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Abstract

Despite affecting millions of individuals, the etiology of hot flushes remains unknown. Here we
review the physiology of hot flushes, CNS pathways regulating heat-dissipation effectors, and
effects of estrogen on thermoregulation in animal models. Based on the marked changes in
hypothalamic kisspeptin, neurokinin B and dynorphin (KNDy) neurons in postmenopausal
women, we hypothesize that KNDy neurons play a role in the mechanism of flushes. In the rat,
KNDy neurons project to preoptic thermoregulatory areas that express the neurokinin 3 receptor
(NK3R), the primary receptor for NKB. Furthermore, activation of NK3R in the median preoptic
nucleus, part of the heat-defense pathway, reduces body temperature. Finally, ablation of KNDy
neurons reduces cutaneous vasodilatation and partially blocks the effects of estrogen on
thermoregulation. These data suggest that arcuate KNDy neurons relay estrogen signals to
preoptic structures regulating heat-dissipation effectors, supporting the hypothesis that KNDy
neurons participate in the generation of flushes.
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1. Introduction

Menopause is characterized by degeneration of ovarian follicles and loss of ovarian estrogen
secretion. In the majority of menopausal women, estrogen withdrawal causes hot flushes
(also known as hot flashes), a disorder of hypothalamic thermoregulation. Despite the
millions of individuals affected, there has been limited basic research on the physiology of
hot flushes and their etiology has remained an enigma (Kronenberg, 2010). Because of their
adverse impact on the quality of life, hot flushes are the major reason that menopausal
women seek medical attention. The most effective treatment of hot flushes is estrogen
replacement therapy, but the Women’s Health Initiative Study raised questions about the
long-term safety of this treatment (Rossouw et al., 2002). Without knowing the mechanism
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of flushes, it is difficult to design targeted treatments that are alternatives to hormone
replacement.

Morphologic studies of postmortem hypothalamic tissues from premenopausal and
postmenopausal women have shown hypertrophy of a subpopulation of neurons in the
infundibular (arcuate) nucleus of the postmenopausal group (Rance et al., 1990; Sheehan
and Kovacs, 1966). These neurons express estrogen receptor, kisspeptin and neurokinin B
(NKB) and the cellular hypertrophy is accompanied by increased neurokinin B and
kisspeptin gene expression (Fig. 1) (Rance et al., 1990; Rance and Young, 1991; Rometo et
al., 2007). Dynorphin neurons are also enlarged in the infundibular nucleus of
postmenopausal women, but the number of dynorphin mRNA-expressing neurons is reduced
(Rometo and Rance, 2008). The hypertrophy and increased kisspeptin and NKB gene
expression in postmenopausal women are secondary to estrogen withdrawal, because these
changes are induced by ovariectomy (Fig. 2) and reversed by estrogen replacement of young
cynomolgus monkeys (Abel et al., 1999; Rometo et al., 2007; Sandoval-Guzmén et al.,
2004). Moreover, two of the peptides in the hypertrophied neurons, kisspeptin and
neurokinin B, are essential for pubertal development and fertility in the human (Chan et al.,
2011; Topaloglu et al., 2009, 2012).

Coexpression of kisspeptin, NKB and dynorphin (the KNDy peptides) have been identified
in the arcuate nucleus of the mouse, rat, goat, monkey and sheep (Burke et al., 2006;
Goodman et al., 2007; Navarro et al., 2009; Ramaswamy et al., 2010; Rance and Bruce,
1994; Rometo et al., 2007; Smith, 2009; Smith et al., 2005a; Wakabayashi et al., 2010). The
arcuate nucleus is the homologue of the infundibular nucleus in the human. Complete
coexpression of Kisspeptin, NKB and dynorphin is not always found (Hrabovszky et al.,
2012; Navarro et al., 2011), but this issue is complicated by limitations in the sensitivity of
detection (Ruka et al., 2013) and differential expression depending on developmental stage
(Gill et al., 2012) or physiological state of the animal (Foradori et al., 2005; Navarro et al.,
2011; Rance and Bruce, 1994; Smith et al., 2005h). Nevertheless, coexpression of
kisspeptin, NKB and ERa has only been identified in arcuate (infundibular) neurons
(Lehman et al., 2010) and this term clearly refers to a distinct functional sub-population of
estrogen-responsive neurons within the arcuate nucleus. Because KNDy neurons have been
identified in multiple experimental animals, information on the role of these neurons in LH
secretion is accumulating at a rapid pace (Kinsey-Jones et al., 2012; Lehman et al., 2010;
Mittelman-Smith et al., 2012b; Rance et al., 2010; Wakabayashi et al., 2010).

We hypothesized that KNDy neurons could contribute to the generation of flushes (Rance
and Young, 1991) because estrogen withdrawal leads to such remarkable changes in cell
size and gene expression in the hypothalamus of postmenopausal women (Abel et al., 1999;
Rance and Young, 1991; Rometo et al., 2007; Sandoval-Guzman et al., 2004). There was,
however virtually no information on the role of KNDy neurons in thermoregulation in any
species. This state of affairs was reminiscent of our early studies, where there was no data
on the relationship of NKB neurons to the hypothalamic circuitry regulating reproduction
and pulsatile LH secretion (Rance and Bruce, 1994; Rance and Young, 1991). To address
this issue, we established methods in our laboratory to examine how estrogen modulates
thermoregulation and related neural pathways in the rat (Dacks et al., 2011b; Dacks and
Rance, 2010; Williams et al., 2010). We were then able to conduct studies to determine if
KNDy neurons and/or NKB signaling played a role in thermoregulation. This review
summarizes the physiology of flushes, estrogen control of heat-defense mechanisms and our
recent studies implicating KNDy neurons and neurokinin 3 receptor (NK3R, the primary
NKB receptor) signaling in the estrogen modulation of body temperature. For alternative
theories of flushes, please see other reviews (Archer et al., 2011; Freedman, 2001; Stearns et
al., 2002).
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2. Physiology of hot flushes

Successful reproduction requires the integration of many hypothalamic control systems,
including thermoregulation, to optimize homeostasis. In women, core temperature varies by
0.3-0.5 °C across the menstrual cycle (Baker and Driver, 2007; Stephenson and Kolka,
1993). Core temperature is higher in the mid-luteal phase due to elevated progesterone
secretion from the corpus luteum (Charkoudian and Johnson, 2000; Kolka and Stephenson,
1997). It has been hypothesized that progesterone influence on core temperature facilitates
implantation of the blastocyst (Charkoudian and Johnson, 2000; Stephenson and Kolka,
1993). There is also modulation of body temperature during pregnancy, which may protect
the developing fetus from hyperthermia (Charkoudian and Johnson, 2000; Eliason and
Fewell, 1997a,b). Moreover, toward the end of pregnancy, exogenous pyrogens are less
effective in producing fever (Martin et al., 1995, 1996). Whatever the evolutionary
advantage, gonadal hormones have complex effects on thermoregulation in mammals. Hot
flushes, in fact, are a dramatic example of the integration of the reproductive and
thermoregulatory systems.

Hot flushes are characterized by a transient and intense sensation of heat accompanied by
the activation of heat-loss effectors including skin vasodilatation, sweating, and cold-
seeking behavior (Fig. 3) (Freedman, 2001; Kronenberg, 2010). In many women, the
hallmark of a flush is the reddening of the face and upper torso due to cutaneous
vasodilatation. The increased peripheral blood flow may be accompanied by an increased
heart rate, lower blood pressure and reduced blood flow to the brain (Kronenberg, 2010;
Lucas et al., 2013). Vasodilatation causes heat loss from the body by increasing the skin
temperature, and thus can be objectively monitored by a temperature probe on the surface of
the skin (Meldrum et al., 1979; Molnar, 1975). Hot flushes can also be assessed by increased
skin conductance due to sweating (Fig. 3)(Freedman, 2001). However, there may be limited
concordance between self-reports of hot flushes and skin conductance, and registering of
events other than flushes, especially in an ambulatory setting (Carpenter et al., 2012; Mann
and Hunter, 2011). Thus, further efforts to improve the objective measurements of flushes
are needed.

Hot flushes occur in response to ovariectomy in young women and are effectively treated by
estrogen replacement (Santoro, 2008). It is not the absolute level of estrogens, but the rate of
estrogen withdrawal that determines the onset of flushes (Kronenberg, 2010; Santoro, 2008).
As an example, the abrupt hormone withdrawal after oophorectomy (*‘surgical
menopause’’) is associated with increased severity and frequency of hot flushes (Casper and
Yen, 1985; Gelfand, 1999; Ozdemir et al., 2009). Hot flushes do not occur in situations
where estrogen is chronically absent from birth, unless exogenous estrogens are
administered and then subsequently withdrawn (Kronenberg, 1994). Withdrawal of gonadal
steroids induces flushes in a variety of patients: women treated with tamoxifen for breast
cancer, women with premature ovarian failure, aging men with diminished testosterone, and
men with prostate carcinoma undergoing androgen ablation therapy (Santoro, 2008). Flushes
often begin during the perimenopausal period when there are wide fluctuations in serum
estrogen (Burger et al., 2002). Eventually, most (but not all) postmenopausal women will
acclimate to the low estrogen level, and the flushes will disappear (Kronenberg, 1990).
However, even in these women, hot flushes may reoccur if estrogens are administered and
then withdrawn (Jensen and Christiansen, 1983).

Hot flushes can be triggered by a variety of stimuli including thermal (increased ambient
temperature or hot beverages), chemical (caffeine or spicy food) or other (stress or anxiety)
(Archer et al., 2011; Freedman, 2001). Placing women in a cold environment inhibits the
occurrence of hot flushes (Kronenberg and Barnard, 1992). Conversely, raising the ambient
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temperature increases the frequency of flushes in symptomatic postmenopausal women, and
this feature has been used to stimulate flushes in a laboratory setting (Freedman, 2001).
When placed in a warm environment, symptomatic postmenopausal women exhibited lower
core temperatures at the onset of sweating, compared to asymptomatic women (Freedman
and Krell, 1999). These data suggest that hot flushes may be triggered by increased
temperature sensitivity of the thermoregulatory pathways that control heat dissipation
effectors.

Despite the sensation of intense heat, the core temperature preceding the flush is normal.
Using an ingestible thermometer (radio-telemetry pill), a very small increase in core
temperature was detected before the onset of 65% to 76% of flushes (Fig. 3) (Freedman,
1998, 2001). Although this increase in core temperature is still well within the range of
normal body temperature fluctuations, this small change could facilitate a flush in
postmenopausal women with a lower core temperature threshold for the induction of heat
dissipation (Freedman and Krell, 1999). After a hot flush is triggered, the core temperature
drops (Fig. 3) (Freedman, 2001; Kronenberg, 1990; Molnar, 1975), as expected with the
activation of heat dissipation effectors.

Compelling evidence that flushes involve abnormal hypothalamic function comes from
studies that measure serum LH concurrently with flushes (Fig. 4). Blood sampling at
frequent intervals have revealed synchronization of LH pulses and hot flushes (Casper et al.,
1979; Tataryn et al., 1979). There are also changes in serum levels of catecholamine
metabolites and calcitonin gene related peptide associated with flushing (Chen et al., 1993;
Chen and Shiraki, 2003; Freedman, 1998; Wyon et al., 2000), but these substances have not
been shown to exhibit the precise timing associated with LH pulses and flushes.

Although pulses of LH accompany hot flushes, this relationship is not causative. Estrogen
administration and withdrawal causes hot flushes in women who do not have substantial LH
because their pituitary gland has been surgically removed (Casper and Yen, 1985) or
because of LH suppression using gonadotropin-releasing hormone (GnRH) analogs (Casper
and Yen, 1981; DeFazio et al., 1983). Similarly, GnRH does not cause the flushes, as
estrogen withdrawal produces hot flushes in women who lack hypothalamic GnRH neurons
due to Kallman’s syndrome (Gambone et al., 1984; Schwanzel-Fukuda et al., 1989).
Because it is well established that LH pulses are due to pulses of GhRH (Clarke and
Cummins, 1982), the close timing of LH pulses and flushes provides a clue that the
mechanism of flushes is tied to the hypothalamic control of pulsatile GnRH secretion.
Emerging evidence that KNDy neurons are an important part of the GnRH pulse generator
(Lehman et al., 2010; Rance et al., 2010; Wakabayashi et al., 2010) strongly supports the
hypothesis that they could also be involved in the generation of flushes.

3. Changes in KNDy neuron morphology and neuropeptide gene
expression in the hypothalamus of postmenopausal women

The postmenopausal state is characterized by virtually absent ovarian follicles and increased
LH secretion due to withdrawal of ovarian estrogen (Hansen et al., 2008). With increasing
age after the menopause, LH secretion declines (Hall, 2007; Rossmanith et al., 1991), but
many neuroendocrine functions remain intact. For example, if estrogen is administered in an
appropriate regimen, positive feedback effects that stimulate LH secretion can still be
demonstrated after the last menstrual cycle (Shaw et al., 2011). Furthermore, negative
feedback effects of estrogen on LH secretion are not diminished with age (Gill et al.,
2002a,b). GnRH mRNA is increased in the medial basal hypothalamus of postmenopausal
women (Rance and Uswandi, 1996), and menopause in monkeys is accompanied by
increased GnRH secretion into portal blood (Gore et al., 2004). Therefore, the rise in serum
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LH in postmenopausal women is likely mediated by increased GnRH secretion from the
hypothalamus (Rance, 2009). Interestingly, in postmenopausal women, estrogen negative
feedback on LH secretion is accompanied by decreased metabolic activity in the medial
basal hypothalamus, the site of KNDy and GnhRH neurons (Ottowitz et al., 2008).

More than 40 years ago, Sheehan and Kovacs described neuronal hypertrophy in the
hypothalamus of postmenopausal women (Sheehan and Kovécs, 1966). The neuronal
hypertrophy was characterized by enlargement of the somata, increased size of nuclei and
nucleoli and increased Nissl substance (rough endoplasmic reticulum). The hypertrophied
neurons were located in the infundibular nucleus, a region known as the arcuate nucleus in
other species. Classic studies in the rhesus monkey showed that the arcuate nucleus/medial
basal hypothalamus is essential for the control of reproduction in the primate and the
pulsatile release of GnRH (Knobil, 1980, 1990; Krey et al., 1975). Our initial studies used
computer microscopy to confirm that neurons in the infundibular nucleus were significantly
enlarged in postmenopausal women, and using in situ hybridization, we determined that the
hypertrophied neurons expressed estrogen receptor alpha (ERa) mRNA, but not GnRH
mMRNA (Rance et al., 1990). Subsequent studies showed that the hypertrophied neurons
expressed NKB mRNA and that menopause is associated with a dramatic increase in NKB
gene expression (Rance and Young, 1991). Stereological analysis revealed no neuronal cell
loss in the infundibular nucleus of post-menopausal women (Abel and Rance, 2000). Thus,
the increase in NKB gene expression and the neuronal hypertrophy in the hypothalamus of
postmenopausal women is not a compensatory response to degeneration of neurons.

The striking increase in NKB gene expression in postmenopausal women provided the
impetus for more than 20 years of research into the role of NKB in the regulation of LH
secretion (Rance et al., 2010). The significance of this line of inquiry became apparent with
the discovery that individuals with mutations in the genes encoding NKB or its receptor
(NK3R) are infertile and do not transition through puberty (Gianetti et al., 2010; Topaloglu
etal., 2009; Young et al., 2010). The hypertrophied neurons in the infundibular nucleus of
postmenopausal women also express kisspeptin (Hrabovszky et al., 2010, 2011; Rometo et
al., 2007), another essential peptide for puberty and reproduction (de Roux et al., 2003;
Seminara et al., 2003; Topaloglu et al., 2012) and similar to NKB, kisspeptin mRNA is
increased in postmenopausal women (Fig. 1)(Rometo et al., 2007). In addition, the gene
encoding substance P and neurokinin A (preprotachykinin A , TAC1) is expressed in the
hypertrophied neurons and accompanied by increased preprotachykinin A mRNA (Rance
and Young, 1991). Dynorphin neurons in the infundibular nucleus of postmenopausal
women also exhibit hypertrophy, but the number of neurons expressing dynorphin mRNA is
markedly reduced, compared to premenopausal women (Rometo and Rance, 2008).
Although neurons expressing NKB mRNA are located throughout the hypothalamus
(Chawla et al., 1997) kisspeptin neurons in the human are located predominantly in the
infundibular nucleus (Hrabovszky et al., 2010; Rometo et al., 2007), and this is the only site
where neurons express both NKB and kisspeptin. The marked changes in KNDy neurons in
the infundibular nucleus of postmenopausal women, combined with essential role of
kisspeptin and NKB for human reproduction, clearly indicates that these neurons are key
components of the reproductive axis in the human.

Ovariectomy produces neuronal hypertrophy and increased NKB and kisspeptin gene
expression in the arcuate nucleus of young monkeys, and these findings are identical to that
seen in postmenopausal women (Fig. 2) (Alcin et al., 2013; Rometo et al., 2007; Sandoval-
Guzmén et al., 2004). These data indicate that the neuronal hypertrophy and increased NKB
and kisspeptin gene expression in the hypothalamus of postmenopausal women are due to
estrogen withdrawal. Estrogen has been shown to suppress NKB and kisspeptin gene
expression in the arcuate nucleus of ovariectomized monkeys, sheep, goats, rats, and mice
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(Abel et al., 1999; Algin et al., 2013; Dellovade and Merchenthaler, 2004; Pillon et al.,
2003; Rance and Bruce, 1994; Rometo et al., 2007; Smith et al., 2007). In parallel to the
findings in postmenopausal women, ovariectomy decreased dynorphin gene expression in
the arcuate nucleus of the ewe (Foradori et al., 2005), but ovariectomized mice exhibited
increased dynorphin mMRNA, compared to estrogen treated mice (Navarro et al., 2009).
Finally, neurons expressing preprotachykinin A mRNA have been identified in the arcuate
nucleus of the rat, but these neurons did not exhibit changes in gene expression in response
to ovariectomy (Rance and Bruce, 1994). Although beyond the scope of this review, there is
substantial evidence that KNDy neurons are part of the circuitry mediating estrogen negative
feedback on pulsatile LH secretion, via modulation of the activity of GnRH neurons
(Lehman et al., 2010; Mittelman-Smith et al., 2012b; Ohkura et al., 2009; Popa et al., 2008;
Rance, 2009; Rance et al., 2010)] (Fig. 5).

4. CNS pathways controlling heat dissipation effectors

Because hot flushes are characterized by the activation of heat-dissipation effectors,
understanding the basic biology of heat defense is a critical requirement for elucidating the
etiology of hot flushes. Humans and other mammals tightly regulate their internal
temperature (Romanovsky, 2007a,b). The regulated level of core temperature varies
depending on the time of day, hormone balance, immune system activation, and numerous
other factors (Refinetti and Menaker, 1992). Heat-defense mechanisms are critically
important because an increase in brain temperatures of only a few degrees Celsius can
disrupt cellular function (Nakamura and Morrison, 2010).

4.1. Thermosensors

Thermoregulatory systems must defend core temperature against a wide range of ambient
temperatures (Kanosue et al., 2010; Yang and Gordon, 1996). The ambient temperature
strongly affects skin temperature, which is monitored by primary sensory nerve endings.
Thermosensitive elements in these cutaneous nerve endings include at least some transient
receptor potential (TRP) channels, particularly those TRP channels that are highly sensitive
to temperature (thermoTRP). Different thermoTRP channels respond to different ranges of
skin temperature with different sensitivity (Romanovsky et al., 2009). Peripheral
temperature information reaches the brain through two pathways. The spinothalamic
pathway, critical for temperature perception, relays information from the dorsal horn of the
spinal cord to the basal ventromedial thalamus and then to insular neocortex (Craig, 2002,
2003). In the second pathway, information critical for autonomic thermoregulation is relayed
from the dorsal horn of the spinal cord to the lateral parabrachial nucleus of the brainstem
and, from there, to the median preoptic nucleus (MnPQ) of the hypothalamus (Nakamura
and Morrison, 2008, 2010).

Core body temperature is monitored by thermoreceptors in deep tissues of the body,
including the brain (Romanovsky, 2007a). Unlike cutaneous sensors, neuronal
thermosensitivity is unlikely to be mediated by thermoTRP channels (Romanovsky et al.,
2009). Thermosensitive neurons are located throughout the brain, including the cerebral
cortex, but most of them are not involved in thermoeffector pathways and do not drive
thermoeffector responses (Barker and Carpenter, 1970). Thermosensitive neurons that do
participate in physiological thermoregulation are predominantly warm-sensitive cells located
mostly in the preoptic hypothalamus (Boulant, 2000; Nakayama et al., 1961). Activation of
warm-sensitive neurons by heating of the preoptic hypothalamus results in skin
vasodilatation and evaporative cooling (Ishikawa et al., 1984; McAllen, 2004), indicating
that temperature signals from these neurons contribute to driving heat-dissipation effectors.
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Thermal and nonthermal inputs converge on thermosensitive neurons, providing a basis for
coordination between thermoregulatory and other responses (Werner, 2010). In addition to
sensing brain temperature, warm-sensitive neurons receive inputs from peripheral
thermosensors (Boulant and Hardy, 1974). Thermosensitive neurons also receive
information related to blood pressure, osmolarity, pyrogens, glucose concentration, and
gonadal hormones, including estrogen (Boulant, 2000; Silva and Boulant, 1986). For
example, evaporative cooling is a critical heat-loss mechanism, but it can be detrimental for
the survival of animals that are already dehydrated, so it is inhibited by dehydration
(Nagashima, 2006). Another example is that animals in shock (with low blood pressure) do
not increase cutaneous blood flow to defend their body temperature against heat; instead,
they use cold-seeking behavior (Romanovsky et al., 1996). Thus, convergence of
information on warm-sensitive neurons provides a mechanism to modulate the activation of
thermoregulatory effectors, based on the physiological state of the animal.

4.2. The thermoneutral zone and thermoregulatory effectors

The thermoneutral zone is an important factor to consider for the interpretation of each
experiment. The thermoneutral zone is defined as the range of ambient temperatures in
which the physiological control of body temperature is achieved only by control of sensible
(dry) heat loss (Commission for Thermal Physiology, 2001). Within the thermoneutral zone,
core temperature is regulated by skin blood vessels fluctuating between constriction and
dilatation to modify heat exchange with the environment (Fig. 6) (Romanovsky et al., 2002).
The ambient temperature at which an experiment is performed greatly influences which
effectors are recruited (Romanovsky et al., 2002). For example, rats treated with antagonists
of the TRP vanilloid-1 channel (Steiner et al., 2007) or with pyrogens (Székely and
Szelényi, 1979; Szélenyi et al., 1992) use tail skin vasoconstriction alone to mount a rise in
deep body temperature in a supraneutral (warm) environment, but use thermogenesis alone
to achieve the same body temperature rise in a subneutral (cool) environment. As a result,
knowing the relationship of the ambient temperature to the thermoneutral zone is important
for interpretation of thermoregulatory studies. In addition, the effective ambient temperature
depends on a number of factors such as humidity, airflow, bedding and cage type (Gordon,
2004; Romanovsky et al., 2002). Therefore, the thermoneutral zone for the same animal
varies widely, depending on the experimental setup (Romanovsky et al., 2002).

Diverse autonomic and behavioral effectors involved in body temperature regulation are
controlled through independent neural pathways (McAllen et al., 2009; Romanovsky,
2007b; Tanaka et al., 2007). Below the thermoneutral zone, autonomic thermoeffectors are
activated to minimize heat loss through skin vasoconstriction and to generate heat through
non-shivering thermogenesis in brown adipose tissue (more important in rodents) or
shivering thermogenesis (more important in humans) (Romanovsky, 2007a). Subneutral
temperatures also increase food intake, blood pressure and heart rate (Overton, 2010).
Above the thermoneutral zone, all mammals exhibit cutaneous vasodilatation, but they also
use other autonomic and behavioral thermoeffectors to dissipate heat by evaporative
cooling. The methods for evaporative cooling vary between species and include sweating
(humans), panting (dogs) and saliva-spreading (rats) (Gordon, 1990; Romanovsky, 2007a).

4.3. Hypothalamic and downstream neural pathways for thermoregulation

Autonomic thermoeffectors are controlled by neural pathways passing through the preoptic
anterior hypothalamus, specifically, through the MnPO and the medial preoptic area
(Boulant, 2000; Romanovsky et al., 2009). Warm-sensitive neurons located in the medial
preoptic area project to the rostral raphe pallidus in the medulla, either directly or through
the dorsomedial hypothalamus (Morrison and Nakamura, 2011; Tanaka et al., 2009;
Yoshida et al., 2009). The rostral raphe pallidus contains premotor nuclei that project to the
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intermediolateral cell column of the spinal cord and then to the sympathetic ganglia
(Nagashima, 2006; Nagashima et al., 2000). The rostral raphe pallidus contains neurons that
stimulate sympathetic vasoconstriction and brown adipose tissue thermogenesis (Nakamura
and Morrison, 2008; Tanaka et al., 2009). The preoptic warm-sensitive neurons are
GABAergic (Eberwine and Bartfai, 2011), and activation of these neurons inhibits the
rostral raphe pallidus, resulting in cutaneous vasodilatation.

The MnPO has recently been shown to be an important part of the thermoregulatory
pathways (Nakamura and Morrison, 2010; Saper et al., 2012). Signals from cutaneous
warm-sensitive thermoreceptors (presumably, thermoTRP channels) reach the MnPO via
glutamatergic neurons originating in the lateral parabrachial nucleus (Nakamura and
Morrison, 2010). The MnPO may influence skin vasomotion by projections to other preoptic
nuclei, the rostral periaqueductal gray (Yoshida et al., 2005), or the raphe pallidus in the
medulla, the site of sympathetic premotor neurons (Tanaka et al., 2009; Yoshida et al., 2005,
2009). Excitation of the heat-defense pathway by skin warming inhibits the activity of
sympathetic vasoconstrictor neurons, resulting in tail skin vasodilatation (Nakamura and
Morrison, 2010). Conversely, blocking transmission through the MnPO blocks the
stimulatory effects of skin warming on cutaneous vasodilatation (Nakamura and Morrison,
2008, 2010; Romanovsky et al., 2009). Finally, lesions that include the MnPO result in
hyperthermia, supporting a role for this nucleus in the control of heat-defense effectors
(Almeida et al., 2006b; Romanovsky et al., 2003; Yoshida et al., 2009).

Cold-seeking behavior is a prominent component of the menopausal flush in women, but the
neural control of behavioral thermoregulation is poorly understood. Furthermore, studies of
the pathways involved in behavioral thermoregulation are scarce, even in laboratory rats.
Unlike autonomic thermoregulation, most thermoregulatory behaviors, including cold
seeking, are not impaired by lesions of the medial preoptic area (Nagashima et al., 2000):
Pathways for behavioral thermoregulation do not travel through this part of the
hypothalamus (Nakamura and Morrison, 2008; Romanovsky, 2007b). A notable exception
from this rule is the relaxed postural extension that occurs in rats in response to extended
heat exposure; this behavior is triggered by the preoptic temperature and involves the medial
preoptic area (Roberts and Martin, 1977). Some pathways for behavioral thermoregulation
may involve other hypothalamic structures. For example, lesion studies suggest that neurons
in the dorsomedial hypothalamus and neural fibers traveling though the paraventricular
hypothalamic nucleus may play a role in cold-seeking behavior during endotoxin shock
(Almeida et al., 2006b). In addition, the MnPO may be involved in operant cold-seeking
behavior following systemic salt loading (Konishi et al., 2007).

5. Effects of estrogen on hypothalamic thermoregulation in the rat

5.1. Effects of estrogen on tail skin temperature

Because cutaneous vasodilatation is the hallmark of a hot flush, studies of this parameter
have been used to develop animal models to study flushes. In rats, the tail is the primary heat
exchange organ. This is due to its extensive vascularization, the presence of arterio-venous
anastomoses, lack of fur, and high surface area to volume ratio (Gordon, 1990; Smith et al.,
1998). Cutaneous vasodilatation of the tail can be monitored by measuring several different
parameters, including tail skin temperature. A variety of instruments can be used to monitor
tail skin temperature: infrared thermography (Almeida et al., 2006a; Garami et al., 2011;
Ikeda et al., 2008), temperature-sensitive dyes (Romanovsky et al., 2002), thermocouples
attached to the surface of the tail (Dacks and Rance, 2010; Hosono et al., 2001;
Romanovsky et al., 2002) or implanted subcutaneously (Szélenyi et al., 1992), telemetry
probes or Subque dataloggers mounted on the surface of the tail (Gordon et al., 2002;
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Williams et al., 2010), or surgically implanted telemetry probes with sensor leads tunneled
to the base of the tail (Berendsen et al., 2001; Bowe et al., 2006; Cosmi et al., 2009).

For many years, tail skin vasodilatation secondary to acute opioid withdrawal was used as
the primary model of hot flushes, based on the observation that heroin withdrawal leads to
flushing, sweating and impaired sleep in humans (Casper and Yen, 1985; Simpkins et al.,
1983). Administration of naloxone (an opioid receptor antagonist) causes cutaneous
vasodilatation in guinea pigs (Romanovsky et al., 1994), and this effect is drastically
exaggerated in morphine-dependent animals. In the hot flush model, naloxone treatment of
morphine-dependent rats induces acute tail skin vasodilatation and elevated serum LH, and
both of these responses are reduced by prior estrogen treatment (Deecher et al., 2007;
Katovich et al., 1986; Merchenthaler et al., 1998; Simpkins et al., 1983). A limitation of the
model is the occurrence of the severe adverse effects of morphine withdrawal, necessitating
the use of ketamine sedation in many experimental protocols (Deecher et al., 2007;
Merchenthaler et al., 1998).

An alternative animal model to study the mechanism of hot flushes relies on changes in tail
skin temperature in response to estrogen withdrawal and replacement. Tail skin temperature
is increased by ovariectomy (Berendsen et al., 2001; Kobayashi et al., 1995; Opas et al.,
2004) and reduced by estrogen treatment of ovariectomized rats (Berendsen et al., 2001;
Bowe et al., 2006; Dacks and Rance, 2010; Hosono et al., 2001; Kobayashi et al., 1995).
The reduction in tail skin temperature by estrogens cannot be explained by changes in body
weight or core temperature (Williams et al., 2010). Estrogens also reduce tail skin
vasodilatation during the light phase (Fig. 7), but this effect is smaller in magnitude than
during the dark phase, delayed until 7-8 days after treatment and dependent on the ambient
temperature (Dacks and Rance, 2010; Hosono et al., 2001; Kobayashi et al., 1995; Williams
et al., 2010). Perhaps for this reason, the reduction in tail skin temperature by estrogen
during the light phase has not been reported in all studies, and even within a study, there
may be variations in achieving statistical significance (Dacks and Rance, 2010; Williams et
al., 2010). In contrast, the dark phase reduction in tail skin temperature by estrogen is large
(>3 °C) and consistent (Fig. 7). The robust reduction of tail skin temperature by estrogen
during the active (dark) phase increases the amplitude of the circadian rhythm (Berendsen et
al., 2001; Girbig et al., 2012; Williams et al., 2010).

Tail skin temperature also exhibits an infradian rhythm over the rat estrous cycle. Using a
Subcue Mini datalogger attached to the surface of tail, tail skin temperatures were recorded
throughout the estrous cycle in freely-moving rats (Williams et al., 2010). These recordings
showed circadian rhythms with spontaneous large-amplitude fluctuations over most of the
cycle. Interestingly, on proestrous night (when endogenous estrogen levels are high), the
average tail skin temperature was significantly decreased, with decreased variability (Fig. 7).
These data provide evidence that the reduction in tail skin temperature by estrogen is part of
the normal estrous cycle and physiologically relevant (Williams et al., 2010).

Whether or not a rat actually experiences hot flushes after estrogen withdrawal is unknown.
A major limitation is that a rat cannot report the onset of flush, so experimental studies must
rely on objective measurements such as changes in tail skin temperature. However, even in
women, objective findings, such as detection of changes in sternal conductance (sweating)
may be a sign of physiological event other than a flush (Mann and Hunter, 2011). Another
limitation is that there are wide fluctuations of tail skin temperature in normal female rats
(Fig. 7C) (Williams et al., 2010). Fluctuations in tail skin temperature are a defining feature
of the thermoneutral zone (Fig. 6) (Romanovsky et al., 2002), which is shifted by estrogen
(Fig. 8) (Dacks and Rance, 2010) but also by many other factors (Garami et al., 2011). Thus,
caution should be used before interpreting fluctuations of tail skin temperature after

Front Neuroendocrinol. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rance et al.

Page 10

ovariectomy to represent flushes (Puri et al., 2012). Although an increase in the average tail
skin temperature after ovariectomy is not episodic like a flush, the ability of a compound to
reduce cutaneous vasodilatation has been extensively used to screen drugs for reducing
flushes in women (Alfinito et al., 2006; Berendsen and Kloosterboer, 2003; Berendsen et al.,
2001; Bowe et al., 2006; Deecher et al., 2007; Girbig et al., 2012).

5.2. Effects of estrogen on core temperature, the thermoneutral zone and hypothalamic
Fos activation

Core temperature has been reported to be increased (Hosono et al., 1997a; Marrone et al.,
1976), decreased (Wilkinson et al., 1980) or unaffected by estrogen treatment of
ovariectomized rats (Hosono et al., 2001; Laudenslager et al., 1980; Williams et al., 2010).
In guinea pigs, core temperature is increased by ovariectomy and reduced by treatment with
estrogen or a ligand for a membrane-associated estrogen receptor (Roepke et al., 2010). The
variable effects of estrogens on core temperature may be due to the animal model or
methodological differences, such as the temperature probes, the presence of restraint stress,
or the various hormone replacement regimens. Moreover, ambient temperature has a
profound impact on the estrogen modulation of core temperature. At supraneutral ambient
temperatures, ovariectomized rats exhibit higher core temperatures compared to those
receiving estrogen (Fig. 8) (Baker et al., 1994; Dacks et al., 2011b; Dacks and Rance, 2010;
Mittelman-Smith et al., 2012a). Thus, similar to postmenopausal women (Tankersley et al.,
1992), estrogen replacement of ovariectomized rats improves the maintenance of core
temperature during heat stress. The mechanism whereby estrogen improves body
temperature defense against high ambient temperature is not understood (Dacks and Rance,
2010; Mittelman-Smith et al., 2012a).

In symptomatic postmenopausal women, exposure to a warm environment provokes hot
flushes (Freedman, 2001; Freedman and Roehrs, 2006; Kronenberg and Barnard, 1992;
Molnar, 1981). Moreover, postmenopausal women who have hot flushes have a lower core
temperature threshold for sweating than women who do not experience hot flushes
(Freedman and Krell, 1999). These data suggest that hot flushes may be due to increased
sensitivity of heat-dissipation responses to temperature. Based on this hypothesis, we
predicted that heat dissipation effectors would be activated at lower environmental
temperatures in ovariectomized rats (compared to those receiving estrogen), resulting in a
shift in the thermoneutral zone. To evaluate the thermoneutral zone, tail skin and core
temperatures were measured in rats exposed to a wide range of ambient temperatures, using
a method described by Romanovsky et al. (2002). Using this paradigm, ovariectomized rats
without estrogen replacement showed a shift in the thermoneutral zone to lower ambient
temperatures (Fig. 8) (Dacks and Rance, 2010). Remarkably, the ambient temperature
threshold for skin vasodilatation was 4 °C lower in ovariectomized rats, compared to
ovariectomized rats receiving estrogen (Dacks and Rance, 2010). Thus, in both humans and
rats, an estrogen deficient state increases the sensitivity of the heat-defense pathway, leading
to the activation of heat-loss effectors at lower environmental temperatures.

From the studies described above, it is clear that estrogen has pronounced effects on body
temperature regulation, with suppression of vasodilatation in ovariectomized rats in parallel
with the inhibition of flushes in the human. Based on this information, we reasoned that the
rat would be a useful model for determining sites in the central nervous system for estrogen
modulation of heat-dissipation effectors. To investigate potential sites, we used
Fosimmunocytochemistry, a tool previously used to investigate the activation of brain areas
in response to warm or cold stimuli (Bratincsak and Palkovits, 2004; Kiyohara et al., 1995;
McKitrick, 2000; Yoshida et al., 2005). Based on our studies of the thermoneutral zone
(Dacks and Rance, 2010), we exposed rats to mild changes in ambient temperature, to
minimize the effects on core body temperature and reduce stress. Interestingly, the MnPO
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was the only area (out of 14) that exhibited increased numbers of Fos-immuno-reactive
nuclei when the ambient temperature was raised to a supraneutral temperature of 31 °C
(Dacks et al., 2011b). Moreover, at the ambient temperature of 24 °C, estrogen treatment of
ovariectomized rats decreased the Fos expression in the MnPO, in parallel with the
reduction in tail skin temperature. These data implicate the MnPO as a site where estrogen
signaling may influence thermoregulatory heat-dissipation pathways.

6. Evidence that KNDy neurons modulate LH secretion and body
temperature in the rat

6.1. KNDy neurons project to thermoregulatory structures (MnPO, medial preoptic area)
and GnRH axons in the median eminence

As discussed above, the close temporal relationship between LH pulses and hot flushes
suggests a trigger for hot flushes that is related to pulsatile GhnRH secretion from the
hypothalamus. KNDy neurons may play a role in this pathway because estrogen strongly
suppresses kisspeptin and neurokinin B gene expression, as well as LH pulses and flushes.
For KNDy neurons to play a role in the generation of hot flushes, they should influence
GnRH neurons and also connect, directly or indirectly, with the pathways that control heat-
defense effectors. As explained above, such a connection should likely involve the MnPO.
To explore the possibility of an anatomic connection between KNDy neurons and
thermoregulatory pathways, we performed a series of studies using dual-label
immunofluorescence, anterograde tract-tracing and monosodium glutamate ablation in the
rat. Four projection pathways of KNDy neurons were demonstrated:

1. KNDy neurons branch extensively within the arcuate nucleus, projecting to other
KNDy neurons and to the contralateral arcuate nucleus, forming a bilateral,
interconnected network via the expression of NK3R (Burke et al., 2006; Krajewski
etal., 2010).

2. KNDy neurons project to the median eminence (Burke et al., 2006; Krajewski et
al., 2010) where they come in close proximity to GnRH terminals (Ciofi et al.,
2006; Krajewski et al., 2005). Because KNDy neurons do not take up FlouroGold
after systemic injections, they are unlikely to secrete peptides into the portal
circulation to directly influence serum LH (Krajewski et al., 2005).

3. KNDy neurons project via a dense periventricular pathway to multiple
hypothalamic areas, including preoptic structures. Projections from the
periventricular pathway extend to the MnPO, medial preoptic area, dorsomedial
nucleus, paraventricular nucleus, lateral hypothalamus, organum vasculosum of the
lamina terminalis, anteroventral periventricular nucleus and septal nuclei (Burke et
al., 2006; Krajewski et al., 2010).

4. KNDy neurons project via a ventral hypothalamic tract to the medial forebrain
bundle and lateral hypothalamus (Krajewski et al., 2010).

Our prediction that KNDy neurons project to preoptic regions that control heat dissipation
effectors was correct, as demonstrated by KNDy neuron projections to the MnPO and
medial preoptic area (Krajewski et al., 2010; Yeo and Herbison, 2011). As discussed above,
the MnPO is a site that is altered by both ambient temperature and estrogen (Dacks et al.,
2011b) and MnPO neurons express NK3R mRNA and protein (Dacks et al., 2011a;
Shughrue et al., 1996). Moreover, preliminary data using single-cell transcriptomics,
suggests that the Tacr3 gene encoding NK3R is expressed by warm-sensitive GABAergic
neurons in the medial preoptic area (Eberwine and Bartfai, 2011). Warm-sensitive neurons
in the medial preoptic area have horizontally oriented dendrites that extend toward the
periventricular region and the medial forebrain bundle (Griffin et al., 2001) both of which
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are projection pathways for arcuate KNDy neurons (Krajewski et al., 2010). Therefore,
NKB signaling (from KNDy neurons) could influence heat-defense effectors through
projections to NK3R-expressing MnPO neurons or NK3R-expressing warm-sensitive
neurons in the medial preoptic area. A schematic diagram showing the anatomic relationship
between KNDy neurons, GnRH neurons and the heat-defense pathway in the rat is shown in
Fig. 9. For recent reviews of the neuroanatomy and function of KNDy neurons in other
species, see Goodman and Lehman (2012) and Lehman et al. (2013).

6.2. Activation of NK3R in the MnPO lowers body temperature in the rat

The above data provide an anatomical framework for the hypothesis that the effects of
estrogen on thermoregulation occur via projections of KNDy neurons to NK3R-expressing
neurons in the MnPO. However, no studies had linked central NK3R activity to temperature
regulation. To determine if activation of NK3R in the MnPO would affect body temperature,
we infused senktide, a selective NK3R agonist, directly into the MnPO. Small volumes (300
nl) were infused via chronically-implanted cannulas in freely-moving rats in an
environmental chamber. Remarkably, microinfusion of senktide (90 pmol) into the MnPO
reduced body temperature by about 1.5 °C (Fig. 10). In addition, senktide markedly
increased the number of Fos-ir nuclei in the MnPO, with minimal effects on adjacent nuclei
(Dacks et al., 2011a). The hypothermia induced by senktide is relevant to the study of hot
flushes, because the activation of heat dissipation effectors in flushing women has been
shown to reduce core temperature (Fig. 3).

Although senktide consistently reduced core temperature, the effects of senktide on tail skin
temperature were complex. We have observed that even a relatively non-stressful
interaction, such as changing a cage, produces vasoconstriction of the tail (Williams et al.,
2010). Thus, it is not surprising that microinfusion of either vehicle or senktide in the MnPO
resulted in a consistent drop in tail skin temperature at the subneutral ambient temperature of
21.5 °C (Dacks et al., 2011a). Similarly, in a recent study, administration of nine different
drugs caused acute tail skin vasoconstriction, although a graph of the vehicle controls was
not shown (Prelle et al., 2012). In our study, however, at the neutral ambient temperature of
29.0 °C, vasoconstriction occurred in vehicle-infused animals, but not in rats in which
senktide was microinfused in the MnPO. Because vasodilatation in the rat is accomplished
by inhibiting vasoconstriction (O’Leary et al., 1985), these data show a vasodilator effect of
NK3R MnPO neuron activation in neutral ambient temperatures, that is suppressed in the
subneutral environment.

Although we have strong evidence implicating NKB signaling in thermoregulation, these
data do not exclude participation of other KNDy peptides, which are likely to be released
from the same terminals. Microdialysis of dynorphin A;_17 (a k-opioid agonist) into the
preoptic area results in a dose-dependent hypothermia (Xin et al., 1997). Central injection of
kisspeptin raises body temperature (Csabafi et al., 2012) and increases tail skin temperature
(Kinsey-Jones et al., 2010) and local injections of kisspeptin into the skin produces
vasoconstriction (Sawyer et al., 2011). Infusion of substance P into the vasculature causes
flushing in humans (Schaffalitzkey de Muckadell et al., 1986) but this is likely due to the
potent peripheral vasodilator effects of substance P (Charkoudian, 2010). GnRH neurons
have also been implicated in tail skin vasomotion (Hosono et al., 1997b; Noguchi et al.,
2008) but are not required for flushing in women (Gambone et al., 1984; Schwanzel-Fukuda
et al., 1989). A recent study showed a GnRH antagonist to reduce flushes in menopausal
women by 40% (van Gastel et al., 2012), but these studies lacked placebo controls. On the
whole, much work remains to explore potential roles for kisspeptin, dynorphin, substance P
or GnRH neurons in the estrogen modulation of body temperature.
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To investigate the role of KNDy neurons in the regulation of body temperature and LH
secretion, we developed a method to selectively ablate these neurons. KNDy neurons were
targeted based on their expression of NK3R (Amstalden et al., 2009; Burke et al., 2006;
Navarro et al., 2009). The arcuate nucleus is densely packed with numerous subpopulations
of neurons regulating a variety of physiological processes (Chronwall, 1985; Meister et al.,
1989). The vast majority of arcuate neurons do not express NK3R protein (Burke et al.,
2006) or NK3R mRNA (Shughrue et al., 1996). For example, arcuate neurons that project to
the fenestrated capillaries of the pituitary portal system (neuroendocrine neurons) do not
express NK3R (Krajewski et al., 2005). Proopiomelanocortin neurons or tyrosine
hydroxylase-immunoreactive neurons in the arcuate nucleus also do not express NK3R
(Krajewski and Rance, unpublished observations). Moreover, in the mouse arcuate nucleus,
NK3R mRNA was reported to be exclusively expressed in kisspeptin mMRNA-expressing
neurons (Navarro et al., 2009). These data suggested that ablation of NK3R-expressing cells
in the arcuate nucleus would selectively destroy KNDy neurons, with limited impact on
other arcuate cell populations.

Arcuate KNDy neurons were ablated using stereotaxic injections of NKz-saporin (SAP), a
selective NK3R agonist ([MePhe’]NKB) conjugated with SAP, a ribosome-inactivating
toxin (Wiley and Lappi, 2005). [MePhe/]NKB, like senktide, has greater affinity for NK3R
than NKB, and is 1000 times more selective for NK3R than other tachykinin receptors
(Corboz et al., 2010; Drapeau et al., 1987). Stereotaxic injections of NK3-SAP destroyed
nearly all the kisspeptin and NKB-immunoreactive neurons in the arcuate nucleus
(Mittelman-Smith et al., 2012b). Arcuate dynorphin neurons were reduced by 76%
(Mittelman-Smith et al., 2012b), consistent with the percentage of these neurons that express
NK3R (Burke et al., 2006). Target selectivity was also demonstrated by the preservation of
proopriomelanocortin, neuropeptide Y and GnRH-immunoreactive neurons in NK3-SAP
injected rats. Nissl-stained sections showed no qualitative change in the cellular architecture
between rats injected with NK3-SAP and Blank-SAP (a scrambled peptide conjugated to
SAP), indicating that the vast majority of arcuate neurons were preserved (Mittelman-Smith
etal., 2012b).

Ablation of KNDy neurons resulted in pronounced alterations in LH secretion (Fig. 11).
Control rats exhibited a marked increase in serum LH after ovariectomy, which returned to
intact levels 11 days after estrogen treatment. In contrast, LH did not significantly increase
after ovariectomy in KNDy ablated rats, and their serum LH was lower regardless of
estrogen replacement. Remarkably, KNDy neuron ablation consistently reduced tail skin
temperatures, indicating that KNDy neurons facilitate cutaneous vasodilatation (Fig. 12)
(Mittelman-Smith et al., 2012a). The decrease in tail skin temperature in KNDy-ablated rats
occurred regardless of the time of day or estrogen treatment. Moreover, KNDy-ablated rats
were able to better defend their core temperatures against heat than control rats, and unlike
controls, did not respond to estrogen treatment with a reduction in core temperature. Finally,
KNDy ablation blocked the effects of estradiol on tail skin temperature during the light
phase in the environmental chamber, but not the dark phase. These data provide the first
evidence that KNDy neurons promote cutaneous vasodilatation and participate in estrogen
modulation of body temperature in the rat (Mittelman-Smith et al., 2012a). Because
cutaneous vasodilatation is a cardinal sign of a hot flush, these data support the hypothesis
that KNDy neurons could play a role in the generation of flushes.
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7. Conclusions

One of the most prominent symptoms of menopause is the hot flush, a manifestation of a
central (hypothalamic) disorder of thermoregulation. Given the millions of individuals who
experience these symptoms and the significant impact on the quality of life, it is surprising
how little is known about the etiology of hot flushes. Because KNDy neurons change so
dramatically in the hypothalamus of postmenopausal women, we hypothesized that they
could contribute to the generation of flushes (Rance and Young, 1991). This hypothesis is
supported by the close timing of LH pulses and flushes in women (Casper et al., 1979), the
putative role of KNDy neurons in LH pulses in multiple species (Kinsey-Jones et al., 2012;
Lehman et al., 2010; Rance et al., 2010; Wakabayashi et al., 2010) and the demonstration
that estrogen suppresses flushes in humans (Santoro, 2008) and suppresses NKB and
kisspeptin gene expression in ovariectomized monkeys (Abel et al., 1999; Rometo et al.,
2007). In this review, we summarize the evidence gained in a rat model that estrogen-
responsive KNDy neurons play a role in body temperature regulation and may activate
thermoregulatory vasodilatation through projections to preoptic regions expressing NK3R.

Our approach combines information on KNDy neurons in post-menopausal women (Rance
and Young, 1991; Rometo et al., 2007) with emerging knowledge on their role in GhnRH
secretion (Lehman et al., 2010; Rance et al., 2010), recent data on the neural pathways
regulating heat-defense (Nakamura and Morrison, 2010) and studies on the effects of
estrogen on thermoregulation in a rat model. By investigating how arcuate KNDy neurons
may relay estrogen signals to the CNS pathways that regulate heat-dissipation effectors,
these studies provide a tentative mechanism for triggering a hot flush in postmenopausal
women. Moreover, projections of KNDy neurons to both GnRH neurons and preoptic
structures involved in thermoregulation could explain the temporal link between hot flushes
and LH pulses in postmenopausal women. Continued progress will require a deeper
understanding of the control of body temperature by estrogen, further information on the
modulation of heat-dissipation effectors by KNDy neurons, and the application of this
knowledge to a clinical laboratory setting. The design of targeted therapies ultimately
depends on understanding the mechanism of hot flushes.
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Fig. 1.

(A and B) Computer-assisted maps of kisspeptin mRNA-expressing neurons in sagittal
hypothalamic sections from a premenopausal (A) and a postmenopausal (B) woman
hybridized with cDNA probes complimentary to kisspeptin mMRNA and visualized using
autoradiography. Each symbol represents one labeled neuron. In the infundibular nucleus of
postmenopausal women, there is a marked increase in the number of neurons expressing
kisspeptin mMRNA. Small numbers of kisspeptin neurons are also identified within the
MPOA, but these did not change in postmenopausal women. (C and D) Photomicrographs of
kisspeptin mRNA-expressing neurons in the infundibular nucleus of a premenopausal (C) or
postmenopausal (D) woman. In postmenopausal women, Kisspeptin neurons are
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hypertrophied and display increased numbers of audioradiographic grains, indicative of
increased gene expression. Nearly identical changes can be seen in NKB neurons in the
infundibular nucleus of postmenopausal women (Rance and Young, 1991). Scale Bar = 2
mm in B and applies to A and B. Scale bar = 10 um in D and applies to C and D. ac, anterior
commissure; fx, fornix; MB, mammillary body; MPOA, medial preoptic area; oc, optic
chiasm Modified with permission from Rometo et al. (2007).
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Fig. 2.

(A and B) Darkfield photomicrogaphs of coronal hypothalamic sections from an intact (A)
or ovariectomized (B) cynomolgus monkey hybridized with cDNA probes complimentary to
NKB mRNA ( 7ac3in the monkey) and visualized using autoradiography. The outlines of
the base of the brain, pituitary stalk and third ventricle have been drawn on these
photomicrographs. Note the marked increase in the number of labeled neurons in arcuate
nucleus of the ovariectomized monkey. (C and D) Brightfield photomicrogaphs of neurons
expressing NKB mRNA visualized using /7 situ hybridization in the arcuate nucleus of an
intact (C) or ovariectomized (D) cynomolgus monkey. The increase in cell size in the
ovariectomized monkeys is accompanied by increased numbers of labeled cells and
autoradiographic grains/neuron, indicative of a marked increase in gene expression in
response to ovariectomy. These findings mimic the changes in NKB cell size and gene
expression observed in the infundibular nucleus of postmenopausal women. Scale bar = 0.5
mm in B (applies to A and B), Scale bar =25 um in D (applies to C and D). Modified with
permission from Sandoval-Guzman et al. (2004).
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Fig. 3.

(A) Average core body temperature, (B) respiratory exchange ratio (C) skin temperature and
(D) sternal skin conductance recorded from 29 hot flushes in 14 postmenopausal women.
Time 0 is the onset of the rise in sternal skin conductance. VVasodilatation and sweating
(reflected in C and D, respectively) are physiological heat-dissipation effectors that are
activated during hot flushes. A small increase in core temperature is seen before the flush,
followed by a larger drop due to the activation of heat-dissipation effectors (A). Adapted
with permission from Freedman (1998).
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Fig. 4.
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Pattern of pulsatile LH release and associated flush episodes in four postmenopausal
women. The arrows indicate flush onset. Each graph illustrates a separate 8- to 10-h study in
which blood samples were obtained at 15-min intervals. The close timing of LH pulses and
hot flushes provides evidence that the mechanism of flushes is linked with the hypothalamic
control of pulsatile GnRH secretion. Reproduced with permission from Casper et al. (1979).
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Medial basal
hypothalamus

Fig. 5.

Schematic diagram showing the relationship between KNDy neurons and the
neuroendocrine circuits controlling LH secretion in postmenopausal women. Degeneration
of ovarian follicles results in loss of estrogen secretion (Hansen et al., 2008). Removal of
estrogen negative feedback increases LH secretion from the anterior pituitary gland into the
systemic circulation. In the infundibular nucleus, there is hypertrophy of a subpopulation of
neurons expressing ERa, kisspeptin, NKB and substance P mRNA accompanied by
increased Kisspeptin, NKB and substance P gene expression (Rance and Young, 1991;
Rometo et al., 2007; Rometo and Rance, 2008; Sandoval-Guzmén et al., 2004). Neurons
expressing dynorphin mRNA also exhibit neuronal hypertrophy, but the number of neurons
expressing dynorphin gene transcripts is reduced (Rometo and Rance, 2008). Dual-labeled
NKB/kisspeptin fibers are closely apposed to GnRH cell bodies and processes in the human
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medial basal hypothalamus (Hrabovszky et al., 2011). GhRH mRNA is increased in a

separate subpopulation of neurons in the medial basal hypothalamus of postmenopausal
women (Rance and Uswandi, 1996). Reproduced with permission from Rance (2009).

Front Neuroendocrinol. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rance et al.

Temperature (°C)

Page 32

40 -

Sasese
R Al P

*es
PO L o
tere® Trranenentte,, ..’"“'ﬁ‘l-".." b
— . . LN
Bt 1L PV

Cc

e,

.“..h‘
.m...' -.0'0...._._"'
el

o~ T

sk

30 -

.
- -
te ..---.-o"'°

28 - 20 min

— vl ° o

— R RN TS

T,=27.0C T,=295C T,=320C

Fig. 6.

Typical records of core temperature ( 7, dotted line), tail skin temperature ( 7g, solid line)
and ambient temperature ( 7, dashed line) from three different Zucker lean rats at ambient
temperatures of 27 °C (feft), 29.5 °C (middle), or 32 °C (right). Note the large-amplitude
fluctuations in tail skin temperature that occur at 29.5 °C, characteristic of tail skin
vasomotion within the thermoneutral zone. Reproduced with permission from Romanovsky
et al. (2002).
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Fig. 7.

Effects of subcutaneous capsules of 17B-estradiol (Eo) on average (£SEM) tail skin
temperature of ovariectomized rats during the dark (A) or light (B) phase (7= 8-10 rats/
group). In the dark phase (A), E, treatment of ovariectomized (OVX) rats markedly reduces
tail skin temperature from experimental day 2 through the end of the experiment. The
reduction in tail skin temperature by E, in the light phase (B) is delayed and smaller in
magnitude than that seen in the dark phase. The acute drop in tail skin temperature during
the light phase of days 0 and 2 (arrows) reflects sympathetic vasoconstriction at the time of
capsule implantation. (C) Recording of tail skin temperature of an individual intact rat
during the estrous cycle (moving average of 5 data points). This recording illustrates
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circadian rhythms, large fluctuations during most of the cycle and decreased tail skin
temperature with lower fluctuations on proestrous night. The black bars represent the dark
phase. * Significantly different in OVX + E, rats compared to OVX. Reproduced with
permission from Williams et al. (2010).
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Fig. 8.

(A) Average (=SEM) core temperature of ovariectomized (OVX) and OVX + estradiol-170
(OVX + E)) rats at ambient temperatures from 13 °C to 34 °C (n = 11-12 rats/group). At
most ambient temperatures, estradiol has no effect on core temperature. However, at
ambient temperatures above 32.5 °C, the core temperature of OV X rats is significantly
higher than OV X + E, rats. These data show that estradiol-17f treatment of OV X rats
improves core temperature regulation during heat exposure. (B) Heat loss index (HLI) range
of OVX and OVX + E; rats at ambient temperatures from 13 °C to 34 °C. HLI is a measure
of tail skin vasomotion.An increase in HLI range indicates increased fluctuations in tail skin
vasomotion, a characteristic finding within the thermoneutral zone (see Fig. 6 and
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Romanovsky et al., 2002). The straight line and parabola were fitted to these points using
breakpoint analysis. The range of the parabola approximates the thermoneutral zone. These
data show a shift in thermoneutral zone to lower ambient temperatures in OV X rats
compared to OVX + E, rats. The circles represent median values of 11-12 rats/group. *
Significantly different OVX vs OVX + E»*Non-overlapping 95% confidence intervals
comparing the first breakpoint for OVX vs. OVX + E, rats. Adapted with permission from
Dacks and Rance (2010).
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Schematic diagram showing the relationship between KNDy neurons, GnRH neurons and
the heat-defense pathway in the rat. KNDy neurons branch and project to GnRH terminals in
the median eminence and preoptic structures that regulate body temperature (Krajewski et
al., 2005, 2010; Nakamura and Morrison, 2010; Romanovsky et al., 2009; Tanaka et al.,
2009; Yeo and Herbison, 2011; Yoshida et al., 2009). Secretion of GnRH into portal
capillaries stimulates LH secretion from the anterior pituitary gland, which stimulates the
secretion of estrogen (E,) from the ovaries. E, negative feedback reduces serum LH and
decreases NKB and kisspeptin mRNA in KNDy neurons (Rance and Bruce, 1994; Smith et
al., 2005a). ERa, the isoform required for estrogen negative feedback (Dorling et al., 2003),
is expressed in arcuate KNDy neurons (Burke et al., 2006) but not GhRH neurons
(Hrabovszky et al., 2001). NK3R is expressed on arcuate KNDy neurons (Burke et al., 2006)
and GnRH terminals in the median eminence (Krajewski et al., 2005). GnRH neurons
express kisspeptin receptor mRNA (Han et al., 2005), but the location of the Kisspeptin
receptor protein on GnRH neurons has not been described. MnPO neurons express NK3R.
The MnPO receives information from warm-sensitive, cutaneous thermoreceptors and
project to CNS structures to modulate heat-dissipation effectors (Nakamura and Morrison,
2010; Yoshida et al., 2009). Not shown are KNDy neuron projections to the medial preoptic
area, which contains warm-sensitive GABAergic neurons which may also express NK3R
(Eberwine and Bartfai, 2011). Modified with permission from (Mittelman-Smith et al.,
2012a).
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Fig. 10.

(A and B) Photomicrographs of Fos expression in the MnPO, 90 min after focal
microinfusion of either vehicle (A, aCSF) or senktide (B). Note the marked increase in Fos-
immunoreactive nuclei in senktide-microinfused rats. (C) Core temperature before and after
vehicle or senktide microinfusion into the MnPO of ovariectomized, estradiol-treated rats
(ambient temperature of 21.5 °C, mean = SEM, n = 6-8 microinfusions/group). Senktide
microinfusion into the MnPO markedly decreased core temperature. Scale bar in B = 100
microns and applies to A and B. aCSF, artificial cerebrospinal fluid, 3V, Third ventricle; ac,
anterior commissure; MnPO, median preoptic nucleus. # Significantly different, senktide
compared with vehicle. Modified with permission from Dacks et al. (2011a).
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Fig. 11.

Effects of KNDy neuron ablation on Serum LH (mean = SEM, n = 6-8 rats/ group). On day
0, rats were ovariectomized (OVX) and injected with NK3-SAP (KNDy ablated) or Blank-
SAP in the arcuate nucleus. From 20 to 23 days later and they were implanted s.c. with E;
capsules and sacrificed 11 days later. In Blank-SAP controls, serum LH was markedly
increased after ovariectomy and reduced by E; treatment. In KNDy-ablated rats, LH did not
significantly rise three weeks after OVX. Serum LH was also lower in KNDy ablated rats,
vs Blank-SAP controls after estrogen treatment. These data show that KNDy neurons are
essential for the rise in LH secretion after ovariectomy and tonic LH secretion in estrogen-
treated rats. * Significantly different, Blank-SAP vs. NK3-SAP. * Significantly different
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from intact values on day 0. * Significantly reduced after E, treatment (compared to OVX).
Modified with permission from Mittelman-Smith et al. (2012b).
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Fig. 12.

(A and B) Circadian rhythms of tail skin temperature in KNDy-ablated (NK3-SAP) and
control (Blank-SAP) rats that are ovariectomized (OVX, A) or OVX and treated with 17f-
estradiol (OVX + Ej, B). Circadian rhythms of tail skin temperature and activity were
unchanged, but tail skin temperature was consistently lower in KNDy ablated rats than
Blank-SAP controls. In both KNDy-ablated and control rats, estradiol decreased tail skin
temperature during the dark phase (compare A and B). (C) Average tail skin temperature
(xSEM) of KNDy-ablated (NK3-SAP) and control (Blank-SAP) rats subjected to different
ambient temperatures in an environmental chamber (during the light phase). At the ambient
temperature of 11 °C and 26 °C, the tail skin temperature of NK3-SAP animals was
significantly lower than in Blank-SAP animals. Tail skin temperature of the Blank-SAP rats
was reduced by E at all ambient temperatures, but not lowered by E; treatment in NK3-SAP
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rats. The lower levels of tail skin temperature in KNDy-ablated rats provides evidence that
KNDy neurons facilitate cutaneous vasodilatation, a cardinal sign of a hot flush. *
Significantly different, NK3-SAP vs Blank-SAP. * Significantly different, OVX vs OVX+
17B-estradiol. Adapted with permission from Mittelman-Smith et al. (2012a).
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