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Summary

Vasomotor symptoms (VMS), commonly called hot flashes or flushes
(HFs) and night sweats, are the menopausal symptoms for which
women seek treatment during menopause most often. VMS are a form
of temperature dysfunction that occurs due to changes in gonadal
hormones. Normally, core body temperature (CBT) remains within a
specific range, oscillating with daily circadian rhythms. Physiological
processes that conserve and dissipate heat are responsible for main-
taining CBT, and tight regulation is important for maintenance of
optimal internal organ function. Disruption of this tightly controlled tem-
perature circuit results in exaggerated heat-loss responses and presents as
VMS. The mechanistic role related to changes in gonadal hormones
associated with VMS is not understood. Hormone therapy is the most
effective treatment for VMS and other menopausal symptoms. Estrogens
are known potent neuromodulators of numerous neuronal circuits
throughout the central nervous system. Changing estrogen levels during
menopause may impact multiple components involved in maintaining
temperature homeostasis. Understanding the pathways and mechanisms
involved in temperature regulation, probable causes of thermoregulatory
dysfunction, and ‘“‘brain adaptation” will guide drug discovery efforts.
This review considers the processes and pathways involved in normal
temperature regulation and the impact of fluctuating and declining hor-
mones that result in VMS during the menopausal transition.
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Introduction

At some time during the menopausal transition, as many
as 80% of women will experience the classic menopaus-
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al vasomotor symptoms (VMS), hot flashes or flushes
(HFs) and night sweats (National Institutes of Health
2005a). These symptoms can start to occur in the peri-
menopausal period (Soules et al. 2001), a stage of hor-
monal fluctuation that leads up to menopause (1 year
after the last menstrual cycle), and can last throughout
the postmenopausal phase (Rodstrom et al. 2002). Hot
flushes and night sweats vary greatly in intensity, both
between women and within individual women, over
time. Mild HFs are experienced as a transient warming
sensation, while severe symptoms may include sudden
and intense heat spreading over the upper body and
face, reddening of the skin or flushing, and severe per-
spiration. In one survey, more than half of the symptom-
atic women reported that flushing was followed by chills
and shivering (Kronenberg 1990). Other symptoms as-
sociated with HF episodes include pressure in the head
or chest, anxiety, nausea, and changes in heart rate
and breathing. Night sweats are HFs that occur with
heavy perspiration during sleep and cause sleep disrup-
tion (Woodward and Freedman 1994). Additionally,
VMS may cause an increase in vulnerability in some
women, to other physical (somatic) (Dugan et al. 2006;
Kronenberg 1999) and psychological (mood distur-
bance) (Joffe et al. 2002) symptoms that result in a
reduced quality of life and diminished work production
(Utian 2005). Hot flush episodes generally last 1-5 min,
although a small percentage of women report flushes
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Fig. 1. Relationship between estrogen and a woman’s reproductive phases and the occurrence of hot flushes. The reproductive phase is characterized by
cyclic and predictable estrogen levels. During perimenopause, hormones fluctuate and become acyclic. During this period, many women experience
VMS; although severe, the frequency is transient. During the postmenopausal period, women can experience severe and persistent VMS due to the
declining levels of ovarian hormones. For most women, VMS eventually diminish over time. FMP final menstrual period

lasting up to 15 min (Kronenberg 1990). These VMS are
associated with the fluctuating and eventual decline of
ovarian hormone levels during and following the meno-
pausal transition. They also occur in cancer survivors
such as women with loss of ovarian function due to breast
cancer treatment (Mom et al. 2006) and men who have
undergone androgen ablation therapy (Holzbeierlein et al.
2003).

Changing estrogen levels play a role in the onset of
VMS. Estrogen therapy has been shown to relieve VMS,
reducing the number of HFs by as much as 95% in
menopausal women (Baerug et al. 1998). In addition,
many women who experience an abrupt onset of meno-
pause brought on by oophorectomy have more severe
symptoms than women who go through a natural, grad-
ual transition (Hendrix 2005). Whether there is a direct
relationship between circulating estrogen levels and the
prevalence of HFs remains controversial (@Qverlie et al.
2002; Randolph et al. 2005); the occurrence of VMS
appears to be associated with the unpredictable fluctua-
tions in estrogen levels occurring during the perimen-
opausal period as well as the diminished levels after
menopause (Berendsen 2000; Freedman 2001; Deecher
2005) (Fig. 1). According to a study of 1400 women
older than 25 years, women start reporting HFs as early
as 38 years of age, while cycles are still predictable,
suggesting that changes in ovarian function have started
to occur (Rodstrom et al. 2002). These symptoms peak
in late perimenopause or early menopause (average age,
52-54 years) and coincide with the final menstrual peri-
od (FMP) (Rodstrom et al. 2002; National Institutes of
Health 2005a). For most women, HFs and night sweats

eventually diminish in frequency and severity in the
postmenopausal period (Guthrie et al. 2004; Avis et al.
2005) but for some women, VMS may last throughout
the rest of their lifetime (Rodstrom et al. 2002).

VMS are believed to result from a dysfunction in the
tightly controlled temperature circuitry leading to an ex-
aggerated activation of heat dissipation responses, includ-
ing peripheral vasodilation and sweating. Although in this
review, the focus is on gonadal hormone-induced VMS,
specific diseases, medications and neuronal damage can
also cause thermoregulatory dysfunction. In brief, this
important thermoregulatory circuitry is made up of 3
main components: the brain, the internal body cavity,
and the peripheral vasculature (Deecher 2005). These
components work together to maintain temperature ho-
meostasis. In addition, other thermoregulatory zones
provide temperature inputs. The body’s various thermo-
regulatory zones send temperature signals to the cor-
responding thermoregulatory centers in the brain,
particularly the hypothalamus. These centers use the
signals to maintain optimal core body temperature
(CBT) by inducing vasodilation to dissipate heat or va-
soconstriction to conserve heat. Thus, an HF is a rapid,
exaggerated response causing an intense heat sensation
(flash), upper body skin reddening (flush), and increased
skin blood flow resulting in changes in heart rate and
blood pressure. It is hypothesized that the body is not
really in a “hyperthermic” state, but that there is a mis-
communication in temperature signaling that regulates
normal temperature responses. Therefore, the message
to rapidly reduce CBT results in extreme vasodilation
followed by sweating and in some cases drenching



Understanding vasomotor symptoms

perspiration, especially at night, which can lead to
sleep disruption (Kronenberg 1990; North American
Menopause Society 2004a). Often, the extreme heat loss
caused by the vasodilation of blood vessels results in
chills and shivering as the body attempts to compensate
for the loss (Freedman 2001).

Hormone therapy (HT) has long been the standard
treatment for HFs and night sweats (North American
Menopause Society 2004b); however, there is an unmet
need for a safe and effective nonhormonal treatment
for VMS to complement existing approved therapies
(National Institutes of Health 2005b). In order to address
this need, the underlying pathophysiology of VMS and
the potential pathways, mechanisms, and targets in-
volved in temperature regulation must be understood.
This paper discusses normal thermoregulatory function
and the impact of fluctuating and declining hormone
levels that result in VMS during and following the men-
opausal transition.

Thermal homeostasis and regulation

Temperature homeostasis is a dynamic state of stability
between an animal’s internal and external environments.
When functioning properly, the thermoregulatory system
monitors and maintains CBT within a specific range
required for optimal organ integrity and function regard-
less of environmental temperatures. When CBT falls
below the optimal range required for maintenance of
normal organ function, peripheral vasoconstriction and
shivering are initiated to conserve body heat and raise
internal temperature (Fig. 2). When it exceeds the op-
timal range, peripheral vasodilation and sweating are
triggered and excess heat is dissipated through the
skin by radiation and evaporative cooling processes
(Charkoudian 2003). These 2 thresholds, the upper
(sweating) threshold which triggers heat loss and the
lower (shivering) threshold which triggers heat con-
servation or generation, define the thermoneutral zone
(Cabanac and Massonnet 1977). The core temperature
thermoneutral zone is maintained within defined (preset)
limits that vary over the circadian cycle (Hensel 1973;
Deecher 2005).

Temperature regulation is a complex, highly regulat-
ed, and integrated network of neuroendocrine, auto-
nomic, and somatomotor responses (Deecher 2005). The
temperature circuitry is a bidirectional feedback loop
that communicates between 3 major communication
centers. The 3 major components involved in thermoreg-
ulatory function (Fig. 3) consist of afferent thermosen-
sitive pathways that provide information about CBT,
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Fig. 2. Maintenance of core body temperature (CBT) is critical to
organ integrity and optimal function (Deecher 2005). It has been
hypothesized that core temperature is regulated between an upper
threshold for sweating (heat dissipation) and a lower threshold for
shivering (heat generation). Within the thermoneutral zone, major
thermoregulatory responses such as sweating and shivering do not
occur. These mechanisms maintain temperatures within the designated
thresholds (Freedman 2005). A Normal temperature regulation. B
Dysfunctional temperature regulation

central processing areas in the central nervous system
(CNS), and peripheral vasculature, which receives ef-
ferent signals controlling thermoregulatory responses.
Changes in CBT are communicated to the brain by heat-
and cold-sensitive fibers in the CNS (Boulant 1998),
deep body tissues, and skin (Boulant and Gonzalez
1977). Deep body temperature sensors are located in
the gastrointestinal tract and other internal organs, intra-
abdominal veins, and the spinal cord (Simon 2000;
Romanovsky 2007). Thermosensitive nerve fibers from
skin and deep tissues both contribute to generating ther-
moregulatory responses (Frank et al. 1999).

Integration of temperature information occurs at mul-
tiple levels in the CNS, but the hypothalamus, specifi-
cally the anterior hypothalamus/preoptic area (POA), is
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Fig. 3. The 3 major components involved in thermoregulatory function
include afferent thermosensitive pathways providing information about
core body temperature (CBT); central processing areas in the CNS; and
peripheral vasculature, which receives efferent signals controlling va-
sodilation and vasoconstriction. Dysregulation at one or more of these
sites can result in miscommunication and impaired temperature regu-
lation. Figure reproduced from Deecher (2005) with modifications

considered to be the major CNS thermoregulatory
processing center (Crawshaw et al. 1985; Romanovsky
2007). The POA projects to multiple effectors in the
brainstem and spinal cord via the medial forebrain bun-
dle (Boulant 2000). Warm-sensitive neurons in the POA
appear to exert control over heat-loss effectors located in
the lateral hypothalamus, periaqueductal grey matter,
and reticular formation (Zhang et al. 1997), which are
responsible for peripheral vasodilation and sweating
(Bruck and Zeisberger 1990; Boulant 2000).

The primary mechanisms for regulating CBT are
changes in blood flow through the skin and subcutane-
ous area and sweating. Peripheral vasculature receives
sympathetic input controlling both vasodilation and
vasoconstriction responses (Charkoudian 2003). Thus,
when CBT rises above the required maintenance pre-
set limits, peripheral vasodilation is triggered, resulting
in increased blood flow to peripheral blood vessels.
Conversely, when the temperature drops below the
CBT preset limits, reduced blood flow in the peripheral
blood vessels occurs as a means of retaining heat in the
body (Charkoudian 2003). Chills and shivering may fol-
low an HF or night sweat episode in order to regenerate
excessive heat loss and reestablish normal CBT.

Multiple levels of thermoregulatory neural circuitry,
central and peripheral, are under catecholinergic and/or
serotonergic control. Serotonergic cells from the dorsal
raphe nucleus (DRN) of the brainstem project to the
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POA, where mRNA for pre- and postsynaptic serotonin
(5-HT) receptors have been localized in nonhuman pri-
mates (Gundlah et al. 1999; Bethea et al. 2002). The
POA is also a target for norepinephrine (NE) pathways.
The POA receives NE input from the nucleus of the soli-
tary tract and the locus coeruleus. The existence of an
a-adrenoceptor mRNA and B-adrenergic receptor acti-
vation have been demonstrated in the POA and hy-
pothalamus (Petitti and Etgen 1990; Karkanias et al.
1996, 1997). Vasomotor effectors controlling peripheral
vasodilation and vasoconstriction are also modulated
by noradrenergic and serotonergic input (Martin 1994;
Abdelmawla et al. 1999).

Thermoregulatory dysfunction

Thermoregulatory dysfunction appears to result from a
disruption or miscommunication in the complex signal-
ing and information processing between CBT, brain, and
peripheral vasculature. Such disruptions might occur at
one or more of these levels, and can have a variety of
possible causes, including disease states, drug-induced
effects, and gonadal hormone changes. Damage to CNS
structures, particularly the hypothalamus, from injury
or disease can disrupt temperature homeostasis. Sig-
nificant changes in thresholds for thermoregulatory
responses are associated with lesions to the hypothala-
mus in patients with multiple sclerosis (Sullivan et al.
1987; Edwards et al. 1996; White et al. 1996; Kurz et al.
1998) and traumatic brain injury, which when associated
with damage to the hypothalamus (Crompton 1971), can
result in posttraumatic hyperthermia (Thompson et al.
2003).

A commonly recognized example of thermoregulato-
ry dysfunction is VMS associated with menopause.
However, VMS are also reported by other patients that
are not menopausal but, in some cases, are associated
with changes in levels of circulating gonadal hormones
or specific drug interactions with estrogen receptors
(i.e., raloxifene, tamoxifen) (Land et al. 2006; Jordan
2007). For example, women with a history of breast
cancer often experience VMS, as common chemothera-
peutic agents may cause premature ovarian failure
resulting in abrupt ovarian hormone level decline. In
addition, these women may have been placed on an
anti-estrogenic agent as a cancer preventative such as
tamoxifen (Land et al. 2006) and aromatase inhibitors
(Mom et al. 2006). Hot flushes are also experienced by
men who receive androgen ablation or androgen depri-
vation therapy for prostate cancer, treatments that
dramatically lower plasma testosterone levels, which, in
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turn, lower available brain estrogen from aromatization
(Holzbeierlein et al. 2003).

Thermoregulatory dysfunction associated
with menopause

Years before the FMP, ovarian function begins to decline
and estrogen levels fluctuate dramatically (Rodstrom
et al. 2002; Bachmann 2005; Santoro 2005). In a review
of studies documenting hormonal changes through the
menopausal transition, Burger and colleagues (2002)
concluded, “The most-noteworthy characteristic of the
perimenopause stage is significant hormonal variabili-
ty.” Burger et al. (2002) cited several studies in which
perimenopausal estradiol (a major endogenous human
estrogen) levels or excretion patterns were characterized
by large variations characteristic of abrupt increases or
decreases. Santoro and colleagues (1996) showed that
women in the menopausal transition had periods of
anovulatory cycles and periods of time when urine
estrogen metabolite (estrone) levels almost double the
premenopausal stage concentrations. They also demon-
strated that during this perimenopausal period, women
may experience acyclic intervals with low, tonic estra-
diol levels characteristic of postmenopause. This un-
predictable period of estrogen instability is thought to
contribute (directly or indirectly) to a variety of meno-
pausal complaints, including physical (VMS, sleep dis-
turbances, urogenital complaints [Nelson et al. 2005]),
psychological (irritability, depressive symptoms, mood
disturbances, low libido [Dennerstein et al. 1994; Cohen
et al. 2006; Freeman et al. 2006]), and somatic (aches and
pains, fatigue [Shaver and Paulsen 1993]) symptoms.
The precise mechanisms underlying the pathophysiol-
ogy of VMS are unknown, but there are at least 3
proposed hypotheses that have been studied. Various
elements of these proposed hypotheses may contribute,
in part, to this thermoregulatory dysfunction. The most
prominent hypothesis, initially proposed by Tataryn et al.
(1980), is that there is a change in the predefined accept-
able temperature limits (thermoregulatory set points) or
a miscommunication of these set points. A narrowing of
this thermoneutral zone may occur, such that small, nor-
mally insignificant elevations in CBT signal a heat dis-
sipation response, triggering an exaggerated reaction,
i.e., hot flush (Freedman 2005) (Fig. 3). Freedman and
his colleagues have carried out a series of experiments
addressing this hypothesis (Freedman et al. 1995;
Freedman and Woodward 1995, 1996; Freedman and
Krell 1999; Freedman 2001). In these studies, they ex-
amined the relationship between CBT and the onset of
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heat-loss and heat-conserving responses. Core body tem-
perature was measured in symptomatic and asymptom-
atic menopausal women using radiotelemetry pills. The
subjects were warmed or cooled and thresholds for shiv-
ering and sweating were determined. The results of the
experiments indicated that the shivering threshold is
raised (Freedman and Krell 1995) and the sweating
threshold is lowered (Freedman and Krell 1999), such
that the normally acceptable temperature limit (thermo-
regulatory neutral zone) is significantly narrowed, from
the normal 0.4°C to ‘“‘virtually nonexistent”, in symp-
tomatic menopausal women (Freedman and Krell 1996;
Freedman 2001). Studies further indicated that HFs are,
in most cases, preceded by small increases in CBT
(Freedman et al. 1995; Freedman and Woodward 1996).
Warming studies demonstrated that raising CBT slightly
will trigger sweating and vasodilation in menopausal
women with VMS but not asymptomatic menopausal
women (Freedman 2001). Thus, in symptomatic meno-
pausal women, small changes in CBT that would be
tolerated under normal physiological circumstances now
trigger anomalous heat dissipation responses (Freedman
and Krell 1999), such as the extreme vasodilation and
sweating reported by women with VMS associated with
menopause.

A second hypothesis regarding the cause of VMS is
related to the loss of responsiveness of the peripheral
vasculature. Responses to thermal challenges in skin
circulation are vital to normal thermoregulation, involv-
ing a feedback loop to and from the vasculature in order
to respond to changes in internal body temperature
(Charkoudian 2003).

It has been postulated that disturbances in local
and reflex thermoregulatory control of skin circula-
tion may contribute to thermoregulatory dysfunction.
Changes in vascular reactivity may interfere with the
ability of blood vessels to respond rapidly and to the
appropriate degree, resulting in an exaggerated response
(Charkoudian 2003). The occurrence of VMS may, in
part, be due to a delay in the vasculature’s response to
messages arising at the level of the internal cavity send-
ing signals that the temperature is too high and needs
to be decreased. Estrogen and progesterone both appear
to influence skin blood flow control (Brooks et al. 1997).
The fluctuations in estradiol levels that occur during
perimenopause may affect vascular reactivity responsive-
ness by altering the threshold for cutaneous vasodilation.
The low levels of estradiol during the postmenopausal
period may contribute to the reduced elasticity of the
blood vessels, resulting in delayed responses due to
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changes in internal body temperature (Joswig et al.
1999).

Another area of research that has been postulated
to contribute to the pathophysiology of VMS is neuro-
chemical alterations caused by changes in gonadal hor-
mones during the menopausal transition period (Shanafelt
et al. 2002). Numerous clinical trials assessing the
efficacy of various centrally acting compounds have
been conducted (Nelson et al. 2006a). Anticholinergic
drugs have been experimentally tested based on the no-
tion that the cholinergic system was involved in the
dysfunction (Clayden 1972; Williams 1973; Clayden
et al. 1974). Other agents such as clonidine (an alpha-
2 adrenergic agonist) and gabapentin have been used
with some success (North American Menopause Society
2004a; Deecher 2005; Nelson et al. 2006a). Addi-
tionally, the selective serotonin reuptake inhibitors
(SSRIs) and serotonin-norepinephrine reuptake inhibi-
tors (SNRIs) have also shown some effect in reducing
VMS (Nelson et al. 2006b). These drugs are proposed to
work by “restoring” altered levels of 5-HT and/or NE
that are believed to be affected due to the loss of modu-
lation by estrogens (Deecher et al. 2007). The efficacy of
these compounds provides some support to the hypothe-
sis that neurochemical imbalances in the brain may be
an underlying cause of the thermoregulatory dysfunction
that results in VMS associated with gonadal hormone
changes.

Estrogens as neuromodulators

Estrogens are potent neuromodulators known to regu-
late the structure and function of numerous neuronal
circuits throughout the CNS (Gould et al. 1990;
Woolley and McEwen 1993; McEwen and Alves 1999;
McEwen 2001; Genazzani et al. 2007). Over the course
of the human life span, the female brain must respond
and adapt to changes in estradiol levels dependent on
her life stage. Although puberty requires that both male
and female brains adapt to a new hormonal environment,
the cyclic and transient hormonal fluctuations of the
female menstrual cycle may require a very different
capacity of flexibility and functional responsiveness.
During the reproductive years, the female brain must
develop flexible and responsive mechanisms due to cy-
clic and synchronized changes in neuroendocrine input
in order to maintain precisely timed ovulatory events.
During the menopausal transition, these timed cycles
become asynchronized and unpredictable resulting in
ovarian hormone levels being exaggerated (Santoro
et al. 1996) (Fig. 1), demanding even greater flexibility
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in neuronal responsiveness (Gibbs 1998; McEwen
2001). This period of the life cycle could be considered
a time of unpredictable hormonal messaging. Thus, the
brain and the neurochemical mechanisms responsible
for maintaining homeostasis are unable to adjust rapidly
or efficiently to optimally function. It is hypothesized
that after menopause, the female brain must adapt to
the absence of cyclic levels of ovarian hormones and
establish a new baseline of homeostasis in order to
maintain normal brain function (Birge 2003). The in-
ability to respond or establish a new baseline of neuro-
nal function could lead to increased susceptibility to
brain-related dysfunctions including thermoregulatory
dysfunctions.

Therefore, unexpected changes in estrogen levels
during the menopausal transition may impact multiple
components involved in maintaining temperature ho-
meostasis. Estrogens have been shown to control gene
expression, up- or downregulating numerous compo-
nents of cell signaling pathways, including membrane
receptor proteins, transporters, and enzymes involved
in synthesis or degradation of neurotransmitters, as well
as directly altering neuron membrane currents and firing
patterns (McEwen and Alves 1999; Bethea et al. 2000a;
McEwen 2002). Unpredictable fluctuations and the de-
cline of gonadal hormones are believed to affect neural
systems regulated by estrogens. The hypothalamus will
be particularly affected by these changes in gonadal
hormones since it is highly hormone-responsive due to
the expression of both estrogen and progesterone re-
ceptors (Gould et al. 1990; Woolley and McEwen
1993; McEwen 2001; McEwen and Alves 1999). This
region of the brain is also considered a key site for
integration of thermal information and control of
thermoregulatory responses (Boulant 2000). Decreasing
hormone levels may lead to diminished neuronal func-
tion resulting in a change in the balance of key neu-
rotransmitters involved in temperature regulation such
as 5-HT and NE.

Estrogens may modulate any level of the thermoregu-
latory pathway. However, there is a wealth of evidence
that the hypothalamus, and specifically the POA, is hor-
mone responsive, and that estrogen may regulate the
functional activity of neurotransmitter systems within
the POA. Estrogen receptors have been localized in
regions associated with the thermoregulatory system
(Bethea et al. 1996; Gundlah et al. 2000; Osterlund
et al. 2000), indicating that those areas may be respon-
sive to estrogen and that their structure or function may
be influenced by changes in estrogen levels, as during
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the menopausal transition. There is supporting in vitro
and in vivo preclinical evidence that estrogens are neu-
romodulators of the serotonergic and noradrenergic sys-
tems that are believed to play a role in the maintenance
of temperature regulation in the brain as well as the
periphery. Various animal reports have shown that estro-
gen receptors are expressed in both NE and 5-HT pro-
jections to the hypothalamus (Kall6 et al. 1992; Bethea
et al. 2000a; Lu et al. 2001; Temel et al. 2002), and that
estrogens can regulate both serotonergic and noradren-
ergic systems by modulating production, release, recy-
cling/elimination, and receptor activity (Shanafelt et al.
2002; Bachmann 2005).

The effects of fluctuating estrogen levels on NE and
5-HT have been examined specifically with respect to
thermoregulatory function in animal models (Maswood
et al. 2006; Deecher et al. 2007), and modulation of
these neurotransmitter systems in the POA have been
studied in the context of other functions as well.
Estrogens have been reported to influence 5-HT and
NE synthesis, density of pre- and postsynaptic binding
sites, and deactivation via neurotransmitter reuptake and
degradation (Genazzani et al. 1997; Bethea et al. 1998,
2002; McEwen and Alves 1999; Herbison et al. 2000;
Etgen et al. 2001; Amin et al. 2005). Estrogens appear to
increase the availability of 5-HT by boosting the capac-
ity to synthesize the transmitter and by slowing its de-
gradation (Pecins-Thompson et al. 1996; Bethea et al.
2000b; Gundlah et al. 2002, 2005; Hiroi et al. 2005;
Sanchez et al. 2005). It also regulates 5-HT receptor
density and binding and slows the transmitter’s removal
from the synapse (Lu and Bethea 2002; Le Saux and Di
Paolo 2005). Using both in vitro and in vivo techniques,
estrogens have been shown to modulate the noradrener-
gic system in ways similar to those demonstrated for 5-
HT, with affects on synthesis (Serova et al. 2002, 2004)
and degradation (Gundlah et al. 2002), as well as down-
stream receptor signaling and function (Karkanias and
Etgen 1994).

Such estrogen-associated modulations of NE and 5-
HT signaling have been proposed to be one means by
which thermoregulatory dysfunction occurs due to hor-
monal changes (Deecher et al. 2007). Thus, fluctuations
in estrogen levels during the menopausal transition are
hypothesized to disrupt the normal balance of NE and
5-HT maintained under cyclic estrogen control, thereby
altering downstream signaling in thermoregulatory cir-
cuits as well as other neurologically important pathways.
Clinical trial results also support the hypothesis that
5-HT and NE may play an important role in thermo-
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regulation showing that SSRIs or SNRIs can alleviate
VMS, reducing HF scores by up to 65% (Loprinzi
et al. 2000, 2002; Stearns et al. 2003, 2005), although
it should be noted, new clinical reporting is suggesting
that increasing 5-HT alone may not be adequate to alle-
viate VMS (Suvanto-Luukkonen et al. 2005; Grady et al.
2007). Moreover, research shows that plasma NE levels
are elevated before and during HFs, and that production
and release of NE in the hypothalamus is inhibited by
metabolic by-products of estrogen (Freedman and Krell
1999; Shanafelt et al. 2002).

Taken together, in vitro and in vivo preclinical data
with clinical findings support the hypothesis that
changes in estrogen levels impact important neurochem-
ical processes involved in temperature regulation.

Adaptation to gonadal hormone changes

As mentioned earlier, VMS have their onset in the early
perimenopausal period (Rodstrom et al. 2002). During
the perimenopausal period, the occurrence of VMS is
transient yet severe, due to the irregularity and un-
predictability of hormone levels (Burger 1996). These
symptoms diminish over time in the postmenopausal
period, although some women report these symptoms
long after the last menstrual cycle (Rodstrom et al.
2002). The slow progression of the reduction and even-
tual disappearance of VMS suggests that over time the
brain must “reset’” or ‘“adapt’ to a different neurochem-
ical level in order to restore normal temperature regula-
tion. It appears this adaptation period is individually
determined and can require a rather extended amount
of time to readapt brain function, reset temperature
thresholds, and return to normal temperature responses.
Evidence suggests that estradiol is the primary gonadal
hormone responsible for VMS and when given to wom-
en, estrogens have been shown to alleviate these symp-
toms. For the majority of women taking HT to treat
menopausal VMS, the symptoms recur after cessation
of HT, suggesting that VMS are relieved but not elimi-
nated (Haimov-Kochman et al. 2006; Ness et al. 2006).
This suggests that there is a period of time during which
brain function must reset and adjust to the ‘“hypoestro-
genic’ state after menopause and this process is referred
to as “‘brain adaptation”. The idea of “‘brain adaptation”
supports the hypothesis that changes in neurochemical
processes are involved in thermoregulatory dysfunction.
Most women adapt to this new ‘“‘hypoestrogenic” state,
although there are individual differences in the degree
and duration of suffering before adaptation is complete.
It should be noted that some women will experience
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VMS throughout their remaining life span (Rodstrom
et al. 2002).

Conclusions

Thermoregulatory dysfunction appears to result from
a miscommunication in the complex signaling and
information processing between the CBT, brain, and
vascular system. VMS, commonly referred to as hot
flashes or flushes and night sweats, are extreme thermo-
regulatory responses resulting from a disruption in the
ability to keep body temperature within a specific opti-
mal range. The incidence of VMS has been reported by
up to 80% of all women advancing through menopause,
with symptoms diminishing over time in the postmeno-
pausal period. The slow progressive lessening and even-
tual disappearance of VMS suggest that over time the
brain must “reset” or “adapt” to different neurochemi-
cal levels in order to restore normal temperature regula-
tion. This period of ‘“‘brain adaptation” may be a key
element to study in order to further understand the
pathophysiology of thermoregulatory dysfunction and
develop effective nonhormonal therapies for VMS asso-
ciated with menopause.

A direct relationship between plasma estradiol levels
and the occurrence of VMS has not been unequivocal-
ly demonstrated (@verlie et al. 2002; Randolph et al.
2005), but the dramatic fluctuations in hormone levels
during the perimenopausal transition and the declining
levels of estradiol overall in postmenopause are thought
to disrupt central thermoregulatory processing, perhaps
via interactions with the neurotransmitter systems im-
portant to temperature control. The POA of the hypo-
thalamus, believed to be the main central processing
area for temperature regulation, is also a site of estrogen
sensitivity. The NE and 5-HT signaling pathways in the
POA, both critical to thermoregulatory processing, are
thought to be affected by estrogen changes. It is hypoth-
esized that fluctuating and declining hormone levels
modulate key neurotransmitters and the expression or
function of their receptors, thereby altering the response
patterns of the thermoregulatory circuits and changing
the thresholds for sweating and shivering responses.
This hypothesis predicts that agents that stabilize NE
and 5-HT could alleviate VMS, and in several clini-
cal trials 5-HT and NE modulators have been shown
to be effective. It is important to note that there is
reciprocal feedback between noradrenergic and seroto-
nergic neurons, with each system ultimately influenc-
ing the activity of both neurotransmitters (Guyton and
Hall 2006). Recent negative results from a placebo-

D. C. Deecher, K. Dorries

controlled trial of the SSRIs citalopram and fluoxetine
(Suvanto-Luukkonen et al. 2005) suggest modulation
of 5-HT alone is not sufficient to alleviate VMS, and
agents that contain both 5-HT and NE activity (i.e.,
SNRIs) may be necessary for effective therapy (Loprinzi
et al. 2000).
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