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Atrial natriuretic peptide (ANP) and its receptors are present in
hypothalamic nuclei containing the magnocellular neurosecre-
tory cells (MNCs), which release vasopressin and oxytocin. In
the rat, intracerebroventricular injections of ANP inhibit the
release of both hormones in response to hypertonicity. Al-
though these findings suggest a role for endogenous ANP in
the central control of fluid balance, cellular mechanisms under-
lying the modulatory actions of ANP are unknown. We therefore
examined the effects of ANP on the osmoresponsiveness of
MNCs impaled in rat hypothalamic explants. Applications of
ANP (75–150 nM) over the supraoptic nucleus did not affect
depolarizing responses to local hypertonicity, but they revers-
ibly abolished the synaptic excitation of MNCs after hypertonic
stimulation of the organum vasculosum laminae terminalis
(OVLT). These effects were associated with decreased sponta-
neous EPSP (sEPSP) amplitude rather than with changes in
sEPSP frequency. Accordingly, application of ANP reduced the

amplitude of glutamatergic EPSPs evoked by electrical stimu-
lation of the OVLT (IC50 ; 3 nM). The inhibitory effects of ANP on
EPSP amplitude were mimicked by application of 39-59-
dibutyryl cGMP, consistent with the guanylate cyclase activity
of natriuretic peptide receptors. Although depolarizing re-
sponses of MNCs to ionotropic glutamate receptor agonists
were unaffected by ANP, the peptide reversibly enhanced
paired-pulse facilitation of electrically evoked EPSPs. These
results indicate that centrally released ANP may inhibit osmot-
ically evoked neurohypophysial hormone release through pre-
synaptic inhibition of glutamate release from osmoreceptor
afferents derived from the OVLT.
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Atrial natriuretic peptide (ANP) is a 28 amino acid hormone that
was first identified in heart myocytes (deBold, 1985). Systemic
release of ANP by the atria, which follows expansion of extracel-
lular fluid volume (Lang et al., 1985; Eskay et al., 1986), promotes
relaxation of the vascular smooth muscle as well as diuresis and
natriuresis at the level of the kidneys (Brenner et al., 1990).
Circulating ANP, therefore, plays an important role in cardiovas-
cular and body fluid homeostasis. Natriuretic peptides including
ANP and brain natriuretic peptide (BNP) have also been detected
in the CNS (Imura et al., 1992). These peptides (Saper et al., 1985,
1989; Standaert et al., 1986) and their receptors (Gibson et al.,
1986) are particularly abundant in CNS regions that participate in
the autonomic and neuroendocrine regulation of blood pressure
and fluid balance. Moreover, intracerebroventricular injections of
ANP interfere with hypertonically evoked changes in thirst
(Antunes-Rodriguez et al., 1985; Nakamura et al., 1985; Katsuura
et al., 1986), salt appetite (Fitts et al., 1985; Antunes-Rodriguez et
al., 1986), and diuresis (Itake et al., 1986; Poole et al., 1987;
Samson et al., 1987; Manzanares et al., 1990). Although these
observations suggest a role for centrally released ANP in the

osmotic regulation of fluid balance, the cellular basis for its role as
a neuromodulator remains unknown.
Central efferent pathways mediating the perception of thirst

and salt appetite remain undefined, making it difficult to study the
cellular mechanisms by which such responses may be regulated by
neuromodulators and neurotransmitters. The osmotic control of
diuresis, however, is known to be achieved specifically through
changes in the electrical activity of hypothalamic magnocellular
neurosecretory cells (MNCs), which control the secretion of va-
sopressin from the neurohypophysis (Bourque et al., 1994). Hy-
pothalamic MNCs, therefore, offer an ideal opportunity to exam-
ine the cellular basis underlying the modulatory actions of ANP in
the CNS. Indeed, hypothalamic nuclei comprising MNCs are
innervated by fibers containing ANP (Standaert et al., 1986, 1987;
Saper et al., 1989), and they express binding sites for radiolabeled
ANP (Gibson et al., 1986; Kurihara et al., 1987). Moreover, local
application of natriuretic peptides reduces the basal electrical
activity of MNCs in vivo (Standaert et al., 1987) and in vitro
(Okuya and Yamashita, 1987; Yamamoto et al., 1991; Akamatsu
et al., 1993; Oliet and Bourque, 1993c). The mechanism by which
ANP may modulate the osmoresponsiveness of these cells, how-
ever, is unknown.
The osmotic control of MNC firing is achieved both as a result

of the intrinsic osmosensitivity of these cells (Mason, 1980;
Bourque, 1989; Oliet and Bourque, 1993a,b) and by changes in
the frequency of spontaneous glutamatergic EPSPs they receive
from osmoreceptor afferents derived from the organum vasculo-
sum laminae terminalis (OVLT) (Richard and Bourque, 1995). In
this study, therefore, we examined the modulatory effects of ANP
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on these components during intracellular recordings from MNCs
in the rat supraoptic nucleus (SON).

MATERIALS AND METHODS
Preparation of explants. Basal hypothalamic explants (83 83 2 mm) were
prepared as described previously (Bourque, 1990), using the brains of
male Long–Evans rats (200–300 gm) killed by decapitation. The explants
were pinned to the Sylgard base of a temperature-controlled (32–348C)
recording chamber. The optic nerves were cut proximal to the optic
chiasm to expose the OVLT, and the pial membranes overlying the SON
and OVLT were removed using fine forceps. The area of the SON was
superfused (1.0 ml/min) with oxygenated (95% O2/5% CO2) artificial
cerebrospinal fluid (ACSF; see below) delivered from a tube placed over
the caudal end of the optic tract. The OVLT was superfused separately
(0.3 ml/min) via a second tube placed near the rostral tip of the optic
chiasm (Richard and Bourque, 1995).
Solutions. The ACSF (295 6 2 mOsm/kg), pH 7.4, comprised (in mM):

113 NaCl, 3 KCl, 1.3 MgCl2, 25.9 NaHCO3, 2 CaCl2, and 10 glucose.
Hypertonic solutions were made by adding mannitol to the ACSF. Hy-
pertonic stimulation of the SON was achieved by infusing hypertonic
solution via a small catheter inserted into the tube superfusing this area
(Bourque, 1989). Hypertonic stimulation of the OVLT was achieved by
bath-application of hypertonic solutions through the main delivery tube
superfusing the OVLT. The osmolality of all solutions was verified using
a freezing-point micro-osmometer (VWR Scientific, West Chester, PA).
ANP (rat ANP 1–28; Peninsula Laboratories, Belmont, CA), 39-59-
dibutyryl cGMP (db-cGMP; Sigma, St. Louis, MO), 6-cyano-7-
nitroquinoxaline-2,3,dione (CNQX; Tocris Neuramin, Bristol, UK) and
D,L-2-amino-5-phosphonovalerate (APV; Sigma) were dissolved in ACSF
and bath-applied over the SON. NMDA (Sigma) and AMPA (Sigma)
were injected via a catheter inserted into the tube superfusing the SON.
Electrophysiology. Pipettes were prepared by pulling glass capillary

tubes (1.2 mm outer diameter) on a horizontal P-87 puller (Sutter
Instruments, Novato, CA). The recording electrodes were filled with 2 M
potassium acetate (70–120 MV) and connected to the headstage of an
Axoclamp 2A amplifier (Axon Instruments, Foster City, CA) via a Ag–
AgCl wire. Each cell was impaled by advancing the microelectrode in
rapid steps (4 mM) with a piezoelectric device (Burleigh, Fishers, NY).
Two copies of membrane voltage, one filtered at 0–5000 Hz and the other
at 10–1000 Hz, were displayed on a chart recorder, digitized (44 kHz;
Neuro Data Instruments, Delaware Water Gap, PA), and stored on
videotape for off-line analysis. Electrical stimulation of the OVLT was
achieved using a bipolar platinum electrode (0.3 mm outer diameter;
40–200 mA; 80–150 msec) placed at the anteroventral midline wall of the
third ventricle, dorsal to the optic chiasm. In these experiments, bicucul-
line methochloride (5–10 mM; Tocris Neuramin) was added to the ACSF
to block the GABAergic IPSP component described previously (Yang et
al., 1994). Consecutive trials (#0.5 Hz) were averaged (n$ 4) to measure
the amplitude of the evoked EPSP. Input conductance (Gin) was esti-
mated as Gin 5 I/(Vrest 2 Vss), where Vrest and Vss are the voltages at rest
and during the steady-state phase of the electrotonic response to the
application of a fixed hyperpolarizing current pulse (I ), respectively.
Percentage change in paired-pulse facilitation (DPPF) was quantified as
DPPF 5 100 3 [(PPFANP 2 PPFCTR)/PPFCTR], where PPFANP and
PPFCTR are the ratioed amplitudes of the second EPSP over the first, in
the presence of ANP and during control, respectively.
Spontaneous EPSP (sEPSP) analysis. The AC-coupled (10–1000 Hz)

voltage signal was digitized (10 kHz) using a Labmaster interface and
pCLAMP software (Axon Instruments). Individual sEPSPs were detected
manually using Fetchan 5.51, as described previously (Richard and
Bourque, 1995). Changes in sEPSP frequency occurring in response to
osmotic stimulation were analyzed by counting the number of events in 8
sec segments acquired 30 sec immediately before and after the applica-
tion of a stimulus. In five cells, the amplitudes of all manually detected
sEPSPs observed during 60 sec recording segments taken in ACSF and in
the presence of ANP were measured as the difference between voltage at
peak amplitude (average of 5–10 consecutive points) and baseline (aver-
age of 20–200 points preceding each event). Events were binned accord-
ing to size, and cumulative probability distributions were plotted.
Changes in sEPSP amplitude were assessed as shifts in the median
amplitude of sEPSPs (amplitude at 0.5 probability). All data are ex-
pressed as mean 6 SEM. Statistical differences between groups were
evaluated using a paired t test and judged to be significant if p , 0.01.

RESULTS
The data presented below were obtained from 36 MNCs impaled
in the SON of rat hypothalamic explants. The cells displayed
resting membrane potentials below 250 mV, input resistances
.100 MV, and transient outward rectification during voltage
responses to depolarizing current pulses applied from holding
potentials negative to 270 mV. In addition, action potentials
(amplitude .65 mV from baseline) evoked by depolarizing cur-
rent pulses showed frequency-dependent spike broadening. To-
gether, these features have been shown to be characteristic of rat
MNCs, but not of neighboring non-neuroendocrine cells, both in
vivo (Bourque and Renaud, 1991; Dyball et al., 1991) and in vitro
(Bourque and Renaud, 1990).

Effects of ANP on the osmotic excitation of MNCs
The osmotic control of MNC firing is determined both by intrin-
sically generated changes in membrane potential (Mason, 1980;
Bourque, 1989; Oliet and Bourque, 1993a,b) and by changes in
the frequency of sEPSPs derived from osmoreceptor neurons in
the OVLT (Richard and Bourque, 1995). We therefore examined
the effects of ANP on both components. The depolarizing re-
sponse of MNCs to local hypertonic stimulation (130 mOsm/kg)
of the SON (5.8 6 0.2 mV) was not altered by bath-application of
75–150 nM ANP (5.8 6 0.2 mV) in any of six cells tested (data not
shown), indicating that the intrinsic osmosensitivity of MNCs is
unaffected at these concentrations of the peptide. In contrast,
bath-application of ANP (75–150 nM) over the SON consistently
and reversibly abolished the excitation of MNCs that followed
local hypertonic stimulation of the OVLT (110-20 mOsm/kg) in
each of five cells tested (Fig. 1). This procedure did not signifi-
cantly alter either basal sEPSP frequency (Fig. 2A) or the increase
in sEPSP frequency in response to hypertonic stimulation (Fig.
2B). These findings indicate that inhibition of presynaptic firing is
not responsible for the blockade of OVLT-mediated responses
recorded under such conditions. As illustrated in Figure 3, how-
ever, application of ANP reversibly reduced the amplitude of
sEPSPs to 766 3% of control ( p, 0.01; n5 5; see Materials and
Methods), suggesting that the inhibitory effects of ANP are me-
diated by a reduction in the strength of synaptic transmission
between the OVLT and MNCs of the SON.

Effects of ANP on EPSPs evoked by electrical
stimulation of the OVLT
In agreement with an inhibitory effect on synaptic transmission,
superfusion of ANP (1.5 to 500 nM) over the SON reversibly
attenuated the amplitude of EPSPs evoked by electrical stimula-
tion of the OVLT (Fig. 4A). This effect was consistently observed
in each of 21 cells tested. Because vasopressin- and oxytocin-
releasing MNCs occur in equal proportions in the rat SON
(Vandersande and Dierickx, 1975), it can be presumed that both
types of MNCs are subject to the inhibitory actions of ANP. As
shown in Figure 4B, the effects of ANP on evoked EPSPs were
dose-dependent (IC50 ; 3 nM), with maximal inhibition being
observed at concentrations $30 nM. Consistent with the intrinsic
guanylate cyclase (GC) activity of receptors for ANP (Chinkers et
al., 1989; Schultz et al., 1989), the effect of the peptide on evoked
EPSP amplitude was mimicked by application of db-cGMP (0.5–1
mM; n5 3) (Fig. 5A). In the presence of saturating concentrations
of ANP, the amplitude of evoked EPSPs was attenuated by 46 6
2% (mean 6 SEM; n 5 9), a value that coincides with the
inhibitory effects of 1 mM db-cGMP (46%). As reported previ-
ously (Yang et al., 1994; Richard and Bourque, 1995), the evoked
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EPSPs were reversibly abolished by the application of CNQX and
APV (20–40 mM each; n 5 4) (Fig. 5B), confirming that the
modulatory effects of ANP and db-cGMP are produced at gluta-
matergic synapses.

Effects of ANP on responses to ionotropic glutamate
receptor agonists
Although the above observations demonstrate an inhibitory role
for ANP on glutamatergic transmission, they do not indicate
whether modulation occurs pre- or postsynaptically. The bottom
panel in Figure 4 reveals that the input conductance of MNCs was
unaffected by ANP under the present conditions. A postsynaptic
shunting effect, therefore, did not mediate the attenuation of
spontaneous and evoked EPSP amplitude observed in the pres-
ence of ANP. We next examined whether ANP could modify the
postsynaptic responses of MNCs to ionotropic glutamate receptor
activation. As shown in Figure 6, depolarizing responses of MNCs
to exogenously applied NMDA (20–30 mM; n 5 3) or AMPA
(20–30 mM; n 5 3) were unaltered in the presence of the peptide
(75–150 nM), indicating that the inhibitory effects of ANP are not
attributable to a modulation of postsynaptic glutamate receptors.

Effects of ANP on PPF
In response to pairs of electrical stimuli delivered to the OVLT
(15–20 Hz), the amplitude of the second EPSP evoked in MNCs

was increased compared with the first (Fig. 7A). This phenome-
non, known as PPF, has been observed at many synapses, and it
reflects a selective enhancement of transmitter release (Zucker,
1989). Manipulations that decrease transmitter release enhance
PPF (Mallart and Martin, 1967; Katz and Miledi, 1968). As
illustrated in Figure 7, PPF of OVLT-mediated EPSPs was en-
hanced in the presence of ANP (n 5 8). At a concentration of 3
nM, which corresponds to the IC50 for ANP-mediated effects on
EPSP amplitude, the mean (6SEM) enhancement in PPF was
25 6 11% (n 5 4). These observations suggest that the effects of
ANP on EPSPs result from a presynaptic inhibition of glutamate
release.

DISCUSSION
Natriuretic peptides (Standaert et al., 1986, 1987; Saper et al.,
1989) and receptors (Gibson et al., 1986; Kurihara et al., 1987) are
present in hypothalamic nuclei comprising the MNCs, which
release vasopressin and oxytocin into the systemic circulation
(Bourque and Renaud, 1990). In the rat, intracerebroventricular
injections of ANP inhibit the release of both hormones in re-
sponse to rises in extracellular fluid osmolality (Itake et al., 1986;
Poole et al., 1987; Samson et al., 1987; Manzanares et al., 1990).
In this study, therefore, we examined the effects of ANP on the
osmoresponsiveness of MNCs during intracellular recordings
from rat hypothalamic explants.

Inhibitory effects of ANP on the osmotic regulation of
MNC firing
The osmotic control of MNC firing is achieved through changes in
an intrinsic cationic conductance (Bourque, 1989; Oliet and
Bourque, 1993a,b) and by changes in the frequency of sEPSPs
derived from osmoreceptor neurons within the OVLT (Richard
and Bourque, 1995). Both of these components increase as a
function of fluid osmolality from a threshold near 275 mOsm/kg
(Bourque et al., 1994). Because this value corresponds to the
osmotic pressure at which circulating neurohypophysial hormones

Figure 1. Effects of ANP on the osmoresponsiveness of MNCs impaled in
the supraoptic nucleus (SON ) of hypothalamic explants. A, Schematic
diagram of experimental setup illustrating the relative positions of MNCs
projecting to the posterior pituitary (PP) and of their afferents from
osmoreceptor neurons in the OVLT. OC, Optic chiasma. B, Chart record-
ings of voltage responses recorded in MNCs in response to hypertonic
stimulation of the OVLT (bar). Bath application of ANP (150 nM) revers-
ibly blocked the excitatory response of the cell to the hypertonic stimulus.
Initial membrane potential was 253 mV in each of the trials shown.

Figure 2. Effects of ANP on the frequency of sEPSPs recorded from
MNCs in the SON. A, Bar histograms express the mean (6SEM) normal-
ized frequencies at which sEPSPs occurred in MNCs under isotonic
conditions. Note that addition of ANP (75–150 nM) to the solution
superfusing the SON did not significantly alter the basal frequency at
which sEPSPs were detected in MNCs (90 6 3% of control; p . 0.05; n 5
5). B, Bar histograms express mean (6SEM) normalized changes in
sEPSP frequency (D sEPSP frequency), relative to the basal rate (% of
control), evoked by hypertonic stimulation of the OVLT. Note that the
increase in sEPSP frequency observed in ACSF (156 6 12% of control)
was not significantly affected by the inclusion of 75–150 nM ANP in the
solution superfusing the SON (147 6 8%; p . 0.05; n 5 5).
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become detectable by radioimmunoassay (Verbalis and Dohanics,
1991), it is likely that both processes are important for the osmotic
regulation of hormone secretion in vivo. Consequently, both the
intrinsic cationic conductance and the OVLT-mediated synaptic
excitation represent potential targets through which centrally re-
leased ANP may modulate this process. In the present experi-
ments, application of ANP (75–150 nM) over the SON inhibited
the contribution of OVLT-derived excitatory inputs, without al-
tering the intrinsic osmosensitivity of MNCs. Our analysis re-
vealed that ANP does not prevent increases in the frequency of
glutamatergic sEPSPs after hypertonic stimulation of the OVLT
(Richard and Bourque, 1995). Rather, the inhibitory actions of
the peptide are associated with an attenuation of sEPSP ampli-
tude. These observations suggest that endogenously released ANP
may impede the osmotic regulation of neurohypophysial hormone
release by reducing the strength of the excitatory connection
between osmoreceptor neurons in the OVLT and MNCs in the
SON. In agreement with this hypothesis, applications of ANP over
the SON reversibly reduced the amplitude of glutamatergic EP-
SPs evoked by electrical stimulation of the OVLT.

The inhibitory effects of ANP are mediated by
GC-A receptors
Receptors that transduce the biological actions of natriuretic
peptides feature a single membrane-spanning domain, and they
possess an intrinsic GC as part of their cytoplasmic moiety. Both
GC-A and GC-B have been cloned (Chinkers et al., 1989; Schultz
et al., 1989), and in each case receptor activation has been shown
to provoke increases in the concentration of intracellular cGMP.
In our experiments, the attenuation of EPSP amplitude by ANP
could be mimicked by application of db-cGMP. Furthermore, the
maximal attenuation observed at saturating concentrations of
ANP (46%) coincided with the largest inhibitory effects of db-
cGMP (46% at 1 mM). These results suggest that the inhibitory
effects of ANP on supraoptic MNCs are mediated through acti-
vation of the intrinsic GC of the receptors. In agreement with this
hypothesis, bath-application of ANP has been reported to cause a
three- to fourfold increase in the cGMP content of tissue slices
containing the SON (Akamatsu et al., 1993).

In COS-7 cells transfected with the gene encoding GC-A re-
ceptors, cGMP production resulting from exposure to ANP in-
creases with a half-maximal concentration (EC50) of 3 nM (Chink-
ers et al., 1989; Schultz et al., 1989). In contrast, cGMP production
in cells transfected with the gene coding for GC-B receptors
increases as a function of ANP with an EC50 of 26 mM (Schultz et
al., 1989). Because inhibition of OVLT-mediated EPSPs by ANP
occurred with an EC50 of 3 nM, activation of GC-A receptors
presumably mediated the effects of the peptide in our experi-
ments. Interestingly, BNP-like immunoreactivity has been de-
tected in fibers within the SON (Saper et al., 1989), and BNP has
been reported to serve as a selective agonist at GC-A receptors
(EC50 5 5 nM) rather than at GC-B receptors (EC50 5 6 mM)
(Schultz et al., 1989). Although the effects of BNP were not
examined in the present study, GC-A receptor activation by BNP,
similar to that of ANP, would be expected to cause attenuation in
the amplitude of OVLT-mediated EPSPs. Future studies will be
needed to determine whether GC-B receptors also play a role in
the regulation of MNCs.

ANP causes presynaptic inhibition of
glutamate release
The fast EPSP recorded in MNCs after electrical stimulation of
the OVLT results from activation of the AMPA and NMDA
subtypes of ionotropic glutamate receptors (Yang et al., 1994;
Richard and Bourque, 1995). It is possible, therefore, that the
effects of ANP could be mediated through changes in the sensi-
tivity or functional density of these receptors. The results pre-
sented here show that the depolarization and excitation of su-
praoptic MNCs induced by exogenous applications of AMPA and
NMDA were unaffected by saturating concentrations of ANP
(75–150 nM), suggesting that modulation of postsynaptic glutama-
tergic receptors does not mediate the inhibitory effects of ANP
acting at GC-A receptors. Previous studies have shown that ma-
nipulations that decrease transmitter release at presynaptic ter-
minals enhance PPF (Mallart and Martin, 1967; Katz and Miledi,
1968; Zucker, 1989). Our experiments showed that PPF of the
OVLT-mediated EPSP recorded in MNCs is enhanced in the
presence of ANP. Together, the observations presented here

Figure 3. Effects of ANP on the amplitude of sEPSPs. A, High-gain voltage excerpts of a recording obtained from a rat MNC in control solution (ACSF )
and in the presence of ANP (75 nM). The membrane potential was 263 mV. B, The graph plots the cumulative probability distributions of sEPSP
amplitude measured from a different MNC during 60 sec recording segments obtained in ACSF (899 events) and in the presence of 75 nM ANP (809
events). C, Bar histograms plot the mean (6SEM) relative median amplitude (normalized amplitude at 0.5 probability) of the sEPSPs observed in control
solutions (ACSF; 100%) and in the presence of 75 nM ANP (the asterisk denotes p , 0.01; n 5 5).
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suggest that ANP reduces glutamate release from axon terminals
synapsing onto supraoptic MNCs.
Presynaptic effects are associated with changes in the frequency

of miniature EPSPs (mEPSPs) and not with variations in mEPSP
amplitude (Del Castillo and Katz, 1954). Under our experimental
conditions, ANP reduced sEPSP amplitude without affecting the
rate at which these were observed under basal or osmotically
stimulated conditions. The majority of sEPSPs recorded in our
study, however, were not mEPSPs but were synaptic events re-
sulting from spike discharge in afferent axons. Indeed, the fre-
quency of spontaneous synaptic events recorded in MNCs de-
creases dramatically on exposure to TTX (Wuarin and Dudek,
1993). Moreover, most of the sEPSPs recorded fromMNCs at rest
are prevented by blocking spike discharge in OVLT neurons
(Richard and Bourque, 1995). Under such conditions, changes in
mEPSP frequency would not be expected to have a large impact
on the frequency of sEPSPs, as was observed experimentally (Fig.
2). The reduction in sEPSP amplitude induced by ANP, therefore,
presumably resulted from a decrease in mean quantal content
rather than from a decrease in quantal size, in agreement with a
presynaptic effect.
Although the mechanisms by which ANP inhibits glutamate

release are unknown, the peptide reduces basal concentrations of
intracellular calcium ([Ca21]i) (Hassid, 1986) and inhibits the
activity of voltage-gated Ca21 channels (Hassid, 1986; Gisbert and
Fishmeister, 1988) in vascular smooth muscle and cardiac cells.
The expression of either of these mechanisms in neurons could
potentially result in an attenuation of the amplitude of [Ca21]i
transients occurring in response to spike discharge and reduce
glutamate release from axon terminals. Moreover, a previous
study in GH4C1 cells has shown that ANP can enhance a voltage-
sensitive K1 conductance (White et al., 1993). By decreasing the
duration of action potentials, the reduction of a repolarizing K1

current in neurons could also attenuate presynaptic [Ca21]i tran-
sients and reduce spike-evoked glutamate release. Additional
studies will be required to determine which of these mechanisms,
if any, underlies the inhibitory effects of ANP on glutamate
release.

Functional implications
The results presented here provide a cellular mechanism for the
inhibition of hypertonically evoked increases in vasopressin and
oxytocin secretion by centrally administered ANP (Itake et al.,
1986; Poole et al., 1987; Samson et al., 1987; Manzanares et al.,
1990). As indicated earlier, the frequency of glutamatergic EPSPs
derived from osmosensitive neurons within the OVLT increases in
MNCs as a function of fluid osmolality, from a threshold of 275
mOsm/kg (Richard and Bourque, 1995). Because resting osmola-
lity in rats is near 295 mOsm/kg (Dunn et al., 1973), osmoreceptor
neurons in the OVLT provide an excitatory drive to supraoptic
MNCs that is tonically active at rest (Richard and Bourque, 1995).
Presynaptic inhibition of this input by ANP, therefore, might be
expected to reduce basal firing rate as well as increases in firing
evoked by hypertonic stimulation. Although the effects of ANP on
basal firing were not examined in the present experiments, previ-
ous recordings from MNCs in hypothalamic slices have revealed
that in a proportion of neurons, the inhibitory effects of ANP are
lost under conditions blocking synaptic transmission (Okuya and
Yamashita, 1987), as would be expected for neurons in which the
actions of ANP on basal firing were mediated presynaptically.
Presynaptic inhibition of glutamate release from osmoreceptor
afferents may underlie the effects of centrally administered ANP
on other osmoregulatory mechanisms (Imura et al., 1992).

Figure 5. Effects of db-cGMP and glutamate receptor antagonists on
EPSPs evoked by electrical stimulation of the OVLT (arrows). A, Super-
imposed traces showing the EPSP recorded from a cell before (control ),
during (db-cGMP), and after (wash) bath application of 1 mM db-cGMP.
B, Superimposed traces recorded from another MNC illustrate the revers-
ible block of the evoked EPSP by application of CNQX and APV (25 mM
each).

Figure 4. Effects of ANP on EPSPs evoked by electrical stimulation of
the OVLT (arrows). A, Voltage traces showing the reversible decrease in
EPSP amplitude in the presence of ANP (75 nM). B, The top graph plots
the dose-dependency (dashed line shows IC50 5 3 nM) of the effects of
ANP on the relative amplitude of EPSPs evoked by OVLT stimulation.
The bottom graph plots the mean input conductance (Gin; relative to
control) of cells bathed in the presence of different concentrations of
ANP. Closed symbols are single measurements, whereas open symbols are
mean values 6 SEM; n $ 3.
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Postsynaptic effects of ANP
When recorded under conditions blocking synaptic transmission,
a percentage of MNCs are inhibited by ANP (Okuya and Ya-
mashita, 1987), suggesting that receptors for ANP may also be
expressed postsynaptically. The existence of GC-A receptors on
MNCs was demonstrated previously using whole-cell recordings
from supraoptic neurons isolated from adult rats (Oliet and
Bourque, 1993c). Application of 1–20 nM ANP to these cells
increased a voltage-insensitive K1 conductance, resulting in mem-
brane hyperpolarization. Surprisingly, consistent effects on input
conductance were not observed on application of ANP to MNCs
in hypothalamic explants (Fig. 4). The lack of a postsynaptic effect
in this case suggests that the target K1 channels, or components
of the transduction system, may be activity-dependent. Indeed, in
the present study the basal firing of spontaneously active cells was
suppressed by current injection to facilitate the analysis of synap-
tic potentials. An interesting alternative is that the postsynaptic

mechanism might be expressed differentially under different con-
ditions. Additional studies will be required to resolve this issue.
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