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Numerous in vivo studies have shown that dopamine is involved in the regulation of LH secretion
in mammals. However, the mechanisms through which this occurs are not known. In this study, we
used green fluorescent protein-tagged GnRH neurons to examine whether and how dopamine
may modulate the activity of adult GnRH neurons in the mouse. Bath-applied dopamine (10-80 �M)
potently inhibited the firing of approximately 50% of GnRH neurons. This resulted from direct
postsynaptic inhibitory actions through D1-like, D2-like, or both receptors. Further, one third of
GnRH neurons exhibited an increase in their basal firing rate after administration of SCH23390
(D1-like antagonist) and/or raclopride (D2-like antagonist) indicating tonic inhibition by endog-
enous dopamine in the brain slice. The role of dopamine in presynaptic modulation of the an-
teroventral periventricular nucleus (AVPV) �-aminobutyric acid/glutamate input to GnRH neurons
was examined. Exogenous dopamine was found to presynaptically inhibit AVPV-evoked �-ami-
nobutyric acid /glutamate postsynaptic currents in about 50% of GnRH neurons. These effects
were, again, mediated by both D1- and D2-like receptors. Neither postsynaptic nor presynaptic
actions of dopamine were found to be different between diestrous, proestrous, and estrous fe-
males, or males. Approximately 20% of GnRH neurons were shown to receive a dopaminergic input
from AVPV neurons in male and female mice. Together, these observations show that dopamine
is one of the most potent inhibitors of GnRH neuron excitability and that this is achieved through
complex pre- and postsynaptic actions that each involve D1- and D2-like receptor activation.
(Endocrinology 154: 340–350, 2013)

Although dopamine was among the first neurotrans-
mitters investigated in relation to the control of the

reproductive axis, there is little consensus regarding its
effects on LH secretion or understanding of how it may
impact upon GnRH neurons (1). Indeed, dopaminergic
regulation of mammalian GnRH neurons is now some-
thing of a backwater and, with the exception of the A15
dopamine neuron influence on seasonality in sheep (2),
there has been little progress in the field since the 1994
review by Kordon et al. (1).

The lack of interest in the dopaminergic regulation of
GnRH neurons is perhaps surprising given that the pres-
ence of tyrosine hydroxylase (TH)-immunoreactive ter-
minals synapsing on GnRH neurons is one the most con-

sistent ultrastructural features reported for GnRH
neurons (3-5). Despite this evidence for direct dopaminer-
gic inputs to GnRH neurons, the sites at which intracere-
broventricular dopamine acts to modulate LH secretion in
vivo, and the locations of dopaminergic inputs to GnRH
neurons, are very unclear. For example, in rodents, dopa-
mine appears to be able to act in the mediobasal hypo-
thalamus and preoptic area, as well as zona incerta, to
modulate LH secretion (6–9).

Studies in our laboratory have recently shown that a
subpopulation of kisspeptin neurons located in the rostral
periventricular area of the third ventricle (RP3V) express
TH and that dual kisspeptin-TH fibers are apposed to
GnRH neuron cell bodies and their proximal dendrites
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(10). The RP3V provides a direct input to GnRH neurons
that is thought to be critical in the generation of the pre-
ovulatory GnRH/LH surge (11, 12). Alongside anatomi-
cal evidence suggesting that RP3V dopaminergic neurons
innervate GnRH neurons in the rat (4, 13), these data
suggested that AVPV neurons may use dopamine along-
side �-aminobutyric acid (GABA), glutamate, and kiss-
peptin to signal to GnRH neurons.

Due to the almost complete lack of understanding of
how dopamine regulates the activity of GnRH neurons,
we began the present series of electrophysiological studies
by asking what the effects of dopamine may be on adult
GnRH neurons in the mouse. Prior in vivo experiments
have provided conflicting data on how dopamine regu-
lates LH secretion in male and female rats and across the
estrous cycle (1). Hence, we evaluated dopamine actions
on GnRH neurons in male and female mice across the
estrous cycle. Following on from this, we then evaluated
the possibility that AVPV inputs may release dopamine on
GnRH neurons.

Materials and Methods

Experimental animals
Adult C57BL/6J GnRH-green fluorescent protein mice (14)

(n � 101; 70 females (diestrus 26, proestrus 11, estrus 33), 31
males; age 103 � 4 d) were housed under 12-h light, 12-h dark
cycles (lights on at 0700 h) with ad libitum access to food and
water. All experimentation was approved by the University of
Otago Animal Welfare and Ethics Committee. The estrous cycle
stage of female mice was determined by daily vaginal smear, with
mice being killed for experiments between 0945 h and 1130 h.

Brain slice preparation and electrophysiology
Angled parahorizontal brain slices were prepared as reported

previously (12, 15). Briefly, the dissected brain was glued to an
aluminum platform raised at an angle of approximately 18 de-
grees before being submerged in the cooled (�4 C) artificial
cerebrospinal fluid (aCSF) equilibrated with 95% O2, 5% CO2

and containing high (6 mM) MgCl2 and low (0.5 mM) CaCl2.
Parahorizontal brain sections were then cut at 430-�m thickness
with a Leica VT1000S vibratome (Auckland, New Zealand) and
the two ventral-most slices were used for recordings.

Brain slices were incubated for at least 1 h in equilibrated
(95% O2, 5% CO2; 30 C) aCSF, containing (in mM) 118 NaCl,
3 KCl, 2.5 CaCl2, 1.2 MgCl2, 11 D-glucose, 10 HEPES, and 25
NaHCO3, before being transferred to a submerged recording
chamber where they were perfused with aCSF at 2–3ml/min
maintained at 32 � 1 C. Cell-attached or whole-cell recordings
of GnRH neurons were undertaken using a fixed-stage upright
fluorescence microscope (BX51WI; Olympus, Tokyo, Japan)
with green fluorescent protein-tagged GnRH neurons identified
briefly using fluorescence and then patched under Nomarski dif-
ferential interference contrast optics (a �40 water-immersion
objective). Patch pipettes were pulled from glass capillaries (in-

ner diameter, 1.17 mm; outer diameter, 1.5 mm) with a micro-
electrode puller (Sutter Instruments, Novato, CA) and had 2-4
MOhm resistances when filled with the pipette solution com-
posed of (in mM) 130 potassium gluconate, 5 NaCl, 0.22 CaCl2,
10 HEPES, 2 1,2-Bis(2-aminophenoxy)ethane-N, N, N, N=-tet-
raacetic acid tetrapotassium salt, 2 MgATP, 2 Na2ATP, 0.2
Na2GTP, phosphocreatine-Tris 10, (pH 7.32 adjusted by KOH,
�290 mOsmol) for whole-cell recordings. In some whole-cell
recordings, potassium gluconate was replaced by equimolar KCl
to enhance evoked postsynaptic currents (ePSCs). For cell-at-
tached recording, the pipette solution was composed of (in mM)
145 NaCl, 3 KCl, 2.5 CaCl2, 10 HEPES, 1.2 MgCl2 (pH 7.32
adjusted by NaOH; �290 mOsmol). Signals (voltage and cur-
rent) were amplified with a Multiclamp 700B amplifier (CV7B;
Molecular Devices, Foster City, CA) and sampled on-line with
the use of a Digidata 1440A interface (Molecular Devices) con-
nected to a personal computer. Signals were filtered (3 or 10 kHz;
Bessel filter of Multiclamp 700B) before being digitized at a rate
of 1 or 10 kHz. Acquisition and subsequent analysis of the ac-
quired data were performed with the Clampex 10 suite of soft-
ware (Molecular Devices) and Origin Pro 7.5 (OriginLab Corp.,
Northampton, MA). Resting membrane potentials were re-
corded in current clamp without applying any holding current
and were not corrected for the liquid junction potential of ap-
proximately 12mV. The input resistance was determined by
pClampex 10 membrane test while holding the cell at �70 mV.
During experiments, the access resistance (Ra � 10 � 0.3 M�,
n � 102) was checked regularly and if Ra changed by more than
20% the cell was discarded.

Electrical stimulation of AVPV
The AVPV was stimulated by placing a bipolar Tungsten elec-

trode (West30.2A10, Microprobes for Life Science, Gaithers-
burg, MD) at the rostral-most edge of the third ventricle, ipsi-
lateral to the recorded GnRH neuron. As detailed previously
(12), this procedure activates AVPV neurons innervating GnRH
neurons. A square-wave current pulse (0.2 msec duration) at
0.03 Hz was generated by a Grass S88 � stimulator (Grass Tech-
nologies, West Warwick, RI) coupled to a Grass SIV-C current
unit (Grass Technologies). Once the threshold current to evoke
an ePSC was determined, the current intensity for the remainder
of the experiment was set at the threshold current or at no more
than 2 � the threshold current. Unless otherwise indicated, cells
were held at �60 mV for detecting dopamine-induced postsyn-
aptic outward currents and the inhibition of AVPV stimulation-
evoked PSCS (ePSCs). To determine the reversal potential of the
dopamine-induced postsynaptic outward current, a ramp (from
�120 mV to �50 mV during 1.5 sec) protocol was used before,
during, and after washout of dopamine. A paired-pulse stimu-
lation protocol was used with an interpulse interval of 110 msec.
The ratio of paired-pulse test was the peak amplitude of ePSC2
(induced by second pulse)/ePSC1 (induced by first pulse).

Drugs
Stock solutions of D-2-amino-5-phosphonovaleric acid (AP5),

bicuculline, 6-cyano-7-nitroquinoxaline-2,3-dione, dopamine,
raclopride and SCH23390 (Sigma Ltd, Auckland, New Zealand)
were prepared in double-distilled H2O at the 103 � final con-
centration. All stock solutions were stored at �20 C. All drugs
were applied in the perfusion solution with final concentration as
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indicated. Kynurenic acid (2 mM, Sigma Ltd, New Zealand), AP5
(20 �M) (12, 16), and bicuculline (10 �M) were used to block all
fast amino acid synaptic transmission.

Analysis
The effects of test compounds on evoked synaptic currents

were expressed as a percentage of amplitude reduction or in-
crease during the test. Mean ePSCs were determined by averag-
ing four to five consecutive trials repeated every 30 sec while
holding at �60 mV. The dopamine-induced postsynaptic inhi-
bition of action potential (AP) frequency was determined as fol-
lows: 1) Each AP current in the continuous-current recordings
acquired at 10 kHz was detected by Clampfit 10, and the fre-
quency of AP firing was determined by binning APs into 1-sec
bins; 2) Percentage inhibition was calculated as 100 � [(fre-
quency of pretest-frequency posttest)/frequency of pretest)]. If
dopamine silenced a GnRH neuron this was considered 100%
(3). If the change in the average frequency of AP during dopamine
treatment (1.5�5 min) was more than 25% of the equivalent
pretest control period, the cell was considered to have responded
to dopamine.

Statistical analysis was undertaken using paired t test for com-
parison between pretest and posttest groups, ANOVA with post
hoc Fisher’s least significant difference for comparison involving
more than two groups and Fisher’s exact test or �2-square test for
comparing the frequency of responses involving two or more
groups, respectively.

Results

In total, 127 GnRH neurons were recorded in cell-at-
tached and 102 GnRH neurons in whole-cell recording
modes. AP frequency ranged from 0.1-6.6 Hz with an
average of 1.6 � 0.2 Hz. In whole-cell recordings, resting
membrane potential was �52 � 1 mV (n � 29) without
applying any holding current or correction for liquid junc-
tion potential of �12mV. The input resistance was 870 �
29 M� (n � 102).

Effects of DA on GnRH neuron firing rate
Spontaneously active GnRH neurons were recorded in

cell-attached mode and exposed sequentially to increasing
concentrations of dopamine (10, 20, 40, 80 �M). Although
individual GnRH neurons tested with different concen-
trations of dopamine exhibited dose-dependent inhibition
(Fig. 1A), the first dopamine concentration at which a
GnRH neuron responded was variable. As such, when
considered as a group, no evidence was found for a sig-
nificant dose-response relationship across the four con-
centrations with 54%, 60%, 47%, and 67% of GnRH
neurons responding to 10 (n � 26), 20 (n � 25), 40 (n �
45), and 80 �M (n � 12) dopamine, respectively. Similarly,
the degree of inhibition of firing rate was not significantly
different across the four dopamine concentrations when
considered as a group, being 83 � 5% (n � 14), 79 � 7%

(n � 15), 80 � 5% (n � 21), and 75 � 8% (n � 8),
respectively.

The effects of dopamine were next tested in the presence
of a cocktail of antagonists to glutamate and GABA iono-
tropic receptors (kynurenic acid, AP5, and bicuculline).
Five GnRH neurons (two diestrous mice) previously de-
termined to be sensitive to dopamine, continued to re-
spond to dopamine in the presence of the antagonist cock-
tail (Fig. 1, B and C), indicating that the dopamine
inhibition of GnRH neuron firing is independent of iono-
tropic glutamate and GABA receptor-mediated synaptic
transmission.

Dopamine inhibits GnRH neuron firing in both
male and female mice

In adult male mice, dopamine (10–80 �M) inhibited the
firing rate of 10 of 22 (45%) GnRH neurons (10 male
mice) by 69 � 10% while having no effect on the remain-
ing cells (Fig. 1, D and E). Similarly, dopamine inhibited
the firing rate of 21/33 (64%), 10/18 (56%), and 24/45
(53%) GnRH neurons from 16 diestrous, 10 proestrous,
and 22 estrous mice, respectively (Fig. 1). The percentage
of responding GnRH neurons or degree of spike inhibition
was not significantly different between any of the groups
(Fig. 1, D and E). These data show no evidence of a sex- or
estrous cycle-dependent modulation of GnRH neuron fir-
ing rate by dopamine with an average responding rate of
55% and a mean 80% depression of AP firing frequency.

Subtypes of dopamine receptors involved in
dopamine inhibition of GnRH neurons

Dopamine actions in the central nervous system are
mediated by five types of receptors (D1, D2, D3, D4, and
D5) that can be allocated into D1-like (D1 and D5) and
D2-like (D2, D3, and D4) categories (17). SCH23390
and raclopride, antagonists of D1-like and D2-like recep-
tors, respectively (18–20), were used to examine the sub-
types of dopamine receptors involved in dopamine actions
on GnRH neurons. The effects of SCH23390 and raclo-
pride were tested on the spontaneous firing patterns of 40
GnRH neurons (13 male, 27 female) and examined for
their ability to block dopamine actions in 11 GnRH neu-
rons (three male, six female) previously identified to be
sensitive to dopamine.

GnRH neurons exhibit three different responses

Both D1- and D2-like receptor
Three of 40 (8%) GnRH neurons exhibited an increase

in firing rate in response to both SCH23390 (5 �M) and
raclopride (4 �M) (Fig. 2, A and E). Of the 11 dopamine-
sensitive GnRH neurons, the effects of dopamine were
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blocked by both SCH23390 and raclopride in two (18%)
cells (Fig. 2, A and D).

D1-like receptor only
Three of 40 (8%) GnRH neurons responded to

SCH23390 (5 �M) but not to raclopride (4 �M) with an
increase in AP frequency (Fig. 2, B and E). Of 11 dop-
amine-sensitive GnRH neurons, the effect of dopamine
was blocked by 5 �M SCH23390 alone in five cells (46%)
(Fig. 2, B and D).

D2-like receptor only
Seven of 40 (18%) GnRH neurons responded to raclo-

pride (4 �M) but not SCH23390 (5 �M) with an increase
in AP frequency (Fig. 2, C and E). Of 11 dopamine-
responsive GnRH neurons, raclopride alone blocked
the effect of dopamine in four (36%) cells (Fig. 2, C
and D).

These observations indicated that GnRH neurons ex-
press either or both D1- or D2-like receptors with, overall,
64% of GnRH neurons having D1-like receptors and 55%
having D2-like receptors. In relation to tonic actions of
dopamine, overall approximately 33% of GnRH neurons
were subjected to on-going dopamine inhibition. Although
thiswas less frequentlyobservedinmales (twoof13neurons,
15%) compared with GnRH neurons from diestrus (five of
12, 41%) and estrous (six of 15, 40%) mice, no significant
difference was detected (P � 0.28, �2-test).

Dopamine acts directly on GnRH neurons to
suppress their excitability

To further assess the mechanism and sites of dopamine
action, GnRH neurons were examined using whole-cell
recordings. Overall, 45% (28/62) of GnRH neurons in
whole cell recordings exhibited postsynaptic responses to

FIG. 1. Dopamine inhibits GnRH neuron excitability. A, Cell-attached, voltage-clamp recordings showing inhibitory actions of 10 �M and 20 �M

dopamine on a GnRH neuron from an adult female estrous mouse. Gray bars above the trace indicate the duration of dopamine exposure. B and
C, Cell-attached recordings showing the response of two different GnRH neurons from two female diestrous mice to dopamine (10 �M) in the
presence of kynurenic acid (Ka, 2 mM), AP5 (20 �M), and bicuculline (bic, 10 �M). D and E, Histograms summarizing % GnRH neurons responding
to dopamine and the percentage inhibition of AP frequency in GnRH neurons from different animal groups. Numbers of GnRH neurons in which
dopamine was applied are shown at base of histograms.
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dopamine compared with 55% of GnRH neurons re-
sponding to dopamine in the cell-attached recordings
above. In current clamp, 18 GnRH neurons exhibited a
hyperpolarizing effect (�7.8 � 1.2 mV) of dopamine re-
sulting in a complete inhibition of firing (Fig. 3A). This
was accompanied by a decrease in slope input resistance
(Fig. 3B), indicating that the responses to dopamine were
postsynaptic in nature. Voltage-clamp recordings from 10
dopamine-responding GnRH neurons showed a dopa-
mine-induced outward current (10.2 � 1.5 pA, holding at
�60 mV, n � 10; Fig. 3, C and F) with an increase in slope

conductance and a reversal potential of �82 � 4 mV (Fig.
3D). The calculated potassium equilibrium potential in
these experiments was �100 mV. Together, these obser-
vations indicate that dopamine likely acts through potas-
sium ion-dependent postsynaptic receptors expressed by
GnRH neurons to suppress their excitability.

Dopamine also exerts presynaptic actions on AVPV
GABA/glutamate inputs to GnRH neurons

Because activation of the AVPV at 0.033 Hz generates
almost exclusive GABA and glutamate release on GnRH

FIG. 2. Subtypes of dopamine receptors mediating inhibitory actions of dopamine on GnRH neurons. A, Cell-attached, voltage-clamp recording
from an adult male GnRH neuron showing that the dopamine inhibition was blocked by both D2-like [raclopride (racl, 4 �M)] and D1-like
[SCH23390 (SCH, 5 �M)] receptor antagonists and that both antagonists themselves increased the frequency of firing. B, Cell-attached recording
from a diestrous female GnRH neuron showing that dopamine inhibition was blocked by SCH but not by racl and that SCH itself increased the
frequency of firing. C, Cell-attached recording from a diestrous female GnRH neuron showing that the dopamine inhibition was blocked by racl
but not by SCH and that racl itself increased the frequency of APs in the GnRH neuron. D, Histogram showing percentage of GnRH neurons
exhibiting D1-like only (D1 only), D2-like only (D2 only), or both D1- and D2-like (both D1&2) receptors (n � 11). E, Histogram showing
percentage of GnRH neurons exhibiting tonic D1-like only (D1 only), D2-like only (D2 only), or both D1- and D2-like (both D1&2) receptor
activation in the brain slice (n � 40).
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neurons in this preparation (12), we were able to examine
the presynaptic effects of dopamine on AVPV-evoked
amino acid postsynaptic currents (ePSCs). Dopamine (40
�M) reduced the peak amplitude of AVPV ePSCs (Figs. 3E
and 4B) to 34 � 3% of control values in GnRH neurons
(n � 29). In paired-pulse experiments, the ratio of paired
pulse was increased by dopamine from 0.68 � 0.04 (con-
trol) to 1.39 � 0.15 (dopamine, P � 0.001, paired-sample
t test). Also the effect and the effect of dopamine on the
paired-pulse ratio was abolished by SCH23390 and raclo-
pride (SCH23390 	 raclopride: 0.70 � 0.14; SCH23390
	 raclopride 	 dopamine: 0.66 � 0.11; n � 6, P 
 0.5,
paired t test), suggesting that dopamine reduced the re-
lease probability by activating presynaptic dopamine re-

ceptors. Two GnRH neurons were detected in which
dopamine did not alter their spontaneous firing, indi-
cating that they did not have postsynaptic receptors, but
was able to completely abolished the ability of AVPV
stimulation to evoke APs (Fig. 4C).

The dopamine receptor antagonists blocked the effects
of dopamine on ePSC amplitude and sPSC frequency. Of
six GnRH neurons examined, dopamine’s actions were
blocked by only SCH23390 in two cells, only raclopride in
two cells (Fig. 4B), and by both antagonists in the re-
maining two cells. Together, these data indicate that
dopamine is able to exert potent D1- and D2-like pre-
synaptic inhibitory actions upon AVPV inputs to GnRH
neurons (Fig. 4E).

FIG. 3. Postsynaptic inhibition of GnRH neurons by dopamine. A, Whole-cell current-clamp recording from an adult male GnRH neuron displaying
hyperpolarization attributed to the activation of postsynaptic dopamine receptors. The filled squares (f) indicate responses to current injection. B, Plot
from cell in panel A showing potential changes induced by current injection (�50 to �10 pA with increments of 10 pA) and increase in slope
conductance. C, Whole-cell voltage-clamp recording from an estrous female GnRH neuron displaying an outward current attributed to the activation of
postsynaptic dopamine receptors. The filled squares (f) indicate responses (some truncated) to ramp voltages (large f) or electrical stimulations (small f).
D, Plot from cell in panel C showing current response to a voltage ramp from �120 to �50 mV (duration of 1.5 sec) and reversal of dopamine-induced
current at approximately �80 mV. E, Whole-cell voltage-clamp recording of cell in panel C showing that dopamine also had a presynaptic action and
decreased the peak amplitude (asterisk) of ePSCs induced by AVPV electrical stimulation (f). F, Whole-cell voltage-clamp recording from an adult male
GnRH neuron showing a dopamine-induced outward current. G, Whole-cell recording of the same cell in panel F showing that dopamine did not change
the peak amplitude (asterisk) of ePSCs induced by AVPV electrical stimulation (f). ms, Millisecond.
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Relationship of postsynaptic to presynaptic
dopamine actions in individual GnRH neurons

Whole-cell voltage-clamprecordings (n�62;18male,20
female) enabled us to examine the postsynaptic and AVPV
presynaptic effects of dopamine in single GnRH neurons.
Four types of response were identified; 1) presynaptic only in
24% GnRH neurons in which dopamine did not induce an
outwardcurrent(Fig.4A)butdidinhibitsynaptic inputs(Fig.
4,AandB);2)postsynapticonly in23%GnRHneurons(Fig.
3, F and G), in which dopamine induced an outward current
(Fig. 3F) but it did not change the peak amplitude of ePSCs
(Fig. 3G); or 3) both presynaptic and postsynaptic inhibitory
actions on 23% GnRH neurons (Fig. 3, C and E), in which
dopamine induced an outward current (Fig. 3C) and it also
reduced the peak amplitude of ePSCs (Fig. 3E); 4) neither a
pre- nor postsynaptic response in 30% of GnRH neurons. In

total, data from this study showed that 46% of GnRH neu-
rons have postsynaptic dopamine receptors and 47% can
have presynaptic dopamine regulation of their AVPV
GABA-glutamate inputs. Although there was a trend for
GnRHneurons frommalemice toexhibitmore frequentpre-
andpostsynaptic regulationcomparedwithfemales, thiswas
not significantly different (Fig. 4D).

A small component of the AVPV input to GnRH
neurons is dopaminergic in nature

These experiments sought to examine whether AVPV
inputs to GnRH neurons were dopaminergic. We initially
activated the AVPV input at 0.03 Hz, a frequency known
to activate mixed GABA/glutamate release on GnRH neu-
rons (12). As before, we found that this stimulation gen-
erated ePSCs in 47% of adult GnRH neurons with an

FIG. 4. Dopamine modulation of AVPV inputs to GnRH neurons. A, Whole-cell voltage-clamp recording showing suppressive effects of dopamine
on AVPV-ePSCs in a GnRH neuron from an adult male mouse. The large downward deflections (f) are AVPV stimulation artifacts. B, Traces from
cell in panel A showing dopamine-evoked decrease in the peak amplitude (asterisk) of ePSCs after AVPV stimulation (f). This effect was mediated
by raclopride-sensitive (D2-like) receptors. C1–4, Cell-attached recordings of a GnRH neuron from a diestrous female showing that dopamine (DA)
did not alter spontaneous AP currents (C1) but depressed reversibly AVPV stimulation (electrical artifacts marked by squares f)-evoked AP currents
(asterisk). C2 (control); C3 (2 min after dopamine), and C4 (6-min washout dopamine). D, Histogram summarizing the pre- and postsynaptic sites
of dopamine action upon 43 dopamine-sensitive GnRH neurons from males and females. Numbers at base of histograms give the total number of
responding GnRH neurons in each group. E, Histogram summarizing the subtypes of dopamine receptors mediating presynaptic suppression of
AVPV ePSCs in six GnRH neurons (from two male, two diestrous, and two estrous mice). ms, Millisecond.
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average ePSC peak amplitude of 310 � 55 pA (range 50–
1125 pA). However, treatment with SCH23390 and ra-
clopride had no effect on AVPV ePSC amplitude (91.3 �
7.1% of control, n � 6; Fig. 4B), indicating that dopamine
was not contributing to these ePSCs. Further, SCH23390
and raclopride did not change the paired-pulse ratio (con-
trol: 0.59 � 0.12 vs. antagonists: 0.70 � 0.14; n � 6, P 

0.1, paired t test), suggesting there was also no endoge-
nous presynaptic dopamine inhibition.

We next examined the effects of a maximal AVPV stim-
ulation protocol (0.3 sec at 100 Hz) on 40 GnRH neurons
from 10 mice (five male, five diestrous female). A small out-
ward current with average peak amplitude of 6.4 � 1.0 pA

(range from 3.7–13 pA, holding at �60 mV) and average
duration of 12.1 � 1.8 sec (range from 6.2 to 22 sec) was
evoked in 10 of the 40 GnRH neurons (Fig. 5A). The peak
amplitudeof theoutwardcurrents fromeightof theseGnRH
neurons was decreased by 85 � 6% (range from 62–100%)
after applying raclopride (8 �M) and SCH23390 (10 �M)
(Fig. 5A) with the current peak amplitude from the re-
maining two GnRH neurons not affected by the cocktail
of dopamine receptor antagonists. In total three of 20
GnRH neurons from males (15%) and five of 20 cells from
diestrous females (25%) exhibited evidence of an AVPV
dopaminergic input (P � 0.69, Fisher’s Exact Test). The
100-Hz train-induced outward current corresponded to a
small hyperpolarization in current-clamp experiments
(Fig. 5B) that prevented the GnRH neuron from firing AP
after the stimulation train. A cocktail of raclopride (8 �M)
and SCH23390 (10 �M) also abolished this hyperpolar-
ization reversibly (n � 5) (Fig. 5, C and D), indicating that
the AVPV 100-Hz train-induced hyperpolarization was
dopaminergic in nature.

Discussion

Using a variety of electrophysiological approaches we
show here that around half of all GnRH neurons are in-
hibited by dopamine with one third of these being toni-
cally inhibited by endogenous dopamine in the brain slice
preparation. These effects of dopamine are mediated by
D1- and D2-like receptors with GnRH neurons expressing
one or both receptors. Studies in males and females show
that the inhibitory effects of dopamine are not altered by
sex or estrous cycle stage. Experiments aimed at under-
standing the mechanisms of dopamine action on GnRH
neurons revealed both direct hyperpolarizing effects as
well as inhibitory presynaptic actions on AVPV-evoked
inputs to GnRH neurons. Unusually, both the presynaptic
and postsynaptic inhibitory actions of dopamine were me-
diated by D1-like, D2-like, or both receptors. In relation to
the AVPV input, we found that a small population of GnRH
neurons (�20%) received a dopaminergic input although
this was only detectable after high-frequency stimulation of
the AVPV, consistent with the slow kinetics of G-protein
coupledreceptor-mediatedPSCsand/orextrasynaptic recep-
tor location (15, 21).

Different subtypes of dopamine receptors are expressed
by neurons throughout the central nervous system (22,
23). At a cellular level, D1-like receptors locate preferen-
tially, but not exclusively, to the cell body and dendrite
(postsynaptic) whereas D2-like receptors are located at
both the cell body/dendrite (postsynaptic) and terminals

FIG. 5. AVPV neurons can inhibit GnRH neurons by releasing
dopamine. A, Overlay of whole-cell voltage-clamp recordings from an
adult male GnRH neuron held at �50 mV showing that an outward
current was induced by AVPV activation (100 Hz for 0.3 sec) and this
was abolished by raclopride (Racl) (8 �M) and SCH23390 (SCH) (10
�M). Black squares mark the artifact of the train stimulation. B–D,
Whole-cell current-clamp recordings of the same neuron in panel A
showing that a small hyperpolarization with associated decrease in
spike firing followed the AVPV stimulation train (B) and that this was
blocked by raclopride (8 �M) and SCH23390 (10 �M) (C) with return
upon washout (D). This cocktail of raclopride and SCH23390
depolarized the cell and reversibly increased firing rate in long voltage
recordings. s, Second.
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(presynaptic relative to targeting cell) (22, 23). All sub-
types of dopamine receptors have been detected on nerve
terminals (24-26) where they modulate both calcium and
potassium channels to decrease the neurotransmitter re-
lease (22, 23). Similarly, the postsynaptic dopamine re-
ceptors modulate both calcium and potassium channels to
alter postsynaptic neuron excitability (22, 23).

We report here that GnRH neurons express either or
both D1- and D2-like receptors postsynaptically while
also being modulated presynaptically by both receptor
types. The postsynaptic actions of dopamine were con-
firmed to be direct by their persistence in ionotropic
amino acid receptor antagonists and whole-cell record-
ings showing base line shifts with corresponding con-
ductance changes and the determination of a reversal
potential near that of potassium channels. It is worth
emphasizing that the potent postsynaptic effects of do-
pamine occur in the absence of ionotropic GABA and
glutamate transmission and do not, therefore, rely upon
the presynaptic actions of dopamine on GABA/gluta-
mate inputs to GnRH neurons. As such, the ability of
SCH23390 and raclopride to block dopamine’s sup-
pression of firing indicates the presence of both D1 and
D2 postsynaptic receptors on GnRH neurons. Of note,
single-cell microarray analysis had previously shown
that a subpopulation of murine GnRH neurons express
D2 receptor transcripts (27). The marked heterogeneity
in postsynaptic dopamine receptor expression by
GnRH neurons is readily evident from the observation
that only approximately 50% of GnRH neurons re-
spond to dopamine and, of those that do, 40% have
either D1- or D2-like receptors whereas the remaining cells
express both receptors. The reasons for this are not known
but reflect the substantial heterogeneity observed for most
receptors expressed by GnRH neurons (28).

As noted by Kordon et al. (1), the effects of dopamine
on LH secretion in rodents are highly variable and possibly
dependent upon the prevailing gonadal steroid milieu of
the animal. We show here that dopamine exerts an un-
changing, potent suppressive action on GnRH neuron fir-
ing across the estrous cycle with 64%, 56%, and 53% of
GnRH neurons having their firing rate inhibited by ap-
proximately 75% in diestrous, proestrous, and estrous
mice, respectively. This is a very similar situation to that
found recently for the norepinephrine (NE) regulation of
murine GnRH neurons where, despite evidence for go-
nadal steroid regulation of NE actions on LH secretion in
vivo, the potent inhibitory effects of NE on GnRH neurons
were relatively unchanged across the estrous cycle (29).
Thus, it would appear that both NE and dopamine pro-
vide a steroid-independent inhibitory input to GnRH neu-
rons in the mouse.

We speculated that the AVPV input to GnRH neu-
rons might use dopamine in addition to GABA, gluta-
mate, and kisspeptin, to regulate the activity of GnRH
neurons. Our current electrophysiologial data support
this conclusion. Using a low-frequency AVPV stimula-
tion protocol that activates GABA and glutamate re-
lease (12) we found no evidence that dopamine con-
tributes to AVPV-evoked currents in GnRH neurons.
However, using a 100-Hz activation of the AVPV it was
possible to show that about 20% of GnRH neurons can
receive a dopaminergic input from the AVPV and that
this was able to modulate their excitability. We found a
trend toward this AVPV dopamine input to be more
prevalent in females than males and also noted that
tonic dopamine inhibition of GnRH neurons in the hor-
izontal slice was more apparent in female mice. Al-
though this may reflect the known female-predominant
sexually dimorphism in AVPV dopaminergic neurons
(30), which subpopulation of AVPV dopamine neurons
may project to GnRH neurons in each sex is unknown.
Overall, the present observations support prior mor-
phological evidence for a small dopaminergic input to
GnRH neurons from the AVPV (4, 10). It is too early to
ascribe any physiological role to this input although it
is very likely to be inhibitory in nature.

We find here evidence for a potent suppressive action
of dopamine on AVPV-evoked synaptic currents in
GnRH neurons. This presynaptic modulation was,
again, mediated by D1- and/or D2-like receptors in a
heterogeneous manner. At present, there is evidence for
both dopamine and GABA (15) to act as potent presyn-
aptic inhibitors of AVPV GABA and glutamate inputs to
GnRH neurons. As is the case for the postsynaptic reg-
ulation of GnRH neurons by dopamine, the location of
the cell bodies providing dopaminergic inputs that pre-
synaptically regulate afferent inputs to GnRH neurons
is not known.

Prior experiments examining effects of dopamine on
LH secretion have identified different effects of D1- and
D2-like receptor activation. For example, the adminis-
tration of D1- and D2-like antagonists into the third
ventricle of the rat demonstrated that D2-like receptors
inhibited, whereas D1-like receptors stimulated,
GnRH/LH release (31). The complex effects of intrace-
rebroventricular dopamine no doubt reflect multiple
sites of dopamine action to modulate GnRH release.
These include direct D1/D2 actions at GnRH neuron
cell bodies, as shown here, D1-mediated effects in the
zona incerta (9), and likely direct actions of dopamine
on GnRH nerve terminals in the median eminence (32).
The latter is the key site of action for dopamine’s in-
hibitory influence on GnRH secretion in anestrous ewes
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(2). Whether the same cellular mechanism exists in ro-
dents is not clear although effects of dopamine on me-
diobasal hypothalamic fragments were often reported
in the 1970s (1). Because dopamine does not cross
the blood-brain barrier, a median eminence site of do-
pamine action may be particularly important as low
frequency pulsatile LH secretion in women with hypo-
thalamic amenorrhea can be increased by an infusion of
metoclopramide, a dopamine receptor antagonist (33).

In summary, this study demonstrates that approxi-
mately 50% of GnRH neurons express D1- and/or D2-like
receptors and that these receptors mediate a potent and
direct hyperpolarization of GnRH neurons by dopamine.
In addition to direct postsynaptic actions, dopamine was
also found to exert presynaptic modulation of the AVPV
GABA/glutamate afferent inputs to GnRH neurons, again
through both D1- and/or D2-like receptors. These effects
of dopamine on GnRH neurons appear to be independent
of sex or the estrous cycle, indicating a suppressive role for
dopamine within the GnRH neuronal network unrelated
to gonadal steroid modulation. We also find that a small
subpopulation of GnRH neurons receive a dopaminergic
input from the AVPV. Together, these experiments iden-
tify dopamine as one of the most potent inhibitors of
GnRH neuron excitability.
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