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Abstract

Gonadotropin-releasing hormone (GnRH) neurons integrate
synaptic information in their dendrites in order to precisely
control GnRH secretion and hence fertility. Recent discover-
ies concerning the structure and function of GnRH neuron
dendrites have shed new light on the control of GnRH neu-
ron excitability and GnRH secretion. This work suggests that
GnRH neurons have a unique projection to the median emi-
nence that possesses both dendritic and axonal properties.
We propose that this ‘dendron’ projection allows GnRH neu-
rons to multitask and integrate information in ways that
would not be possible in a classically envisioned axon pro-
jection. ©2014 S. Karger AG, Basel

Introduction

Gonadotropin-releasing hormone (GnRH) neurons
regulate puberty and fertility in all mammalian species.
These neurons project to the median eminence where
GnRH is secreted to control pituitary function. The excit-
ability of GnRH neurons and hence the secretion of GnRH
peptide are controlled by a distributed and complex neural
network. While increasingly more is known about the con-

nectivity and function of the upstream neurons that proj-
ect to GnRH neurons, this review will focus specifically on
how GnRH neurons are adapted to integrate and process
afferent synaptic inputs. More specifically, we will focus on
the dendritic specializations that make this possible. This
knowledge has been synthesized through a variety of meth-
ods including morphological, electrophysiological, func-
tional imaging and computational studies. Together, this
work suggests that GnRH neurons have morphological
features that allow them to perform multiple operations in
a unique median eminence projecting fibre.

GnRH Neuron Projections: Long and Spiny

It should not come as a surprise that GnRH neurons
appear and function differently to other central nervous
system neurons since the embryonic origins of these neu-
rons are quite unique. Specifically, GnRH neurons are
born in the olfactory placode and then migrate into the
brain during embryonic development [1]. The cell bodies
of GnRH neurons in the adult are scattered along this mi-
gration path from the olfactory bulb through to the me-
dian eminence. However, the majority of GnRH neurons
reside in the medial septum, rostral pre-optic area (rPOA)
and anterior hypothalamic area (AHA) [2]. While GnRH
neurons from all of these areas project to the median em-
inence to release GnRH peptide into the portal circula-
tion, the complete morphology of these neurons has only
recently been revealed [3].
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GnRH neurons typically have two processes, each
originating from opposite poles of the soma and each pos-
sessing dendritic spines [4-9]. Morphological recon-
structions of GnRH neurons in acute brain slices have
revealed that these dendrites project for large distances in
the brain [10-12]. Further studies have revealed that this
simple dendritic morphology is acquired over the course
of puberty, since the morphology of GnRH neurons re-
constructed from rodents before puberty is significantly
more complex, with many more dendritic branches [13,
14].

Similar to many other central neurons, GnRH neuron
dendrites also possess dendritic spines [4-9]. The density
of these spines is highest on the proximal 50 pm of den-
drite and steadily declines with increasing distance from
the soma [10]. Notably however, dendritic spines are still
present hundreds of micrometres from the soma [10]
suggesting the synaptic inputs are received even at very
distant sites.

The individual dendrites of GnRH neurons also come
into close contact with one another. This arrangement,
termed bundling, involves the intertwining of dendrites
from different GnRH neurons over short distances. These
bundled regions are often connected via zonula adherens
and also have shared synapses [12]. Evidence suggests
that this bundling is extensive amongst GnRH neuron
dendrites and is one potential mechanism by which this
scattered population could be coordinated. Interestingly,
adult GnRH neurons from the mouse do not appear to
possess gap junctions [15]. Therefore coordination of ac-
tivity must employ other mechanisms rather than direct
electrical coupling via dendritic gap junction channels.
Possible, but yet untested mechanisms include electrical
coupling via ephaptic interactions [16] or coordination
via dendritically released neurotransmitters [17, 18]. One
alternative possibility is that bundling is simply a by-
product of dendrite path finding during embryonic de-
velopment and in fact plays no role in electrical coordina-
tion at all. If this was the case, coordinated activity
amongst GnRH neurons may simply be driven by coor-
dinated excitatory inputs from upstream neural popula-
tions.

Do the Dendrites Project All the Way to the Median
Eminence?

Morphological reconstructions had demonstrated
that GnRH neurons have long, thin dendrites but failed
to identify the axonal projection to the median eminence.
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This led to speculation that the long dendrites of these
neurons were in fact the primary projection to the me-
dian eminence.

Reconstructions of the entire GnRH neuron were pre-
viously hindered by the fact that the projections are sev-
ered during the preparation of thin acute brain slices. To
circumvent this problem, a thick ventral-horizontal brain
slice preparation was developed that maintains the ven-
tral most population of GnRH neurons with their entire
projections to the median eminence intact [19].

Full reconstructions of GnRH neurons in these thick
brain slices revealed that the previously termed den-
drites of these neurons indeed project all the way to the
median eminence [3]. While these projections neither
label for classical axonal or dendritic markers, they do
however possess dendritic spines and presynaptic ap-
positions along their entire length [3]. Upon reaching
the border of the median eminence, these processes
branch extensively and take on an axonal appearance.
These axon-like processes eventually form neurosecre-
tory terminals apposed to blood vessels in the external
zone of the median eminence [3]. This unique projec-
tion structure has been named the ‘dendron’ because it
appears to function simultaneously as a dendrite and
axon [3]. Because GnRH neurons typically have two
dendrites, it was important to determine if each den-
drite projected to the same or different locations. Re-
markably, in AHA GnRH neurons where both den-
drons have been able to be fully reconstructed, it has
been found that both project into the median eminence
[3]. It is currently unknown whether the two dendrons
originating from opposite sides of the soma function
identically or differently.

To date, only the projections of GnRH neurons within
the AHA have been fully reconstructed, the reason being
that an acute brain slice containing the rPOA with intact
projections to the median eminence is not currently fea-
sible. Alternative approaches such as cell filling of rPOA
GnRH neurons in vivo will instead have to be employed
to study the projection of these neurons. However, based
on the morphology and direction of travel of the proximal
dendrite of rPOA GnRH neurons, it is expected that these
neurons will also possess the dendron projection to the
median eminence. It is important to note that there exists
a population of GnRH neurons that also send projections
to other central brain regions such as the periaqueductal
grey, amygdala and cortex [8, 20-24]. It is likely that this
small population of centrally projecting GnRH neurons
possesses an axonal projection in addition to their me-
dian eminence-targeting dendron projection.
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Multitasking in the Dendron

Morphological reconstructions suggest that GnRH
neurons send a projection to the median eminence that
has a hybrid dendritic-axonal structure. If this is indeed
the case, this projection should possess functional prop-
erties of both axons and dendrites. Specifically, it should
both be able to initiate and actively propagate action po-
tentials in addition to receiving and integrating synaptic
inputs.

The ability of GnRH neuron dendrites to initiate and
propagate spikes was first demonstrated by the Suter lab-
oratory [25]. By performing whole-cell recordings at the
soma and on-cell recordings along the dendrite, Roberts
et al. [25] demonstrated in 2008 that the dendrites of
GnRH neurons conduct spikes and are the site of spike
initiation in the majority of recorded neurons. Subse-
quent work from our laboratory has confirmed this and
further determined that these sodium spikes are actively
conducted throughout all parts of the dendritic projec-
tion. In addition, we have identified a region 50-150 um
down one dendrite as being the spike initiation site [26].
This region of the dendrite also labels for the spike initia-
tion site marker ankyrin G [3] and possesses a high den-
sity of functional voltage-gated sodium channels [26]. In-
terestingly, while the entire dendritic projection can ac-
tively conduct spikes, there appears to be only one site of
spike initiation. The soma and dendrites of GnRH neu-
rons also possess many other voltage-gated ion channels
which are known to be essential for the regulation of ex-
citability and the generation of burst firing. For an in-
depth review of these ion channels, please see Moenter
[27] and Norberg et al. [28].

It is clear from previous work that the proximal
GnRH neuron dendrite receives a significant degree of
synaptic innervation [29, 30]. Remarkably, synaptic in-
puts onto the dendron exist along the entire projection
to the median eminence. Specifically, we have found that
the dendron projection possesses dendritic spines along
its length, as well as juxtaposed vesicle-associated mem-
brane protein 2 (VAMP2) immunostained puncta [3].
VAMP2 is a presynaptic vesicle protein and therefore
indicates the presence of presynaptic terminals. To ad-
dress whether activation of postsynaptic receptors on
the dendron regulates excitability and spiking, we and
others have used three different approaches: local neu-
rotransmitter puffs, neurotransmitter uncaging and
channelrhodopsin stimulation.

Neurotransmitter puffs onto the dendron evoke reli-
able membrane potential changes recorded at the cell
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body [26]. As expected for passive electrotonic decay of
subthreshold potentials, the amplitude of these responses
becomes smaller and smaller at greater distances from the
recording electrode at the soma. The effects on spiking
excitability are similar. Specifically, activation of gluta-
mate receptors close to the spike initiation site readily
evokes a burst of spiking. However, glutamate puffs at
distances greater than 400-500 um from the soma are in-
effective at inducing spiking [3]. It is important to note
that glutamate-evoked sodium spikes are initiated at the
same spike initiation site regardless of where along the
dendron the glutamate receptors are activated. This loca-
tion of spike initiation is the same as for spontaneously
evoked spiking [26].

Laser uncaging of neurotransmitters is another way to
study the impact of synaptic signals on dendrite excitabil-
ity. Dendritic uncaging of either y-aminobutyric acid
(GABA) or glutamate can evoke depolarizations in GnRH
neuron dendrites [31]. Interestingly, uncaging of GABA
results in the activation of dendritic L-type voltage-gated
calcium channels, which enhances the subsequent depo-
larization and spiking [31].

As noted above, activation of glutamate receptors at
more distal regions of the dendron is ineffective at evok-
ing spiking. We therefore investigated the possibility that
subthreshold synaptic inputs may modify the shape of ac-
tion potentials as they propagate along the dendron. Pre-
vious studies in hippocampal neurons have demonstrat-
ed that subthreshold depolarizations in the axon can
broaden action potentials leading to changes in neu-
rotransmitter release [32-35]. To investigate whether this
occurs in GnRH dendrons, we focally uncaged glutamate
while recording dendritic spikes with an on-cell record-
ing electrode. Consistent with previous studies, we found
that uncaging glutamate increased spike width without
changing spike amplitude [3]. The implications of this
phenomenon for functioning in the GnRH neuron will be
discussed in a later section.

While both puffing and uncaging neurotransmitters
provide evidence for functional postsynaptic receptors,
they do not confirm whether endogenous neurotrans-
mitter release occurs. To confirm that synapses onto the
GnRH dendron are in fact functional, we have used
channelrhodopsin 2 stimulation of GABA neurons [36].
When blue light is directed at channelrhodopsin-2-
expressing GABA neurons, these neurons are depolar-
ized, fire action potentials and subsequently release
neurotransmitter. Using this technique, we have also
confirmed that GnRH dendrons receive functional
GABAergic synaptic innervation [3].
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Functional Role of a Mixed Dendritic-Axonal
(Dendron) Projection

The total length of the GnRH neuron projection to
the median eminence can be greater than 3 mm de-
pending on whether the neuron is located in the AHA,
rPOA or medial septum. The unique morphology and
function of the GnRH projection to the median emi-
nence suggest that these neurons integrate and process
synaptic information differently to other neurons. Very
broadly, we propose that the dendron has three func-
tional compartments, with each performing specific
computational roles: (1) proximal dendron, (2) central
dendron and (3) distal dendron (fig. 1). Together, these
compartments allow for at least three distinct modes of
operation to control GnRH secretion from the median
eminence.

Proximal Dendron (Up to approx. 500 um from Cell

Body)

This is the best-studied region of the GnRH neuron.
As noted earlier, this region contains the spike initiation
site [26] and also has the highest density of synaptic in-
nervation [10]. The synaptic inputs that impinge close to
the spike initiation site will be highly effective at control-
ling action potential firing. Synaptic inputs at greater dis-
tances away from the spike initiation site will become
progressively less effective at controlling spiking simply
due to increased electronic decay [3]. While the length
constant of GnRH neuron dendrites has not been direct-
ly measured, it may be similar to the axonal length con-
stant of other neurons (420-550 um [34, 35, 37]). This
predicts that the amplitude of synaptic inputs at approx-
imately 500 um will be 37% of their original amplitude
by the time they propagate back to the soma. Synaptic
inputs that arrive at distances >500 um (in the central
and distal dendron) are predicated to be attenuated so
much that they have minimal direct effects on somatic
excitability.

Burst generation in GnRH neurons is thought to re-
quire ionic conductances that are highly expressed in the
soma [38, 39]. Therefore, there are implications for
burst generation of having a spike initiation site in the
proximal dendron. Modelling has demonstrated that
the degree of electrical coupling between the site of spike
initiation and the soma indeed plays an important role
in regulating bursting behaviour [40]. Factors that in-
crease electrical coupling (e.g. reduced distance between
soma and spike initiation site) increase interburst inter-
val and reduce the number of spikes per burst [40].
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Cell body

— GnRH biosynthesis

- Integration of synaptic inputs
to regulate spiking and
bursting activity

Proximal dendron

— Integration of inputs to control
spiking and bursting activity

— Action potential initiation

— Action potential conduction

Central dendron

— Action potential condution
— Spike modulation?

Distal dendron
— Action potential condution
— Subthreshold integration of

synaptic inputs to regulate
GnRH neurosecreation

Fig. 1. Functional compartments of the GnRH neuron projection
to the median eminence. The GnRH neuron can be functionally
subdivided into four compartments: (1) the cell body controls gene
transcription/translation and GnRH biosynthesis; it also receives
synaptic inputs and has many of the jon channels necessary to gen-
erate electrical bursting activity; (2) the proximal dendron has the
action potential initiation site as well as a high density of synaptic
innervation; this region of the dendron is therefore critical for the
generation and regulation of spiking activity; (3) the central den-
dron also actively conducts spikes and receives synaptic inputs;
while synaptic inputs can modulate the shape of locally propagat-
ing spikes, the precise role of this region in regulating GnRH secre-
tion is unclear; (4) the distal dendron conducts action potentials
into the GnRH nerve terminals in the median eminence; this re-
gion also receives synaptic inputs, which are thought to regulate
the membrane potential and calcium levels in the nerve terminals
via subthreshold mechanisms.

Modelling has also demonstrated that the proximal den-
dron plays an important role in regulating the magni-
tude of afterdepolarization potentials [41] which are
also thought to be important in regulating bursting ac-
tivity [42].
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http://dx.doi.org/10.1159%2F000368364

Central Dendron (Region between Proximal and

Distal Dendron)

The functional importance of synaptic innervation in
this central region of the GnRH neuron projection is cur-
rently unclear. As mentioned above, it has been shown
that synaptic depolarizations are capable of regulating the
shape of propagating spikes in this region. It is important
to note however that this effect on the shape of the spike
will only be localized to the region of the dendron where
the synaptic input occurs. At regions further down the
projection, where the depolarization will be very small or
negligible, the impact on spike shape will cease to exist
[33]. Therefore, current evidence suggests that synaptic
inputs onto this central region will not impact excitabil-
ity either at the spike initiation site or the nerve terminals.
Thus, the functional significance of inputs in this region
remains to be determined.

Distal Dendron (Distal approx. 500 um of Projection)

Perhaps the most significant implication for GnRH
neuron processing exists in the distal dendron. Synaptic
inputs that are received in this region will be too far away
from the spike initiation site to control action potential
firing. In addition, there is no current evidence to sug-
gest that spikes can be locally generated in this distal re-
gion of the GnRH dendron either. Instead, we propose
that this region of the GnRH neuron is specialized to
integrate subthreshold synaptic signals, which can then
be relayed to the nearby nerve terminals. In fact, there is
already considerable evidence for direct control of GnRH
release via integration of signals in GnRH processes
close to the median eminence [43]. This includes studies
that have demonstrated spontaneous pulsatile secretion
of GnRH from isolated mediobasal/median eminence
explants [44-46]. In addition, other studies have demon-
strated that neurotransmitters and neuropeptides impli-
cated in the central regulation of fertility can induce
GnRH secretion in the absence of GnRH cell bodies [46,
47]. Topically, kisspeptin or neurokinin B can induce
GnRH secretion when applied to isolated median emi-
nence slices in vitro [48-51]. The effects of kisspeptin
appear to be calcium dependent [50] but action potential
independent [48]. Together, these data support the no-
tion that activation of receptors on the distal dendron
induces subthreshold depolarizations and calcium influx
that can regulate GnRH secretion in a spike-indepen-
dent manner. This mechanism of regulation could oper-
ate independently or synergistically with control mecha-
nisms present in the proximal dendron/soma. For ex-
ample, synaptic inputs onto the distal dendron could

Multitasking in GnRH Neuron Dendrites

induce depolarizations/calcium influx to drive GnRH
release. However, if depolarization of the distal dendron
occurred coincidently with a burst of spiking initiated at
the soma/proximal dendron, then GnRH release could
be potentiated. Therefore, at least three distinct modes
of operation are envisaged: (1) somatic spiking-induced
GnRH release, (2) GnRH release driven solely by sub-
threshold inputs in the distal dendron and (3) synergistic
release driven by coincident distal subthreshold and
spiking signals.

A big question that now arises is whether the pulse and
surge modes of GnRH secretion in vivo are due to the dif-
ferent modes of operation of the dendron. c-fos data sug-
gests that the cell body of GnRH neurons experiences a
high level of spiking activity during the GnRH surge [52-
54], but could pulsatile GnRH release be driven by spike-
independent mechanisms in the distal dendron?

Is this Form of Information Processing Unique to the
GnRH Neuron?

GnRH neurons clearly function differently from most
other neurons in the mammalian brain. However, mount-
ing evidence suggests even ‘typical’ neurons can perform
dendrite-like computations locally within long-range ax-
onal projections [55].

For example, synaptically released glutamate has been
shown to regulate hippocampal axonal excitability via ax-
onal kainate [56] and AMPA receptors [32]. In the cere-
bellum, a similar situation exists for locally released
GABA onto parallel fibre axons [57]. Synaptic events that
occur in dendrites can also passively propagate for very
long distances down axons [34, 37]. These subthreshold
depolarizations can propagate to the nerve terminals and
subsequently regulate nerve terminal excitability and
neurotransmitter release. While this is a recently de-
scribed form of information processing in central neu-
rons, it has been known for a long time that this mecha-
nism of signalling is commonly used in the retina [58] as
well as in various invertebrate neurons [59, 60]. Clearly,
specialised forms of information processing are evident
in diverse classes of neurons.

Conclusion
The dendron projection greatly expands the dynamic

control of GnRH neuron excitability and hence GnRH
secretion from the median eminence. Because of its ex-
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tensive length, we speculate that synaptic inputs received
in different regions of the dendron regulate GnRH secre-
tion via quite different mechanisms. Synaptic inputs re-
ceived in the proximal dendron, close to the soma, will
efficiently regulate spiking activity. In comparison, syn-
aptic inputs onto the distal dendron, close to the nerve
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