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Wang, Yu-Feng, Todd A. Ponzio, and Glenn I. Hatton. Autofeed-
back effects of progressively rising oxytocin concentrations on supraoptic
oxytocin neuronal activity in slices from lactating rats. Am J Physiol
Regul Integr Comp Physiol 290: R1191–R1198, 2006. First published
December 1, 2005; doi:10.1152/ajpregu.00725.2005.—Suckling stimuli
induce somatodendritic oxytocin (OT) release from supraoptic nu-
cleus (SON) neurons, which raises intranuclear OT concentrations and
contributes to the effectiveness of the milk-ejection reflex. To clarify
how such changes in OT concentrations modulate the activity of OT
neurons, we examined OT effects using whole cell patch-clamp
recordings from SON neurons in slices from lactating rats. Progres-
sive increases from extremely low OT concentrations (0.1–10 fM) to
high concentrations (0.1–10 nM) induced excitation and subsequent
spike frequency reduction (SFR) in OT neurons. Significant effects of
OT on firing rates were observed starting at 1 fM, reached peak level
from 1 fM to 1 pM before SFR occurred in most neurons. The buildup
of OT concentrations progressively promoted depolarization of mem-
brane potential, spike broadening, decreases in spike amplitude, and
increases in the rise time of spike afterhyperpolarizations, which were
unrelated to firing rate. However, intermittent application of OT (1
fM, 1 pM, and 1 nM, each for 5 min) evoked dose-dependent
excitation but not the SFR. Application of 1 pM OT for 40 min
simulated the effects of progressively increasing OT concentrations.
Vasopressin neurons were also activated by OT but did not show SFR.
Consistent with presynaptic loci of OT action, ionotropic glutamate
receptor antagonists reduced OT effects on firing rate, whereas bicu-
culline did not change the excitatory effects. These results suggest that
the specific autoregulatory effects of OT, and perhaps other neuropep-
tides as well, are time and concentration dependent.

integration; lactation; neuropeptide; spike frequency reduction; syn-
aptic transmission

THE MAGNOCELLULAR HYPOTHALAMO-neurohypophyseal system,
of which oxytocin (OT) secretion is an integral functional part,
serves as a model for neurosecretion. During suckling, extra-
cellular OT concentrations in the maternal supraoptic nucleus
(SON) increase significantly (20, 21). This facilitates activation
of OT neurons (27). Intracerebroventricular injection of OT
also facilitates the activation of OT neurons, while injection of
OT antagonists inhibits ongoing bursts of OT neurons (10, 20).
Myriad in vitro studies revealed that OT induced its own
release (19), resulting in excitation of OT neurons (4, 28).
Moreover, OT reduces the amplitude of inhibitory postsynaptic

currents (IPSCs) (3). In contrast to this evidence supporting its
facilitatory effects, OT has also been found to reduce the
amplitude of evoked postsynaptic currents (EPSCs) at presyn-
aptic terminals on SON neurons (14), which possibly reduces
excitatory drive. These results raise questions about the inte-
grative actions of OT. As previous studies are mostly based on
brief applications of single doses of OT, they did not address
questions of the effects of gradual increases in OT concentra-
tions, as occur in vivo, over longer periods of suckling. Be-
cause these increasing levels of OT may cause secondary and
hitherto unknown responses in OT neurons, it was important to
determine the effects elicited by slow, progressive increases in
OT concentration.

To acquire these data relating to the mechanisms underlying
OT autoregulation, we examined the effects of gradually in-
creasing OT concentrations on the electrical activity of OT
neurons using whole cell patch-clamp recordings in brain slices
from lactating rats. In pilot experiments, in which extremely
low OT concentrations were tested, we determined that OT in
vitro could exert excitatory effects at concentrations that were
much lower than the previously measured physiological range.
We found that OT did cause decreased responsiveness, akin to
desensitization, after initial excitatory effects. These actions
are achieved via OT’s actions at both local neural circuits and
on membrane electrical characteristics.

MATERIALS AND METHODS

All procedures in the animal experiments were in accordance with
the guidelines on the use and care of laboratory animals set by
National Institutes of Health (NIH) and approved by the Institutional
Animal Care and Use Committee of the University of California,
Riverside.

Electrophysiology. Sprague-Dawley (Holtzman strain) rats lactat-
ing for 8–13 days were used for the experiments. Rats were decapi-
tated with a guillotine. Brains were quickly removed and put in
oxygenated, ice-cold artificial cerebrospinal fluid (aCSF) for 1 min.
The aCSF contained (in mM): 126 NaCl, 2.5 KCl, 1.3 MgSO4, 2.4
CaCl2, 1.3 NaH2PO4, 26 NaHCO3, 10 glucose, 0.2 ascorbic acid, and
pH 7.4 adjusted with MOPS (�2 mM). The osmolality was adjusted
to 300 mosmol/kgH2O. The aCSF was filtered (0.22 �m) and main-
tained with 95% O2-5% CO2 gas mixture. Hypothalami were dis-
sected from the brain and cut coronally into cold medium on a
Vibratome into 300-�m-thick slices. After preincubation at room
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temperature (22 � 1°C) for at least 1 h (usually more than 6 h), the
slices were placed in a perifusion chamber and used for electrical
recordings at 35°C. Whole cell patch-clamp methods were used to
record membrane potential (Em) and action potentials. Patch pipette
filling solution contained (in mM): 145 K-gluconate, 10 KCl, 1
MgCl2, 10 HEPES, 1 EGTA, 0.01 CaCl2, 2 Mg-ATP, 0.5 Na2-GTP,
and pH 7.3, adjusted with KOH. For immunocytochemical identifi-
cation of recorded neurons, 0.05% Lucifer yellow (LY) was added to
the pipette solution. Patch electrodes were visually guided onto SON
cells via an upright microscope (Leica DM LFSA) equipped with
water immersion objectives, infrared/differential interference contrast,
and filters for fluorescent microscopy. Whole cell recordings were
obtained from the somata of SON magnocellular neurons during
perfusion of aCSF via a gravity-feed perifusion system at a rate of
1.2–1.5 ml/min. An Axoclamp 2B amplifier was used for collecting
electrical signals that were filtered and sampled at 5 kHz by Clampex
9 software through a 1320 AD/DA converter (Axon Instruments).
Data were stored in a PC computer for offline analysis.

Immunocytochemical identification of OT neurons. After recording
with electrodes containing LY in the pipette solution, slices were fixed
overnight with 4% paraformaldehyde at 4°C and treated with 0.3%
Triton X-100 for 30 min. After incubation with mouse monoclonal
OT-neurophysin antibody (PS38, 1:400 dilution) for 4 h at room
temperature, a goat anti-mouse antibody (Alexa Fluor 647 labeled,
1:1,000) was applied for 1.5 h to label OT neurons. Sections were
sealed on glass slides with Vectashield to avoid bleaching and exam-
ined with a laser scanning confocal microscope (Leica TCP SP2) in
sequential scanning mode. Three-dimensional overlap of LY images
with PS38/Alexa Fluor 647 immunostaining was taken as an identi-
fication of OT neurons.

Agents. 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX), bicucul-
line methiodide, LY (K� salt), and OT were obtained from Sigma (St.
Louis, MO). (�)-MK-801 hydrogen maleate (MK 801) was from
Tocris (Ellisville, MO). The monoclonal antibody against OT-neuro-
physin (PS38) was kindly provided by Dr. H. Gainer (NIH, Bethesda,
MD). Alexa Fluor 647-labeled goat anti-mouse IgG was from Molec-
ular Probes (Eugene, OR). Vectashield was purchased from Vector
Laboratories (Burlingame, CA).

Data collection and analysis. Neurons that fired continuously and
showed sustained outward rectification (SOR) in response to 11 steps
of hyperpolarizing pulses (each lasting 1,200 ms) (25) were taken as
putative OT neurons. Putative vasopressin (VP) neurons were those
that fired phasically and showed clear plateau potentials. Exemplary
neurons in each group and neurons that could not be classified by
electrophysiological criteria were further identified subsequently by
immunocytochemistry, and silent neurons were not analyzed in this
study. Spikes and spike afterhyperpolarizations (AHPs) in patch-
clamp recordings were analyzed with Clampfit 9 software (Axon
Instruments) after filtering at 1 Hz. ANOVA, Student’s t-tests and �2

tests were used for statistical analyses, and P � 0.05 was considered
significant. Liquid junction potentials (�8 to �11 mV) were corrected
according to the actual value measured in different groups of pipettes.
All measures were expressed as means � SE, except as otherwise
indicated in the results.

RESULTS

Recordings were made from 54 neurons in the SON in vitro
using patch-clamp methods. Forty-five of these showed dis-
tinctly positive SOR responses and were electrically classified
as OT neurons; six were phasic, VP neurons, and three neither
showed clear SOR responses nor were phasic. Eleven neurons,
including the three that could not be classified by electrophys-
iological criteria, were further identified immunocytochemi-
cally as being OTergic. The six VP neurons were used for
controls.

Effects of progressively increasing OT concentrations on
firing activity of OT neurons. It should be noted at the outset
that the neurons recorded in this configuration tend to be
superficial in the slice and, thus, well perifused by medium.
This likely keeps concentrations of endogenously released
substances from accumulating, as they might at sites deeper in
the slice. OT is a crucial neuroactive substance in the SON
during milk ejection (27). To examine the effects of OT on the
electrical activity of OT neurons, we simulated the physiolog-
ical changes in OT by bath application in progressively in-
creasing concentrations (0.1 fM–10 nM in nine steps, each for
5 min). OT exerted an excitatory effect on nearly all OT
neurons tested by increasing the firing rate by more than 20%
of control level in a 5-min period (Fig. 1A). This excitatory
effect started at the low concentrations (8/9 at 1 fM), then
became less excitatory, and even reversed to silence at higher
concentrations in all nine neurons, appearing to cause spike
frequency reduction (SFR). The firing rate changes (excitation
and ensuing SFR) through the nine doses were statistically
significant (P � 0.01 by ANOVA) after square root transfor-
mation of the original data. Accompanying the firing rate
changes, Em depolarized significantly, which appeared to be
time and dose dependent.

Dose- and time-related effects of OT on electrical activity of
OT neurons. The effect of progressively increasing OT con-
centrations may reflect both time and dose in OT actions. We
first tested the dose effects by applying OT in three concen-
trations (1 fM, 1 pM, and 1 nM, each for 5 min, interrupted by
10-min washout). Different from the effect of progressively
increasing concentrations, the intermittently applied OT caused
dose-dependent increases in firing rate without SFR (Fig. 1B).
This result indicates that a recovery time to restore the receptor
to its prebound state appears to be necessary for restored
activation of OT neurons and is supported by the next set of
experiments. Prolonged application of a single OT dose (1 pM,
40 min, n � 5) did cause initial excitation (4/5) and ensuing
SFR (Fig. 1C). Thus the effects of progressively increasing OT
concentrations on the firing rate are both time and dose depen-
dent.

Corresponding to the responses from OT neurons, the pro-
gressively increasing OT concentrations also caused excitation
of phasically firing, putative VP SON neurons (for examples of
phasically firing cells recorded in vitro, see Refs. 11 and 12). In
contrast to the effects on OT neurons, the excitation in VP
neurons occurred with longer latency and only at higher OT
concentrations: the initial excitation appeared during 1–10 pM
range (5/6), and was not followed by SFR in four of the six
neurons recorded (data not shown).

Effects of progressively increasing OT concentrations on
spike and other membrane electrical characteristics. The firing
rates of OT neurons are also influenced by other membrane
electrical activity (e.g., spiking threshold, Em level, spike
AHPs, and others). Therefore, we further analyzed the effect of
dynamic changes in OT concentrations on these electrical
activities. Besides evoking the dual firing rate changes and Em

depolarization, OT also caused a reduction in spike amplitude,
increase in spike duration, prolongation of spike rise and decay
time courses, elevation of spike threshold (from �61.0 � 3.2
to �54.6 � 2.6 mV at 1 pM, n � 9, P � 0.05), and an increase
in rise time of the spike AHP (Fig. 2A). Despite dramatic
effects of OT on other electrical properties of OT neurons,

R1192 OXYTOCIN MODULATES OXYTOCIN NEURONAL ACTIVITY

AJP-Regul Integr Comp Physiol • VOL 290 • MAY 2006 • www.ajpregu.org

 on F
ebruary 9, 2010 

ajpregu.physiology.org
D

ow
nloaded from

 

http://ajpregu.physiology.org


membrane conductance (n � 9) did not change significantly.
Different from the effects on firing rate, the effects of OT on
the above parameters were dose and time dependent, suggest-
ing different underlying regulatory mechanisms. However,
increases in the number of spike clusters were similar to effects
of OT on the firing rate. Time course of the subthreshold Em

depolarization (STD) was extended significantly around 1 pM
OT, then returned to basal level at higher concentrations (Fig.
2A2).

It is noteworthy that the beginning of recovery (usually
within 10 min) was significantly faster for firing rates than for
spike amplitudes, spike width, Em, AHP amplitude, or rise and

Fig. 1. Progressively increasing oxytocin (OT) con-
centrations induced excitation and subsequent de-
pression in firing activity of OT neurons. A–C:
voltage recordings of OT neuronal activity at resting
membrane potential. A: effect of progressively in-
creasing OT concentrations (from 0.1 fM to 10 nM,
5 min for each dose) on firing activity of an OT
neuron (A1). At left is the initial membrane potential
(Em), corrected for liquid junction potential. Wash-
out partially reinstated control levels of Em and
firing. The short solid lines above the recordings in
A1, B1, and C1 indicate control levels of spike
amplitude. The long dotted line below the traces
corresponds to the resting Em in the first trace. Note,
after the initial excitation, the neuron became less
active, accompanied by dramatic Em depolarization
and obvious spike amplitude reduction before be-
coming silent at 10 nM OT concentration. These
responses were typical of recorded neurons. A2, left:
scattergram of frequency (basal firing rate, FR, vs.
FR during OT application). A2, middle and right:
firing rate (Freq.) and resting Em (RMP), respec-
tively. B: three OT concentrations applied with in-
terapplication intervals of 10 min (1 fM, 1 pM, and
1 nM, each for 5 min). B1: example of one neuron.
B2: summary graphs. C: effects of prolonged single
OT concentration (1 pM, 40 min) on the activity of
OT neurons. C1: example of one neuron. C2: sum-
mary graphs. *P � 0.05; **P � 0.01 compared with
control by paired Student’s t-test after ANOVA
evaluation; n � the number of neurons.
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decay time courses of AHPs. This provides additional evidence
for the existence of different regulatory processes involved in
firing rate vs. most of the other electrical characteristics (sum-
marized in Fig. 2B).

Fast synaptic inputs and OT effects. The autoregulation of
OT neuronal activity may result from both direct and indirect
effects of OT by modulation of other neuroactive substances,
that is, those coexisting with OT in the extracellular environ-
ment (7, 27). Because glutamate and GABA inputs are the
main sources of direct synaptic activity on OT neurons and are
known to be modulated by OT, we examined the effects of
blocking fast glutamatergic and GABAergic synaptic transmis-
sion on OT actions. Application of 10 �M CNQX, 20 �M MK
801, and 20 �M bicuculline produced a brief increase in firing
activity, then silence in 7 of 9 neurons, during which time the
Em depolarized by 3–10 mV (6.5 � 1.7 mV). The presence of
these blockers reduced and delayed the excitatory effect of OT.
Three neurons excited by OT showed no SFR. These results
suggest that the excitatory effects of OT and the SFR are
closely related to synaptic inputs, besides confirming a domi-
nant GABAergic innervation of OT neurons in the SON.

To distinguish these presynaptic actions, we further exam-
ined effects of OT after blocking ionotropic glutamate recep-

tors. In the presence of 10 �M CNQX and 20 �M MK 801
(Fig. 3A), spontaneous firing activity was reduced in a majority
of OT neurons (6/9), addition of OT did not significantly
increase the excitability in general, and did not cause SFR.
However, other effects exerted by OT in normal aCSF were
maintained, for example, Em depolarization (from �60.7 � 2.4
to �57.6 � 2.1 mV at 1 pM, n � 9, P � 0.05), spike amplitude
reduction, and spike broadening were observed, although they
were not as dramatic as those seen in the normal aCSF (Fig.
3A2 and 3B). The effects on spike amplitude and spike width
were blocked by intracellularly loading 2 mM GDP	S, an
inhibitor of G-proteins (Fig. 3C).

By contrast, the presence of bicuculline (20 �M) to block
GABAA-mediated synaptic transmission (n � 9), depolarized
Em in all neurons (
3 mV in 6/9) and increased firing rates in
most of them (Fig. 4). Addition of OT caused qualitatively
similar changes in the membrane electrical features, to those
seen in the absence of bicuculline. However, the SFR phenom-
ena were still present during GABAA receptor blockade. These
results suggest that the excitatory effects of OT are associated
with increased glutamate release and decreased GABA release
and that the SFR phenomena are related to increased excitatory
actions rather than to reduced inhibitory synaptic input.

Fig. 2. Membrane electrical characteristics of OT neu-
rons are changed by progressive increases in OT con-
centration. A: voltage recordings of OT neuronal activ-
ity. A1: example of one neuron. Dashed arrows in A2
show the origins of individual spikes expanded in A2
and in A3. OT progressively depolarized the Em while
inducing spike frequency reduction (SFR) after a short
increase before 1 pM application. A2: dotted lines below
selected traces indicate the time courses of STD leading
to spike generation. A3: individual examples showing
spike details. The long dashed line corresponds to spike
threshold. Distance between short horizontal dashed
lines and the long horizontal line indicates the ampli-
tude of spike afterhyperpolarization (AHP). Distances
between vertical lines (A3, left and middle) below and
above long horizontal line indicate the 50% amplitude
(Amp.) width of the AHPs and 50% amplitude width of
spikes (between arrows), respectively. B: summary
graphs showing the effects of OT on the amplitude and
width of the spike, and their rising (RT) and decay (DT)
time constants, the STD, and incidence of spike clusters
(three consecutive spikes with interspike intervals of
less than 100 ms) besides the RT of the AHPs. Control
values for the Amp, Width, RT, DT, STD, spike clus-
ters, and AHP-RT are 62.1 mV, 1.7 ms, 0.5 ms, 4.8 ms,
45 ms, 0.9 cluster/5 min, 1.7 ms, respectively. *P �
0.05; **P � 0.01 compared with control. Other anno-
tations are the same as in Fig. 1.
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DISCUSSION

Progressively increasing OT concentrations caused excitation
and SFR, as well as a series of membrane electrical changes.
Glutamatergic inputs promoted the excitatory action of OT and
the subsequent SFR, while GABA played antagonistic roles in
excitatory response of OT neurons. In addition, postsynaptic
actions of OT determined most other electrical responses.

Excitatory effect of OT on the firing activity of OT neurons.
High sensitivity of neurons to neuropeptides is commonly
observed; however, few if any electrophysiological studies

have reported femtomolar effects of neuropeptides. In the
present work, OT triggered or increased firing activity of OT
neurons, starting at 1 fM concentration. These are even lower
than basal OT concentrations in the SON estimated by micro-
dialysis (16, 21, 22). The nature of the perifusion of the tissue
in vitro studies may remove endogenous OT from the surface
of the slices, allowing higher accessibility and sensitivity to OT
than the neurons recorded at sites deeper in the slice in
extracellular or intracellular recordings. This, together with the
relatively long time of OT application (providing enough time

Fig. 3. Blocking ionotropic glutamate receptors re-
duced OT excitatory effects. A–C: influence of blocking
fast synaptic transmission on the effects of OT on the
firing activities. A: progressively increasing OT concen-
trations failed to evoke SFR in the presence of 10 �M
6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX) and 20
�M MK801 (CM), but still caused significant effects on
spike amplitude and duration. B: Summary graphs (cf.
Fig. 2). Control values for the Freq, Amp, Width, RT,
DT, STD, spike clusters, and AHP-RT are 0.3 Hz, 59.1
mV, 1.5 ms, 0.6 ms, 35.8 ms, 58.9 ms, 0.15 clusters/5
min, and 0.9 ms, respectively. C: effect of blocking
G-protein mediation by including 2 mM GDP�	-S in
the pipette solution, on OT actions in the presence of
CNQX and MK801 (n � 3). OT effects on the Em, spike
amplitude, and duration were further reduced. Other
annotations are the same as in Figs. 1 and 2.
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for temporal summation), using normal aCSF in observations
but not low Ca2� to elevate neuronal excitability artificially,
carefully avoiding remaining effects of high-dose OT by thor-
oughly cleaning the perfusion system between tests, may
account for the biological effect of lower OT concentration on
OT neurons. It has been reported that 0.2 nM OT could excite
hypothalamic neurons (15); and the natural cellular environ-
ment (the presence of Mg2� and cholesterol) may also be a
favorable condition for the functioning of saturable high-
affinity OT receptors (13). Finally, what we measured was the
electrophysiological output of the OT receptor in neurons,
which may have different characteristics (affinities, KDs, etc.)
from those in peripheral tissue where these measurements have
previously been made. Thus it is reasonable to find the effect of
this low concentration of OT in cellular function.

Because OT can activate both OT receptors and V1 recep-
tors, it is also important to distinguish specific from nonspecific
actions of OT. Recently, we have done the following experi-
ment (Wang and Hatton, unpublished observations) to identify
the receptors mediating OT functions in SON neurons. In the
presence of an OT receptor antagonist, [	-Mercapto-	,	-cy-
clopentamethylene-propionyl1, O-Me-Tyr2, Orn8]-oxytocin,
the excitatory effects of on 6/6 OT neurons were blocked.
However, a selective V1 receptor antagonist, [deamino-Pen1,
O-Me-Tyr2, Arg8]-vasopressin did not significantly influence

the excitatory effects of OT on any of the six OT neurons.
Moreover, we have also tested the effect of a specific OT
receptor antagonist (kindly provided by Dr. M. Manning) in
one OT neuron, which also blocked OT effects. These results
indicate that the excitatory effect of OT is achieved via acti-
vation of OT receptors.

Spike frequency reduction. Faced with progressively in-
creasing OT concentrations and the resulting maintained mem-
brane depolarization, SFR characterized the tonic firing activ-
ity of OT neurons. This is consistent with the actions of many
other excitatory neuroactive substances (17). Distinct from
spike frequency adaptation (17), the two major components
leading to SFR in OT neurons, the firing rate decrease and Em

depolarization, are not regulated simultaneously. OT-evoked
SFR could occur on the basis of dramatic depolarization (most
active neurons) or subtle Em changes (some less active neu-
rons).

SFR was related to the resting Em and the basal firing
activity in most cases. In response to OT administration, Em

depolarized progressively, accompanied by firing rate in-
creases. Firing rates, however, declined while changes in other
parameters kept in the same direction as OT concentration rose
to a certain level, suggesting that two separate mechanisms
were at work, one primarily affecting firing activity, the other
influencing spike features and Em.

Fig. 4. Blocking GABAA receptors did not dramatically
change the actions of OT. A: example showing the
influence of blocking GABAA receptor with 20 �M
bicuculline (Bic) on the effects of OT. B: summary
graphs (cf. Figs. 2 and 3). Control values for the Freq,
Amp, Width, RT, DT, STD, spike clusters, and
AHP-RT are 2.3 Hz, 63 mV, 2.5 ms, 1.2 ms, 109 ms, 38
ms, 1.1 clusters/5 min, and 1.2 ms, respectively. Other
annotations are the same as in Figs. 1 and 2.
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That OT receptors undergo rapid (within seconds to min-
utes) homologous desensitization after persistent agonist stim-
ulation (9) may account for the SFR. Moreover, SFR may be
related to activation of PKC and its negative feedback on the
activation of phospholipase C. This may be explained by an
activation of PKC that causes inhibition of subsequent re-
sponses of intracellular Ca2� to activation of the diacylglyc-
erol-PKC pathway (26). Other possible reasons are Ca2� entry,
which is important in Em depolarization, and modulation of K�

currents (1, 11) could cause decreased firing rate.
Local neural circuits and OT effects. In considering the role

of neural circuits, glutamatergic inputs are undoubtedly in-
volved. Besides reducing the depolarizing effect of OT, block-
ing ionotropic glutamate receptors also blocked excitatory
responses of OT neurons to low doses of OT, and delayed or
removed SFR. This is in agreement with in vivo experiments
investigating the functions of glutamate (23). On the other
hand, inhibiting the effects of inhibitory neurotransmitters also
modulated OT actions, that is, bicuculline increased OT exci-
tatory effect. The balance of glutamatergic and GABAergic
actions is an important factor. Although OT reduced EPSCs
(14), it also decreased IPSCs (3). Because GABAergic inhib-
itory inputs were dominant, the inhibition of presynaptic cur-
rents by OT shifted the excitatory-inhibitory balance, permit-
ting a dominant excitatory innervation by glutamatergic neu-
rons. Thus, through activating cationic currents (AMPA
receptors) or Ca2� currents (NMDA receptors), glutamate
could cause depolarization and excitation.

Physiological implications of OT autoregulation. Under in
vivo conditions, the basal firing rate of OT neurons in lactating
rats is low, and OT fails to facilitate OT neuronal activity in the
absence of suckling stimulation (18). Possibly, basal firing
activity of OT neurons may have already adapted to basal OT
levels in that situation, as the higher concentrations of exoge-
nous OT produced only permissive effects for the actions of
other neuroactive substances during suckling stimulation (5, 6).
That OT actions were weakened by blocking ionotropic gluta-
mate receptors and were facilitated during fast GABAergic
blockade suggests the OT actions are under intense modulation
of the neurochemical environment, and suckling may allow
reestablishment of time- and concentration-dependent actions.

Upon nursing, suckling-associated neural pathways (e.g.,
noradrenergic, glutamatergic, and OTergic) are mobilized (24).
Such inputs result in somatodendritic release of OT without
causing significant changes in basal firing rates (27, 16) or
adjusting the activity of OT neurons at moderate firing rates (2)
by SFR. In our results for prolonged application of 1 pM OT,
one highly active neuron did not increase its firing frequency
but rather decreased its firing rate in response to OT applica-
tion, supporting a dual modulatory role of OT in OT neuronal
activity. Increased OT release inhibits GABAergic input, while
sensitizing responses to glutamate and noradrenaline, lead to
the initial activation of OT neurons. This activation further
increases local OT concentrations (8). OT will activate extra-
cellular peptidases (14), accelerating OT decomposition. As-
troglia in the SON will also help in the removal of excessive
OT. In addition, nitric oxide and adenosine together with
GABA will suppress the firing activity and aid in repolarization
of Em, resensitizing OT neurons to excitatory inputs. As a
result, the firing rate increases gradually, and a new cycle of
oscillations in the local neural circuits can begin.

In conclusion, progressively increasing OT concentration
causes excitation and subsequent SFR, accompanied by a
series of changes in other membrane electrical features. Glu-
tamatergic, but not GABAergic, inputs are influential in the
firing rate changes, whereas other membrane electrical changes
are modulated mainly through postsynaptic processes. These
effects may well reflect the actions of OT during suckling
stimulation and represent a common working model of neu-
ropeptides on their secretory neurons.
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