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Abstract
Seasonal reproduction represents a naturally occurring example of functional plasticity in the adult
brain since it reflects changes in neuroendocrine pathways controlling GnRH secretion and, in
particular, the responsiveness of GnRH neurons to estradiol negative feedback. Structural
plasticity within this neural circuitry may, in part, be responsible for seasonal switches in the
negative feedback control of GnRH secretion that underlies annual reproductive transitions. In this
paper, we review evidence for structural changes in the circuitry responsible for seasonal
inhibition of GnRH secretion in sheep. These include changes in synaptic inputs onto GnRH
neurons, as well as onto dopamine neurons in the A15 cell group, a nucleus that play a key role in
estradiol negative feedback. We also present preliminary data suggesting a role for neurotrophins
and neurotrophin receptors as an early mechanistic step in the plasticity that accompanies seasonal
reproductive transitions in the sheep. Finally, we review recent evidence suggesting that kisspeptin
cells of the arcuate nucleus constitute a critical intermediary in the control of seasonal
reproduction. While a majority of the data for a role of neuronal plasticity in seasonal reproduction
has come from the sheep model, the players and principles are likely to have relevance for
reproduction in a wide variety of vertebrates, including humans, and in both health and disease.

Keywords
GnRH; neuroendocrine; dopamine; seasonality; thyroid hormone

1. Introduction
Morphological plasticity is key to the ability of the adult nervous system to adapt readily and
predictably to changes in the internal milieu of the body, as well as the changing world
outside. In the hypothalamus, alterations in the size and shapes of neurons, their inputs and
outputs dramatically change their responsiveness to endogenous and environmental signals
during development and adult life (Plant & Shahab, 2002; Tasker et al., 2002; Theodosis et
al., 2004; Naftolin et al., 2007; Prevot et al., 2010). The reproductive neuroendocrine
system is one such example – reproductive activity can be reversibly turned on and off
during key points in adult life, such as during lactation and pregnancy (Smith, 1978;
McNeilly et al., 1994b), under conditions of nutritional restriction (Warren et al., 1999;
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Meczekalski et al., 2008), and, in many animals, in response to the time of year (Goodman
et al., 1982; Malpaux et al., 1988; Karsch et al., 1993; Lehman et al., 1997). Seasonal
reproduction is a common and key adaptation to a changing environment that allows for
offspring to be born at the most advantageous time of year to survive and grow (Malpaux et
al., 1988; Lehman et al., 1997; Anderson et al., 2003). The mechanistic changes responsible
for seasonal reproduction in mammals occur primarily at the level of the brain, and, as such,
this type of seasonality represents a conspicuous example of functional plasticity in the adult
nervous system (Karsch et al., 1984; Barrell et al., 1992). In sheep, the neural circuitry
mediating seasonal reproduction is comprised of a multi-synaptic pathway in the preoptic
area and hypothalamus that ultimately impinges on gonadotropin-releasing hormone
(GnRH) neurons (Lehman et al., 2002; Goodman et al., 2010), the final common
neuroendocrine component for the control of reproduction. Despite a detailed knowledge of
a large part of this circuitry, the changes which enable it to be functional at one time of year
and not another are still unknown.

Seasonal reproductive transitions in sheep occur over weeks and months, and in view of this
time frame, it has been interesting to speculate that long-term morphological changes may
contribute to the functional switch in reproduction. Indeed, recent work has revealed
evidence of neuronal plasticity at several levels in this circuitry, and these alterations closely
parallel seasonal changes in reproduction. In this paper we will review the evidence for
plasticity in this neuroendocrine circuitry, focusing on data obtained using the female sheep
(ewe) as a model and, in particular, on plasticity at the level of the dopaminergic A15
nucleus and its connections, direct and indirect, to GnRH neurons (Lehman et al., 1997;
Xiong et al., 1997; Jansen et al., 2003; Pompolo et al., 2003; Adams et al., 2006; Sergeeva
& Jansen, 2009). While this work has identified several components of the pathway at which
plasticity occurs, experimental work to test the functional significance of these
morphological changes has just begun; thus, at present, most of the data we will discuss
provide a framework for hypothesis testing rather than a definitive explanation for seasonal
reproduction. In addition to morphological plasticity, there are likely to be functional
changes in this circuitry, in the expression of either neurotransmitters, receptors, and/or
other signalling molecules, which contribute to the seasonal switch in reproduction
(Goodman et al., 2010).

Female sheep, like other seasonally breeding mammals, show distinct annual cycles of
ovarian function, with ovulatory cycles occurring during the autumn and winter, and
anovulation in the spring and summer (Karsch, 1980). The key environmental signal that
regulates seasonal reproduction in sheep and other mammals is changing daylength
(photoperiod); sheep use changes in daylength as a signal to distinguish time of year, and
synchronize what appears to be an endogenous rhythm of reproduction to the external world
(Lincoln & Short, 1980). Photoperiodic information is conveyed to the reproductive
neuroendocrine system through a retinohypothalamic pathway that ultimately regulates a
nocturnal rhythm in pineal melatonin secretion which serves as a hormonal signal for
daylength (Bittman et al., 1983; Karsch et al., 1984; Malpaux et al., 1997). Melatonin
appears to act in the premammillary region (PMR) of the caudal hypothalamus (Malpaux et
al., 1995; Sliwowska et al., 2004), but how daylength information is conveyed to the efferent
neuroendocrine circuitry responsible for seasonal reproduction (see below) still remains a
mystery. While this review focuses on changes in the efferent component of this circuitry,
the possibility also exists that there is plasticity in upstream transmission of the
photoperiodic signal to this circuitry at the level of melatonin targets in the PMR or
elsewhere.

The primary neuroendocrine change responsible for seasonal reproductive transitions in the
ewe is a striking change in the ability of estradiol (E2) to inhibit GnRH and LH pulse
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frequency (Legan & Karsch, 1979; Malpaux et al., 1988; Karsch et al., 1993); this negative
feedback loop is common to all mammals, whether they exhibit seasonal patterns of
reproduction or not, and an increase in responsiveness to negative feedback often
accompanies periods of anovulation (Goodman & Inskeep, 2006; McNeilly, 2006; Plant &
Witchel, 2006). The change in the responsiveness of the GnRH system to E2 negative
feedback is seen most dramatically in ovariectomized (OVX) animals bearing implants that
maintain a constant low, physiological level of E2 throughout the year. In such animals
(OVX+E), GnRH/LH pulse frequencies are high during the breeding season, but slow
markedly with the onset of the anestrous or non-breeding season. These changes reflect an
increased responsiveness of the GnRH pulse generator to the inhibitory influence of E2;
inhibition of GnRH pulses, in turn, directly precludes the rise in circulating LH and E2
necessary for the mid-cycle GnRH/LH surge that triggers ovulation. Consequently, during
anestrus, ovarian cycles are blocked. Nevertheless, it is important to note that the positive
feedback influence of E2 to induce a GnRH/LH surge is not impaired during anestrous, and
a GnRH surge can be artificially produced by high levels of E2 at any time of year (Karsch
et al., 1980). Thus, the seasonal interruption of ovarian cycles is directly due to the increased
ability of E2 to inhibit episodic GnRH secretion during anestrous, and much of the research
into the neuroendocrine mechanisms underlying seasonal reproduction has focused on how
this negative feedback influence is conveyed to the GnRH system.

2. Neural circuitry mediating estradiol negative feedback during anestrus
GnRH cell bodies in sheep and other mammals appear to lack detectable estrogen receptor-α
protein (ER-α) (Lehman et al., 1993; Lehman & Karsch, 1993a), the isoform critical for the
negative feedback influence of E2 during anestrus (Hardy et al., 2003). Hence, much work
has focused on identifying the afferent circuitry by which E2 exerts its inhibitory effects on
GnRH neurons. A key set of neurons implicated in the control of seasonal breeding in the
ewe, and in conveying the negative feedback influence of E2, is a collection of dopaminergic
cells located in the retrochiasmatic area (RCh) of the sheep hypothalamus, termed the A15
cell group (Meyer & Goodman, 1985; Thiery et al., 1989; Gayrard et al., 1994; Havern et
al., 1994; Lehman et al., 1996; Goodman et al., 2000). Evidence that dopaminergic neurons
might be involved in this circuitry stemmed from earlier observations that dopamine D2
receptor antagonists block the ability of E2 to inhibit GnRH/LH pulses during anestrus when
delivered either peripherally or intracerebrally (Meyer & Goodman, 1985). The role of the
A15 dopamine cell group as the origin of this influence has been supported by a variety of
experimental evidence, including: (1) the ability of A15 lesions to block E2 negative
feedback in anestrous ewes (Havern et al., 1994); (2) the ability of E2 to induce the
immediate early gene product, Fos, specifically during anestrus, but not the breeding season
(Lehman et al., 1996); (3) the ability of E2 to increase multi-unit activity in the A15 during
anestrus (Goodman et al., 2000); and electrophysiological data showing that (4) A15 multi-
unit activity decreases before GnRH/LH pulses (Martin & Thiery, 1987), and that (5)
stimulation of the A15 inhibits pulses (Martin & Thiery, 1987).

It is notable, however, that A15 dopamine cells, just like GnRH neurons, do not contain ER-
a (Lehman et al., 1993; Skinner & Herbison, 1997); thus, estradiol’s influence must again be
indirect. More recent anatomical and hormone implant studies have provided strong
evidence for two sites of ER-α containing cells in the sheep brain which project to the A15,
and convey the E2 signal to this nucleus: the ventromedial preoptic area (vmPOA) and RCh
(Lehman & Karsch, 1993b; Anderson et al., 2001). As we currently understand the circuitry
mediating E2 negative feedback during anestrus it consists of E2-responsive neurons in the
vmPOA and RCh, their connections to dopaminergic A15 neurons, and A15 projections,
either indirectly (see discussion below) or directly to GnRH cell bodies. In sheep, GnRH cell
bodies are located in both the mediobasal hypothalamus (MBH) and preoptic area. Since
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dopaminergic terminals have been shown to be in axo-axonic contact with GnRH terminals
in the sheep median eminence (Havern et al., 1991), this is another potential site of
influence at which A15 neurons might influence GnRH secretion.

3. Thyroid hormones are required for seasonal reproductive transitions
In addition to melatonin and its role as a tranducer of photoperiod, thyroid hormone is
another critical endogenous signal necessary for seasonal reproductive transitions in sheep
(Karsch et al., 1995), as well as other mammals and birds (Bechtold & Loudon, 2007). In
ewes, the presence of thyroid hormone is an essential signal for the increase in E2 negative
feedback that underlies the transition from the breeding season to anestrus; thyroidectomy
(THX) blocks this transition resulting in animals that remain in a persistent “breeding
season”-like state (Dahl et al., 1994). However, THX in anestrus does not alter the animal’s
reproductive status or her transition into the breeding season (Karsch et al., 1995) so thyroid
hormone is only necessary for the events underlying the onset of anestrus. It is also
noteworthy that THX affects seasonal rhythms in reproduction, but not other endpoints. For
example, THX ewes still show annual rhythms in prolactin secretion (Dahl et al., 1994).

One important unresolved issue is whether thyroid hormones are permissive or a long day-
induced increase drives important reproductive changes. Systemic replacement studies in
ewes indicate that thyroid hormone was permissive since constant low levels of T4 are as
effective as high ones in promoting the seasonal transition (Dahl et al., 1995). However,
more recent data primarily from birds and hamsters (reviewed by (Nakao et al., 2008b;
Revel et al., 2009)), has raised the possibility that an increase in the local conversion of T4
to T3 is a critical first step in the reproductive effects of long days. Circulating T4 must be
converted to T3 by the enzyme type 2 deiodinase (Dio2) before producing effects in the
brain. In rodents and birds, Dio2 expression is concentrated in tancytes, specialized cells in
the ependymal layer lining the lower portion of the third ventricle, and its expression
increases rapidly after exposure to long days. This increase is melatonin-dependent and there
is increasing evidence that it reflects an action of melatonin in the pars tuberalis (where the
highest concentration of melatonin receptors are found in all species), and more specifically
in thyrotropes found in this region (Nakao et al., 2008a; Hanon et al., 2010). According to
this intriguing hypothesis, a switch from short to long days induces TSH synthesis and
secretion from these thyrotropes, which acts on the tanycytes to induce synthesis of Dio2.
The resulting local increase in T3 then stimulates the reproductive axis. While there is strong
evidence for this sequence of events, there are also two key questions as to its applicability
to seasonal changes in the hamster. First, in contrast to sheep and birds, thyroidectomized
hamsters appear to respond relatively normally to photoperiodic manipulations (Champney,
1988). Second, in the natural environment, testicular growth occurs several months before
male hamsters experience long days, a condition known as photorefractoriness (Turek &
Campbell, 1979), so it is unclear how a long-day induced increase in Dio2 can be
physiologically important.

There is also some evidence for this model in sheep (Hanon et al., 2008), but there are
similar caveats. In particular, thyroid hormones are critical for the transition to anestrus
during the shortest days of the year (December through February; (Thrun et al., 1996)) so it
is again difficult to see the relevance of long day-induced changes. Moreover, microimplant
studies point to the PMR (Malpaux et al., 1998b), not the pars tuberalis (Malpaux et al.,
1995), as the important site of melatonin action to time reproductive seasons in ewes. Thus
the physiological relevance of the photoperiodic control of this TSH-Dio2 axis in ewes
remains to be determined. It is interesting to note that there is a restricted window of time
during which T4 replacement is able to reinstate the transition to anestrus; T4 replacement is
effective when initiated during the period that extends from the normal late breeding season
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to mid-anestrus, but not at other times of year (Wayne et al., 1990; Karsch et al., 1995;
Thrun et al., 1996; Billings et al., 2002). It is tempting to speculate that changes in Dio2
expression underlie this window of response to T4, but this awaits experimental
confirmation. Finally, the permissive influence of thyroid hormones is due to action in the
CNS since intraventricular or intracerebral delivery of T4 is sufficient to reverse the effect of
THX. Interestingly, two of the targets of T4 action in the sheep brain are the PMR and
vmPOA (Anderson et al., 2003). The PMR may be a common site of action where the
influences of both thyroid hormone and photoperiod (via melatonin) converge to control
seasonal reproduction, whereas the vmPOA, as mentioned above, is a key target for
estradiol’s negative feedback action. While T4 implants in the RCh alone are not effective in
reversing the effects of THX (Anderson et al., 2003), thyroid hormone receptor-alpha is
present within A15 dopamine neurons (Jansen et al., 1997), suggestive that T4 may possibly
have direct effects on this nucleus as well.

Of particular interest in the context of seasonal plasticity is a large body of evidence
implicating thyroid hormones as promoters of morphological rearrangements that occur in
the developing brain (Slotkin & Slepetis, 1984; Thompson & Potter, 2000; Horn & Heuer,
2010). T4 deficiency results in multiple morphological alterations in the neonatal rat brain,
leading to significantly decreased axonal density and reduced number and altered
distribution of dendritic spines in the cerebral cortex (Bradley et al., 1960). In addition,
hypothyroid neonatal rats also demonstrate reduced dendritic branching of neurons, a
deficiency in axonal myelin formation, and a reduction in synapse formation (Thompson &
Potter, 2000; Stoica et al., 2007). Since thyroid hormones are required for the transition
from the breeding season to anestrus, but not for the subsequent transition back to the
breeding season, their role has been seen as analogous to the organizational effects of steroid
hormones during development in enabling structural changes that are responsible for the
“anestrous” state. Given the dependence of the seasonal change in E2 negative feedback
upon thyroid hormones, one strong prediction is that morphological changes causally related
to seasonal reproduction should be blocked by thyroidectomy, and reinstated by T4
replacement. As described below, this criterion has proven especially useful in identifying
functionally relevant morphological changes in the circuitry controlling seasonal
reproduction.

4. Anatomical sites of seasonal morphological plasticity
The possibility that morphological changes are responsible for the functional switch in E2
negative feedback between the breeding season and anestrous has been investigated at
several levels of this neural circuit. Initial studies focused on the possibility of
morphological plasticity at the level of GnRH neurons and their inputs (Lehman et al., 1997;
Xiong et al., 1997). No seasonal differences in the number of detectable GnRH neurons,
their location, or number of dendrites were observed in the sheep brain (Lehman et al.,
1986). However, electron microscopic (EM) analysis revealed a significant increase in the
number of synaptic inputs onto GnRH neurons in the POA (Fig. 1A), with these particular
GnRH cells shown to receive almost twice the density of synaptic inputs during the breeding
season compared to anestrus (Fig. 1A) (Xiong et al., 1997). In contrast, no seasonal change
in the amount of synaptic input to neighboring, non-identified (non-GnRH) neurons was
observed (Fig. 1B). In addition to the increase in the synaptic input to GnRH neurons, a
seasonal rearrangement of glial elements in association with GnRH cell bodies was also
observed. Specifically, an inverse relationship was seen between the degree of glial
ensheathment of GnRH somas and dendrites, and the density of synapses onto those
postsynaptic elements (Xiong et al., 1997). These morphological observations of glial-
neuronal interactions at the level of GnRH cell bodies (e.g., Fig. 1D), and their seasonal
variation, complemented evidence in non-seasonal rodents of functional plasticity in glial-
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GnRH associations at the level of terminals in the median eminence (Prevot, 2002; Ojeda et
al., 2008). Studies in the Japanese quail have shown seasonal morphological alterations in
the associations between GnRH terminals and glial elements in the median eminence
(Yamamura et al., 2004), but this possibility has yet to be explored in the sheep or other
seasonal mammals.

Since the direction of these seasonal changes in synaptic input were opposite of what we
might have predicted (anestrous > breeding season), we speculated that they may reflect
seasonal alterations in the proportions of excitatory and inhibitory inputs. Thus the increased
sensitivity to E2 negative feedback during anestrus may not simply be the result of increased
inhibitory dopaminergic input, but rather be due to a decrease in excitatory input. In fact,
there is evidence that the number of dopaminergic synapses onto GnRH neurons of sheep
does not change with season (Pompolo et al., 2003). However, this study examined only
GnRH neurons in the POA, while the inhibitory effects of dopamine on pulsatile GnRH
release appear to be exerted at the level of the MBH (Havern et al., 1991). Furthermore, the
observed changes in synaptic input to POA GnRH neurons may not be causally related to
increased sensitivity to E2 negative feedback during anestrus. Although THX prevents the
transition from the breeding season to anestrus, it fails to block the decrease in synaptic
input to GnRH neurons observed in thyroid intact anestrous ewes (Adams et al., 2006).
However, definitive interpretation of these results is made difficult by the fact that the
observations are based on the total number of synaptic inputs, rather than specific inputs.
There are numerous specific neurotransmitter/neuropeptide systems which show seasonal
variation in the inputs to GnRH neurons (Smith et al., 2008a; Sergeeva & Jansen, 2009), and
one or more of these may be important for the seasonal reproductive changes. One of these
(discussed in more detail below) is the seasonal change recently observed in kisspeptin
inputs to GnRH neurons, specifically to GnRH cells located in the MBH (Smith et al.,
2008a).

The possibility that seasonal morphological plasticity at the level of the A15 dopamine
neurons or their inputs may contribute to this seasonal transition to anestrus has also been
examined. It appears that both the dendritic morphology of the A15 neurons and their
synaptic input vary (Adams et al., 2006; Singh et al., 2009). For analysis of A15 inputs, as
an alternative for EM level analyses, confocal microscopic observations using markers of
presynaptic terminals (e.g., synapsin protein) were used in these studies. To validate this
approach, correlative light and EM analysis was performed in which close contacts between
synapsin-positive terminals and tyrosine hydroxylase (TH)-positive A15 neurons observed
in 1 µm thick confocal optical sections (Fig. 2A) were later shown to be bona fide
presynaptic terminals at an EM level (Fig. 2B). With this approach, we found an increase in
the number of synapsin-positive close contacts onto A15 dendrites during anestrus compared
to the breeding season (Fig. 2C). In addition, A15 neurons showed increased dendritic
length and bifurcations during the anestrus season (Fig. 2D), and an effect abolished when
the thyroid gland was removed (Adams et al., 2006). These results provided initial evidence
that plasticity at the level of inputs onto the A15 dopaminergic neurons may contribute to
the seasonal transition to anestrus.

More recently, the neurochemical phenotype of afferents controlling A15 neural activity in
anestrus has been investigated. Pharmacological and anatomical studies have implicated
both GABA and glutamate as key regulators of dopaminergic control of GnRH secretion in
the ewe (Singh et al., 2009). Virtually all A15 neurons receive synaptic input from
glutamatergic and GABAergic afferents and the results of local administration of receptor
agonists and antagonists indicate that E2 stimulates glutamate, and inhibits GABA, release
(Singh et al., 2009). Interestingly, there are seasonal changes in glutamatergic, but not
GABAergic inputs, with A15 neurons receiving more close contacts with terminals
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containing vesicular glutamate transporter-2 (vGlut2) during anestrus than the breeding
season (Singh et al., 2009). While the source of this glutamatergic input has yet to be
determined, the evidence thus far suggests that seasonal plasticity in this stimulatory input to
the A15 may account, at least in part, for the increased activity of A15 neurons during
anestrus (Gayrard et al., 1994; Lehman et al., 1996), perhaps leading to the inhibition of
GnRH pulses.

As noted above, a key prediction is that plasticity which plays a functional role in the
circuitry underlying seasonal reproduction should be thyroid hormone dependent. With this
rationale, we asked whether seasonal changes in glutamatergic input to A15 neurons are
thyroid-dependent. To determine this, we compared A15 neurons between three groups of
OVX+E ewes: 1) thyroid-intact animals perfused during the breeding season; 2) thyroid-
intact animals perfused during anestrus, and thyroidectomized (THX) animals perfused
during anestrus, which should remain in a “breeding season” state. Thyroidectomies were
performed in late November or early December, before the end of the breeding season, and
confirmed as complete by undetectable (<1.6ng/ml) serum T4 concentrations. Serum LH
levels in thyroid-intact, anestrus ewes were undetectable as expected due to the heightened
level of E2 negative feedback seen at that time of year, whereas THX ewes maintained high
LH levels in anestrus similar to those seen in thyroid-intact, breeding season ewes. Sections
through the A15 region of these animals were processed for dual-immunofluorescent
detection of either vGLUT-1 or vGLUT-2 and TH, and A15 neurons analysed by confocal
microscopy for close contacts between vGLUT-positive terminals and TH neuronal somas
and dendrites (for details see Supporting Information).

Numerous vGLUT-1 and −2 positive terminals were seen in contact with TH-positive A15
neurons on both their somas and dendrites (Fig. 3). Since dual-label experiments have not
shown vGLUT-1 and vGLUT-2-immunoreactivity to be colocalized in the sheep
hypothalamus (Merkley, 2009), the terminals observed in contact with A15 neurons (Fig. 3)
likely represent different sets of inputs. In the case of both vGLUT-1 and vGLUT-2, we
found a significant increase in the mean density of inputs to A15 neurons in anestrous ewes
compared to the breeding season (Fig. 4). Significant differences were seen both at the level
of axosomatic and axodendritic inputs; this result differs from the earlier analysis of
seasonal changes in total inputs using synapsin-1 as a marker (Fig. 2), where seasonal
differences were seen at the level of dendrites only. The fact that the methods of analysis
varied between these studies (absolute numbers of contacts vs. contacts per unit cell surface)
may account for this difference.

The seasonal change in somal and dendritic vGlut1 and vGLUT-2 inputs to A15 neurons
during the anestrus season were completely blocked in THX ewes, and the density of inputs
seen in these animals was similar to that seen in the brain of thyroid-intact animals during
the breeding season (Fig. 4). Thus, the seasonal change in glutamatergic inputs to A15
appears to be dependent on the presence of thyroid hormones, paralleling the seasonal
alteration in E2 negative feedback. In earlier work we have also shown that seasonal changes
in dendrite length, like those in glutamate inputs, are blocked by THX thyroidectomy, and
are rescued by T4 replacement in THX animals (Adams et al., 2006). However, since the
analyses of both A15 inputs and dendritic morphology were based on TH-immunoreactivity,
a caveat to these observations is the possibility that these changes reflect seasonal
differences in the expression of the markers used, vGLUT-1, −2 and TH, rather than
morphological plasticity. For glutamatergic inputs, this possibility could be addressed by
including a third marker for synaptic terminals (e.g., synapsin); for dendritic changes, it may
be possible to use techniques such as diolistics (O’Brien & Lummis, 2006) to completely
label the dendritic processes of individual TH-positive neurons and perform seasonal
comparisons of A15 morphology using this material.
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5. Neurotrophins as possible mediators of seasonal plasticity
Neurotrophins are growth factors that have been defined as trophic factors required for the
survival of specific types of neurons (Poo, 2001). The neurotrophins comprise a family of at
least four structurally related proteins: nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (Poo, 2001).
These factors exert their effects through two classes of receptors—high-affinity tyrosine
kinase receptors (TrkA, TrkB, and TrkC) and a lower-affinity receptor, p75 (Kaplan &
Miller, 1997; Poo, 2001). Binding of a neurotrophin initiates Trk dimerization,
phosphorylation of tyrosine residues, and kinase activation (Kaplan & Miller, 1997; Poo,
2001). Trk receptors, in turn, recruit specific signaling molecules that eventually modify
gene expression and protein synthesis and result in neuronal differentiation, survival, and
morphological changes (Kaplan & Miller, 1997). These neurotrophic factors are necessary
for peripheral and central nervous system development, maintenance and response to injury
(Lewin & Barde, 1996) but also often mediate morphological plasticity as it occurs normally
in the adult brain (McAllister et al., 1999).

The possible role of neurotrophins as mediators of seasonal plasticity arises in part from
evidence that many of the organizational actions of T4 during brain development appear to
be mediated by the neurotrophins (Alvarez-Dolado et al., 1994; Lindholm et al., 1994;
Koibuchi et al., 2003) as well as by evidence in the songbird that neurotrophins are involved
in adult neuroplasticity (Bentley et al., 1997; Dittrich et al., 1999; Wissman & Brenowitz,
2009). The latter includes demonstration that NGF infusions produce gonadal regression in
thyroidectomized male starlings, as well as the ability of anti-NGF antibody treatment to
increase LH levels in photorefractory starlings held on long days (Bentley et al., 1997). In
addition, in the male white-crowned sparrow, BDNF mRNA levels increase in response to
breeding season photoperiods and BDNF infusion is sufficient for breeding season-like
changes in the area and neuronal density of song nuclei (Wissman & Brenowitz, 2009). In
mammals, NGF activity appears to be more important than other neurotrophins for T4
actions on the development of a septohippocampal cholinergic system (Hashimoto et al.,
1994), whereas the actions of T4 in the hypothalamus are probably mediated by BDNF
(Camboni et al., 2003). Interestingly, in the rat BDNF stimulates neurite growth of A14
dopamine neurons (Berg-von der Emde et al., 1995; Loudes et al., 1999) (rodents do not
have an A15), producing structural changes similar to those seen in ovine A15 neurons
during the transition to anestrus. In contrast, BDNF has no effect on A12 DA cells in the
arcuate nucleus (ARC), which respond to NT-3 (Loudes et al., 1999). Moreover, BDNF can
be transported by axonal anterograde transport (Spalding et al., 2002), which could explain
how T4 actions in the PMR and/or vmPOA might affect functional changes in the A15.

Based on this background, we hypothesized that thyroid hormones influence seasonal
plasticity in the A15, and perhaps other sites in the circuit controlling seasonal reproduction,
by actions of the neurotrophins, NGF and BDNF, and their receptors TrkA and TrkB. As a
first step in testing the role of these neurotrophin signaling pathways in the transition to
anestrus, we examined the effects of short-term thyroidectomy on expression of NGF, TrkA,
BDNF and TrkB in the A15, vmPOA, and arcuate nucleus (ARC), using quantitative RT-
PCR (QPCR) (for details see Supporting Information). OVX+E ewes were either
thyroidectomized (THX) in the late breeding season (n=6), or left thyroid-intact (n=5), and
sacrificed one month later, prior to the transition to anestrus. Fresh, frozen hypothalami were
obtained from these animals, bilateral micropunches of the A15, POA and ARC collected
from frozen brain sections, and RNA extracted from individual punches. QRT-PCR was
performed for NGF and BDNF, and their receptors, TrkA and TrkB, with fold changes in
gene expression calculated using the comparative Ct method (to GAPDH) (Schmittgen &
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Livak, 2008); data was normalized to the average of all controls animals, and compared
between groups.

While there were no significant differences between intact and THX ewes in neurotrophin or
Trk receptor expression in the POA, we found that NGF mRNA in the ARC was elevated by
approximately two-fold in THX ewes, while TrkA in A15 was elevated nearly three-fold in
the same animals (Fig. 5). In addition, a smaller but significant decrease in TrkB was seen in
the ARC of THX animals compared to intact controls (Fig. 5). There was a trend toward
decreased BDNF in the ARC of THX animals as well but this did not reach significance. In
interpreting these data, it should be kept in mind that these changes in mRNA levels may not
result in similar changes in protein concentrations. Nevertheless, the thyroid-dependent
changes in NGF and TrkA suggests that one of the early effects of THX is to increase
signaling via NGF/TrkA in a retrograde manner from the ARC to the A15, perhaps
contributing to the plasticity observed at the level of A15 neurons and their morphology. It
may also be that these changes in both NGF/TrkA, and in TrkB, in the ARC reflect plasticity
at the level of either A15 and other inputs to neurons located in that region (see below), or
their connections to GnRH cells.

It should be noted that the direction of the changes observed in NGF and TrkA mRNA were
opposite to that expected if these neurotrophins are required for the plasticity normally seen
during the transition from the breeding season to anestrus; i.e., an increase rather than a
decrease. However, there is evidence that, in some instances, increases in neurotrophin
receptor expression may restrict corresponding neurotrophin availability to the extent that it
prevents plasticity (Scott & Ramer, 2010). Another possibility is that increased TrKA in the
A15 after THX acts to promote the growth of inhibitory inputs (e.g., GABAergic) with the
net result being increased inhibition of A15 neurons in THX ewes, thus preventing their
activation in response to E2 during anestrous. In addition, although thyroid hormones can act
as transcriptional co-activators or co-repressors (Shibata et al., 1997), the increased NGF/
TrkA gene expression we observed after THX is consistent with evidence that a major target
for T3 action in the brain is a transcriptional co-repressor gene (Potter et al., 2002). Finally,
the modest decreases in BDNF and TrkB might reflect physiologically important changes in
a subset of neurons in the ARC and A15 regions. Regardless of the possible mechanisms,
confirmation of a functional role for any thyroid-dependent changes in neurotrophin
signalling awaits demonstration that manipulating levels of NGF, BDNF, or the activity of
their intracellular signalling pathways in the A15 or ARC has functional effects on seasonal
reproduction.

6. How do A15 inhibit GnRH release in anestrus? Possible role of arcuate
kisspeptin neurons

The projections by which A15 neurons inhibit GnRH pulse frequency in anestrus remain
largely unknown. This system appears to act in the MBH, since local disruption of DA
action or synthesis in the MBH (Havern et al., 1991; Viguie et al., 1998), but not the POA
(Havern et al., 1991), increases LH pulse frequency during anestrus. Tract tracing studies
have confirmed that the primary projections of A15 neurons are caudal toward the MBH, not
rostral toward the POA (Gayrard et al., 1995; Goubillon et al., 1999; Goodman et al., 2010).
Many of these projections are to the internal zone of the median eminence (ME), but TH-
positive varicosities containing an anterograde tracer injected into the A15 region were
observed in the external zone of the ME and the MBH (Gayrard et al., 1995). As noted
above, projections to the ME are consistent with direct inhibition of GnRH via axo-axonal
connections, and a few DA synapses on GnRH terminals have been identified in the ME of
breeding season ewes (Kuljis & Advis, 1989). However, DA levels (Thiery, 1991) and TH
bioactivity (Viguié et al., 1996; Viguie et al., 1997) in the ME are not increased by E2 in
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anestrous ewes; thus a mechanism for axo-axonal inhibition of GnRH pulse frequency is not
readily apparent.

One alternative to direct monosynaptic inhibition of GnRH cells by the A15 is that these
neurons act via a multisynaptic pathway. The relatively long delay before increased episodic
LH secretion following blockade of DA action (Havern et al., 1991) or inhibition of A15
neurons (Bogusz et al., 2008) is suggestive, but not conclusive, of a multisynaptic rather
than a monosynaptic connection. Moreover, a subpopulation in the ARC that is an ideal
candidate for mediating DA actions on GnRH secretion are kisspeptin neurons. Kisspeptin is
a member of the RFamide peptide family that is well recognized as a key stimulator of the
GnRH system (Oakley et al., 2009). Kisspeptin neurons of the ARC in sheep and other
mammals also colocalize neurokinin B (Goodman et al., 2004), another neuropeptide that is
stimulatory to GnRH secretion (Billings et al., 2010), as well as dynorphin, an endogenous
opioid peptide implicated in inhibitory control of GnRH pulses by progesterone (Goodman
et al., 2004). Emerging evidence suggests that the ARC population of kisspeptin cells may
serve as an important common conduit for the regulation of pulsatile GnRH secretion by
endogenous gonadal steroids (Lehman et al., 2010a) as well as stress (Castellano et al.,
2010) and nutritional status (Backholer et al., 2010; Corander et al., 2010).

There are several pieces of evidence suggesting that ARC kisspeptin neurons may play an
important functional role in the circuitry controlling seasonal changes in E2 negative
feedback. First, kisspeptin protein and mRNA expression in the ARC varies seasonally in
the ewe, with numbers of immunoreactive cells and mRNA levels being markedly lower
during anestrus (Fig. 6A) (Smith et al., 2008b). Importantly, this seasonal difference was
observed in OVX+E ewes so that changes in kisspeptin expression were not simply a
response to changing E2 levels. Similar seasonal changes have been reported in Kiss-1
mRNA expression in the hamster ARC (Simonneaux et al., 2009). Second, in addition to
changes in ARC kisspeptin expression, there are also seasonal changes in kisspeptin-
containing inputs onto GnRH cells in the sheep, with a decrease during anestrus in the
percentage of GnRH cells receiving such inputs specifically in the MBH (Fig. 6B) (Smith et
al., 2008a). Whether this seasonal change reflects a decrease in synaptic input or simply
decreased expression of kisspeptin remains to be determined. Thus, a decrease in
stimulatory inputs to GnRH neurons during anestrus may allow for increased inhibition of
GnRH pulses via either direct input from A15 neurons (at the level of GnRH terminals) and/
or other inhibitory afferents. One such candidate for the latter may be GnIH neurons in the
dorsomedial hypothalamic nucleus of the sheep, since there are seasonal changes in GnIH
expression that are the opposite of those seen for kisspeptin (Smith et al., 2008a). Third, we
have preliminary evidence that ARC kisspeptin cells coexpress the D2 dopamine receptor
(D2R), the subtype responsible for the seasonal inhibition of GnRH pulses (Meyer &
Goodman, 1985;1986); furthermore, this coexpression changes with season, with about 80%
of kisspeptin cells colocalizing D2R in anestrus compared to 45% in the breeding season
(Maltby et al., 2008). Fourth, and perhaps most importantly, pilot experiments show that
kisspeptin antagonists delivered i.c.v. block the ability of D2R antagonists to stimulate
GnRH pulses during anestrous (Lehman et al., 2010b). Thus, during anestrus, A15
dopamine neurons may act to inhibit arcuate kisspeptin neurons, with the net result being the
inhibition of GnRH pulses.

Taken together, these results suggest that kisspeptin cells of the ARC nucleus may be a
target for A15 dopamine efferents, and a critical link in the seasonal inhibition of GnRH
pulse frequency. This role of kisspeptin neurons is also consistent with results showing that
kisspeptin administration induces ovulation in anestrous ewes (Caraty et al., 2007) and
reverses the effects of inhibitory photoperiod in male hamsters [Revel, 2006 #237], and
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raises the possibility that kisspeptin analogues may represent a useful tool for overcoming
seasonal anestrus in sheep and other seasonally breeding species.

7. Conclusions and Relevance
At present, there is evidence for potential neuronal plasticity at three sites in the
hypothalamic circuitry mediating seasonal reproduction in the ewe (Fig. 7). Specifically,
there are seasonal changes 1) at the level of synaptic inputs to A15 dopamine neurons,
specifically glutamatergic terminals; 2) in the dendritic morphology of A15 neurons; and 3)
in kisspeptin-containing inputs to GnRH neurons in the MBH. Seasonal changes in both
glutamatergic inputs to A15 neurons, and the dendritic morphology of A15 neurons, are
thyroid-dependent and parallel the effects of thyroidectomy on the reproductive axis that
result in a failure of ewes to enter anestrus (Karsch et al., 1995). The direction of seasonal
change in synaptic input, at the level of A15, and for kisspeptin inputs onto GnRH neurons,
is consistent with a functional interruption of the circuit whose activity is required for E2
negative feedback. Thus, these morphological changes may well underlie the changing
responsiveness of the GnRH pulse generator to the inhibitory influence of E2 that underlies
seasonal reproductive transitions in the ewe.

A putative mechanism for seasonal plasticity in this circuitry involves the potential role of
neurotrophins and their receptors, focusing on NGF, BDNF, TrkA and TrkB. In preliminary
work, we have found that one of the early events associated with thyroidectomy, occurring
before the reproductive transition to anestrus, is an increase in gene expression for NGF and
TrkA in the ARC and A15, respectively. Whether alterations in NGF and/or TrkA are
maintained for longer periods after thyroidectomy, and whether they can be reversed by T4
replacement, remain to be determined. More importantly, future experiments will need to
determine whether intervening in these or other early events is able to functionally reinstate
the seasonal shift in responsiveness to E2 negative feedback and the normal transition from
the breeding season to anestrus.

Finally, there is growing evidence that kisspeptin neurons in the ARC may be an essential
component of the pathway by which A15 dopamine neurons act to inhibit GnRH pulses.
Although ARC kisspeptin cells coexpress D2R, we do not yet know whether they receive
direct synaptic input from A15 dopamine cells (Fig. 7), or whether there is plasticity in the
A15 connection to ARC kisspeptin cells. Given the substantial evidence for the ARC as a
site of neuronal plasticity associated with reproductive function and the estrous cycle
(Garcia-Segura et al., 1994;Mong & McCarthy, 1999;Naftolin et al., 2007) it is likely that
this is also a site at which synaptic and dendritic plasticity play an important role in the
seasonal control of reproduction.

Although the findings described here are based on work in the sheep, they are likely to have
relevance for reproduction in other vertebrates, including other seasonal breeders. Dopamine
has been implicated in the control of seasonal reproduction in teleost fish (Zohar et al.,
2010), frogs (Sotowska-Brochocka et al., 1994), birds (El Halawani et al., 2009), deer
(Anderson & Barrell, 1998), horses (Besognet et al., 1997; Aurich et al., 2002) and hamsters
(Krajnak et al., 1995). For example, in most fish, dopamine neurons in the preoptic-
hypothalamic region act directly on gonadotrophs to inhibit LH release (Trudeau, 1997;
Zohar et al., 2010) but also act to inhibit GnRH release by direct contacts onto GnRH cells
and their terminals onto gonadotrophs (Trudeau, 1997). Interestingly, the inhibitory effects
of dopamine on gonadotrophs are mediated by D2 dopamine receptors (Chang et al., 1990),
while the direct effects on GnRH neurons are mediated by D2 and D1 receptors at the level
of GnRH terminals and cell bodies respectively (Yu et al., 1991). In contrast to the situation
in sheep, dopamine cells in fish are thought to be direct targets for E2 and are probably the
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principal mediators of negative feedback in fish (Trudeau, 1997). However, similar to sheep
and other mammals, kisspeptin cells in fish seem to be key stimulatory regulators of both
GnRH and gonadotrophs, although it remains to be determined whether they are integrators
of photoperiod information or how they interact with dopaminergic circuits (Zohar et al.,
2010).

While it is controversial as to whether humans show seasonal rhythms of reproduction
(Bronson, 2004), similar reversible episodes of infertility occur before puberty (Terasawa &
Fernandez, 2001), post-partum (Yen, 1999), and during lactation (Smith, 1978; McNeilly,
1994). All of these involve, at least in part, a change in response to E2 negative feedback
(Kulin et al., 1969; Kelch et al., 1973; McNeilly et al., 1994a), but the underlying alterations
in the hypothalamic-pituitary-gonadal axis remain largely unknown. However, there are
some interesting pieces of evidence that suggest the underlying circuitry as described above
in sheep may be conserved in primates. This includes: 1) evidence implicating GABA and
glutamate in menarchy in monkeys (Mitsushima et al., 1994; Kasuya et al., 1999), 2) the
analogous role of the PMR in controlling changes in response to E2 in sheep (Malpaux et al.,
1998a), monkeys (Terasawa et al., 1984), and humans (Miller & Styne, 1999), and 3)
reports that acquired hypothyroidism can lead to precocious puberty (LaFranchi, 2000;
Chattopadhyay et al., 2003). In addition, there are a number of clinical reproductive
disorders characterized by altered E2 negative feedback (Reame et al., 1985; Couzinet et al.,
1999); one of these, hypothalamic amenorrhea, appears to involve increased DA inhibition
of LH (Quigley et al., 1980). Thus information gleaned from studies in seasonally breeding
mammals may have relevance not only for understanding normal physiological processes
that control human fertility, but also for our understanding of diseases where there is an
interruption of ovarian function due to changes in responsiveness to E2 at the level of the
brain. The ability in the sheep to directly sample the output of GnRH neurons in portal blood
(Caraty et al., 1982; Clarke & Cummins, 1982; Moenter et al., 1991) performed in
conjunction with experimental manipulations to functionally dissect neural pathways, should
continue to make it a valuable model for investigating these issues, as well as the
physiological role of neuronal plasticity in the adult brain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Seasonal plasticity in synaptic inputs onto GnRH neurons in the sheep. A: GnRH neurons in
the preoptic area receive about half the density of synaptic inputs (synapses/10 µm plasma
membrane) during anestrus compared to the breeding season. This change was seen in both
ovary-intact (intact) and ovariectomized ewes bearing 1 cm sc E2 implants (OVX+E). B:
Adjacent non-identified neurons in the preoptic area showed no significant changes in their
synapses; n=8/group for A and B. C: Thyroidectomy (THX) failed to block the decrease in
synaptic density onto GnRH neurons observed in thyroid (Thy)-intact ewes during anestrus;
n=8/group. D: Glial-neuronal interactions are important for plasticity of GnRH inputs.
Electron micrograph of a GnRH cell from an anestrous ewe demonstrating an axon terminal
(at) almost entirely surrounded by a GnRH cell but separated from it by extensions of a thin
glial process (gl). Bar = 2 µm. (A, B modified from (Xiong et al., 1997); C: modified from
(Adams et al., 2006)).
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Figure 2.
A: Confocal image (1µm thick) of synapsin-positive contacts (e.g., white arrows) onto a
tyrosine hydroxylase (TH)-positive cell in the A15 of an anestrous ewe. Bar = 20 µm. B:
Electron micrograph demonstrating synapsin-positive axon terminals (asterisks) contacting
an unidentified dendrite (d) in the A15 of an anestrus ewe. Bar = 2 µm. C: Seasonal change
in mean number (±SEM) of synapsin-positive terminals onto TH-immunoreactive dendrite
and cell bodies, TH-immunoreactive dendrite length, and mean number of dendritic
bifurcations of A15 neurons. n=6/anestrous group, n=8/breeding season group. * p<0.05.
(modified from (Adams et al., 2006)).
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Figure 3.
Representative confocal images (1µm thick) of vGlut1 (red, top row) and vGlut2 (red,
bottom row) close contacts (e.g., arrows) onto TH-immunoreactive cells (green) in thyroid-
intact ewes sacrificed during the breeding season (Thy-intact/BrS) or anestrus (Thy-intact/
An), and thyroidectomized ewes sacrificed during anestrus (THX/An). Bar = 20 µm.
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Figure 4.
Number of close contacts/100µm cell surface (mean ± SEM) of vGlut1-positive (A) and
vGlut2-positive (B) terminals onto TH-immunoreactive A15 cells (soma, dendrite,
combined total) in thyroid-intact ewes sacrificed during the breeding season (Thy-intact/
BrS; black bars; n=6) or anestrus (Thy-intact/An; white bars; n=6), and in thyroidectomized
ewes sacrificed during anestrus (THX/An; grey bars, n=6). Mean density of inputs were
compared between groups using a one-way ANOVA, followed by post hoc analyses using
the Fisher LSD Method. *indicates significant difference from Thy-intact/BrS (p<0.05); #
indicates significant difference from THX/An (p<0.05).
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Figure 5.
Percentage fold change ( mean ± SEM) of neurotrophin and receptor mRNA expression by
real-time qPCR in the preoptic area (POA), A15, and arcuate nucleus (ARC) of the
hypothalamus for NGF (A), TrkA (B), BDNF (C), and TrkB (D) in thyroid-intact (Thy-
intact/BrS, black bars, n=5) and thyroidectomized (THX/BrS, white bars, n=6) ewes; *
indicate significant difference from Thy-intact/BrS, p<0.05.
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Figure 6.
Seasonal changes in kisspeptin cells (A) and their inputs to GnRH neurons (B). A: The
number of kisspeptin-immunoreactive neurons in the middle and caudal ARC is decreased
during anestrous (* p<.001). Images show examples of sections through the middle ARC
immunostained for kisspeptin in OVX+E ewes perfused during either the breeding season or
anestrus. Bar = 100 µm. B: The percentage of GnRH cells in the MBH that receive one or
more kisspeptin close contact was less in anestrous than in breeding season ewes (* p<.001);
GnRH cells in the POA or anterior hypothalamic area (AHA) showed no significant
seasonal differences. Images show examples of dual immunoperoxidase stained sections in
which close contacts (e.g., arrows) are seen between kisspeptin terminals (blue-black) and
GnRH somas (brown). Bar = 15 µm. (A and B modified from (Smith et al., 2008b))
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Figure 7.
A: Schematic depiction of the neural circuitry in the hypothalamus regulating seasonal
control of estradiol (E2) negative feedback, and sites at which morphological plasticity may
contribute to seasonal reproductive transitions. E2 acts upon ER-a (ER) containing cells in
the ventromedial preoptic area (vmPOA) and retrochiasmatic area (RCh); these neurons, in
turn, contact A15 dopamine cells, which project caudally to the mediobasal hypothalamus
(MBH), containing GnRH cells directly at the level of their terminals in the median
eminence, and/or via kisspeptin (Kiss) cells in the arcuate nucleus. Thyroid hormone-
dependent seasonal plasticity in this circuit has been demonstrated at the level of (1)
synaptic contacts onto A15 neurons, specifically those which are glutamatergic, and (2) the
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dendritic morphology of dopaminergic A15 neurons. In addition, there are seasonal changes
in the number of kisspeptin inputs to GnRH neurons in the MBH (3), and plasticity may
exist at the level of kisspeptin cell bodies and their inputs as well. B, C: An example of how
seasonal plasticity may underlie reproductive transitions in the ewe. Changes in the length of
A15 dendrites (red) and the number of glutamatergic synaptic contacts (blue) onto them, that
occur between the breeding season and anestrus, may result in a functional “reconnection”
of this circuitry, and underlie the ability of E2 to inhibit GnRH secretion at this time of year.
The latter may be mediated either directly by A15 projections to GnRH neurons or indirectly
via arcuate kisspeptin cells. OCh = optic chiasm.
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