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Abstract
Over the past decade, the existence of transgenic mouse models in which reporter genes are
expressed under control of the gonadotropin-releasing hormone (GnRH) promoter has made
possible the electrophysiological study of these cells. Here we review the intrinsic and synaptic
properties of these cells that have been revealed by these approaches, with a particular regard to
burst generation. Advances in our understanding of neuromodulation of GnRH neurons and
synchronization of this network are also discussed.

Introduction
The gonadotropin-releasing hormone (GnRH) neuronal system is the final common pathway
for central regulation of fertility. Through its regulation of the synthesis and secretion of the
pituitary gonadotropins luteinizing hormone (LH, often used as a surrogate marker for
GnRH release) and follicle-stimulating hormone (FSH), GnRH exerts control over the
hypothalamo-pituitary gonadal axis. Multiple inputs from the internal environment (e.g.,
steroid hormones, energy balance, stress) and external environment (e.g., photoperiod,
pheromones, endocrine disruptors) can alter fertility through central actions that ultimately
alter the release of GnRH. Even before the sequencing of the GnRH decapeptide [7], both
the innate function of this system and its response to various stimuli were intensely studied.
During much of this time, the ability to tease out the neurobiological mechanisms
underlying observations of altered GnRH or LH release was limited by the technical
approaches available and the scattered distribution of GnRH neurons. It was possible, for
example, to determine if a factor acted centrally by intracerebroventricular application or
treatment of hypothalamic explants or cultures, and to speculate about upstream afferents
through the localization of steroid receptors or expression of the immediate early gene cFos
[57,77,127], knife cut studies [10] or localized administration of steroids [87]. But
understanding the intrinsic, synaptic and network properties of these neurons was very
limited in mammalian systems. In contrast, electrophysiological work in the teleost Dwarf
Gourami provided considerable insight into pacemaker activities of the terminal nerve
GnRH neurons, which can be easily identified by eye [105,106].

Despite the limitations largely precluding direct study of mammalian GnRH neurons, a great
deal of knowledge about the reproductive neuroendocrine system was acquired and has
served as the basis for designing and interpreting experiments that are now taking advantage
of new model systems. The pioneering work of Ernst Knobil’s group describing circhoral
oscillations of LH in the circulation [34], the importance of episodic GnRH stimulation for
pituitary function [8,156] and central electrical correlates with LH release [157] still
provides the fundamental description of this system as a pulse generator, and drives many
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current research questions. Several groups independently developed methods to measure
directly GnRH release [13,28,78,79]. Both immortalized GnRH neuron cell lines [88,118]
and primary embryonic cultures derived from the migratory pathway of GnRH neurons first
in the primate [144] and later in the mouse [41], also provided insight into the function of
this system. None of these approaches, however, allowed examination of native adult GnRH
neurons in the context of at least a portion of their normal network using the powerful
electrophysiological methods that were being applied to other central neuronal cell types
that could be identified by anatomical location.

Martin Kelly’s group was the first to study individual GnRH neurons using
electrophysiological recordings in acutely prepared brain slices, demonstrating that GnRH
neurons were acutely hyperpolarized by estradiol in the guinea pig model [66]. This and
subsequent work in this model [73,150] identified the first intrinsic properties of mammalian
GnRH neurons. The effort needed to accumulate GnRH neurons, however, was heroic; in
the first study, which utilized procion yellow labeling during blind sharp electrode
recordings followed by post hoc identification, only five of 102 cells studied were GnRH
positive on post hoc examination.

About a decade ago, promoter-driven reporter genes were applied to the identification of
GnRH neurons. The cell-specifically and strongly expressed GnRH promoter is well suited
to this approach and was used to drive expression of modified jellyfish Aequorea victoria
green fluorescent protein (GFP), beta galactosidease or the calcium indicator pericam
[49,61,62,65,129,132,139,155] in GnRH neurons from mouse, rat and medaka. Primarily
using the GFP models, considerable progress has been made over the past decade in
understanding of the neurobiology of GnRH neurons. These studies will form the basis of
this review. The reader is also pointed to a recent excellent review on intracellular calcium
dynamics in GnRH neurons [60], and previous reviews on the physiology of the GnRH
neuronal system [53,92].

An overview of electrophysiological approaches used in the GnRH system
The purpose of this review is not to provide a complete primer on electrophysiological
approaches, which are available elsewhere [55,125]. What follows is a brief overview of the
different approaches that have been used on GnRH neurons, their plusses and minuses and
the types of data that can be acquired with each.

Targeted extracellular
In this type of recording, a pipette filled with a solution mimicking the extracellular milieu is
placed in contact with a cell under visual control [99]. Although no high-resistance seal is
formed, the signal obtained is essentially limited to the contacted cell. This approach records
the action currents that underlie action potential firing. A main advantage is the pattern of
activity of a neuron can be observed for hours without altering its intracellular milieu. The
main disadvantage is that the type of information is limited to firing pattern and underlying
mechanisms cannot be probed except at a rudimentary level such as determination if a
particular type of input is required for a response [112].

Patch-clamp
In this type of recording, a high-resistance (“gigaohm”) seal is formed between the pipette
and the target cell’s membrane; the tight seal greatly reduces electrical noise. There are
several varieties of this approach.

On-cell-recordings are made after a gigaohm seal has been obtained without subsequently
penetrating the membrane. This maintains intracellular milieu while allowing recording of
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channel activity within the membrane circumscribed by the pipette or of action current
activity. Disadvantages include lack of access to channel elements beyond the pipette, and
that the recordings can spontaneous rupture to the whole-cell configuration.

Whole-cell—This is the most versatile of recording modes. From the on-cell configuration
the membrane within the pipette is broken while maintaining the gigaohm seal. This
provides electrical access to the interior of the cell and allows the pipette solution to dialyze
the cell. The advantage of this dialysis is that one can manipulate ionic or other composition
to favor isolation and detection of conductances via specific ion channels. The disadvantage
is that cellular constituents that are important for ion channel and other function can become
diluted.

Perforated-patch—Perforated-patch is a modification of the whole-cell approach in
which electrical access is gained not by physically breaking the membrane within the pipette
but rather by inclusion in the pipette of a pore-forming antibiotic such as nystatin,
amphotericin or gramicidin. This minimizes dialysis of important cellular components.
Gramicidin is particularly useful in studies of the intrinsic ion channel of the GABAA
receptor as the current through this channel is primarily carried by the chloride ion and
gramicidin pores are not permeable to chloride [72]. The disadvantages of these recordings
are reduced stability (recordings must be monitored to ensure they do not spontaneously
rupture to the whole-cell configuration), increased noise due to pore disruption of the
gigaohm seal and, importantly, reduced access to the cell, which can negatively impact
recording quality.

Both voltage-clamp and current-clamp can be made in whole-cell or perforated-patch
configurations. In voltage-clamp, the cell’s membrane potential is clamped at specific values
via feedback circuits in the amplifier. The current needed to maintain the commanded
potentials are recorded. Specific channel blockers and membrane potential changes can be
used to isolate and record individual currents. In current-clamp, membrane potential is
monitored. Clamp is a misnomer as all that is “clamped” is the current input to the cell. The
cell membrane is able to respond to not only any clamped current input but also any intrinsic
or synaptic changes that subsequently occur; membrane potential changes are not regulated
by amplifier feedback circuitry as they are in voltage-clamp.

It is important to monitor quality of whole-cell and perforated-patch recordings throughout a
study. Series resistance (Rs, also called access resistance, Ra) is a function of the resistance
of the recording pipette (Rs is minimally twice this value) and the quality of the recording.
As Rs increases, the ability to accurately record signals is reduced. Changes in Rs can alter
measured currents independent of treatment; as Rs increases, current amplitude decreases
and duration increases. In our experience, a change of >10% makes a recording
unacceptable.

Intrinsic properties of GnRH neurons
Observations of the episodic activity of multiunit electrical activity and hormone release at
the whole animal level [90,157] coupled with the electrophysiology magnocellular
neuroendocrine neurons [5,38,39,96,151,152] showing that action potential firing, particular
in bursts, was needed for hormone release, generated several hypotheses about the
electrophysiological properties of GnRH neurons that were testable with the development of
GnRH-reporter gene mice. That GnRH neurons would fire action potentials was almost
beyond question. The mechanisms by which firing was generated and the pattern of firing
were, and remain, important questions. There are two main mechanisms by which a
neuron’s membrane potential can be depolarized to the threshold for action potential firing:
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intrinsic changes in ion conductances and synaptic conductances. The evidence presented
below support the working hypothesis that GnRH neurons can intrinsically generate
patterned firing activity but that they may require external or network interactions to
generate fully functional pulsatile hormone release.

Studies using both whole-cell and extracellular recordings found a majority of GnRH
neurons in acutely prepared brain slices, as well as those mechanically isolated from brain
slices or in cultures of embryonic mouse and primate neurons, fired spontaneous action
potentials, or spikes [3,70,71,101,128,132,140]. Spontaneous here means that the cells fired
without input from the experimenter, but does not differentiate between synaptically
generated vs. intrinsically generated spikes. Quiescent cells were also observed, as were
periodic transitions from firing to quiescence. Quiescence is likely an important contributor
in this system to the generation of interpulse intervals of hormone release.

Importantly, in various preparations, the majority of spontaneously firing neurons exhibited
bursts of action potentials. Bursts were comprised of two to several action potential spikes
and intraburst frequency varied from ~2–25 Hz. Interburst period varied from a few to many
seconds both within and among cells [3,70,75,102,140]. Of interest, bursts recorded in the
whole-cell and extracellular configurations have similar characteristics (Figure 1A),
indicating fundamental function of GnRH neurons is preserved in whole-cell recordings
(e.g., [23,101]). Several lines of evidence indicated that spontaneous bursting activity is
intrinsic, arising at least in part from GnRH neurons themselves. First, pure cultures of
immortalized GT1 GnRH neurons exhibit burst firing [15]. Second, burst and action
potential firing persist in GnRH neurons within brain slices after blockade of ionotropic
GABA and glutamate receptors, which receive fast synaptic transmission inputs to these
cells [101]. Third, and perhaps the most convincing demonstration that synaptic input is not
needed for GnRH neurons to fire spontaneously, isolated GnRH neurons continue to fire in a
burst pattern (Figure 1B, [70]). Moreover, the bursting pattern of these isolated neurons
varied over time suggesting longer-term changes in GnRH neuron activity may also be
intrinsic to these cells (Figure 1D). Interestingly, irregular burst firing is also a characteristic
of hypophysiotropic fish GnRH neurons, in contrast to the strict pacemaker activity of type 2
and type 3 GnRH neurons in fish [62].

The ionic conductances intrinsic to GnRH neurons that underlie this firing pattern have been
an area of intense interest. A cell’s resting, or interspike, membrane potential is important to
burst firing as it helps determine the types of ion channels that are active; the ion channels
present and the distribution of ions that flow through these channels are in turn critical
determinants of the cell’s interspike potential. The interspike potential of the majority of
GnRH neurons is between −65 and −50 mV recorded in either whole-cell or perforated-
patch configuration [32,70,71,75,132,139,140], with embryonic and isolated GnRH neurons
tending to be more towards the depolarized end of that range. Measurements made using a
non-invasive method [148] suggested a more hyperpolarized membrane potential of ~−75
mV [31]. The latter is of interest for potential activation of channels requiring
hyperpolarization, discussed below.

Another important characteristic of mammalian GnRH neurons is that they have a high input
resistance (Rin). Rin measures cell membrane conductivity. Under physiological conditions,
GnRH neuron Rin is typically near one gigaohm [32,70,75,139,140,161]. This indicates
these cells have relatively few channels open near their resting or interspike potential. Lower
Rin has been reported in GnRH neurons with longer dendrites, perhaps reflecting more
active channels in this segment of membrane [119]. Because Rin is high, small currents can
have a large effect on membrane potential. This is important, as many of the conductances
that contribute to intrinsic firing activity are relatively small.
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Thus far, several promising candidates have been identified that may be involved in aspects
of burst firing in GnRH neurons: T-type calcium currents (IT), calcium-activated potassium
currents of the afterhyperpolarization (IKCa), persistent sodium currents and sodium currents
of the afterdepolarization (IsADP) and hyperpolarization-activated non-specific cation
currents (Ih).

T-type (low-voltage activated) calcium conductances
T-type calcium currents are intriguing with regard to burst initiation. T-type channels are an
example of voltage-gated inactivating channels, a group that also includes the sodium
channels underlying action potential generation and some varieties of potassium channels
and calcium channels [55]. These channels have two voltage-sensitive molecular gates that
control ion flux, and both must be open for current to flow. The activation gate opens with
depolarization allowing current to flow, but this flow is transient as the inactivation gate
closes with depolarization, typically soon after opening of the activation gate.
Hyperpolarization, such as after an action potential, in response to an inhibitory input or due
to an inherently hyperpolarized interspike potential, closes the activation gate but opens the
inactivation gate allowing for subsequent depolarization to activate the channel.

GnRH neurons from rats and mice express CaV3 subunits, which code for the conducting
alpha subunit of T-type channels [63,164]. T-type channels can be activated at
hyperpolarized membrane potentials, such as the interspike potential [109]. The inward
current through these channels can serve as a driving force for depolarization to action
potential threshold and thus spike or burst initiation. In mouse GnRH neurons, T-type
channels activate beginning about −70 mV and are one contributor to rebound action
potential firing after hyperpolarization in GnRH neurons [100,136,164]. In the rat, activation
of T-type channels is only observed at more depolarized potentials [63,65], thus whether
they are involved in burst initiation in this species remains to be determined.

Calcium-activated potassium currents
Once an action potential is initiated, the depolarization during its spike activates other
channels that contribute to the characteristic repetitive firing of the burst as well as to its
eventual termination. In GnRH neurons, the spike of the action potential is followed first by
a very characteristic afterhyperpolarization (AHP), during which the membrane is more
hyperpolarized that before spike initiation, and then by a slow afterdepolarization (sADP),
during which the membrane is more depolarized than before spike initiation. The AHP in
many neurons, including GnRH neurons, is at least in part shaped by activation of calcium-
activated potassium channels (IKCa). As the name implies, these channels have increased
probability of opening in the presence of elevated intracellular calcium. Messenger RNA for
both large (BK) and small (SK) conductance calcium-activated potassium channels are
expressed and functional in GnRH neurons from mouse, rat and guinea pig
[11,23,26,56,64,75,81,130,131]. BK channels have very rapid kinetics and contribute, along
with A-type, D-type and delayed rectifier channels [32,108,124], to the repolarization of the
membrane during the downstroke of the action potential spike. BK channels can also
participate in early spike frequency adaptation [45]. SK channels have slower kinetics,
decaying over a few hundred milliseconds, and help shape the AHP and contribute to later
aspects of spike frequency adaptation in some neurons [44] but not in others [40].

Spike frequency adaptation is the gradual slowing and sometimes cessation of action
potentials upon prolonged (100s of milliseconds) depolarization. The extent of spike
frequency adaptation exhibited by GnRH neurons varies with reports. In some, there is a
small reduction in spike frequency but no cessation of firing during a depolarizing current
injection [11,23,26,32,132] whereas in others spikes attenuate more quickly and completely
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[64,75,81]; in the latter, blocking SK channels with apamin ameliorates the cessation of
firing. The reasons for these differences in spike frequency adaptation are not clear. The
reports of minimal adaptation used the whole-cell or sharp electrode recordings, whereas
those in which strong adaptation was observed utilized perforated-patch. It is possible that
the caveats of either approach contribute to the results obtained. Reduced access or seal leak
with perforated-patch could contribute to adaptation to depolarizing current; likewise, a
critical component for adaptation could be dialyzed from the cell in the whole-cell mode.
Arguing against the latter, the burst duration in GnRH neurons in whole-cell and in
extracellular recordings is similar, suggesting burst termination is still possible in the whole-
cell configuration. Upon prolonged induced or spontaneous action potential firing in GnRH
neurons, AHP amplitude is reduced as the spike train proceeds; this is more severe with
greater spike frequency [81]. The reduced AHP is accompanied by mild [23,81,132] to
severe [64,128] attenuation of spike amplitude. These are likely related phenomena; both
may arise as a result of reduced recovery from inactivation of the fast sodium and potassium
channels underlying the upstroke and repolarization of the spike, respectively, as a spike
train proceeds. In this regard, reduction of AHP amplitude by blocking BK channels in
magnocellular neurons causes increased spike failure [69].

A recent paper suggested involvement of a third type of calcium-activated potassium current
in burst firing of GnRH neurons [75]. This is a very slow current (referred to as sIAHP-UCL
based on pharmacology) that can take seconds to decay and is conducted via molecularly
uncharacterized channels [108,149]. There was a very nice correlation between burst firing
and transient elevations in intracellular calcium in GnRH neurons, which lasted ~10 seconds
[75], suggesting an interaction between these phenomena. Consistent with this, Ca transients
were dependent upon burst firing, and both intra and extracellular calcium, the later of
which appears to enter via L-type channels that would be activated during an action
potential spike [65,136]. Elevated intracellular calcium provides a mechanism for activation
of all three types of IKCa during a burst.

Interestingly, about 40% of GnRH neurons exhibited an interburst interval of ~20 seconds.
This is similar to the period of large oscillations in membrane potential observed in ~5% of
GnRH neurons [24] and some other reports of burst firing (Figure 1). What might generate
this apparently characteristic interval? Induction of calcium-activated potassium channels by
a prolonged (600 ms) depolarizing (−60 mV to 60 mV) step revealed currents that could be
blocked by a combination of apamin, which inhibits some SK-mediated currents, and
UCL2007, which blocks the slow uncharacterized conductance sIAHP-UCL. The latter
conductance peaked ~20 seconds after the depolarizing step and was proposed to regulate
interburst interval. In extracellular recordings of burst firing, blocking this conductance
increased the number of bursts/unit time, consistent with this hypothesis (Figure 1C). It is
important to point out, however, that the extent to which the current is activated during a
burst of firing in GnRH neurons will require further investigation. A protocol resembling a
single action potential spike (2 ms depolarization from −60 mV to +20 mV) generated a
current that was similar in amplitude and apamin sensitivity, but had dissipated within ~10
ms [23], suggesting current during a normal burst may not achieve the same duration as
following a prolonged depolarization, although it would likely persist longer than observed
after a single spike. Nonetheless, this observation is of interest as the channels conducting
sIAHP-UCL are a downstream target for a number of neurotransmitters and neuromodulators
[149], thus might be a point of modulation of GnRH neuron intrinsic properties by afferent
inputs. Interesting questions for future studies are whether modulation of this conductance
underlies intrinsic changes in interburst intervals within the same GnRH neuron, which have
been observed in longer recordings [102], and whether neuromodulators induce changes in
this conductance or an intrinsic cycle in the GnRH neuron (Figure 1D, E). Of interest,
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GnRH iteslf alters pacemaking of teleost terminal nerve GnRH neurons in part via altering
calcium-activated potassium and calcium conductances [2].

Hyperpolarization-activated non-specific cation currents (Ih)
Ih can contribute to rhythmic activity in both neuronal and non-neuronal systems [67,84–
86]. GnRH neurons exhibit Ih [27,141,163]. Ih is a slowly activating and noninactivating
conductance that tends to stabilize membrane potential [123]. Blocking this current in GnRH
neurons leads to inhibition of action potential firing and also alters the properties of bursts.
Ih increases the rate of membrane repolarization during the AHP, suggesting it interacts with
calcium-activated potassium channels in regulating spike frequency during bursts [27].
Blocking Ih also reduces the number of spikes per burst, perhaps because of interactions
with another conductance, IsADP, which is active for ~1s after action potential spikes.

IsADP
Following the AHP, GnRH neurons undergo a prolonged period of depolarization relative to
the prespike potential called the slow afterdepolarization (sADP). This phenomenon is
prolonged in GnRH neurons and other neuroendocrine neurons in comparison to that
observed in hippocampal pyramidal neurons [80,89]. Dendritic structure may affect the
amplitude of the sADP [119]. GnRH neurons exhibit both induced and spontaneous sADPs
following AHPs, implying an intimate interconnection between these events [26]. The main
current underlying the sADP following induced spikes is a TTX-sensitive current. Blocking
calcium entry with the non-specific calcium channel blocker cadmium, which would
subsequently reduce activation of calcium-activated potassium channels, alters the timing
and amplitude of the sADP implying these various conductances interact in sculpting the
final interspike waveform. Mouse GnRH neurons also exhibit a persistent sodium current
that may contribute to depolarization to threshold and burst initiation in these cells as it does
in Dwarf Gourami terminal nerve GnRH neurons [104,105], however mammalian GnRH
neurons appear to lack resurgent sodium currents that contribute to repetitive firing in other
cell types [68,154]. Ih may also be involved in sADPs following spontaneously generated
spikes in GnRH neurons, but Ih does not appear to be activated following induction of single
spikes; of note the AHP following induced spikes is of reduced amplitude, suggesting the
hyperpolarization during the AHP is important for a fast component of Ih activation and any
contribution of this current to the sADP. Aging reduces the sADP as well as spontaneous
activity in GnRH neurons [153], implying this membrane phenomenon is important for
generating GnRH neuron activity.

Other ionic conductances in GnRH neurons
In addition to the conductances discussed above that likely shape burst firing, GnRH
neurons express other voltage-gated conductances. These cells exhibit a prominent transient
A-type potassium current [32,163]. This current activates at potentials near the interspike
potential and can act to delay the initiation of action potential firing in response to
depolarization [32]. Current through A-type channels may oppose the action of IT or a
persistent sodium current to initiate bursting. A-type as well as delayed rectifier potassium
channels, which require the depolarization of the action potential to be activated, play an
important role in spike repolarization and setting the amplitude of the AHP allowing other
contuctances such as Ih to be activated. GnRH neurons also express ATP-sensitive
potassium channels (KATP) that are involved in regulating response to metabolic cues in
other neurons and pancreatic islets [163]. GnRH neurons in mice and rats also exhibit all
major subclasses of high-voltage activated calcium currents (L, N, P/Q and predominantly
R) [56,65,100,130,136]. Their activation during the spike can contribute to short-term
changes in membrane current, calcium-induced calcium release signaling to the nucleus to
alter gene transcription, and activation of Ca-dependent channels.
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In sum, a number of intrinsic characteristics of GnRH neurons have now been described and
an emerging picture is that alterations in burst firing pattern due to regulation of the above
and potentially other ion channels will be critical aspects of GnRH neuron
electrophysiology. Figure 1 illustrates a striking similarity in burst firing in studies across
several labs. How the electrophysiological findings in single GnRH neurons at the
millisecond to second timescale relate or translate to the episodic release of GnRH into the
portal blood, which occurs with a period from several minutes to several hours, and to the
surge mode of release, occurring once per cycle, have not been determined and are
important topics for future research.

Steroid modulation of GnRH neuron firing pattern and underlying
conductances

A critical aspect of the GnRH neuronal system is its feedback regulation by steroid
hormones. GnRH neurons express the beta isoform of the estradiol receptor [54,58,59], but
most other steroid receptors have only rarely, if at all, been detected in GnRH neurons. This
has lead to an overall view in the field that steroid regulation of GnRH neurons engages
steroid-sensitive afferent neurons [158]. Direct electrophysiological studies of GnRH
neurons have supported and extended this concept in several ways.

Estradiol has long been of particular interest in the regulation of GnRH neurons because of
its involvement in both negative homeostatic feedback in males and during much of the
cycle in females, and positive feedback generation of the preovulatory GnRH surge in
females [20,35,52,91]. Not surprisingly it is the best-studied steroid in terms of its
electrophysiological effects. Much of this has been recently reviewed with regard to surge
generation [20] and only the highlights will be addressed here. Ovariectomy with
replacement with estradiol capsules producing physiological levels generates daily afternoon
LH surges in mice for ~ 5 days [18], similar to rats and hamsters [76,97]. The daily switch
between negative feedback in the AM and positive feedback in the PM is mediated by the
alpha isoform of the estradiol receptor [17], and provides a model to examine these different
feedback modes without a change in estradiol level. During negative feedback, GnRH
neuron activity is suppressed and quiescence increased. Mechanistically, this may be
attributed to both synaptic (reduced GABAergic and glutamatergic transmission) and
intrinsic (reduced whole-cell calcium current) changes [19,22,136]. In contrast, during
positive feedback, GnRH neuron activity, GABAergic transmission and whole-cell calcium
current are elevated. Although burst pattern has not been formally analyzed in this model,
some speculation is possible. First, synaptic initiation of bursting would be reduced during
negative and increased during positive feedback. Second, the reduction of whole-cell
calcium current during negative feedback might reduce activation of IKCa leading to bursts
with fewer spikes, further reducing activity. The opposite would be predicted for negative
feedback.

Longer times post ovariectomy plus estradiol can be used to examine negative feedback
[102]. Long-term extracellular recordings of GnRH neurons reveal peaks and troughs in
firing rate that occur with an interval similar to episodic hormone release in vivo
[101,110,111]. Fast-Fourier transform examination of repetitive activity in these longer
recordings reveals that interburst interval is reduced during peaks in firing rate. Estradiol
negative feedback did not alter burst characteristics in this model, but did alter longer term
patterning of the bursts. Specifically, estradiol reduced the rate at which bursts became
closer together (peak in firing) and further apart (trough in firing) [102].

Progesterone and androgens also influence overall GnRH neuron firing rate. Although
detailed studies of burst dynamics have not yet been performed, it will be interesting to
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determine if similar changes in burst properties are revealed, and to identify the
conductances being altered to effect these changes, and the mechanisms (neuromodulation?)
by which these changes are brought about. Both synaptic [134] and intrinsic mechanisms are
likely involved. With regard to the latter, calcium currents have recently been shown to be
modulated by progesterone and DHT, suggesting they and downstream calcium-sensitive
mechanisms may be a central point for burst regulation [137].

Estradiol, as well as other steroids, can also have rapid actions on cells [51,66,73]. In mouse
GnRH neurons, acute application of estradiol has differential effects that depend on dose
and engage different mechanisms [23]. Low physiological levels present during most of the
cycle inhibited GnRH neurons in an ERα-dependent manner that involved reductions in
GABAergic transmission. In contrast, high physiological estradiol levels excited GnRH
neurons directly via ERβ, inducing changes in the currents underlying the AHP and sADP,
inhibiting the former and increasing the latter. These changes were both mimicked and
occluded by blockers of BK and SK channels. The temporal relationship among the
underlying currents is key to producing the membrane response; the combination of BK and
SK blockers does not affect IsADP amplitude, but does reduce the latency to the peak of this
current, suggesting IAHP, which flows in the opposite direction to IsADP, may delay onset of
IsADP [26]. Primate embryonic GnRH neurons were also acutely excited by high
physiological estradiol [3] via classical receptors and potentially the membrane estradiol
receptor GPR30 [94,95,143]. Of interest, estradiol rapidly altered the burst firing pattern in
the primate neurons, which raises the interesting question of whether rapid alterations in
IKCa produced the increase in burst duration and intraburst frequency [3]. The acute effects
of estradiol have not been carefully examined in this regard in the mouse, merely the effects
on overall firing frequency [23]. Acute application of estradiol did increase L and R type
calcium currents via ERβ and GPR30 dependent mechanisms, respectively, in the mouse
[136] making it likely that burst dynamics are altered.

Neurotransmitters, neuromodulators and GnRH neuron function
When discussing either acute or chronic effects of steroids on GnRH neurons, the likelihood
of intermediate neurons being involved necessitates an examination of these factors. The
primary conveyors of fast synaptic transmission (mediated by ionotropic vs. metabotropic
receptors) are GABA and glutamate. GnRH neurons receive spontaneous glutamatergic
transmission via both AMPA/KA and NMDA receptors [16,22,132,138], but the frequency
of these currents is low and not all GnRH neurons exhibit evidence of spontaneous
innervation. This may be an artifact of recordings made at the cell soma as small currents
generated in the distal dendrites might not be detected but might still be important for cell
function. In this regard, AMPA-mediated currents in the proximal dendrite of modeled
GnRH neurons can contribute to action potential initiation [120] whereas those received in
distal segments of the dendrite cannot. In this particular model, the assumption was made
that GnRH neuron dendrites are passive and cannot generate action potentials. Recent work
has demonstrated expression of voltage-gated sodium channels in GnRH neuron dendrites
and also shown that perhaps as many as 2/3 of GnRH neuron action potentials are initiated
in dendrites [121]. This is an intriguing finding as it suggests that the distal inputs may be
able to contribute to GnRH neuron firing by generating action potentials that can propagate
through the thin fiber of the dendrite. An interesting question for future study will be
whether the proportion of action potentials generated in different cell regions is altered by
reproductive state; for example a steroid milieu that suppresses sodium channel trafficking
to dendrites would be expected to make GnRH neurons less responsive to distal inputs.

Essentially all GnRH neurons receive GABAergic transmission. The consequence of
GABAA receptor activation has been controversial in the GnRH field but is a topic of
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another recent review (Herbison and Moenter, in preparation) and will not be discussed here.
Studies of how various factors that regulate GnRH neurons alter GABAergic transmission
demonstrate good agreement that factors that increase GnRH neuron activity (DHT,
estradiol during positive feedback, kisspeptin) increase GABAergic transmission, whereas
factors that reduce GnRH neuron activity (fasting, progesterone, estradiol negative
feedback) reduce GABAergic transmission [16,19,25,113,133–135]. The interaction
between GABAergic and glutamatergic inputs has not been addressed except in one
modeling study, which suggests that a GABA-mediated event correctly timed before a sub-
threshold AMPA-mediated event can lead to summation needed for action potential
initiation [122]. This result mandates further studies of the patterning of these two inputs in
different physiological milieu.

A plethora of neuromodulators has been proposed to regulate GnRH neurons. With the
advent of direct electrophysiological studies, we have begun to understand which of these
act directly, which act indirectly and what the mechanisms are. RT-PCR amplification of
mRNA from identified GnRH neurons has shown they express receptors for a number of
neuroactive substances [146]. Here we will briefly review those that have been directly
studied using electrophysiology.

Kisspeptin is a neuromodulator that was identified through genetic screens of patients with
hypothalamic infertility [30,126]. Its excitatory actions on GnRH release have been
extensively studied and reviewed [4,29,103] and here only the electrophysiological aspects
will be touched upon. The ability of kisspeptin to increase GnRH neuron activity increases
during postnatal life through adulthood [46]; a loss in responsiveness of kisspeptin neurons
may contribute to age-related changes in reproduction [74,93]. The kisspeptin receptor,
GPR54, is expressed on GnRH neurons and can act directly via a number of mechanisms
including activation of non-specific cation channels and closure of potassium channels,
including inhibiting induction of inwardly rectified potassium currents by GABAB receptor
agonists [82,112,165,166]. Kisspeptin also excites other central neurons [6,112]. Estradiol
potentiates the excitatory actions of kisspeptin on GnRH neurons by increasing GABAergic
and glutamatergic transmission to these cells [113]. All of these mechanisms would increase
activity of GnRH neurons.

Kisspeptin has been heralded as essential for GnRH neuron function; it is important to point
out, however, that there is evidence both in vivo and in vitro for GnRH neuron activity in the
absence of kisspeptin [14,70]. Kisspeptin activated a majority of GnRH neurons in OVX
mice treated or not with estradiol [112], but a smaller percentage in diestrous females
([37,46] Pielecka-Fortuna and Moenter unpublished observations). Of interest, GnRH
neurons that express vGluT2 are sensitive to kisspeptin but not to agonists of group I
metabotropic glutamate receptors [37], whereas GnRH neurons that are sensitive to mGluR
agonists are not activated by kisspeptin. Thus there is considerable evidence for GnRH
neurons that are not excited by kisspeptin, and thus might drive fertility in the absence of
this peptide.

Kisspeptin is an RFamide peptide. Another RFamide that is emerging as a regulator of
GnRH neurons is RFRP-3, which is the mammalian analogue of gonadotropin-inhibitory
hormone (GnIH) originally identified in birds to inhibit pituitary gonadotropin release [147].
RFRP-3 inhibits GnRH neurons in brain slices from mice; the inhibition persists in the
absence of fast synaptic transmission and appears to activate a potassium current suggesting
it is a direct effect on GnRH neurons [36,160]. Interestingly this peptide could prevent or
reverse activation of GnRH neurons by kisspeptin suggesting intracellular interactions, such
as mentioned above for GABAB, determine the net effect up the GnRH neuron [160].
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Several other modulators have been examined for effects on GnRH neuron activity. These
include direct inhibition of GnRH neurons by norepinephrine via alpha 1 or beta adrenergic
receptors [47], by somatostatin via somatostatin receptor 2 [9], and by melanin-
concentrating hormone via MCHR1 through activation of a potassium channel [159].
Finally, vasoactive intestinal polypeptide (VIP) activates GnRH neurons in an estradiol and
time-of-day dependent manner, that may be direct and/or transsynaptic [21].

Coordination of GnRH neurons
The episodic nature of GnRH release mandates some level of coordination among these
cells. Studies in GT1 cells suggested that not every cell participates in every burst of activity
[98]. Similarly, oscillations in intracellular calcium levels indicate coordination among a
part of the population [1]. Unfortunately, relatively little experimental evidence can
positively support a mechanism for how the GnRH neuronal network produces pulses,
however some findings that point to future experiments are worthy of note.

Work in the primate embryonic GnRH culture system suggests a possible role for non-
neuronal cells [142,145] in synchronizing calcium oscillations. In this regard, GnRH
neurons appear to form local feedback circuits to regulate their upstream GABAergic
neurons and preliminary evidence supports a potential role for the gliotransmitter
prostaglandin in this process [25,43]. Glial-GnRH neuron interactions have also been
proposed to be important for pubertal maturation of the GnRH neurosecretory system
[83,115,117], and recent work has shown functional interactions between GnRH neuron
terminals and tanacytes are very plastic and related to neurosecretion [114,116].

A very interesting recent report examined the dendritic structure of GnRH neurons [12].
This study found considerable bundling and appositions among GnRH neuronal dendrites
particularly in the vertical orientation. Occasional “horizontal” GnRH neuron orientations
were observed that crossed several vertically organized bundles. No vesicles nor gap
junctions were identified at points of GnRH dendrite to GnRH dendrite contact within the
GnRH neurons, suggesting neither traditional synaptic or gap junction communication
mechanisms are utilized, unlike in teleost terminal nerve GnRH neurons [50]. It is still
possible that this anatomical organization participates in the communication among GnRH
neurons. Shared synaptic inputs to GnRH neurons were also observed, suggesting input
from outside the GnRH network may be involved in synchronization. Coupled with recent
reports that GnRH neuron dendrites can exhibit active properties [121], this is an interesting
observation that will require further study.

GnRH itself has been proposed as a regulator of GnRH neurons. Although expression of
GnRH peptide is not needed for burst firing, other aspects of GnRH neuronal physiology
might be affected [42]. In vivo studies indicate GnRH inhibits GnRH release [33,107]. In
brain slice electrophysiology, GnRH had a dose dependent effect on firing rate in male mice,
with low levels (20 nM) inhibiting firing and higher levels (2 μM) increasing firing [162].
GnRH also exerts a biphasic effect (transient decrease followed by acceleration) on terminal
nerve GnRH neuron pacemaking activity in teleosts [2]. In slices from mouse brain, GnRH
activates an M-type potassium current [161], suggesting the inhibitory effect is at least in
part direct and that excitatory effects may be transsynaptic. In this regard, GnRH altered
GABAergic transmission in a dose-dependent manner with 20 nM suppressing GABAergic
transmission and 2 μM having no effect [16]; the effect of 2 μM GnRH on GABAergic
transmission became stimulatory when signaling via Gi was blocked with pertussis toxin,
suggesting a possible interaction between GnRH and other neuromodulators at upstream
GABA neurons. A recent report found a different response to GnRH with most neurons
being excited regardless of dose except in proestrous female mice [48]. At present no
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explanation exists; it is curious, however, that inhibition by GnRH is observed at the time
when GnRH levels are likely to be the highest and the activity of these cells most prolonged.

Summary
The past decade has seen a major increase in our knowledge of the intrinsic and synaptic
properties of GnRH neurons. The expanding repertoire of intrinsic and synaptic properties
can continue to be incorporated into sophisticated models that generate new hypotheses to
be tested about the network. Questions we are now poised to address include: What are the
roles of non-GnRH neuron and non-neuronal elements in coordinating the network? How do
the various conductances that contribute to burst firing, and have largely been studied
individually, interact to sculpt the membrane response? Do functional subpopulations of
GnRH neurons serve different roles, for example local circuit regulation, control of distal
central elements vs. neuroendocrine function? What pattern of GnRH activity is optimal for
hormone release? Where is GnRH release besides the median eminence and what is its
function? And finally, how do steroid milieu, circadian signals, metabolic cues and other
factors influencing reproduction, such as stress, alter the answers to these questions?
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Figure 1.
Importance of burst firing to GnRH neuron physiology. A. Burst firing examples in
extracellular (top) and whole-cell (bottom) recordings (Chu and Moenter, unpublished). B.
Isolated GnRH neurons exhibit burst firing, indicating synaptic input is not needed for this
activity (with permission from [70]). C. Blocking slow calcium-activated potassium
channels reduces interburst interval (top) and associated changes in intracellular calcium
levels (bottom, with permission from [75]. D. GnRH neurons exhibit endogenous shifts in
interburst interval (with permission from [102]). E. Burst firing of an extracellularly
recorded GnRH neuron under control conditions (grey) and 8 minutes after exposure to 1
nM kisspeptin, illustrating that neuromodulators can alter GnRH neuron burst properties
(Pielecka-Fortuna and Moenter, unpublished). Together these data suggest bursting is an
intrinsic characteristic of GnRH neurons that spontaneously changes over time perhaps due
to changes in neuromodulation in the network.
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