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Fig. 4. Direct effect of oxytocin on MCH neurons. A: representative traces
showing OXT (1 pM)-mediated depolarization of MCH cells under different
conditions: Control (normal ACSF), NiCl> (3 mM), KB-R7943 (60 wM), and
SKF96365 (30 uM). TTX (1 wM) was included in the bath for all experiments.
B: mean depolarization of AVP under conditions represented above in A. (¥*P <
0.05 vs. control, #-test). Error bars indicate SE. C: dose-dependent depolarizing
effect of OXT on MCH neurons (*P < 0.05 vs. control without OXT treatment;
t-test).

A-mediated synaptic currents. AVP (I wM) significantly in-
creased the frequency of spontaneous EPSCs (sEPSCs) (to
135.9 * 3.5% of control; n = 7; P < 0.05, t-test) (Fig. 6, A and
(). The glutamate receptor antagonists CNQX (10 uM) and
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APV (50 uM) completely suppressed these synaptic currents,
indicating they were mediated by glutamate release. Next, we
investigated the effect of AVP on inhibitory postsynaptic
currents (IPSCs) in the presence of the ionotropic glutamate
receptor blockers APV (50 wM) and CNQX (10 uM). AVP (1
nM) significantly increased the frequency of sIPSCs (to
140.0 = 1.7%, n =7; P < 0.05, t-test). The GABAA receptor
antagonist BIC completely suppressed these synaptic currents,
indicating the IPSCs were generated by GABA release (Fig. 6,
B and O).

We next tested the effect of OXT on synaptic transmission
in MCH neurons. OXT (1 nM) significantly increased sIPSC
frequency to 158 = 28% of control (n = 7; P < 0.05, t-test,
Fig. 7, B and C) in the presence of glutamate receptor antag-
onists. In contrast, we found no substantive effect of OXT on
the frequency of sEPSCs (105 *= 8% of control, n = 7; P >
0.05, t-test, Fig. 7, A and C) in the presence of the GABA-A
receptor antagonist BIC.

DISCUSSION

In the present study, we found that both AVP and OXT
excite MCH neurons, but not GAD-GFP neurons in the same
area. In addition, both AVPR and OXTR mRNA were consis-
tently expressed in MCH neurons but only rarely in GAD-GFP
neurons. These results together suggest that MCH neurons in
the LH may mediate or modulate some of the central actions of
AVP and OXT.

AVP, OXT, and MCH neurons each can alter feeding,
enhance stress, social interaction, and anxiety (16, 45), and
may be involved in water-seeking during dehydration (38, 48),
suggesting that some of the central actions of AVP or OXT

Fig. 5. MCH neurons express vasopressin Vla and oxytocin receptors.
A: single-cell RT-PCR analysis showing that all 6 MCH cells tested showed
Vla receptor (VPR1A) mRNA expression. In contrast, GAD67-GFP cells
from the same area were negative for V1aR expression. All 10 cells showed
B-actin expression, which was used as a control. B: ten of 11 MCH-GFP
neurons were positive for OXTR mRNA; in contrast, only one out of the six
GABA neurons from the LH of the GAD67-GFP mouse tested positive for
OXTR mRNA. The water control lane was negative, as expected. MW
indicates 100 bp molecular weight markers.
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Fig. 6. Vasopressin enhances synaptic transmission in MCH cells. A: sponta-
neous excitatory postsynaptic currents [(s)EPSC] traces before, during the
application of AVP (1 uM), and washout, showing AVP increases EPSC
frequency. B: sIPSC traces before the application, during the application of
AVP (1 pM), and washout. C: mean effects of AVP on the frequency of
spontaneous excitatory postsynaptic currents (SEPSCs) and spontaneous inhib-
itory postsynaptic currents (SIPSCs) (*P < 0.05 vs. control; n = 7; r-test).
Error bars indicate means = SE.

may be mediated by MCH neurons. Whether MCH cells
respond to AVP or OXT has not been addressed previously.
AVP exerted robust direct and indirect excitatory actions on
lateral hypothalamic MCH neurons. The direct excitation ap-
peared to be based on two underlying mechanisms, activation
of a Na*/Ca?* exchanger and opening of a nonselective cation
channel. MCH cells were also excited by OXT via the OXTR.
In contrast to the robust excitatory action on MCH neurons,
other inhibitory neurons of the lateral hypothalamus showed no
response to AVP or OXT and displayed minimal expression of
the V1aR or OXTR, underlining the selectivity of the effects in
MCH cells.

Underlying mechanisms. AVP evoked direct excitatory effects
on MCH neurons via multiple mechanisms: the AVP-induced

R821

depolarization was strongly depressed by replacement of extra-
cellular Na™ with Tris or choline, consistent with the involvement
of extracellular Na*. The reversal potential of the AVP-induced
current is consistent with the activation of the Na*/Ca®* ex-
changer (17, 31) or a nonselective cation current (34). The
depolarization was greatly reduced by inclusion of the high-
affinity Ca®" chelator BAPTA in the pipette solution, addi-
tional evidence that supports these two mechanisms (19, 32).
The heavy metal nickel, which has little effect on the Na™-
dependent nonselective cation current, significantly reduced
the depolarization by AVP, suggesting involvement of the
Na*/Ca®" exchanger. The depolarization was substantially
blocked by the Na*/Ca®* exchanger blocker KB-R7943 and
by the more selective Na*/Ca?" exchanger blocker SN-6, but
not by TTX, also suggesting that part of the underlying mech-
anism was activation of the Na™/Ca?* exchanger. That the Gq
subclass of G protein-coupled receptors may activate the Na™/
Ca®" exchanger has been suggested in other hypothalamic
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Fig. 7. Oxytocin enhances inhibitory synaptic transmission of MCH cells.
A: representative traces showing sEPSCs before and during the application of
OXT (1 wM), and washout. B: representative traces showing sIPSCs before,
during the application of OXT (1 wM), and washout. C: mean effects of OXT
on the frequency of SEPSCs and sIPSCs (*P < 0.05 vs. control; n = 7; t-test).
Error bars indicate SE.
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systems; hypocretin activation of GABA neurons in the arcuate
nucleus and thyrotropin-releasing hormone excitation of hista-
minergic tuberomamillary neurons have been reported to be
due to activation of a Na*/Ca®* exchanger (9, 40). Reduced
extracellular Ca®" increased the amplitude of the response, and
AVP reduced input resistance, both consistent with activation
of nonselective cation channels. This was complemented by
the reduced depolarization in the presence of the nonselective
channel blocker SKF-96365, suggesting that activation of non-
selective cation channels may constitute a second mechanism
of AVP action on MCH cells.

The AVP receptor V1aR, which couples to the G4 subclass
of G protein that increases phosphatidylinositol hydrolysis to
mobilize intracellular calcium, has been identified in the hy-
pothalamus (4). Two independent lines of evidence are con-
sistent with the primary AVP receptor in MCH cells being
Vl1aR. AVP, AVT, and the selective V1aR agonist [Phe?]-
OVT all depolarized MCH neurons, suggesting activation of
Vl1aR (6). Parallel single-cell RT-PCR experiments showed
V1aR mRNA in all MCH cells tested, but not in nearby
non-MCH GABA cells, further substantiating the physiologi-
cal interpretation. MCH cells were also directly excited by
OXT and the selective OXTR agonist TGOT, and single-cell
RT-PCR confirmed OXTR expression. Similar to AVP re-
sponses, OXT responses appeared to be mediated by the
Na*/Ca®" exchanger. As almost all cells tested expressed AVP
or OXT receptors, single MCH cells probably express both
receptors. This contrasts to some other regions of the brain
where different cells express AVP or OXTR (27, 43).

In addition to the direct actions, an indirect synaptic action
was also found. AVP increased the frequency of spontaneous
EPSCs, suggesting AVP had excitatory actions on glutamate
cells, leading to an increased release of glutamate onto MCH
neurons. AVP and OXT also increased the frequency of IPSCs.

The excitatory action of AVP and OXT on MCH cells, but
not on other GABA cells in the lateral hypothalamus, suggests
MCH neurons are a selective target for AVP and OXT actions.

Functional significance. Dehydration increases AVP levels
in plasma and cerebrospinal fluid (13, 30, 49). In the periphery,
AVP increases water reuptake in the kidney in times of
dehydration and increases locomotor activity (53), possibly
related to a search for water. As MCH can enhance a positive
water balance, some of the actions of AVP in restoring water
balance may, therefore, be mediated by excitation of MCH
neurons. MCH neurons play a key role in energy homeostasis
(33, 52) and respond to nutritional signals, including fasting
and leptin deficiency (42). AVP is involved in complex behav-
ioral and cognitive functions, including pair-bond formation
and social recognition (15, 25). Some of the anabolic effects of
AVP and the shared actions in increasing stress and anxiety of
both AVP and MCH may, in part, be due to an AVP-mediated
excitation of the MCH neurons. On the other hand, it is
unlikely that MCH cells would directly excite AVP cells, as
both MCH and colocalized GABA would inhibit the AVP
cells.

Another neuron in the LH area that also responds to AVP is
the hypocretin neuron. Hypocretin is an excitatory neuromodu-
lator and may colocalize with glutamate (44). Similar to MCH
neurons, hypocretin neurons are excited by AVP through a
mechanism involving activation of nonselective cation chan-
nels (53). It is interesting that both MCH and hypocretin

VASOPRESSIN/OXYTOCIN EXCITE MCH NEURONS

neurons are excited by AVP, whereas other (GABA) cells
tested in the same area do not respond to the peptide. This
suggests that AVP is not involved in general excitation or
setting a general tone in the lateral hypothalamus, but rather
selectively activates the MCH and hypocretin cells, both with
long projection axons that terminate throughout the brain and
spinal cord (7, 41, 54). Because glutamatergic hypocretin cells
innervate and excite MCH neurons (22, 55) and since AVP
also activates the hypocretin cell (53), it is possible that at least
part of the increase in excitatory synaptic activity in MCH cells
that we find here may be due to AVP activation of the
hypocretin cell. The hypocretin cells also play a key role in the
vasopressin-mediated increase in locomotion (53).

That AVP also activates the hypocretin system is consistent
with a possible increase in attention or arousal related to
potentially anxiogenic stimuli. Another possibility that cannot
be discounted is that AVP may be released from axons of other
brain regions (37) or from the hypothalamic suprachiasmatic
nucleus (40) that orchestrates circadian rhythms of behavior
and may modulate MCH neuron output dependent on circadian
time.

MCH neurons innervate preoptic/septal neurons that synthe-
size gonadotropin-releasing hormone (GnRH), and MCH ex-
erts a profound inhibitory effect on these neurons (57). During
lactation, the reproductive potential of nursing mothers is
attenuated. One can speculate that part of the mechanism
underlying this action may be the nursing-induced release of
OXT, leading to excitation of MCH neurons as described here;
increased MCH release would secondarily reduce GnRH, and
potentially reduce reproductive potential.

Perspectives and Significance

Here, we show that both AVP and OXT directly excite
hypothalamic MCH neurons but not other LH GABAergic
neurons. Thus, the MCH neuron may play a role in mediating
or modulating some of the multiple central actions of AVP and
OXT. These results suggest that the response of presumptive
GABAergic MCH neurons reflects a very selective AVP and
OXT action on a single type of LH inhibitory neuron and that
AVP and OXT are not involved in a general enhancement of
LH tone.
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