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Recent findings indicate that a majority of action potentials
originate from dendrites of GnRH neurons. This localization of
the dendrite as the principle site of action potential initiation
has sparked considerable interest in the nature of ionic
channels throughout GnRH neurons. This paper will review
the ionic conductances described within GnRH neurons and
their implications for physiological output, such as sensitivity
to steroids and diurnal state. To date, a majority of information
regarding ionic conductances in GnRH neurons pertains to
somata and the first 50-100 wm of dendrite length. Thus,
unraveling the tapestry created by the nature and distribution
of dendritic conductances in GnRH neurons lies at the forefront
of understanding the control of reproductive hormone
secretion.

Gonadotropin releasing-hormone (GnRH) is a small neuropep-
tide that drives pituitary release of luteinizing hormone (LH)
and follicle-stimulating hormone (ESH), peripheral hormones
critical in regulating gonadal function and fertility. The cell
bodies of the GnRH-containing neurons are distributed dif-
fusely throughout the rostral hypothalamus. Their axons project
to the median eminence where they release the GnRH peptide
into the hypophysiotropic portal system. In the portal capillaries,
GnRH travels to the anterior pituitary gland to stimulate release
of gonadotropins into the systemic circulation. GnRH release is
not continuous, but rather is released in episodic pulses, approxi-
mately once/hour.! It is well-established that the intermittent
manner of GnRH release is essential for sexual reproduction and
that changes in the frequency and amplitude of GnRH pulses
govern transitions between reproductive states.?

The neuronal substrate that results in pulsatile GnRH
release, and therefore comprises the “GnRH pulse generator,”
is unknown. The intermittent stimulus for GnRH release may
arise from input to the GnRH neurons and reflect synaptic
interactions between GnRH neurons and a secondary network.?
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Alternatively, pulsatile GnRH release may be a consequence
of spontaneous activity of the GnRH neurons themselves, and
therefore, is the result of properties that are intrinsic to this popu-
lation of hypothalamic cells. These two hypotheses are not mutu-
ally exclusive; the GnRH pulse generator is likely derived from
a combination of intrinsic properties and synaptic interactions.

With the development of transgenic rodent models in which
the GnRH neurons express green fluorescent protein®® (GFP), it
has become increasingly possible to study GnRH neurons using
a variety of electrophysiological approaches.” Thus, there is now
a rapidly expanding literature focusing on the activity of GnRH
neurons, their ionic conductances, and their physiological modu-
lation by a variety of internal and external factors. Our purpose
is to review what is known about the conductances described in
both somatic and dendritic compartments of GnRH neurons,
and their role within the mammalian reproductive axis.

This review will consider GnRH neurons as a single popula-
tion. However, GnRH neurons display a physiological diversity
that suggests they may not be one singular population of neu-
rons. Before the broad-spread use of GnRH-GFP rodent models,
Sim et al. (2000)® provided a notable glimpse into the diversity
that exists within the total population of GnRH neurons. Using
post hoc identification of GnRH neurons, they demonstrated
that sub-populations of GnRH neurons could be identified based
on key electrophysiological properties such as repetitive firing
and rectification. Since these behaviors reflect the expression of
specific ion conductances, their study indicated that individual
GnRH neurons likely differed in the type and densities of specific
ion channels. Thus, while this review discusses GnRH neurons
as a single population with the same, or largely the same ionic
channels, it should be noted that even from the earliest junctures
it has been clear that this is unlikely.

lonic Channels in GnRH Neurons

Table 1 describes some of the many ionic conductances that have
been defined in GnRH neurons. The voltage-gated ion channels
in GnRH neurons include sodium channels, potassium channels,
and calcium channels. The combined impact of these channels
largely determines the intrinsic properties of GnRH neurons.
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Table 1. Conductances and estrogen sensitivity

Current E Sensitive Diurnal

I8 No No
Sodium

TTX-sensitive Yes No
Kisspeptin

pep No No

-induced inward

Potassium

I Yes Yes

I Yes Yes

b No No

SH Yes No

B, No No

KATP Yes No
Calcium

L-type Yes Yes

N-type Yes Yes

P-type No No

Q-type No No

R-type Yes Yes

T-type Yes No
Chloride

GABA, No No

Citation

Sim et al.,, 2001;® Zhang et al., 2008;® Chu et al., 2010%*

Spergel et al., 1999;* Suter et al., 2000;* Kuehl-Kovarik et al., 2005;" Chu and Moenter, 2006;" Liu and

Herbison, 2008;" Roberts et al., 2009

Zhang et al., 2008'®

DeFazio and Moenter, 2002;?° Xu et al., 2008;?' Pielecka-Fortuna et al., 20112

Herbison, 1998;%° Pielecka-Fortuna et al., 2011
Xu et al., 2008

Bosch et al., 2003;% Kelly et al., 2002;?* Kelly et al., 2003;* Kato et al., 2006;% Liu and Herbison, 2008;"

Lee et al., 2010%°
Hiraizumi et al., 2008

Zhang et al., 2007%

Nunemaker et al., 2003;** Sun et al., 2010
Nunemaker et al., 2003;* Sun et al., 2010
Nunemaker et al., 200333
Nunemaker et al., 2003

Nunemaker et al., 2003;* Sun et al., 2010

Kato et al., 2003;** Nunemaker et al., 2003;* Zhang et al., 2009%*

Weyler et al., 1999; Herbison and Moenter, 20113#

Summary table of the ionic conductances described for GnRH neurons. Intrinsic GnRH conductances, estrogen sensitivity, and diurnal effects are listed
per conductance type. Citations that describe conductances found in GnRH neurons are provided.

The relatively high input resistance of GnRH neurons suggests
that at resting membrane potentials, most ionic conductances are
inactive. However, even the earliest studies noted marked excur-
sions and oscillations in resting membrane potential (Suter 2006)
even in the absence of synaptic inputs (Keuhl 2009). Thus, ionic
conductances in GnRH neurons likely underlie and modulate
this critical electrophysiological behavior.

Sodium channels. There is general agreement that GnRH
neurons express the classic TTX-sensitive voltage-gated sodium
channels. Blocking these channels eliminates spontaneous
action potentials in GnRH neurons as well as action potentials
in response to current injection pulses. Thus, similar to other
neurons, TTX-sensitive voltage-gated sodium channels underlie
the rapid depolarization phase of the action potential in GnRH
neurons.*® It seems a substantial fraction of voltage-gated sodium
channels (-93%) are inactive at resting membrane potentials.
Spike threshold in GnRH neurons has been reported to range
from -49 to -32 mV with the sodium current activating at about
-40 mV.* Our own studies agree with the more depolarized range
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of spike threshold (-35 mV) which is consistent with the find-
ing that the upstroke of the action potential is generated almost
exclusively by voltage gated sodium channels.*

A TTX-sensitive sodium channel also contributes to slow after
depolarizing potentials (so-called ADPs) in GnRH neurons. In
other neurosecretory cells, ADPs have been implicated in repeti-
tive firing, the mode of neuronal activity that facilitates hormone
release.’’ Both cultured GnRH somata and GnRH neurons in
hypothalamic slices express ADPs.""* In female mice, ADPs
recorded in GnRH neurons are modulated by estradiol, a key
component of the positive and negative feedback system within
the reproductive axis. High levels of estradiol, associated with
positive feedback, increase the amplitude of ADPs and low lev-
els of estradiol, associated with negative feedback, either have
no effect” or decrease ADP amplitude.'®
ADP amplitude in response to estradiol has been suggested to

The augmentation of
increase the activity of GnRH neurons during times of maxi-

mum hormone release; for example, during the preovulatory
surge of release in females."” The latter finding is consistent with
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an additional study from the same laboratory indicating that
low levels of estrogen decrease the conductance of both a persis-
tent sodium current as well as the classical voltage-gated sodium
channel.”” Similar studies have not been performed in males but
estradiol is likely the negative feedback signal. Therefore, GnRH
neurons from males may respond in a similar manner. The neu-
ropeptide kisspeptin opens TRPC-like cation channels through
which sodium influx makes a large contribution to kisspeptin’s
depolarizing effect on GnRH neurons.”® Kisspeptin, a potent
stimulator of GnRH release has been implicated in pubertal
development, regulation of the female estrous cycle, and also as
the effector in multiple signals that regulate reproduction.”

Potassium channels. Similar to other neurons, multiple potas-
sium conductances are expressed in GnRH neurons. Most of
these potassium conductances in neurons are activated by sub-
threshold levels of membrane depolarization and can be distin-
guished by differing kinetic properties with respect to voltage
and time. In GnRH neurons, the slowly inactivating potassium
current (I,) and the fast inactivating A-type potassium current
(I,) are both expressed.”” However, I, activates at more hyper-
polarized voltages (--50 mV) than I, (-~-40 mV). I, inactivates
rather quickly (100 ms) and impacts the inter-action potential
interval and therefore, the frequency of action potential firing.
I, on the other hand, can remain activated for up to 5 sec, and
generally acts to repolarize the membrane potential to remove
the inactivation of sodium channels and enable repetitive firing.
The so-called M-type potassium current (I,) is also expressed in
GnRH neurons. M-type potassium currents are non-inactivating,
sub-threshold currents that inhibit cell excitability. The presence
of these currents on GnRH neurons may provide a mechanism in
which GnRH autoregulates GnRH neurons via a self-feedback
loop.*!

Potassium channels in GnRH neurons create a rich substrate
for modulation of activity. Kelly et al. (2002 and 2003)*%
and Bosch et al. 2002? provided some of the earliest evidence
for the regulation of reproductive hormone secretion via estro-
gen actions on potassium channels. Kelly et al.?*# observed an
estrogen-mediated reduction of inwardly rectifying potassium
currents activated by p-opioids in POMC neurons. Moreover,
neurons throughout the preoptic area and the arcuate nuclei were
hyperpolarized by steroids with a particularly marked response
in GnRH neurons. In recent studies, estradiol has been shown to
alter both I, and I,, two voltage-gated potassium conductances
that are largely responsible for the overall excitability and dis-
charge activity in GnRH neurons.?’ Since the effects of estradiol
are relatively rapid, it most likely operates through a mechanism
other than genomic signaling.” Estradiol shifts (in the depolar-
izing direction) the voltage of both the half activation and half
inactivation of I, in female mice. In addition, action potential
latency was reduced in animals treated with estradiol follow-
ing ovariectomy when compared with females without estrogen
replacement following ovariectomy.?” These effects of estradiol
appear to be modulated by time of day, a finding that has the
potential to explain how estrogen shifts between the positive
and negative modes of feedback regulation on GnRH neurons.*
The GnRH peptide itself also has been reported to activate I to
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Figure 1. Back propagation of high frequency action potentials. Dual-
recording at GnRH neuron soma and dendrites illustrates faithful back
propagation of somatically generated high frequency action poten-
tials. Expression of TTX-sensitive voltage-gated sodium channels and
fast potassium conductances results in the active properties of GNRH
neuron dendrites. Used with permission from the Endocrine Society,

from reference 47.
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hyperpolarize GnRH neurons and thus form a potential auto-
regulatory mechanism of negative feedback to GnRH neurons.?!

Perhaps the most interesting potassium current in GnRH
neurons is the ATP-sensitive K, .
conductance is expressed in about 50% of GnRH neurons from

This inwardly rectifying

both male and female mice, which approximates the propor-
tion of GnRH neurons that are also glucose sensitive. The cur-

rent carried by K, channels (when input resistance is about

1.0 ) ranges from I;lbout 35 pA in males and varies in females
based on estradiol levels (-27 pA in estrogen treated females vs.
~14 pA in oil treated females).” In a variety of species, the release
of GnRH is influenced by metabolic status.?® Thus, it is possible
that the strong hyperpolarization imposed by K, (--8.0 mV)
in either GnRH somata or dendrites is partly responsible for the
link between nutritional status and fertility.

Repetitive action potentials result in the accumulation of
calcium in neurons. The elevated levels of intracellular calcium
activate calcium-dependent potassium currents. One of these
currents has a relatively small conductance. Thus, it is called a
small conductance potassium channel or S . A second calcium-
sensitive potassium conductance exists in most neurons. Because
it has a larger conductance than S channels, it is called the large-
conductance calcium activated potassium channel or B, (for big
potassium conductance). There is evidence for both S, and B
conductance in GnRH neurons. The S, conductance is reported
to be present in all GnRH neurons derived from mice" and
rats.”” Tonic activity of S, currents in GnRH neurons accounts
for a relatively large hyperpolarization (-7 mV). Thus, multiple
parameters shift in the presence of apamin, a specific blocker
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Figure 2. Spike frequency and dendritic location. The application of
simulated AMPA conductances results in robust action potentials until
about 150 wm of dendrite length. Beyond this most proximal portion
of the GnRH dendrite, the passive filtering of synaptic input prevents
generation of somatic action potentials. Used with permission from the
Endocrine Society, from reference 60.

of S, channels. For example, the action potential frequency
increases. However, the changes in the underlying pattern of
action potentials account for the higher frequency of discharge.
More repetitive (as opposed to basal) action potentials are exhib-
ited and the duration of episodes of repetitive action potentials is
longer."® Broad calcium transients have also been found to control
slow calcium-dependent potassium conductances, including an
apamin-sensitive conductance, which regulates activity within
and between bursts of activity.”® Like S, the B, conductance has
also been reported to control activity patterns in GnRH neurons
from rats.!

Calcium. Voltage-gated calcium channels can be broadly
characterized as high voltage-gated channels (HVGCCs) and
low voltage-activated channels (LVA). HVGCC are activated by
strong depolarization and further distinguished as L-, N-, R- and
Q/P subtypes. Each of these channels requires depolarization
to activate them but they differ in terms of the required mag-
nitude and/or duration of depolarization for activation. They
also differ in the duration of the active conductance. Low voltage
activated calcium channels are T-type conductances. Voltage-
gated calcium channels can also be distinguished based on their
region of expression through the body and by their physiological
function.*

Multiple calcium conductances are present in GnRH neurons.
GnRH somata in mice express high voltage activated calcium
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currents, with the L-type calcium channel dominating over N-,
P, Q- and R-type. Low voltage-activated calcium channels have
not been detected in mouse GnRH neurons.* In GnRH somata
derived from rats, HVGCC have been detected, and a small com-
ponent of a T-type conductance is reported to emerge around
the time of puberty.** However, in mice, Spergel® did not report
a developmental change in GnRH neuron calcium currents.
Nonetheless, the observation of an increase in T-type currents
in rats is interesting in that puberty requires a shift in activity of
GnRH neurons to support increased GnRH release. Consistent
with the findings of Kato et al.,* T-type calcium conductances
are frequently present in cells with rhythmic bursting or pace-
maker activity.* The potential role of T-type calcium channels
during times of elevated GnRH secretion is underscored by the
recent findings of Zhang et al. (2009),%® indicating that T-type
channels are positively modulated by estrogen and may be par-
ticularly important in the large release of GnRH that results in
ovulation.

Chloride channels: A ligand-gated ion channel. Until
recently, chloride ions were assumed to be passively distributed
across neuronal membranes. Thus, the emergence of chloride
channels in neurons has attracted intense interest.”’” In GnRH
neurons, the GABA, receptor is the major chloride ion chan-
nel identified thus far. As both receptor and channel, GABA, is
involved in synaptic transmission to GnRH neurons to modu-
late their firing patterns. However, whether its activation results
in excitation or inhibition of GnRH neurons remains a topic of
controversy and discussion.”® In most adult neurons, GABA
receptor activation causes hyperpolarization through chloride
entry into the cell. This hyperpolarization is dependent upon low
intracellular chloride concentration driving CI' movement into
the cell down its concentration gradient. If intracellular chloride
concentration is elevated, the reversal potential for chloride will
be depolarized and chloride ions will move out of the cell caus-
ing depolarization of the membrane. It is now well established
that GABA, activation is depolarizing and excitatory in most
immature neurons, and switches to become hyperpolarizing and
inhibitory in most mature neurons. However, there is evidence
that Cl conductance may remain predominantly depolarizing
in peripubertal® and even adult GnRH neurons.” Despite the
interest surrounding the distribution of chloride in GnRH neu-
rons, GnRH neuron-specific knockout of GABA, channels does
not ultimately disrupt normal fertility.”!

lon Channels and Information Processing
in GnRH Neuron Dendrites

It is clear that the dendrites in many, if not most, populations
of neurons express active ionic conductances that endow them
with active properties. The expression of active conductances in
dendrites compensates for the capacitance-induced distortion of
the temporal aspects of synaptic potentials.”> These active con-
ductances can underlie plateau potential generation and create
bistability leading to repetitive action potentials. Finally, the
effectiveness of distal synaptic inputs often relies on active con-
ductances in the intervening segments of the dendrite to boost
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Figure 3. Model schematic of GnRH input and firing. Distributed inputs on model GnRH dendrites widen the temporal window for integration of
AMPA-type inputs with GABA-A type inputs in GnRH somata panels (A and D), proximal dendrite panels (B and E) and in distal dendrite panels (C)
and (F). Panels A-C show the integration of AMPA and GABA inputs when GABA is excitatory. Panels D-F show integration of these inputs when GABA
is inhibitory. The dashed wave form in all panels indicates aligned action potentials in response to the respective simulations. Distributing inputs
along dendrites increases the temporal window for integration by introducing propagation delays. Used with permission from reference 61.
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Figure 4. Attenuation of GABAergic PSPs and fendritic location. The GABAergic post synaptic current evoked by uncaging GABA decreases along the
GnRH dendrite. Multiple trials at soma, proximal and distal dendritic locations are shown. Used with permission from reference 63.

signals that would, in the absence of active properties, decay
before reaching somata.”® Therefore, the expression of active
conductances in dendrites not only defines, in part, neuronal
excitability; these conductances often fundamentally alter how
neurons integrate information.**

The full complement, density and distribution of ion chan-
nels with their respective conductances in dendrites of any pop-
ulation of neurons is not completely known, but the following
parameters described here are generally characteristic within a
population of neurons. Conductances can vary from uniform
along the entire length of a dendrite, or as gradients that either
increase or decrease along the dendrite length (see ref. 48 for
detailed discussion on the issue of distribution of active conduc-
tances within dendrites). The most common active conductances
in dendrites are the voltage-gated sodium channels, voltage-
dependent potassium channels, hyperpolarization-activated cat-
ion ion current (I,), voltage-dependent calcium channels and the
NMDA receptor channels. In some dendrites, I, reduces the time
course of subthreshold events that would otherwise be distorted
by the increased capacitive load of larger diameter segments of
dendrites.”” The opening of the I, channel reduces membrane
resistance. This slows the time course of events by offsetting the
increased capacitance. Multiple forms of potassium conductances
are also expressed in dendrites, most notably fast potassium
channels (A-type) or slower D-type potassium channels. Many
dendrites also express voltage-gated calcium channels of several

140

Channels

possible varieties (L, N, P/Q, R and T). Depending on the popu-
lation of neurons, there can either be preferential expression of
the high or low-voltage activated calcium channels in dendrites,
or expression of the entire complement of voltage-activated cal-
cium channels. The high voltage activated channels appear to
be important for amplifying synaptic input, inducing synaptic
plasticity, generating dendritic spikes and underlying calcium-
dependent neurotransmitter release from dendrites.? The T-type
calcium channels in dendrites are implicated in burst firing pat-
terns. Perhaps the most important and most commonly expressed
active conductance in dendrites is the voltage-gated sodium
channel. This voltage-gated sodium channel is the same tetrodo-
toxin (TTX)-sensitive voltage-gated sodium channel that under-
lies both the generation of the action potential at the axon hillock
and the propagation of action potential in axons. These voltage
gated sodium channels serve the same function in dendrites.
Most of the electrophysiological studies in GnRH neurons
to date have relied on recordings from isolated GnRH somata
or somata of GnRH neurons in acute brain slice preparations.
Thus, many of the conductances noted above may actually exist
in GnRH neuron dendrites but, due to the location of recordings,
cannot be definitively attributed to any more than the proximal
portions of dendrites. The persistence of ADPs detected in iso-
lated GnRH somata indicates that they are most likely gener-
ated in the proximal regions of the GnRH neuron. This could
be somata or within the first 30 wm of the dendrite that is
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Figure 5. L-type calcium channels and GABA excitation. Blocking L-type calcium channels in GnRH neurons eliminates the response to excitatory
GABA. Thus, interaction with an intrinsic conductance long the length of the GnRH dendrite is required for excitatory GABA to generate action poten-

usually present in cultured somata.” Therefore the TTX-sensitive
sodium-based current that has been implicated in the generation
of ADPs may reside in the proximal dendrite.

Until recently, very little was understood about the GnRH
neuron dendrite beyond the most proximal portions. It is now
clear that the dendrites of GnRH neurons are morphologically
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and functionally more complex than was previously appreci-
ated. Structurally, dendrites of GnRH neurons are now recog-
nized as being exceptionally long processes that®®! bundle with
one another’? and exhibit extensive branching in areas outside
the blood-brain barrier.”* Based on work from our laboratory>*
and those of the Herbison group,” dendrites are also the major
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of dendritic membrane potential, repetitive
action potentials could not be generated due
to inactivation of the voltage-gated sodium
channels. In contrast to the strong back-prop-
agation of action potentials into GnRH neu-
ron dendrites, CA1 pyramidal neurons exhibit
a marked attenuation of high frequency action
potentials during back-propagation into their
dendrites.”” The observation of back-propaga-
tion failure during high frequency discharges
presumably reflects persistent inactivation of
voltage-gated sodium channels due to lack of
the membrane repolarization generally pro-
vided by voltage-gated potassium channels. In
the case of pyramidal neurons, the density of
I, current channels decreases as the dendrite
extends from the soma.”” Thus, the failure of
high-fidelity back-propagation of somatically-
generated action potentials is specifically due
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to weak dendritic expression of potassium
channels which underlie membrane repolar-
ization.”®” In contrast, the robust back-propa-

gation of somatically induced action potentials
Potassium

(rectification) suggests the presence of sufficient densities of

potassium conductances, mostly likely the fast-
activating I, in GnRH dendrites. Moreover, if
GnRH dendrites have enriched I, expression,
the modulations of estradiol on I, channels
(see above) may well be exerted on GnRH
dendrites and somata.

The [, current is a nonspecific cation cur-

rent that utilizes sodium and potassium ions

Figure 6. Morphology and corresponding physiology of GnRH neurons. lllustration sum-
marizing the morphology and physiology of GnRH neurons. Known conductances are shown
within their respective regions of the GnRH neuron. Inset summarizes the conductances

observed in physiological recordings.

as current carriers. It is activated by hyperpo-
larization and inactivated by depolarization.
It can serve as an important component of

pacemaking in some neurons with primarily

site of action potential generation in GnRH neurons in brain
slices. Both slow basal firing>* and repetitive action potentials?®>
primarily originate in GnRH dendrites. Thus, the fast sodium
conductance is present in GnRH dendrites. Moreover, somat-
ically-induced action potentials faithfully back-propagate in
GnRH dendrites.” As shown in Figure 1, action potentials occur
in both somata and dendrites following applied current injection
pulses at somata. However, this signal shows consistent back-
propagation into dendrites whereby each induced action poten-
tial in somata also results in a corresponding action potential in
dendrites. The physiological significance of back-propagation of
action potentials into dendrites may include activation of voltage-
gated calcium channels or removing the voltage-dependent mag-
nesium block on NMDA receptors.®

In any regard, the ability of the GnRH neuron dendrite to
back-propagate relatively high-frequency action potentials sup-
ports the notion that these dendrites also express voltage-gated
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Jast oscillations on the millisecond time scale
(like cortical neurons).®’ At resting membrane potentials, I, can
reduce/offset local elevations in membrane resistance (R ) due to
its opening and closing. These local changes in R would have
substantial implications for activity in the thin distal dendrites of
GnRH neurons. Moreover, because GnRH neurons have been

reported in some cases to exhibit periodic activity,¢-63

one
might reasonably assume that I, would be a dominant current.
In the early study of Sim et al. (2000)” only about 5% of GnRH
neurons exhibited the inward rectification consistent with an I,
183564 suggested that as many as
half of GnRH neurons express I,. An evaluation of the expression

of I, in GnRH dendrites may reconcile these differences.

current. In contrast, later studies

Interaction of lonic Channels and Synaptic Inputs

The GnRH neurons express a host of post-synaptic receptors
that allow them to integrate multiple signals about internal
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homeostasis and the external environment.”” In response to these
signals, activation of intrinsic conductances can shape the overall
response of the GnRH cell. One of the most intriguing issues is
how dendrites might process multiple and sometimes conflicting
signals. In other neurons with elaborate dendritic arbors, indi-
vidual branches within the same neuron function as the smallest

unit of dendritic integration.’®>

Because segments of branches
have unique ionic channel expression, even the same synaptic
signal can be processed quite differently depending on the loca-
tion of the synapse on the dendrite and the filtering properties of
that dendritic segment. Segments of the exceedingly long GnRH
dendrite have different passive filtering properties due to their
morphology.”*** However, the majority of GnRH neuron den-
drites examined to date express only modest branching; those
that project into the oranum vasculosum of the lamina termi-
nalis (OVLT) being an exception.” Thus, some of the tactics of
most neurons would not be well-suited for the long, relatively
unbranched dendrite of GnRH neurons.

The most common of experimental approaches used in other
neurons to characterize interactions between incoming synaptic
signals and intrinsic conductances (i.e., whole-cell recordings) are
largely intractable in the very thin GnRH neuron dendrites. To
provide insight into dendritic integration in GnRH dendrites,
multi-compartmental models of GnRH neurons have been
usefu1'47,6(),61

Glutamate and GABA are key neurotransmitters throughout
the brain and the neuroendocrine hypothalamus is no exception.
Each bind to specific ligand-gated channels in GnRH neurons.
As described above, GABA causes the opening of the GABA,
chloride channel in the GnRH neurons. Glutamate can bind to
the ionotropic glutamate receptors, NMDA and AMPA, which
are non-specific cation channels. Multiple studies in a variety of
species have provided compelling evidence that glutamate pro-
vides a key excitatory drive to GnRH neurons.®* However, GABA
can be excitatory or inhibitory in GnRH neurons.”” The latter
circumstance adds an additional layer of complexity for process-
ing in GnRH neurons. Both glutamate and GABA have linear
current-voltage relationships, thus making them quite amenable
for computational modeling approaches.

Using compartmental models of GnRH neurons, one can
examine the filtering properties of GnRH dendrites® (Fig. 2).
Part of the power of this approach is that one can distribute synap-
tic inputs along the simulated dendrite. When simulated synaptic
inputs are applied along the length of the model GnRH neurons’
dendrite, the induced action potential frequency is reduced as
synapses are placed in increasingly distal positions. This occurs
in the dendrite shaft (in black line in Fig. 2) of a GnRH neuron
with a branched dendrite (dark gray and dark, dashed gray lines)
and along the dendrite of the classic bipolar GnRH neuron with
a non-branching dendrite (light gray trace; Fig. 2). Since these
model neurons do not contain simulated voltage-gated sodium
channels in their dendrites, the response represents the impact of
passive filtering by the plasma membrane.

Using the above approach, one can also determine the impact
of GABA in both the excitatory and inhibitory mode in the same
GnRH neuron (albeit a simulated one) using a measure called
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spike-triggered averaging on conductance. This analysis allows
one to directly relate action potentials to a particular temporal pat-
tern and/or spatial arrangements of simulated synaptic inputs.®!
As shown in Figure 3, distributing inputs along the model den-
drite alters temporal aspects of synaptic integration of glutamate
and GABA. Independent of whether GABA is in the inhibi-
tory mode (Fig. 3A—C) or in the excitatory mode (Fig. 3D-F),
action potentials are most effectively generated at all locations
when the GABA conductance is at a nadir or declining relative
to the peak AMPA conductance. As simulated synaptic inputs
are distributed through increasing dendrite lengths (Fig. 3B—F),
propagation delays (from site of simulated input to somata) are
introduced. This can be assessed by measuring a conductance’s
full widch at half maximum (FWHM). Distribution of inputs
along the dendrite more strongly impacts on AMPA inputs than
GABA input due to the longer time course of GABA conduc-
tances. Thus, the effect of distributing inputs is to increase the
time domain over which glutamatergic and GABAergic inputs
can be integrated.

To study the issue of synaptic integration from the perspec-
tive of endogenous receptor activation, we have turned to pho-
tolysis of caged compounds, often termed “uncaging.”®* At the
core of uncaging, is a molecule that contains a neurotransmitter
“encased” in a photo-labile moiety. When the caged moiety is
briefly exposed to light, its conformation changes and the func-
tional portion of the caged compound is either released from the
cage or at least exposed. It can then interact as a ligand with
its receptors. Responses to a particular uncaged moiety indicate
the presence of its receptor and how the neuron responds when
that receptor is activated. Thus, we use can use photolysis of
caged compounds to probe GnRH dendrites for their processing
capabilities.

Using uncaging along the length of the GnRH dendrite,
we have identified a functional microdomain composed of
GABAergic receptors and L-type calcium channels.®’ Previously,
Constantin et al. (2010)® demonstrated entry of calcium
through L-type calcium channels when GABA, type receptors
were activated. We used the release of caged GABA to activate
GABA, receptors in GnRH somata and dendrites (Fig. 4). We
rendered GABA excitatory by using high chloride in the pipette
solution such that the reversal potential for chloride was -36.5
mV.”” Consistent with earlier observations using anatomical
approaches,®® there is a decreasing response to GABA as the
GnRH dendrite extends. Moreover, blocking L-type calcium
channels eliminates the response to uncaging GABA (Fig. 5).
Note that the post-synaptic potential in response to uncag-
ing GABA in the soma approximates that at 200 pwm of den-
drite length. The increase in the GABA induced post-synaptic
potential between 100 and 200 pwm of dendrite length reflects a
higher density of the L-type calcium channels in the distal por-
tions of the dendrite. Thus, for their action on GnRH neurons,
GABAergic inputs must engage L-type calcium channels, and
the density of the intrinsic L-type calcium channels creates areas
of variable sensitivity.

One of the hallmarks of the GnRH neuron population is the
extensive range of internal and external cues that influence their
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activity. The active properties and unique morphology of GnRH

neuron dendrites render them a multi-functional substrate
on which internal and external cues can exert their signaling.
Thus, understanding the physiology, morphology and behavior
of GnRH neuron dendrites has moved to the forefront of the

GnRH field (Fig. 6).
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