell patch configuration, in-
stead of perforated patch, abolished the AVP effect on AMPA-
induced currents (our unpublished observations).

We have reported previously that OXT reduced EPSCs
through a presynaptic action (Kombian et al., 1997). In that
study, there was no evidence for a postsynaptic OXT receptor
being responsible for OXT action on excitatory transmission. We
believe that in our previous study, we sampled predominantly
putative AVP neurons, because at that time we found little evi-
dence for either SOR or IR reported here. As a result of technical
modification in our slice preparation (change in Na� and Ca 2�

concentration in the dissection solution), we now obtain sub-
stantially more cells with characteristics of OXT neurons. This
change may be an indication that OXT neurons are more suscep-
tible to excitotoxic insults, such as dissection. Our result supports
such a possibility: AVP released within the nucleus would favor
an excitation of OXT neurons while causing inhibition of AVP
neurons. The activity of AVP neurons is tuned by AVP, so that the
neurons would be quieted during high level of activity (Ludwig et
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al., 1997). In contrast, OXT that may also be released during high
activity of the nucleus will further increase the activity of OXT
neurons (Yamashita et al., 1987; Moos and Richard, 1989). Such
a reaction discrepancy between OXT and AVP neurons during
high levels of activity may underlie the differential survival in
different media conditions.

Physiological implications
Our finding provides an underlying cellular mechanism for an
inhibitory action of AVP on AVP neurons that would effectively
limit the excitation of these neurons (Ludwig and Leng, 1997).
Given that the plasma level of AVP has to change very little to
cause maximal changes in urine osmolarity (Robertson, 1985),
very high levels of activity of AVP neurons may not be necessary
for normal physiological function. It is interesting that the MCNs
are known to be relatively resistant to glutamate receptor-
mediated excitotoxicity (Hu et al., 1992; Bains et al., 2001). EPSC
inhibition caused by dendritic release of AVP could certainly
contribute to this resistance.

MCNs in the SON are coupled through gap junctions (An-
drew et al., 1981). Such characteristics may suggest that dendrites
and/or somata of neighboring neurons may be in close apposi-
tion, so that neuropeptides released from one neuron may act on
another neuron in a paracrine manner. Thus, the results of the
present study that AVP has actions on both OXT and AVP neu-
rons may be physiologically relevant. This phenomenon may be-
come particularly evident during times of high activity when glial
cells retract from interneuronal spaces, allowing easier diffusion
of neuropeptides between neurons (Tweedle and Hatton, 1977;
Chapman et al., 1986; Theodosis et al., 1986).
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