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1  | INTRODUC TION

Cajal established the principle that interconnections between neu-
rons provided the functional links enabling coherent activity in the 
brain. As highly polarised cells, the transfer of information between 
neurons occurs in a stereotypical manner with electrical charge 
flowing from the dendrites to the soma and on to the axon. Although 
this pattern of information processing holds for the vast majority of 
neurons, exceptions exist. Invertebrate neurons do not often have 
defined axons and dendrites and their absence of action potential 
initiation segments results in the graded processing of information 
within their neurites.1,2 Rarely, neurons with similar features can be 
found in vertebrates. For example, the axon- less amacrine neurons 
of the retina and olfactory bulb granule cells have neuritic arbours 

that receive and transmit information in local microprocessing do-
mains.3,4 A more common form of non- classical transmission in 
vertebrates is that of dendro- dendritic signalling, where dendrites 
release transmitters to modulate the activity of nearby dendrites. 
This mode of communication has now been observed in many net-
works but remains exemplified by the hypothalamic magnocellular 
neurons where dendritic neuropeptide release co- ordinates activity 
both within and across specific modalities.5,6

We reported in 2013 that murine gonadotrophin- releasing hor-
mone (GnRH) neurons utilised a unique form of non- classical neu-
rotransmission in which their long neural processes were not only 
responsible for the axon- like propagation of action potentials, but 
also behaved as dendrites receiving synaptic input.7 These pro-
cesses were termed “dendrons” to reflect their mixed dendritic and 
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Abstract
The unexpected observation that the long processes of gonadotrophin- releasing 
hormone (GnRH) neurons not only conducted action potentials, but also operated to 
integrate afferent information at their distal- most extent gave rise to the concept of 
a blended dendritic- axonal process termed the “dendron”. The proximal dendrites of 
the GnRH neuron function in a conventional manner, receiving synaptic inputs and 
initiating action potentials that are critical for the surge mode of GnRH secretion. 
The distal dendrons are regulated by both classical synapses and volume transmis-
sion and likely operate using subthreshold electrotonic propagation into the nearby 
axon terminals in the median eminence. Evidence indicates that neural processing 
at the distal dendron is responsible for the pulsatile patterning of GnRH secretion. 
Although the dendron remains unique to the GnRH neuron, data show that it exists 
in both mice and rats and may be a common feature of mammalian species in which 
GnRH neuron cell bodies do not migrate into the basal hypothalamus. This review 
outlines the discovery and function of the dendron as a unique neuronal structure 
optimised to generate episodic neuronal output.

K E Y W O R D S

axon, dendrite, fertility, fertility, GnRH, kisspeptin, luteinising hormone, pulse

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Apollo

https://core.ac.uk/display/475649012?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
www.wileyonlinelibrary.com/journal/jne
mailto:￼
https://orcid.org/0000-0002-9615-3022
http://creativecommons.org/licenses/by/4.0/
mailto:aeh36@cam.ac.uk


2 of 9  |     HERBISON

axonal properties. Subsequent investigations have indicated that 
the distal- most aspect of the GnRH neuron dendron operates as 
an autonomous regulatory microdomain immediately upstream of 
short axons secreting GnRH into the portal circulation.8- 10 After al-
most a decade, the GnRH neurons remain the only example of this 
type of signalling in the mammalian brain. In other neurons, afferent 
synaptic inputs exist around the action potential initiation segment 
and the nerve terminal but are rarely encountered elsewhere on the 
axon.11,12 Equally, it is well established that dendritic trees can sup-
port back- propagating action potentials,13 although these dendrites 
do not give rise to axons with nerve terminals.

This short review aims to summarise the discovery, characteris-
tics and role of the GnRH neuron dendron in the mouse and highlight 
the key ongoing challenges in understanding its utility and why it 
exists.

2  | DISCOVERY OF THE DENDRON

The pioneering studies of Barry and colleagues revealed that mam-
malian GnRH neurons exhibited a predominantly bipolar nature 
and were scattered throughout the basal forebrain14 (Figure 1A). 
The existence of both features was explained by the discovery of 
the remarkable migration of GnRH neurons along olfactory axons 
from the nasal placode into the hypothalamus during embryogen-
esis.15 Although many studies used immunohistochemistry to fur-
ther characterise the GnRH neurons at the level of the light-  and 
electron- microscope,16 it remained that this only ever allowed ex-
amination of those parts of the GnRH neuron containing GnRH pep-
tide. In 2003, Rebecca Campbell and Seong- Kyu Han began a series 

of experiments in which individual living GnRH neurons, identified 
in brain slices prepared from transgenic green fluorescent protein- 
tagged GnRH mice, were injected with biocytin allowing the entire 
intracellular space of the GnRH neuron to be delineated. These stud-
ies identified the presence of primary cilia and numerous spines on 
GnRH neurons, as well as the existence of curiously long dendrites 
extending from both poles of the GnRH neuron; these processes ran 
for up to 1000 μm before exiting the brain slice.17 Equally remark-
able was the failure to identify any clear axon- like structure emanat-
ing from the GnRH neuron.

The subsequent development of a thick horizontal brain slice by 
Stephanie Constantin provided a preparation in which the caudal- 
most GnRH neurons located within the anterior hypothalamic area 
(AHA) remained intact alongside an undisturbed median eminence18 
(Figure 1A). This was thought to be the ideal preparation for visual-
ising the pathway through which axons from individual AHA GnRH 
neurons innervated the median eminence. To the great surprise of 
Michel Herde, biocytin filling of AHA GnRH neurons in these slices 
revealed that there were no axons but that the long dendrites, often 
from both poles of the GnRH neuron, ran all the way to the me-
dian eminence before breaking up into short axons that converged 
onto the portal vasculature. Electrophysiological studies by Karl 
Iremonger demonstrated typical electrical propagation by these 
processes and the presence of functional amino acid receptors on 
distal dendrites at the border of the median eminence. Taken to-
gether, the observation that GnRH neurons extended long action 
potential- carrying processes that also received synaptic inputs and 
gave rise to the concept of the dendron.7 Not until the introduction 
of whole- brain clearing methodologies was it possible to demon-
strate that this was not a special feature of AHA GnRH neurons; 

F I G U R E  1   Photomicrographs showing the location of the distal dendron. A, View looking down on the base of the mouse brain in a 
para- horizontal brain section. The dense midline accumulation of gonadotrophin- releasing hormone (GnRH) projections around and within 
the median eminence (ME) is surrounded by scattered individual GnRH neurons located laterally in the anterior hypothalamic area (AHA) 
on both sides of the brain. The dotted line indicates the approximate coronal plane represented in (B). B, Coronal section at the level of the 
rostral arcuate nucleus showing the distribution of GnRH fibres (blue immunohistochemistry) in relation to the kisspeptin neuron cell bodies 
(genetically targeted enhanced green fluorescent protein). Note that GnRH fibres (axons) run along the wall of the third ventricle (IIIV), 
whereas the distal dendrons enter from the lateral aspects immediately beneath the kisspeptin neurons in the arcuate nucleus. The arrows 
indicate the approximate region of dendrons before they fasciculate into short axons that innervate the ME

(A) (B)
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those located in the preoptic area were also demonstrated to project 
exceptionally long dendrites (some for up to 5000 μm) to the base 
of the brain before fasciculating into short axons that entered the 
median eminence19 (Figure 2).

3  | MORPHOLOGIC AL CHAR AC TERISTIC S 
OF THE GNRH neuron

3.1 | Proximal aspects of the GnRH neuron

Technical advances have greatly enhanced the morphological 
characterisation of the GnRH neuron in the mouse.20 Before de-
tailing the features of the dendron, it is important to provide a 
quick overview of our current understanding of the proximal as-
pects of the GnRH neuron (Figure 2). As noted above, the great 
majority of GnRH neurons exhibit a uni-  or bipolar morphology 
and lie in a longitudinal orientation within the brain with each 
pole giving rise to a dendrite. Because it is not possible to define 
with certainty that every dendritic projection from a GnRH neu-
ron becomes a dendron, they are described as “dendrites” when 
considering the proximal morphology of a GnRH neuron and as 
“dendrons” when describing the distal processes around the me-
dian eminence. One of the dendrites projecting from the GnRH 
cell body is often thicker than the other leading to its classification 
as the primary dendrite.

Cell- filling studies show that the approximately half of den-
drites projecting from the dorsal pole of the cell eventually un-
dertake a hairpin turn and head back in the same direction as 
the other dendrite traveling ventro- caudally towards the median 
eminence.7,21 Electrophysiological assessments22,23 and ankyrin 
G labelling21 show that the GnRH neurons only have one action 
potential initiation segment and this is located 50- 150 μm along 
the dendrite. Although this can be present in either dendrite, the 
action potential initiation segment is most commonly observed in 
the secondary dendrite.21 As such, action potentials will propa-
gate down the secondary dendrite and, after passing through the 
cell body, also pass down the primary dendrite. This very likely 
provides two outputs to the median eminence for each GnRH 
neuron.7

Synaptic inputs to proximal aspects of the GnRH neuron are 
clustered around either dendrite but interestingly have their high-
est density in the region between the action potential initiation 
segment and soma, rather than at the action potential initiation 
segment itself17,21,24 (Figure 2). These afferents are primarily glu-
tamatergic, although GABAergic synapses are also detected and 
one- third of all synapses on GnRH neurons contain kisspeptin10,24. 
One striking feature of the proximal dendrites is their tendency to 
bundle together such that multiple dendrites will run in the same 
course intertwining and separating and then intertwining again.25 
Although no evidence was found for gap junctional coupling at 
these sites, shared synapses with single axons synapsing on two 
GnRH neuron dendrites are frequently encountered.25 This may 

represent a mechanism for the synchronisation of proximal GnRH 
neuron elements.

3.2 | Distal aspects of the GnRH neuron

Originating from the widely scattered GnRH neuron cell bodies, the 
dendrons pass ventro- laterally in the brain to ultimately converge on 
the lateral margins of the median eminence. Within approximately 
100 μm of the median eminence, the dendron begins to break up into 
multiple small axons that pass into the median eminence that end on 
the portal vasculature7,19 (Figures 1B and 2).

The dendron is the most densely innervated compartment of 
the GnRH neuron, having double the density of synapses com-
pared to the proximal dendrites.9 Electron microscopic examina-
tion of the dendron suggests that multiple different inputs exist 
at this level with symmetric and asymmetric synapses contain-
ing both small and large synaptic vesicles found on spines and 
the smooth shaft of the dendron.19 As has been noted before in 
the rat,26 no synapses were detected on GnRH neuron axons or 
terminals within the median eminence of the mouse.19 The neu-
rochemical identity of synapses on the dendron are not well es-
tablished, although they likely include GABA but not glutamate, 
dynorphin, neurokinin B or corticotrophin- releasing factor.7,10,27 
The initial observation of glutamate responses from the dendron 
of AHA GnRH neurons7 was not detected recently when dendrons 
from preoptic area GnRH neurons were examined.10 Because AHA 
GnRH neurons have their cell bodies close to the median emi-
nence, it is possible that the positive glutamate responses in those 
cells resulted from glutamatergic receptors associated with the 
proximal dendrite.

As the GnRH pulse generator, the arcuate nucleus kisspeptin 
neurons provide an extremely important input to the dendron (see 
below). Interestingly, kisspeptin neurons signal to the dendrons 
using volume transmission rather than direct synapses, as is the case 
for the GnRH neuron cell body and proximal dendrites.10 Kisspeptin 
neurons extend intertwining projections into the dendron field that 
result in vesicle- containing varicosities sitting next to, but not syn-
apsing on, multiple dendrons (Figure 2). Rather than providing tight 
millisecond synaptic control between two cells, this would gener-
ate a slower but more broadcast signal that would be compatible 
with the need to intermittently drive GnRH release for periods of 
minutes.28

It is important to note that the innervation of the dendron very 
likely occurs behind the blood- brain barrier (BBB) (Figure 2). The pe-
ripheral administration of Fluorogold is well established to identify 
neurons with projections outside the BBB. Whereas Fluorogold la-
bels GnRH and other hypophysiotropic neurons, it is not detected in 
any kisspeptin neurons in rats or mice,29,30 indicating that they are 
entirely behind the BBB. This anatomical arrangement in which the 
classical presynaptic innervation of nerve terminals appears to have 
been moved up behind the BBB may well protect this key signalling 
site from interference by blood- borne substances. For example, very 
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high levels of kisspeptin derived from the placenta are found in the 
circulation during late pregnancy.31

4  | ELEC TRIC AL PROPERTIES OF THE 
DENDRON

Electrophysiological studies show that the dendron conducts ac-
tion potentials in the normal manner resulting in N- type voltage- 
gated calcium channel activation in GnRH axon terminals.8 It is also 
clear that local puffs of kisspeptin can increase calcium levels in the 
dendron and axon terminals through N- type voltage- gated calcium 
channels.8,10 The likelihood that kisspeptin actions at the distal den-
dron control GnRH secretion is further supported by the ability of 
kisspeptin to release GnRH from various “median eminence” prepa-
rations that include the dendrons and axon terminals.29,32- 34

The local effects of kisspeptin on calcium concentrations in the 
dendron8 and GnRH release32,34 do not require voltage- activated 
sodium channels. Equally, there is no evidence for action potential 
initiation segments in the dendron.7,8 This suggests that the den-
dron couples to GnRH release sites in the axon terminals through 
subthreshold membrane depolarisation. A key question is how far 
such electrotonic spread may occur from the distal dendrite into the 
axon terminal. The length constant of GnRH neuron dendrons is not 
known but experimental and theoretical assessments of GnRH neu-
rondendrites show that most sub- threshold events have dissipated 
by 300- 350 µm from the initiation site.7,23,35 The fasciculation of the 
dendron into axons typically occurs within 100 µm of the median 

eminence so that propagated potentials would likely enter nearby 
axon terminals.7,19 However some axons have a long and tortuous 
branching path within the median eminence7 and it is not clear how 
the most distal terminals might be influenced by events at the den-
dron, if at all. Reconstructions of dendronic projections show that 
their axonal arbours are found throughout the rostro- caudal length 
of the median eminence.7 However, given that axon terminals clos-
est to the dendron will be the most directly controlled by the pulse 
generator, it is possible that terminals positioned more laterally in 
the median eminence may drive pulsatile GnRH secretion. By con-
trast, axon terminals throughout the median eminence would be ex-
pected to receive action potentials generated by the action potential 
initiation segment located in the proximal GnRH neuron compart-
ment and contribute to the surge.

Finally, it is worth noting that sparse inputs also appear to exist 
on the long intermediary dendronic processes between the relatively 
densely innervated proximal dendrite and distal dendron.7 Prior stud-
ies have reported that axo- axonal inputs can modulate the dynamics of 
propagating action potentials.36 The same may be true for the dendron 
as glutamate uncaging was found to cause a small increase in action 
potential width as it passed through the activated region.7 However, 
the impact of this on GnRH secretion, if any, remains unknown.

5  | FUNC TIONAL ROLE OF THE DENDRON

Recent studies have demonstrated that the proximal and distal com-
partments of the GnRH neuron are likely involved in generating the 

F I G U R E  2   Schematic diagram depicting gonadotrophin- releasing hormone (GnRH) neuron morphology in the rodent. Left: Proximal 
components of the GnRH neuron including the cell body and two proximal dendrites, one or both of which may become dendrons projecting 
to the median eminence. The cell body, that receives relatively little synaptic innervation, has two dendrites arising from either pole with the 
dorsoventral dendrite often making a hairpin turn to run in the same direction as the other dendrite towards the median eminence. The axon 
potential initiation segment (yellow, AIS) is most often located 50- 100 μm along the rostro- dorsal dendrite. Glutamatergic and GABAergic 
synaptic input is most dense at the proximal dendrite with shared synapses found at locations where dendrites intertwine. Right: The distal 
compartment of the GnRH neuron, which can be up to 5000 μm away from the cell body, is comprised of dendrons that break up into short 
axons that innervate the median eminence. A high density of synapses is found on the distal dendron in addition to volume transmission 
provided by kisspeptin fibres (red). Synapses are not found on GnRH neuron axons and synaptic inputs to the dendron very likely occur 
behind the blood- brain- barrier (BBB)
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different modes of GnRH secretion.9 Inputs and electrical integra-
tion directed at proximal elements of the GnRH neuron are impor-
tant for generating the GnRH surge, whereas independent activity 
at the distal dendron is responsible for driving the pulsatile pattern 
of GnRH secretion.

There is now substantial evidence that the arcuate nucleus kiss-
peptin (ARNKISS) neurons target the distal dendron to generate pulses 
of GnRH.37 The ARNKISS neurons only project to the distal processes 
of the GnRH neuron38 where they operate through volume trans-
mission.10 Functionally, studies conducted in vitro show that small 
local puffs of kisspeptin generate synchronised increases in intra-
cellular calcium levels within multiple dendrons.8,10,39 Interestingly, 
the activation of the dendron by ARNKISS neurons only occurs 
through kisspeptin- KISS1R signalling, despite the presence of other 
co- expressed neuropeptides and transmitters in ARNKISS neuron 
nerve terminals.10 In vivo, the selective optogenetic activation of the 
ARNKISS neurons for 1 min at 5- 10 Hz is very effective at generating 
increases in luteinising hormone (LH) secretion that are almost identi-
cal to endogenous LH pulses.40- 42 Taken together, these data demon-
strate that the key role for the distal dendron is that of responding 
to the ARNKISS neuron pulse generator to create pulsatile GnRH 
secretion. This is compatible with the ability of in vitro medio- basal 
hypothalamic tissue, containing ARNKISS neurons and dendrons but 
no GnRH neuron cell bodies, to exhibit pulsatile GnRH secretion.43,44

Given the high density of synaptic inputs at the distal dendron,19 
it appears to operate as a point of neural integration beyond the kis-
speptin regulation of pulsatile GnRH secretion. However, the neuro-
chemical identity and origin of these synapses is unknown and this 
remains a significant challenge given current technical limitations. 
Many in vitro studies in the past reported effects of different trans-
mitters and neuropeptides on GnRH release from median eminence 
explants,45 which would certainly have contained GnRH neuron 
dendrons. Thus, it is possible that a variety of different inputs con-
verge on the dendron to modulate kisspeptin- driven pulses. Apart 
from kisspeptin, the only transmitter identified to date to have a 
substantial effect on the dendron is GABA, with GABAB receptor 
activation inducing a profound suppression of intracellular calcium 
levels within all GnRH neuron dendrons (Liu X & Herbison AE, un-
published data). Thus, the distal dendron represents an autonomous 
regulatory component of the GnRH neuron where kisspeptin drives 
pulsatile GnRH release and where other inputs may modulate the 
generation of pulses.

The above discussion provides a case for the distal dendron 
being a key signalling domain of the GnRH neuron in mice. However, 
several important questions and challenges remain, some of which 
are addressed below.

5.1 | Where is the GnRH neuron axon?

Much of the impetus for discovering the dendron came from the 
search for the GnRH neuron axon. Several electron microscopic in-
vestigations have reported the presence of GnRH- immunoreactive 

synapses on GnRH and other neurons.46,47 and there is evidence for 
widespread expression of the GnRH receptor in the brain.48,49 This 
suggests that GnRH axons should exist in the brain and, indeed, 
axon- like GnRH projections are observed with immunohistochem-
istry. On re- examining this issue, and taking a more lenient morpho-
logical definition of an axon, a subpopulation of neurobiotin- filled 
GnRH neurons was identified in mice that extended axon- like struc-
tures arising principally from the proximal dendrite.21 Approximately 
25% of preoptic area GnRH neurons were found to have a thin, non- 
spiny projection with beaded processes that might reasonably be 
considered an axon. This increased to around 50% when examining 
those GnRH neurons with cell bodies located within and adjacent 
to the organum vasculosum of the lamina terminalis (OVLT). It is no-
table that axons originating from GnRH neuron dendrites and den-
drons are most plentiful immediately adjacent to highly vascularised 
regions such as the median eminence and OVLT. Studies conducted 
in vitro have indicated that soluble factors from endothelial cells are 
strongly chemoattractant for GnRH neuron axons.50

Although it appears certain that GnRH neuron axons are elabo-
rated by a subpopulation of GnRH neurons, their roles are uncertain. 
As only approximately two- thirds of GnRH neurons are hypophysio-
tropic,51,52 it is also unclear which GnRH neurons elaborate axons. 
Nevertheless, one likely possibility is that axons projecting to other 
brain regions enable the occurrence of the GnRH surge to be sig-
nalled to relevant networks; for example, those involved in female 
reproductive behaviour.53 By contrast, the functions of the very 
dense GnRH neuron axon terminal projection within the OVLT re-
main enigmatic.54 Another axonal pathway with a close association 
to the ventricular system is the medial projection that runs alongside 
the wall of the third ventricle.19,55 Upon reaching the mediobasal 
hypothalamus, these fibres appear to cascade through the ARN 
(Figure 1B) and potentially, pass down into the median eminence.55 
Again, the role of this medial projection pathway is unknown and 
may contribute to the synaptic control of ARN networks,56 release 
of GnRH into the cerebrospinal fluid54 and/or provide a conventional 
axonal GnRH input to the median eminence.

5.2 | Does the dendron exist in species other 
than the mouse?

It was only possible to identify and characterise the dendron in mice 
using genetic manipulations that enabled pre- identification and se-
lective calcium imaging in the GnRH neuronal phenotype. The re-
cent generation of a GnRH- Cre rat made it possible to identify the 
existence of the dendron in this species with many dendron- like 
processes that respond to kisspeptin also found in the ventrolateral 
arcuate nucleus adjacent to the median eminence.39 Functionally, 
this explains data obtained in vivo showing that kisspeptin injected 
into the arcuate nucleus stimulates LH secretion in rats.57 Thus, the 
dendron appears to exist in both mice and rats.

A key unresolved question is whether the dendron occurs in 
species such as the sheep and primates where many GnRH neuron 
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cell bodies migrate down into the basal hypothalamus.16 It could 
be argued, for example, that the arcuate kisspeptin neuron pulse 
generator need only innervate the nearby GnRH neuron cell bodies 
and dendrites in the basal hypothalamus to drive pulsatile GnRH re-
lease. Although divergent kisspeptin volume transmission has many 
attractions for synchronising the clustering dendrons, direct syn-
apses to GnRH neuron dendrites could achieve the same purpose.

Evidence for the dendron in species outside the rat and mouse 
remains circumstantial at best. Goats are reported to have no arcu-
ate kisspeptin inputs to any GnRH neuron cell bodies with all com-
munication thought to occur through non- synaptic transmission 
around axons in the median eminence.58 However, whether the 
dendron exist in goats is unknown. By contrast, studies in the sheep 
have found that arcuate kisspeptin neurons innervate GnRH neuron 
cell bodies throughout the basal forebrain including those in the 
basal hypothalamus.59 Although complicated by the likely dual role 
of ovine arcuate kisspeptin neurons in pulse and surge generation, 
this suggests that conventional axo- somatic kisspeptin transmission 
may be involved in pulse generation in the sheep. Nevertheless, 
microinjection of a kisspeptin receptor antagonist into the arcuate 
nucleus of the sheep slows the occurrence of the next LH pulse60 
leaving open the possibility that dendrons in the ventrolateral ar-
cuate are present. As in the rat and mouse, ovine median eminence 
explants respond to kisspeptin33 demonstrating that GnRH neuron 
distal processes, whether axons and/or dendrons, are sensitive to 
kisspeptin. Furthermore, one electron microscopic study search-
ing for synapses on GnRH neuron axons in the median eminence 
of sheep described synapses on GnRH neuron projections, thought 
likely to be dendrites, beneath the arcuate nucleus.61

Less information is available for the primate although overlap be-
tween kisspeptin and GnRH projections occurs at the boundaries of 
the median eminence.62 In both the monkey and human, kisspeptin 
and GnRH fibres can be traced running together from the median 
eminence into the neurohypophysis63,64 where their function remains 
unknown. As with sheep, arcuate kisspeptin neurons project to GnRH 
neuron cell bodies and dendrites in the basal hypothalamus of hu-
mans.65 Functionally, episodic fluctuations in kisspeptin, which often 
correlate with pulsatile GnRH secretion, are observed in the monkey 
median eminence region and kisspeptin, alongside other transmitters, 
administered into the region of the median eminence modulates pul-
satile LH secretion.66,67 Although these observations are compatible 
with the presence of a dendron in primates, they could also be ex-
plained by kisspeptin innervation of the nearby basal hypothalamic 
GnRH neuron cell bodies and dendrites. Clearly, further studies are re-
quired to examine whether the dendron exists in non- rodent species.

5.3 | Is there any role for neural regulation of 
GnRH secretion at the axon terminal in the median 
eminence?

The assessment of the effects of different compounds on GnRH re-
lease from “median eminence” and basal hypothalamic explants was 

a popular in vitro experimental platform in the 1980 and 1990s.45 
Without knowledge of the existence of the dendron, observations 
from these studies were quite reasonably interpreted as resulting 
from transmitter regulation of the GnRH neuron axon terminals. 
However, in all cases, these experiments would have included both 
the distal dendrons and axon terminals and it is essentially impos-
sible to differentiate between actions at these two sites. Electron 
microscope studies in mice, rats, sheep, goats and primates have all 
struggled to identify any synapses on GnRH neuron axon terminals 
in the median eminence,19,29,58,61,68,69 although this has not excluded 
the possibility of regulation by volume transmission. Thus, it remains 
unclear whether afferent inputs regulate GnRH secretion at the 
axon terminal in addition to the distal dendron. The axon terminals 
are nonetheless important sites of regulation as documented by the 
glial- neuronal plasticity that occurs at this compartment.70

In rodents, glutamate is one possible transmitter that is only ac-
tive at the terminals. There is now little evidence for actions of glu-
tamate at the distal dendron,10 while NMDA and kainate receptors 
have been identified in GnRH axon terminals in rats.26 One approach 
able to differentiate between the two sites showed that kisspeptin 
puffs were equally effective at activating distal dendrons and axon 
terminals.8 This indicates that both GnRH neuron distal dendrons 
and axon terminals express KISS1R although the physiological roles 
for kisspeptin modulation at the later are unknown. As an aside, the 
ability of peripheral kisspeptin to increase LH secretion most likely 
results from the activation of KISS1R located on these axon termi-
nals, as well as on GnRH neuron dendrites extending outside the 
BBB in the organum vasculosum of the lamina terminalis.71

The discovery of the dendron now calls for a re- assessment of 
where neurotransmitters may be acting within the median eminence 
to regulate GnRH secretion. Unfortunately, the very close proxim-
ity of the dendron to the median eminence (approximately 100 μm) 
and possible confusion with dendrites of basal hypothalamic- located 
GnRH neurons (in relevant species) means that only techniques with 
sufficient spatial resolution can be used. Certainly, the “median em-
inence” explants of old containing both GnRH neuron dendrons and 
axons need to be re- evaluated.

5.4 | Is there significant plasticity at the dendron?

Kisspeptin- KISS1R signalling at the dendron appears to be relatively 
stable exhibiting little or no plasticity. The response of the dendron 
to kisspeptin does not alter across the oestrous cycle8 or between 
the sexes.10 However, very substantial differences exist in the ef-
ficacy of optogenetic ARNKISS neuron activation to stimulate LH 
secretion; males and ovariectomised females exhibit 4- fold higher 
increases in LH compared with intact females.41 Although changes 
in pituitary sensitivity account for part of these differences, it is 
possible that some of this plasticity derives from differences in the 
amount of releasable kisspeptin in the nerve terminals.72 Equally, al-
though changes in dendron sensitivity to kisspeptin do not change 
across the oestrous cycle, the dramatic slowing of LH pulses at 
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oestrus arises from the slowing of the pulse generator itself.73 Thus, 
kisspeptin signalling at the dendron appears to be quite stable with 
dynamic changes in LH pulse generation occurring upstream from 
alterations in pulse generator ferquency and the amounts of releas-
able kisspeptin as well as downstream from changes in pituitary 
sensitivity to GnRH. The potential plasticity of other inputs to the 
dendron remain to be established.

5.5 | Why the dendron and is it unique to the GnRH 
neuron?

Perhaps the most perplexing question is why the dendron exists 
at all. One possibility is that it solves some of the problems asso-
ciated with the very unusual migration of GnRH neurons into the 
brain. The GnRH neurons arrive at the hypothalamus relatively late 
in embryonic development and end up with their cell bodies being 
scattered throughout the basal forebrain. It may be a considerable 
challenge for a synchronising population such as the arcuate kiss-
peptin neurons to detect and then innervate a significant number 
of highly scattered and remote GnRH neuron cell bodies. The pro-
jection of kisspeptin fibres just a short distance to the base of the 
arcuate nucleus (Figure 1B) where they can intermingle with the now 
clustered GnRH neuron dendrons may represent a very convenient 
solution for synchronising GnRH release. Reciprocal interactions be-
tween kisspeptin and factors secreted by developing GnRH neuron 
projections likely facilitate this anatomical arrangement.74 The pres-
ence of synaptic inputs on the distal dendrons inside the BBB may 
also be important in ensuring that this key regulatory zone is not 
exposed to blood- borne substances. Taken together, these various 
developmental and functional constraints can be met by a dendron- 
like structure.

It is worth contrasting the dendron with the other pattern gener-
ator operating on the GnRH neurons.75 In this case, the surge gener-
ator located in the rostral periventricular region of the third ventricle 
(RP3V) lies immediately medial to and nearby the final position of 
the scattered GnRH neuron cell bodies within the rostral preoptic 
area. This anatomical arrangement may favour conventional afferent 
control of the GnRH neuron and, indeed, there is evidence for direct, 
conventional synaptic innervation of a subpopulation of GnRH neu-
ron soma and proximal dendrites by RP3V kisspeptin neurons.10,38,76

The dendron arrangement with long dendritic processes carrying 
action potentials combined with an autonomous regulatory zone just 
prior to their fasciculation into short secretory axons remains unique 
to the GnRH neurons. Perhaps the closest examples are those of the 
axon- less amacrine and granule cells in which localised integration 
of afferent input and signal propagation occurs within their den-
drites.3,4 Whether other neuroendocrine output neurons may utilise 
a dendron- like structure is unknown. As was the case with the GnRH 
neurons, it is simply presumed that they all project axons to the me-
dian eminence. The only cell type that can be excluded at present 
is the tuberoinfundibular dopamine neurons that have been shown 
by cell filling to project typical axons to the median eminence.7 The 

detailed anatomy of the other hypophysiotropic neuroendocrine 
phenotypes remains to be established. However, if the dendron is 
indeed a result of the unique embryonic development of the GnRH 
neuron, it may remain as an interesting and distinctive feature re-
stricted to this unusual neuronal phenotype.

ACKNOWLEDG EMENTS
The author thanks all past members of the laboratory who have con-
tributed to work involving the dendron. Dr Michel Herde, Dr. Karl 
Iremonger, Associate Professor Rebecca Campbell and Dr Stephanie 
Constantin are thanked for their comments on early drafts of this 
review. Experiments investigating the dendron were supported by 
the New Zealand Health Research Council. This review was funded 
by the Wellcome Trust (Grant 212242/Z/18/Z). For the purpose 
of open access, the author has applied a CC BY public copyright li-
cence to any Author Accepted Manuscript version arising from this 
submission.

AUTHOR CONTRIBUTION
Allan E. Herbison: Writing –  original draft.

PEER RE VIE W
The peer review history for this article is available at https://publo 
ns.com/publo n/10.1111/jne.13024.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article because no new data 
were created or analysed in this study.

ORCID
Allan E. Herbison  https://orcid.org/0000-0002-9615-3022 

R E FE R E N C E S
 1. Kole MH, Stuart GJ. Signal processing in the axon initial segment. 

Neuron. 2012;73:235- 247.
 2. Prokop A. Cytoskeletal organization of axons in vertebrates and in-

vertebrates. J Cell Biol. 2020;219:e201912081.
 3. Grimes WN, Zhang J, Graydon CW, Kachar B, Diamond JS. Retinal 

parallel processors: more than 100 independent microcircuits oper-
ate within a single interneuron. Neuron. 2010;65:873- 885.

 4. Pressler RT, Strowbridge BW. Functional specialization of interneu-
ron dendrites: identification of action potential initiation zone in ax-
onless olfactory bulb granule cells. J Neurosci. 2019;39:9674- 9688.

 5. Ludwig M, Leng G. Dendritic peptide release and peptide- 
dependent behaviours. Nat Rev Neurosci. 2006;7:126- 136.

 6. Son SJ, Filosa JA, Potapenko ES, et al. Dendritic peptide release 
mediates interpopulation crosstalk between neurosecretory and 
preautonomic networks. Neuron. 2013;78:1036- 1049.

 7. Herde MK, Iremonger KJ, Constantin S, Herbison AE. GnRH neu-
rons elaborate a long- range projection with shared axonal and den-
dritic functions. J Neurosci. 2013;33:12689- 12697.

 8. Iremonger KJ, Porteous R, Herbison AE. Spike and neuropeptide- 
dependent mechanisms control GnRH neuron nerve terminal Ca2+ 
over diverse time scales. J Neurosci. 2017;37:3342- 3351.

 9. Wang L, Guo W, Shen X, et al. Different dendritic domains of the 
GnRH neuron underlie the pulse and surge modes of GnRH secre-
tion in female mice. eLife. 2020;9:e53945.

https://publons.com/publon/10.1111/jne.13024
https://publons.com/publon/10.1111/jne.13024
https://orcid.org/0000-0002-9615-3022
https://orcid.org/0000-0002-9615-3022


8 of 9  |     HERBISON

 10. Liu X, Yeo SH, McQuillan HJ, et al. Highly redundant neuropeptide 
volume co- transmission underlying episodic activation of the GnRH 
neuron dendron. eLife. 2021;10:e62455.

 11. Tomassy GS, Berger DR, Chen HH, et al. Distinct profiles of myelin 
distribution along single axons of pyramidal neurons in the neocor-
tex. Science. 2014;344:319- 324.

 12. Kasthuri N, Hayworth KJ, Berger DR, et al. Saturated reconstruc-
tion of a volume of neocortex. Cell. 2015;162:648- 661.

 13. Stuart G, Spruston N, Sakmann B, Häusser M. Action potential 
initiation and backpropagation in neurons of the mammalian CNS. 
Trends Neurosci. 1997;20:125- 131.

 14. Barry J, DuBois MP, Poulain P. LRF producing cells of the mamma-
lian hypothalamus. Z Zellforsch. 1973;146:351- 366.

 15. Wray S. From nose to brain: development of gonadotrophin- 
releasing hormone- 1 neurons. J Neuroendocrinol. 2010;22:743- 753.

 16. Silverman A, Livne I, Witkin JW. The gonadotrophin- releasing 
hormone (GnRH), neuronal systems: immunocytochemistry and 
in situ hybridization. In: Knobil E, Neill JD, eds. The Physiology of 
Reproduction, 2nd ed. Raven; 1994:1683- 1706.

 17. Campbell RE, Han SK, Herbison AE. Biocytin filling of adult 
gonadotropin- releasing hormone neurons in situ reveals extensive, 
spiny, dendritic processes. Endocrinology. 2005;146:1163- 1169.

 18. Constantin S, Piet R, Iremonger K, et al. GnRH neuron firing and 
response to GABA in vitro depend on acute brain slice thickness 
and orientation. Endocrinology. 2012;153:3758- 3769.

 19. Moore AM, Prescott M, Czieselsky K, et al. Synaptic innervation 
of the GnRH neuron distal dendron in female mice. Endocrinology. 
2018;159:3200- 3208.

 20. Campbell RE. Defining the gonadotrophin- releasing hormone neu-
ronal network: transgenic approaches to understanding neurocir-
cuitry. J Neuroendocrinol. 2007;19:561- 573.

 21. Herde MK, Herbison AE. Morphological characterization of the 
action potential initiation segment in GnRH neuron dendrites and 
axons of male mice. Endocrinology. 2015;156:4174- 4186.

 22. Roberts CB, Campbell RE, Herbison AE, Suter KJ. Dendritic action 
potential initiation in hypothalamic gonadotropin- releasing hor-
mone neurons. Endocrinology. 2008;149:3355- 3360.

 23. Iremonger KJ, Herbison AE. Initiation and propagation of action 
potentials in gonadotropin- releasing hormone neuron dendrites. J 
Neurosci. 2012;32:151- 158.

 24. Yeo S- H, Herde MK, Herbison AE. Morphological assessment of 
GABA and glutamate inputs to GnRH neurons in intact female mice 
using expansion microscopy. J Neuroendocrinol. 2021;e13021.

 25. Campbell RE, Gaidamaka G, Han SK, Herbison AE. Dendro- 
dendritic bundling and shared synapses between gonadotropin- 
releasing hormone neurons. Proc Natl Acad Sci USA. 
2009;106:10835- 10840.

 26. Kawakami SI, Hirunagi K, Ichikawa M, Tsukamura H, Maeda KI. 
Evidence for terminal regulation of GnRH release by excitatory 
amino acids in the median eminence in female rats: a dual immuno-
electron microscopic study. Endocrinology. 1998;139:1458- 1461.

 27. Yip SH, Liu X, Hessler S, Cheong I, Porteous R, Herbison AE. Indirect 
suppression of pulsatile LH secretion by CRH neurons in the female 
mouse. Endocrinology. 2021;162:bqaa237.

 28. Moenter SM, Brand RM, Midgley AR, Karsch FJ. Dynamics 
of gonadotropin- releasing hormone release during a pulse. 
Endocrinology. 1992;130:503- 510.

 29. Uenoyama Y, Inoue N, Pheng V, et al. Ultrastructural evidence 
of kisspeptin- gonadotrophin- releasing hormone (GnRH) in-
teraction in the median eminence of female rats: implication 
of axo- axonal regulation of GnRH release. J Neuroendocrinol. 
2011;23:863- 870.

 30. Yeo SH, Herbison AE. Projections of arcuate nucleus and rostral 
periventricular kisspeptin neurons in the adult female mouse brain. 
Endocrinology. 2011;152:2387- 2399.

 31. Jayasena CN, Comninos AN, Narayanaswamy S, et al. The identi-
fication of elevated urinary kisspeptin- immunoreactivity during 
pregnancy. Ann Clin Biochem. 2015;52:395- 398.

 32. d'Anglemont de Tassigny X, Fagg LA, Carlton MB, Colledge WH. 
Kisspeptin can stimulate gonadotropin- releasing hormone (GnRH) 
release by a direct action at GnRH nerve terminals. Endocrinology. 
2008;149:3926- 3932.

 33. Smith JT, Li Q, Yap KS, et al. Kisspeptin is essential for the full pre-
ovulatory LH surge and stimulates GnRH release from the isolated 
ovine median eminence. Endocrinology. 2011;152:1001- 1012.

 34. Glanowska KM, Moenter SM. Differential regulation of GnRH se-
cretion in the preoptic area (POA) and the median eminence (ME) in 
male mice. Endocrinology. 2015;156:231- 241.

 35. Roberts CB, O'Boyle MP, Suter KJ. Dendrites determine the 
contribution of after depolarization potentials (ADPs) to gen-
eration of repetitive action potentials in hypothalamic gonado-
tropin releasing- hormone (GnRH) neurons. J Comput Neurosci. 
2009;26:39- 53.

 36. Sasaki T, Matsuki N, Ikegaya Y. Action- potential modulation during 
axonal conduction. Science. 2011;331:599- 601.

 37. Herbison AE. The gonadotropin- releasing hormone pulse genera-
tor. Endocrinology. 2018;159:3723- 3736.

 38. Yip SH, Boehm U, Herbison AE, Campbell RE. Conditional viral 
tract tracing delineates the projections of the distinct kisspeptin 
neuron populations to GnRH neurons in the mouse. Endocrinology. 
2015;156:2582- 2594.

 39. Yip SH, Campos P, Liu X, Porteous R, Herbison AE. Innervation of 
GnRH neuron distal projections and activation by Kisspeptin in a 
new GnRH- Cre rat model. Endocrinology. 2021;162:bqaa186.

 40. Han SY, Cheong I, McLennan T, Herbison AE. Neural determi-
nants of pulsatile luteinizing hormone secretion in male mice. 
Endocrinology. 2020;161:bqz045.

 41. Han SY, McLennan T, Czieselsky K, Herbison AE. Selective op-
togenetic activation of arcuate kisspeptin neurons generates 
pulsatile luteinizing hormone secretion. Proc Natl Acad Sci USA. 
2015;112:13109- 13114.

 42. Clarkson J, Han SY, Piet R, et al. Definition of the hypothalamic 
GnRH pulse generator in mice. Proc Natl Acad Sci USA. 2017;114:E1
0216- E10223.

 43. Purnelle G, Gerard A, Czajkowski V, Bourguignon JP. Pulsatile se-
cretion of gonadotropin- releasing hormone by rat hypothalamic 
explants without cell bodies of GnRH neurons. Neuroendocrinology. 
1997;66:305- 312.

 44. Rasmussen DD. Episodic gonadotropin- releasing hormone release 
from the rat isolated median eminence in vitro. Neuroendocrinology. 
1993;58:511- 518.

 45. Kordon C, Drouva SV, Martinez de la Escalera G, Weiner RI. Role of 
classic and peptide neuromodulators in the neuroendocrine regula-
tion of luteinizing hormone and prolactin. In: Knobil E, Neill JD, eds. 
The Physiology of Reproduction, 2nd ed. Raven; 1994:1621- 1681.

 46. Leranth C, Segura LM, Palkovits M, MacLusky NJ, Shanabrough 
M, Naftolin F. The LH- RH- containing neuronal network in the pre-
optic area of the rat: demonstration of LH- RH- containing nerve 
terminals in synaptic contact with LH- RH neurons. Brain Res. 
1985;345:332- 336.

 47. Thind KK, Goldsmith PC. Infundibular gonadotropin- releasing 
hormone neurons are inhibited by direct opioid and autoreg-
ulatory synapses in juvenile monkeys. Neuroendocrinology. 
1988;47:203- 216.

 48. Jennes L, Conn PM. Gonadotropin- releasing hormone and its re-
ceptors in rat brain. Front Neuroendocrinol. 1994;15:51- 77.

 49. Wen S, Gotze IN, Mai O, Schauer C, Leinders- Zufall T, Boehm U. 
Genetic identification of GnRH receptor neurons: a new model for 
studying neural circuits underlying reproductive physiology in the 
mouse brain. Endocrinology. 2011;152:1515- 1526.



     |  9 of 9HERBISON

 50. Gibson MJ, Ingraham L, Dobrjansky A. Soluble factors guide 
gonadotropin- releasing hormone axonal targeting to the median 
eminence. Endocrinology. 2000;141:3065- 3071.

 51. Silverman AJ, Jhamandas J, Renaud LP. Localization of luteinizing 
hormone- releasing hormone (LHRH) neurons that project to the 
median eminence. J Neurosci. 1987;7:2312- 2319.

 52. Goldsmith PC, Thind KK, Song T, Kim EJ, Boggan JE. Location of the 
neuroendocrine gonadotropin- releasing hormone neurons in the 
monkey hypothalamus by retrograde tracing and immunostaining. 
J Neuroendocrinol. 1990;2:157- 168.

 53. Sakuma Y, Pfaff DW. LH- RH in the mesencephalic central grey can 
potentiate lordosis reflex of female rats. Nature. 1980;283:566- 567.

 54. Caraty A, Skinner DC. Gonadotropin- releasing hormone in third 
ventricular cerebrospinal fluid: endogenous distribution and exoge-
nous uptake. Endocrinology. 2008;149:5227- 5234.

 55. Kozlowski GP, Coates PW. Ependymoneuronal specializations be-
tween LHRH fibers and cells of the cerebroventricular system. Cell 
Tissue Res. 1985;242:301- 311.

 56. Kallo I, Vida B, Bardoczi Z, et al. Gonadotropin- releasing hormone 
neurons innervate kisspeptin neurons in the female mouse brain. 
Neuroendocrinology. 2013;98:281- 289.

 57. Li XF, Kinsey- Jones JS, Cheng Y, et al. Kisspeptin signalling in the 
hypothalamic arcuate nucleus regulates GnRH pulse generator fre-
quency in the rat. PLoS ONE. 2009;4:e8334.

 58. Matsuyama S, Ohkura S, Mogi K, et al. Morphological evidence 
for direct interaction between kisspeptin and gonadotropin- 
releasing hormone neurons at the median eminence of the male 
goat: an immunoelectron microscopic study. Neuroendocrinology. 
2011;94:323- 332.

 59. Merkley CM, Coolen LM, Goodman RL, Lehman MN. Evidence for 
changes in numbers of synaptic inputs onto KNDy and GnRH neu-
rons during the Preovulatory LH surge in the ewe. J Neuroendocrinol. 
2015;27:624- 635.

 60. Goodman RL, Hileman SM, Nestor CC, et al. Kisspeptin, neurokinin 
B, and dynorphin act in the arcuate nucleus to control activity of the 
GnRH pulse generator in ewes. Endocrinology. 2013;154:4259- 4269.

 61. Kuljis RO, Advis JP. Immunocytochemical and physiological evi-
dence of a synapse between dopamine-  and luteinizing hormone- 
releasing hormone- containing neurons in the ewe median 
eminence. Endocrinology. 1989;124:1579- 1581.

 62. Ramaswamy S, Guerriero KA, Gibbs RB, Plant TM. Structural inter-
actions between kisspeptin and GnRH neurons in the mediobasal 
hypothalamus of the male rhesus monkey (Macaca mulatta) as re-
vealed by double immunofluorescence and confocal microscopy. 
Endocrinology. 2008;149:4387- 4395.

 63. Ramaswamy S, Gibbs RB, Plant TM. Studies of the localisation of kis-
speptin within the pituitary of the rhesus monkey (Macaca mulatta) 
and the effect of kisspeptin on the release of non- gonadotropic pi-
tuitary hormones. J Neuroendocrinol. 2009;21:795- 804.

 64. Borsay BA, Skrapits K, Herczeg L, et al. Hypophysiotropic 
gonadotropin- releasing hormone projections are exposed to 
dense plexuses of kisspeptin, neurokinin B and substance p 

immunoreactive fibers in the human: a study on tissues from post-
menopausal women. Neuroendocrinology. 2014;100:141- 152.

 65. Hrabovszky E, Ciofi P, Vida B, et al. The kisspeptin system of the 
human hypothalamus: sexual dimorphism and relationship with 
gonadotropin- releasing hormone and neurokinin B neurons. Eur J 
Neurosci. 2010;31:1984- 1998.

 66. Terasawa E. Mechanism of pulsatile GnRH release in primates: un-
resolved questions. Mol Cell Endocrinol. 2019;498:110578.

 67. Keen KL, Wegner FH, Bloom SR, Ghatei MA, Terasawa E. An in-
crease in kisspeptin- 54 release occurs with the pubertal increase 
in luteinizing hormone- releasing hormone- 1 release in the stalk- 
median eminence of female rhesus monkeys in vivo. Endocrinology. 
2008;149:4151- 4157.

 68. Durrant AR, Plant TM. A study of the gonadotropin releasing hor-
mone neuronal network in the median eminence of the rhesus 
monkey (Macaca mulatta) using a post- embedding immunolabelling 
procedure. J Neuroendocrinol. 1999;11:813- 821.

 69. Ciofi P, Leroy D, Tramu G. Sexual dimorphism in the organiza-
tion of the rat hypothalamic infundibular area. Neuroscience. 
2006;141:1731- 1745.

 70. Prevot V, Hanchate NK, Bellefontaine N, et al. Function- related 
structural plasticity of the GnRH system: a role for neuronal- glial- 
endothelial interactions. Front Neuroendocrinol. 2010;31:241- 258.

 71. Herde MK, Geist K, Campbell RE, Herbison AE. Gonadotropin- 
releasing hormone neurons extend complex highly branched 
dendritic trees outside the blood- brain barrier. Endocrinology. 
2011;152:3832- 3841.

 72. Smith JT, Cunningham MJ, Rissman EF, Clifton DK, Steiner RA. 
Regulation of Kiss1 gene expression in the brain of the female 
mouse. Endocrinology. 2005;146:3686- 3692.

 73. McQuillan HJ, Han SY, Cheong I, Herbison AE. GnRH pulse gener-
ator activity across the estrous cycle of female mice. Endocrinology. 
2019;160:1480- 1491.

 74. Fiorini Z, Jasoni CL. A novel developmental role for kisspeptin in the 
growth of gonadotrophin- releasing hormone neurites to the median 
eminence in the mouse. J Neuroendocrinol. 2010;22:1113- 1125.

 75. Herbison AE. A simple model of estrous cycle negative and posi-
tive feedback regulation of GnRH secretion. Front Neuroendocrinol. 
2020;57:100837.

 76. Piet R, Kalil B, McLennan T, Porteous R, Czieselsky K, Herbison 
AE. Dominant neuropeptide cotransmission in kisspeptin- GABA 
regulation of GnRH neuron firing driving ovulation. J Neurosci. 
2018;38:6310- 6322.

How to cite this article: Herbison AE. The dendron and 
episodic neuropeptide release. J Neuroendocrinol. 
2021;00:e13024. https://doi.org/10.1111/jne.13024

https://doi.org/10.1111/jne.13024

