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1.1 Endocrine and neural regulation of homeostasis 
All living beings on earth are subjected to various changes in the external environment. 
In order to maintain internal homeostasis, sophisticated mechanisms were developed. 
Homeostasis is finely regulated both via the endocrine and nervous system. The 
endocrine system produces chemical substances called hormones to transfer infor-
mation to regulate body functions. Generally, hormones produced from endocrine 
glands are secreted into the systemic circulation to reach their target tissues, where they 
bind to their relevant receptors inducing genomic or non-genomic reactions. These 
hormonal reactions may also occur in the same cells where they are produced, so called 
autocrine actions, or in target cells in the direct vicinity which are then called paracrine 
actions. The nervous system produces chemical substances that are called neurotrans-
mitters, transferring information between neurons in the brain or between neurons and 
peripheral target tissues. The neurotransmitters produced by neurons are either 
released at synapses, triggering action potentials at the post-synaptic site, or released 
from nerve terminals or neurons into the circulation having distant effects as (neuro-) 
hormones. 

The endocrine and nervous systems closely interact. The secretion of many hor-
mones is regulated by the central nervous system (CNS), e.g., via the hypothalamic-
pituitary-target gland systems. Reciprocally, many hormones originating in peripheral 
tissues act on the CNS to modulate neuronal function. Traditionally, hormones are 
released into the circulation to act on distant target sites in the body. However, 
emerging evidence shows that many of the peripheral hormones may also exert 
peripheral functions by acting on the brain. For example, leptin, although produced in 
peripheral white adipose tissue (WAT), is a critical neuromodulator controlling energy 
homeostasis via the brain [1]. 

In the CNS, the hypothalamus is the key brain area that integrates neuronal and 
hormonal signals. It receives neuro-humoral information and sends neural, neurosecre-
tory or autonomic motor outputs to regulate energy homeostasis. The hypothalamus 
comprises many different nuclei, each controlling distinct aspects of energy metabolism. 
The hypothalamic paraventricular nucleus (PVN), for example, is important for neuroen-
docrine regulation by its projections to the median eminence and posterior pituitary 
gland. Hypophysiotropic hormones, including thyrotropin-releasing hormone (TRH), 
gonadotropin-releasing hormone (GnRH) and corticotropin-releasing hormone (CRH) are 
released into the median eminence to control the release of trophic hormones from the 
anterior pituitary. However, the PVN also projects to many other brain areas including 
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the brainstem and the spinal cord, to regulate autonomic function [2, 3]. Another 
important hypothalamic nucleus, adjacent to the third ventricle and the median 
eminence, is the arcuate nucleus (ARC). It contains two antagonistic groups of neurons, 
i.e., the agouti-related peptide (AgRP) and proopiomelanocortin (POMC) containing 
neurons, both pivotal in the regulation of food intake [4], but with opposite effects. A 
third hypothalamic nucleus with a key role in metabolic regulation is the ventromedial 
hypothalamus (VMH), as it is involved in the control of energy intake and expenditure [5]. 
The three hypothalamic nuclei mentioned here are also important targets for the 
endocrine actions of thyroid hormone and estrogen.  

1.2 Thyroid hormone 
Thyroid hormone (TH) is essential for ontogenesis, development, differentiation and 
metabolism in a vast range of species. The major thyroid hormone thyroxine (T4) 
compromises up to 80% of secreted THs from the thyroid gland in humans [6]. The 
bioactive thyroid hormone triiodothyronine (T3) is produced within the thyroid gland to 
a minor extent, the majority of T3 is converted from T4 by deiodinating enzymes 
expressed locally in various tissues. This extra level of regulation allows the body to 
locally control the availability of T3 independently of circulating TH, which is critical 
during specific (patho) physiological conditions, including cold exposure and illness [7]. 
There are three major enzymes regulating TH metabolism, named iodothyronine 
deiodinase type 1 (D1), type 2 (D2) and type 3 (D3). D2, with its ability of outer ring 
deiodination, is important for the activation of TH from T4 to T3; whereas D3 is able to 
inactivate TH by inner ring deiodination. By contrast, D1 is able to do both outer and 
inner ring deiodination [8, 9] (Figure 1.1). Recent findings indicate that the differential 
expression of various types of deiodinases is critical for local TH homeostasis and TH 
mediated physiology [7, 10]. The TH plasma concentration is finely regulated in the 
context of the hypothalamus-pituitary-thyroid gland (HPT) axis, which is characterized by 
negative feedback regulation at the level of the pituitary and hypothalamus. At the 
central level, hypophysiotropic neurons in the PVN of the hypothalamus produce TRH, 
which reaches the anterior pituitary gland through the median eminence and the portal 
system. Upon TRH stimulation, thyroid-stimulating hormone (thyrotropin or TSH) is 
released into the general circulation and stimulates TH synthesis and secretion by the 
thyroid gland. T3 and T4 serve as a negative feedback signal at the level of the pituitary 
and PVN, inhibiting TSH release (Figure 1.1). In this way it is possible to keep stable TH 
levels. Importantly, the set point of the HPT axis is flexible and may respond to a number 
of (patho) physiological situations including fasting and inflammation [11]. 
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TH is involved in many metabolic processess in the body [12]. Its physiological functions 
are clearly illustrated by the syndromes of their excess and shortage, respectivley, 
hyperthyroidism and hypothyroidism. Hyperthyroidism results in increased metabolic 
rate and weight loss [13, 14]. Animal studies demonstrated an increased sympathetic 
tone and energy expenditure leading to a decrease in body weight in spite of 
hyperphagia [15]. By contrast, hypothyroidism, resulting from a shortage of TH, induces 
a lower metabolic rate and increased weight gain. Moreover, animals with 
hypothyroidism show decreased locomotor activity [16]. The primary effects of T3 are 
mediated through thyroid hormone receptors (TRα and TRβ). Thyroid hormone 
receptors homodimerize or heterodimerize with the retinoic X receptor (RXR), which 
then binds to thyroid hormone responsive elements (TREs) thereby stimulating or 
inhibiting TH responsive gene transcription [17, 18]. In addition to this genomic action, 
TH is able to interact with membrane receptors or cellular signal transduction pathways, 
which have been shown to play an important role in regulating growth, development, 
and metabolism[19, 20]. 

 

Figure 1.1 HPT axis and thyroid hormone metabolism. 

 

1.3 TRH and its non-hypophysiotropic function 
TRH plays a key role in determining the set point of TSH secretion and TH homeostasis 
[11, 21]. In humans, TRH-positive neurons are found mostly in the dorsocaudal 
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subdivision of the PVN [22]. In the rat, the hypophysiotropic TRH neurons reside 
exclusively in the medial and periventricular subdivisions of the parvocellular PVN and 
send axons to the median eminence (ME) to finally control the release of TSH from the 
anterior pituitary gland [23, 24]. TRH neurons receive dense innervations from other 
neurons within and outside of the PVN [25, 26], allowing for a neuronal interaction 
between the thyroid system and other neuroendocrine and neural systems (Figure 1.2). 
For example, alpha-melanocyte stimulating hormone (α-MSH)/cocaine- and ampheta-
mine-regulated transcript (CART) and AgRP/neuropeptide Y (NPY) neurons from ARC 
innervate TRH neurons in the PVN [27, 28], providing an anatomical basis for down-
regulation of the HPT axis during food deprivation [11, 29]. The biological clock 
suprachiasmatic nucleus (SCN) also sends its efferent fibres to the PVN TRH neurons, 
which is important for the diurnal TSH rhythm [30].  

In addition to its well-known function in determining the set point of the HPT axis, 
TRH has a number of non-hypophysiotropic effects involved in the regulation of brain 
function and energy homeostasis [23, 31]. For example, TRH controls locomotor activity 
including stimulation of motor and behavioural activities [32, 33], potentiating d-
amphetamine- or cocaine-induced locomotor activity [34] [35] and antagonizing alcohol 
or β-endorphin induced locomotor depression [36, 37]. In addition to the endocrine 
regulation on food intake via thyroid hormone, TRH also controls appetite directly via 
neuronal circuits. Both systemic and central TRH administrations reduce food intake [38-
40]. Notably, fasting inhibits hypophysiotropic TRH neurons through the orexigenic and 
anorexic neuronal projections from ARC. However, also the non-hypophysiotropic TRH 
neurons in the PVN are densely innervated by axons containing CART, NPY and AgRP 
from ARC [28, 41], suggesting an additional role of the PVN TRH neurons in food 
regulation. TRH also plays an important role in glucose metabolism. Animals with 
disrupted TRH signalling show impaired glucose metabolism [42] while central admin-
istration of TRH or its analogue was shown to induce hyperglycaemia [43, 44]. Another 
important function of non-hypophysiotropic TRH neurons is their prominent role in 
thermoregulation. Systemic TRH administration antagonized pentobarbital-induced 
hypothermia [45]. Intracerebroventricular (ICV) administration of TRH increased brown 
adipose tissue (BAT) and core temperature, which was attenuated by sympathetic 
denervation of BAT [46], suggesting a central effect mediated via the autonomic nervous 
system. Many studies have shown that TRH injections into the preoptic area of the 
anterior hypothalamus (POA), a well-recognized primary site for thermoregulation, 
induce hyperthermia [47-49]. In addition, TRH administration into the POA inhibited 
heat-sensitive neurons and activated cold-sensitive neurons [47, 49], a mechanism 
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increasing body heat production and conservation [50]. However, ablation of the POA 
did not block TRH antagonism of pentobarbital-induced hypothermia, suggesting that 
sites other than the POA may also mediate the thermogenic effect of TRH [51]. Indeed, 
TRH injection directly into other distinct hypothalamic areas including DMH and VMH 
have also been shown to induce hyperthermia [46, 48, 52].  

 

 

Figure 1.2 Inputs to thyrotropin-releasing 
hormone (TRH) neurons in the PVN involved 
in energy metabolism. NE, norepinephrine; 
NTS, nucleus tractus solitarii; ME, median 
eminence; ANS, autonomic nervous system. 
Image adapted from Joseph-Bravo, 2004 [25] 
and Fekete, 2006 [53]. 

 

All homoeothermic animals endeavour to maintain a steady body temperature 
regardless the variation in their external environment. An efficient cold defence 
mechanism requires an accurate coordination of energy sources (e.g. glucose and fatty 
acids) and heat production (e.g. shivering and adaptive thermogenesis). Intriguingly, cold 
exposure greatly increases TRH mRNA and peptide expression in the PVN [54-56], 
suggesting a pivotal role of PVN TRH during cold defence response. In fact, TRH and the 
PVN have been shown separately to be involved both in thermoregulation and glucose 
metabolism, two important adaptive systems during cold exposure, through both 
endocrine [11, 23, 56] and neuronal pathways [47, 55]. However, direct evidence linking 
TRH release in the PVN and cold response remains lacking. 
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increasing body heat production and conservation [50]. However, ablation of the POA 
did not block TRH antagonism of pentobarbital-induced hypothermia, suggesting that 
sites other than the POA may also mediate the thermogenic effect of TRH [51]. Indeed, 
TRH injection directly into other distinct hypothalamic areas including DMH and VMH 
have also been shown to induce hyperthermia [46, 48, 52].  

 

 

Figure 1.2 Inputs to thyrotropin-releasing 
hormone (TRH) neurons in the PVN involved 
in energy metabolism. NE, norepinephrine; 
NTS, nucleus tractus solitarii; ME, median 
eminence; ANS, autonomic nervous system. 
Image adapted from Joseph-Bravo, 2004 [25] 
and Fekete, 2006 [53]. 

 

All homoeothermic animals endeavour to maintain a steady body temperature 
regardless the variation in their external environment. An efficient cold defence 
mechanism requires an accurate coordination of energy sources (e.g. glucose and fatty 
acids) and heat production (e.g. shivering and adaptive thermogenesis). Intriguingly, cold 
exposure greatly increases TRH mRNA and peptide expression in the PVN [54-56], 
suggesting a pivotal role of PVN TRH during cold defence response. In fact, TRH and the 
PVN have been shown separately to be involved both in thermoregulation and glucose 
metabolism, two important adaptive systems during cold exposure, through both 
endocrine [11, 23, 56] and neuronal pathways [47, 55]. However, direct evidence linking 
TRH release in the PVN and cold response remains lacking. 
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1.4 Central regulation of thyroid hormone on energy 
metabolism 

In addition to direct effects of TH on target tissues, a number of metabolic effects of TH 
have recently been shown to be mediated indirectly via the CNS, especially via the 
hypothalamus [57-59] (Figure 1.3). Previous studies from our group demonstrated that 
T3 administration directly in the PVN by microdialysis for 2h increased blood glucose 
concentrations and glucose production by the liver [60]. The hyperglycaemic effect of 
intrahypothalamic T3 was further proven to be mediated through activation of the 
sympathetic input to the liver [61]. Studies by Lopez et al showed yet another hypotha-
lamic nucleus, the VMH, to be involved in T3 mediated thermogenesis in BAT [59]. Acute 
T3 injection in the VMH induced a rapid increase in the activity of sympathetic input to 
BAT [62]. Furthermore, Kong et al showed increased food intake in rats after a single 
injection of T3 in the VMH [63]. Later research identified T3-mediated UCP2 activation in 
the ARC, which was assumed to cause the increased food intake [64]. Another study also 
pointed towards the ARC as the key site for central T3 regulation of food intake, as 
stereotactic T3 injection in the ARC increased food intake in rats [65]. The stimulating 
effect by T3 was probably mediated through the mammalian target of rapamycin (mTOR) 
pathway as pharmaceutical inhibition of mTOR in the ARC blocked the hyperphagia 
observed in hyperthyroid rats [65]. Another example of T3-mediated metabolic effects 
via hypothalamic nuclei was the observation that a population of parvalbuminergic 
neurons in the anterior hypothalamus (AH) is associated with TH mediated autonomic 
control of cardiovascular function [66]. Finally, studies in Siberian hamsters provided 
evidence for a seasonal metabolic effect of T3 in the hypothalamus. Placement of T3-
containing pellets in the PVN mimicked a long-day metabolic condition affecting body 
weight and reproduction [67, 68]. Together, these studies point to a range of TH effects 
that are mediated at least in part via hypothalamic nuclei [61]. Of note, the duration of 
the experiments reported so far was mainly short term with a time range from minutes 
to hours (Figure 1.3). Therefore, it is unknown at present what the role of these novel 
pathways is in the more chronic setting.  
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Figure 1.3 Effects of T3 in the hypothalamus on energy metabolism. Many metabolic 
functions of T3 are (partly) mediated from distinct hypothalamic areas via an autonom-
ic nervous system (ANS) relay. However, only acute studies (within 12h) have been 
reported for these metabolic effects of intrahypothalamic T3. 

 

1.5 Estrogen 
Estrogen is one of the primary sex hormones critical in the regulation of reproduction, 
development and metabolism. There are three major naturally occurring forms of 
estrogen, i.e., estrone (E1), estradiol (E2), and estriol (E3), with E2 as the most potent 
and prevalent endogenous estrogen [69]. Circulating estrogens are converted from 
androgens by the cytochrome P450 enzyme aromatase [70]. Normally, the ovaries are 
the main source for estrogen production in females, although the conversion of 
androgen precursors in other tissues is often of clinical importance, e.g. during 
menopause. E2 acts primarily through the estrogen receptors (ERs) ERα and ERβ [71]. 
These nuclear receptors are located mainly in the cytoplasm and upon E2 activation 
translocate to the nucleus where they regulate gene expression by binding to the classic 
ER response element (ERE) [72, 73]. However, ERs can also transduce signals via non-
classic pathways by interacting with: 1) existing transcription factors, such as the AP-1 
complex, without direct DNA binding [74]; 2) membrane initiated ERs (mERs) which act 
through kinases to phosphorylate other transcription factors or G protein-coupled 
receptors (GPCRs), including GPR30 and Gq-mER [75, 76]; 3) ligand-independent 
activation through phosphorylation by growth factor receptors [77, 78].  

Production of E2 is under control of the hypothalamus-pituitary-gonadal (HPG) axis. 
GnRH neurons in the hypothalamus release GnRH into the median eminence reaching 
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the anterior pituitary where it stimulates the synthesis and secretion of the gonadotro-
pins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH). FSH and LH enter 
the circulation acting at the ovaries to stimulate gametogenesis and E2 production. E2 
has both negative and positive feedback effects on GnRH secretion. It was generally 
believed that GnRH neurons lack ERs and that the feedback regulation is primarily 
mediated via kisspeptin (kiss1) neurons [79-82], which have direct projections to GnRH 
cell bodies in the POA and their terminals in the median eminence. E2 inhibits Kiss1 
neurons in the ARC while stimulates Kiss1 neurons in the anteroventral periventricular 
nucleus (AVPV) therefore exerting both negative and positive feedback control of E2 
production [82]. Interestingly, kisspeptin neurons are also involved in energy metabolism 
forming an essential link between energy status and reproductive function [83]. Of note, 
collecting studies recently demonstrated that ERs, especially mERs (e.g. GPR30 and STX-
R) are expressed in GnRH neurons enabling a direct estrogenic regulation on GnRH 
neurons [84-86]. 

In addition to its primary role of regulating reproduction, E2 has numerous physiolog-
ical effects on metabolism and brain functions including cognition, bone remodelling, 
adipose tissue metabolism, food intake and energy expenditure [87-89]. Men and 
women show differences in body fat distribution with men having more central, visceral 
fat deposition resulting in an “apple-shaped body” and women having more subcutane-
ous fat around the hips resulting in a “pear-shaped body”. E2 plays an important role in 
this sexual dimorphism [90]. Estrogen deficiency in postmenopausal women or 
ovariectomy in rodents induces increased visceral adiposity, and E2 replacement can 
reverse these changes [91-93]. The mechanism for the estrogenic regulation of fat 
distribution has remained unclear to some extent. Both androgen receptors (AR) and ERs 
are found in different white adipose tissue compartments (WATs) [94, 95]. It has been 
suggested that the differential expression patterns of ERs and AR as well as different 
amount of sympathetic innervations in different fat depots are important in determining 
adipose tissue distribution [96-98]. 

In addition to fat distribution per se, the role of E2 on adiposity has been extensively 
studied. ERα and aromatase (ArKO) knockout mice showed increased adiposity reflected 
by both increased adipocyte number and size [99-101], while ERβ knockout mice did not 
exhibit obesity [100, 102]. Ovariectomized ERα knockout mice showed decreased 
adiposity which was restored by E2 replacement, indicating an opposite role of ERβ in 
adipose tissue regulation [103, 104]. In adipocytes, E2 regulates the expression and 
activity of key enzymes that are involved in lipid metabolism. For example, E2 increases 
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the expression and activity of hormone sensitive lipase (HSL), the rate limiting enzyme 
for hydrolysis of stored triglycerides (TG) [105-107], while it decreases lipoprotein lipase 
activity (LPL), a key enzyme for lipogenesis from free fatty acids(FFAs) in adipose tissue 
[108, 109]. Additionally, E2 protects against adiposity and weight gain by suppressing 
food intake and promoting energy expenditure. E2 deficiency in ovariectomized animals 
resulted in hyperphagia and reduced energy expenditure which was reversed after E2 
treatment [110-112]. In women, caloric intake varies according to the menstrual cycle 
with less feeding when E2 reaches its peak levels [113, 114], consistent with observa-
tions in rodents [115]. Different studies showed that E2 was able to interact within the 
CNS with orexigenic (e.g. NPY and MCH) and anorexigenic peptides (e.g. insulin and 
leptin) to decrease food intake [116-119]. Furthermore, E2 regulates energy expenditure 
[111]. This may explain why menopause is associated with reduced energy expenditure 
[91, 120]. 

Bones are essential structures in vertebrates to support body shape and protect soft 
organs. Even in adulthood, bones are constantly broken down (resorption) and rebuild 
again (formation), a process named bone remodelling [121] (Figure 1.4). In the bone 
remodelling compartment, the multinuclear foamy cells, osteoclasts (OCs), start with 
breaking down bone. This is followed by new bone synthesis by another group of cells 
called osteoblasts (OBs). The neuronal-like osteocytes are also important in the 
remodelling process, as they form networks which are important for sensing and 
transducing mechanical information (Figure 1.4) [122]. E2 is a key regulator for bone 
remodelling both in women and men [123]. This has clinical significance, as after 
menopause when circulating E2 drops significantly, bone mass decreases resulting in 
increased fracture risk [124]. E2 replacement may prevent postmenopausal bone loss 
and the increased fracture risk [125, 126]. Clinical observations and animal research 
indicated unmatched increases in both bone resorption and bone formation during 
estrogen deficiency, leading to a net bone loss [127, 128]. ERs are found in all types of 
bone cells, including OCs [129, 130], OBs [131] [132] and osteocytes [133, 134] 
suggesting a direct action of E2 regulation on bone [135, 136]. Consistently, OC specific 
ERα knockout mice showed decreased trabecular bone mass due to the lack of E2 
suppression on OCs [137-139]. In vitro and in vivo studies have demonstrated that E2 
inhibits bone resorption by inducing apoptosis and differentiation of OCs [140-142]. 
Indirect regulation of bone involves interactions with local oxidative stress [143], as well 
as with a number of cytokines including interleukin (IL)-1, tumour necrosis factor-alpha 
(TNF-α), nuclear factor-kappa B (NF-kB) [144], macrophage-colony stimulating factor (M-
CSF), and prostaglandins [145, 146]. 
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Figure 1.4 Schematic of the bone remodelling. A schematic representation of bone re-
modelling. This dynamic process involves osteoclast-mediated bone resorption and 
osteoblast-mediated bone formation. Osteocytes (star-shape in purple) are buried in 
the formed bone but are connected with each other to sense and transfer mechanic 
signals. Bone remodelling is critical for micro fracture repairing and maintenance of a 
dynamic healthy bone. 

 

1.6 Central role of E2 in fat and bone metabolism 
E2 critically regulates white adipose tissue metabolism and bone remodelling through 
peripheral actions. However, compelling evidence suggests that E2 can also regulate 
energy metabolism through the CNS [118, 147, 148]. Earlier studies have shown a direct 
central regulation of E2 on food intake and bodyweight by placement of E2 implants in 
the hypothalamus [149-151]. Later studies indicated that the anorectic effect of E2 was 
mediated by activation of POMC neurons in the ARC independently of leptin signalling 
[152]. WAT is innervated by sympathetic nerves, which has been shown essential for 
leptin induced lipolysis [153, 154]. An early study showed that decreased fat pad weight 
after E2 administration was attenuated by denervation in retroperitoneal WAT [155], 
indicating a sympathetic regulation of WAT by E2. Additionally, Clegg et al. showed that 
central E2 administration restored the changes in fat distribution after ovariectomy by 
altering leptin sensitivity, indicating a central control of E2 on WAT metabolism [156]. 
Although it was still unclear which brain areas may mediate this estrogenic effect on 
WAT, more recent cell specific ERα knockout studies indicated that the VMH played a 
critical role in WAT regulation [157, 158]. The VMH has also been shown to be involved 
in the regulation of energy expenditure by E2. Lopez et al. demonstrated that local E2 
administration into the VMH stimulated BAT thermogenesis through the AMP-activated 
protein kinase (AMPK)-sympathetic nervous system (SNS) pathway [159]. In line, genetic 
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deletion of ERα in the VMH of mice resulted in reduced energy expenditure and 
locomotor activity [157, 158, 160]. 

 
Figure 1.5 Schematic hypothesis of central regulation of E2 on bone and WAT metabo-
lism. Interleukin-1 increases bone mass (primarily by inhibiting bone resorption) 
through parasympathetic nervous system (PNS) pathway while leptin decreases bone 
mass (by both inhibiting bone formation and stimulating bone resorption) and adiposi-
ty through SNS. E2, in the periphery, has an anabolic effect on bone and catabolic 
effect on abdominal adiposity. It is not known yet whether these estrogenic effects are 
also partly mediated via the hypothalamus. 

 

Since 2000, the sympathetic regulation of bone by leptin revealed a direct link be-
tween the brain and bone metabolism [161]. Leptin administration by ICV injection in 
ob/ob (leptin-deficient) mice completely rescued their high bone mass phenotype. Later 
studies showed that this was mediated by a sympathetic or CART pathway originating in 
the VMH [162, 163]. Recent studies have shown additional brain-derived peptides, 
neurotransmitters and cytokines including NPY [164], serotonin [165], neuromedin U 
[166], brain-derived neurotrophic factor (BDNF) [167], and interleukin-1 (IL-1) [168] to 
be involved in the regulation of bone remodelling via the CNS [169, 170]. There is also a 
growing body of evidence to support central regulation of bone by E2. First, deletion of 
the beta 2 adrenergic receptor (Adrb2) prevented ovariectomy induced bone loss [169], 
suggesting an essential role of sympathetic signalling in the E2 regulation of bone. The 
crucial role of estrogen signalling in the brain for bone metabolism was confirmed by 
studies showing increased bone mass in mice with a brain specific ERα knockout [171, 
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172]. The concept of central regulation of bone metabolism by E2 was further supported 
by the observation that peripheral estrogen receptor antagonist treatment could not 
completely block the effect of E2 replacement on trabecular bone mineral density in 
ovariectomized mice [173]. The main findings for effects of E2 on bone and WAT are 
summarized in Figure 1.5. 

1.7 Research questions and thesis outline 
In this thesis, we aimed to investigate the indirect effects of TH and E2 via the CNS on 
energy metabolism by the administration of T3, E2 and TRH into specific hypothalamic 
nuclei. 

Following the observation of acute metabolic effects of T3 administration in the PVN 
and VMH, we were interested to see whether there would be also effects of longer 
lasting, chronic T3 administration in the PVN or VMH. In Chapter 2, we therefore aimed 
to establish an experimental model for chronic T3 administration in distinct hypothalam-
ic nuclei. In Chapter 3, we investigated the chronic effects of central T3 administration in 
the PVN and VMH on energy metabolism. 

Systemic E2 replacement rescues the metabolic disturbance resulting from ovariec-
tomy. Triggered by the evidence for a central regulation of E2 on WAT and bone 
metabolism, in Chapter 4 we investigated whether these rescuing effects of E2 on WAT 
metabolism and bone remodelling are mediated through the CNS.  

TRH is an important regulator for thermogenesis. Cold exposure increases TRH ex-
pression primarily in the PVN; meanwhile, energy sources (e.g. glucose and fatty acids) 
and heat production (e.g. shivering and adaptive thermogenesis) are activated for 
proper cold defence. In Chapter 5, we investigated the role of TRH administered in the 
PVN in the cold defence in rats. Finally, in Chapter 6 we investigated the effects of TRH 
administration on BAT activation in human subjects. 
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Abstract 

In addition to the direct effects of thyroid hormone (TH) in peripheral organs, recent 
work showed metabolic effects of TH in liver and brown adipose tissue via neural 
pathways originating in the hypothalamic paraventricular and ventromedial nucleus 
(PVN and VMH). So far, these experiments focused on short-term TH administration. The 
aim of the present study was to develop a technique for chronic and nucleus-specific 
intrahypothalamic administration of the biologically active TH triiodothyronine (T3). We 
used beeswax pellets loaded with an amount of T3 based on in vitro experiments 
showing stable T3 release (~5 nmol l-1) for 32 days. Upon stereotactic bilateral implanta-
tion, T3 concentrations were increased 90-fold in the PVN region and 50-fold in the VMH 
region after placing T3-containing pellets in the rat PVN or VMH for 28 days, respectively. 
Increased local T3 concentrations were reflected by selectively increased mRNA 
expression of the T3-responsive genes Dio3 and Hr in the PVN or in the VMH. After 
placement of T3-containing pellets in the PVN, Tshb mRNA in the pituitary was signifi-
cantly decreased, without altered Trh mRNA in the PVN region. Plasma T3 and T4 
concentrations decreased without altered plasma TSH. We observed no changes in 
pituitary Tshb mRNA, plasma TSH or plasma TH in rats after placement of T3-containing 
pellets in the VMH. We developed a method to selectively and chronically deliver T3 to 
specific hypothalamic nuclei. This will enable future studies on the chronic effects of 
intrahypothalamic T3 on energy metabolism via the PVN or VMH. 
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Introduction 

Thyroid hormone (TH) is a major determinant of basal metabolic rate as well as glucose 
and lipid metabolism [1, 2]. A number of recent studies have shown that in addition to 
the well-known direct effects of TH at the tissue level, some of its metabolic effects are 
mediated indirectly through specific neuronal targets within the hypothalamus. In 
particular, this has been shown in rats for hepatic glucose metabolism, brown adipose 
tissue (BAT) function and the central control of blood pressure and heart rate (for 
reviews see [3-5]). Studies in rats have shown that thyrotoxicosis increases glucose 
production in the liver, while reducing hepatic insulin sensitivity. These effects appeared 
to be modulated by selective hepatic sympathetic and parasympathetic denervation [6], 
and follow-up experiments showed that TH stimulates hepatic glucose production via a 
sympathetic pathway originating in the hypothalamic paraventricular nucleus (PVN) [7]. 
Likewise, indirect effects of TH on BAT via the hypothalamic ventromedial nucleus (VMH) 
were reported by several groups. First, mice heterozygous for a mutant TRα1 with low 
affinity for T3 appeared to be hypermetabolic due to increased BAT activity resulting in 
increased thermogenesis and energy expenditure. The metabolic phenotype was 
blunted after a functional denervation of sympathetic signalling, suggesting that the 
central nervous system (CNS) controlled the hypermetabolism of these mice through the 
autonomic nervous system [8]. More recently, López and co-workers showed that 
activation of the thermogenic program in BAT through the sympathetic nervous system 
(SNS) depends on T3-mediated activation of de novo lipogenesis in the hypothalamic 
VMH [9], establishing a role for T3 in the VMH in the regulation of BAT. Together, these 
studies revealed a distinct role of hypothalamic T3 in the regulation of peripheral organs 
through the autonomic nervous system.  

It should be noted that the above mentioned metabolic effects of intrahypothalamic 
T3 were observed in acute experiments, i.e., a few hours after T3 administration, 
whereas metabolic dysfunction in thyrotoxicosis, including insulin resistance and weight 
loss, is mostly due to long term exposure to TH excess. Thus, the relation between 
chronically elevated intrahypothalamic T3 concentrations and metabolic dysfunction, 
which may be of clinical relevance, has not been reported yet. Before embarking on 
experiments to explore this relationship, we aimed to develop a method for selective 
and chronic (4 weeks) administration of T3 in the rat PVN or VMH region.  

We implanted T3-containing or control pellets bilaterally into either the PVN or VMH 
region of rats for a period of 28 days. Plasma T3, T4 and TSH concentrations were 
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measured at regular time intervals after placement of the pellets. Hypothalamic tissue 
punches containing either the PVN or the VMH, as well as pituitary glands were collected 
at the end of the experiment for assessment of local T3 tissue concentration and gene 
expression analysis. We conclude from our experiments that it is feasible to deliver T3 
selectively and chronically to distinct hypothalamic nuclei.  

Materials and methods 

Preparation of pellets 

3,3′,5-Triiodo-L-thyronine (Sigma-Aldrich, Saint Louis, USA ) was mixed with melted 
beeswax (Sigma-Aldrich, Saint Louis, USA) at a ratio of 1:9 (w/w) in a 70 °C water bath. 
The mixture was packaged into a length of 1mm cylindrical pellet using a 23G stainless 
cannula. The weight of the pellets was around 76.8 µg, including 10% of T3 amounting to 
7.68 µg. Blank beeswax pellets without T3 were used as control pellet. During surgery 
the pellet was extruded out of the cannula by a stainless steel wire plunder. 

In vitro experiment 

T3-containing pellets (T3P’s) or control pellets (cP’s) were incubated in 500 μl bovine 
serum on a 37 °C homoeothermic shaker for 28 days. After one day and every three days 
thereafter, a sample of 250 μl serum was taken from the system for assessment of T3 
concentration and replaced by an equal amount of fresh serum. 

Animal experiments  

Male Wistar rats weighting 280-320g (total number 92; Charles River Breeding Laborato-
ries, Sulzfeld, Germany) were housed individually in a 12-12h light-dark cycle 
environment. Chow and water were provided ad libitum. All procedures were approved 
by the Animal Care Committee of the Royal Netherlands Academy of Arts and Sciences. 

After one week acclimatization in the facility, a total number of 84 animals divided 
into 8 groups (see Table 2.1) were anesthetized by an intramuscular injection of 
Hypnorm (fentanyl, 0.252mg/kg BW; fluanisone, 8mg/kg BW; Janssen, High Wycombe, 
Buckinghamshire, UK) followed by a subcutaneous Midazolam (1mg/kg BW, Roche, 
Almere, the Netherlands) injection. T3P’s or cP’s were implanted bilaterally into the 
hypothalamic PVN (anteroposterior: -1.8 mm, lateral: 2.1 mm, ventral: -6.9 mm, angle: 
10°) or VMH (anteroposterior: -2.3 mm, lateral: 2.2 mm, ventral: -8.1 mm, angle: 10°) 
region using a standard Kopf stereotaxic apparatus (Paxinos and Watson, 2005). Pellet 
placements were checked in 20 μm cresyl violet stained brain sections of each animal at 
the end of the experiment. Blood samples (around 250μl) were taken by tail incisions 
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using heparin coated capillary Microvette (Sarstedt AG & Co, Nümbrecht, Germany) 3 
days before, and 3, 7, 14, 21 and 28 days after pellet placement. The plasma samples 
were collected after centrifugation at 4000rpm for 15 min and stored at -20°C. After 28 
days, rats were decapitated; trunk blood was taken and stored at -20°C until analysis. 
Pituitaries were snap frozen in liquid nitrogen and stored in -80°C until further use. 
Brains were removed and frozen on dry ice. The hypothalamus was cut into 300 μm 
coronal sections using a cryostat (Leica CM1950). For T3 tissue concentration and gene 
expression measurements, the PVN and VMH regions were collected by punching the 
area with a 17G stainless steel needle according to Palkovits [10]. The third ventricle and 
major fiber tracts served as landmarks for orientation. Tissue was then homogenized 
either in lysis buffer (Roche Applied Science, Penzberg, Germany) for RNA isolation, or in 
PBS for assessment of tissue T3 concentration. Validation of the punched blocks was 
performed by measuring expression levels of nucleus specific genes by qPCR.  

Table 2.1 Design of the experimental groups 

 

Plasma thyroid hormones 

Plasma T3 and T4 concentrations were determined using an in-house RIA as reported 
before (inter-assay variation T3, 6.2% and T4, 7.3%; intra-assay variability T3, 3.6% and 
T4, 6.6%) [11]. Plasma TSH was determined by a Chemiluminescent Immunoassay, using 
the Immulite 2000 (Siemens, Munich, Germany). For TSH inter-assay variation was ±9% 
and the intra-assay variation was 3-4%. Within the same experiment, all samples were 
measured within one run to prevent inter-assay variation.  

No Group Treatment Group size Description 

1 Intact Untreated 8 

For qPCR in hypothalam-
ic punches 

2 cP_PVN Control pellets in the PVN 8 

3 T3P_PVN T3-containing pellets in the PVN 12 

4 cP_VMH Control pellets in the VMH 8 

5 T3P_VMH T3-containing pellets in the VMH 12 

6 cP_PVN Control pellets in the PVN 11 

For T3 brain tissue 
concentrations 

7 T3P_PVN T3-containing pellets in the PVN 11 

8 cP_VMH Control pellets in the VMH 11 

9 T3P_VMH T3-containing pellets in the VMH 11 
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serum on a 37 °C homoeothermic shaker for 28 days. After one day and every three days 
thereafter, a sample of 250 μl serum was taken from the system for assessment of T3 
concentration and replaced by an equal amount of fresh serum. 

Animal experiments  

Male Wistar rats weighting 280-320g (total number 92; Charles River Breeding Laborato-
ries, Sulzfeld, Germany) were housed individually in a 12-12h light-dark cycle 
environment. Chow and water were provided ad libitum. All procedures were approved 
by the Animal Care Committee of the Royal Netherlands Academy of Arts and Sciences. 
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10°) or VMH (anteroposterior: -2.3 mm, lateral: 2.2 mm, ventral: -8.1 mm, angle: 10°) 
region using a standard Kopf stereotaxic apparatus (Paxinos and Watson, 2005). Pellet 
placements were checked in 20 μm cresyl violet stained brain sections of each animal at 
the end of the experiment. Blood samples (around 250μl) were taken by tail incisions 
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using heparin coated capillary Microvette (Sarstedt AG & Co, Nümbrecht, Germany) 3 
days before, and 3, 7, 14, 21 and 28 days after pellet placement. The plasma samples 
were collected after centrifugation at 4000rpm for 15 min and stored at -20°C. After 28 
days, rats were decapitated; trunk blood was taken and stored at -20°C until analysis. 
Pituitaries were snap frozen in liquid nitrogen and stored in -80°C until further use. 
Brains were removed and frozen on dry ice. The hypothalamus was cut into 300 μm 
coronal sections using a cryostat (Leica CM1950). For T3 tissue concentration and gene 
expression measurements, the PVN and VMH regions were collected by punching the 
area with a 17G stainless steel needle according to Palkovits [10]. The third ventricle and 
major fiber tracts served as landmarks for orientation. Tissue was then homogenized 
either in lysis buffer (Roche Applied Science, Penzberg, Germany) for RNA isolation, or in 
PBS for assessment of tissue T3 concentration. Validation of the punched blocks was 
performed by measuring expression levels of nucleus specific genes by qPCR.  

Table 2.1 Design of the experimental groups 

 

Plasma thyroid hormones 

Plasma T3 and T4 concentrations were determined using an in-house RIA as reported 
before (inter-assay variation T3, 6.2% and T4, 7.3%; intra-assay variability T3, 3.6% and 
T4, 6.6%) [11]. Plasma TSH was determined by a Chemiluminescent Immunoassay, using 
the Immulite 2000 (Siemens, Munich, Germany). For TSH inter-assay variation was ±9% 
and the intra-assay variation was 3-4%. Within the same experiment, all samples were 
measured within one run to prevent inter-assay variation.  

No Group Treatment Group size Description 

1 Intact Untreated 8 

For qPCR in hypothalam-
ic punches 

2 cP_PVN Control pellets in the PVN 8 

3 T3P_PVN T3-containing pellets in the PVN 12 

4 cP_VMH Control pellets in the VMH 8 

5 T3P_VMH T3-containing pellets in the VMH 12 

6 cP_PVN Control pellets in the PVN 11 

For T3 brain tissue 
concentrations 

7 T3P_PVN T3-containing pellets in the PVN 11 

8 cP_VMH Control pellets in the VMH 11 

9 T3P_VMH T3-containing pellets in the VMH 11 
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Hypothalamic tissue T3 concentrations 

The PVN and VMH punches were weighed and homogenized in 300 µl methanol using a 
Magna Lyser (Roche Molecular biochemicals, Mannheim, Germany). The homogenates 
were then extracted using a double volume of chloroform. The mixtures were centri-
fuged at 4000rpm at 4 oC for 15 min. Supernatants from the extractions were transferred 
into glass vials and vaporized under nitrogen gas for 30 min. Subsequently, samples were 
dissolved in 70 μl alkaline T3 RIA assay buffer and 70 μl T3-free plasma. T3 concentra-
tions were measured by T3 RIA as described above. 

RNA isolation and Real Time PCR (qPCR) 

Total RNA from pituitary, the PVN and VMH punches were isolated using the MagNA 
Pure LC 2.0 Instrument (Roche Molecular biochemicals, Mannheim, Germany) with 
Magna pure tissue III total RNA kit (Roche Molecular biochemicals, Mannheim, 
Germany). RNA yield was determined using the Nano drop (Nanodrop, Wilmington, 
Delaware USA) and cDNA was synthesized with equal RNA input with the First Strand 
cDNA synthesis kit (AMV) for qPCR with oligo d(T) primers (Roche Molecular Biochemi-
cals, Mannheim, Germany). As a control for genomic DNA contamination, a cDNA 
synthesis reaction without reverse transcriptase was included. Quantitative PCR was 
performed using the LightCycler 480 (Roche Molecular Biochemicals) and Light-
cycler480SybrGreen I Master mix (Roche Molecular biochemicals, Mannheim, Germany). 
The primers used for qPCR are listed in Table 2.2. Quantification was performed using 
the LinReg software. PCR efficiency was checked individually and samples with a 
deviation of more than 5% of the mean were excluded from analysis. Calculated values 
were related to the geometric mean expression of Gapdh and Hprt, reference genes 
showing stable expression under the experimental conditions. 

Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM). Differences between 
two groups were analysed using an independent two-tailed Student’s t test. When data 
were not normally distributed, the independent non-parametric Mann-Whitney U test 
was used. The changes in T3 and T4 concentrations in plasma were evaluated by two-
way ANOVA with repeated measurements followed by Bonferroni post hoc analysis. 
Statistical significance was defined at a level of p<0.05. 

Table 2.2 Primers used for qPCR 

Gene symbol Forward (5’-3’) Reverse (5’-3’) 
Products 
length 
(bp) 
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glyceraldehyde-3-
phosphate 
dehydrogenase 

Gapdh TGAACGGGAAGCTCACT
GG 

TCCACCACCCTGTTGCTG
TA 306 

hypoxanthine 
guanine phosphori-
bosyl transferase 

Hprt GCAGTACAGCCCCAAAA
TGG 

AACAAAGTCTGGCCTGT
ATCAA 84 

Thyrotropin releasing 
hormone, 
prepropeptide 

Trh TCTGCAGAGTCTCCACTT
CG 

AGAGCCAGCAGCAACCA
A 59 

Deiodinase type3 Dio3 AGCGCAGCAAGAGTACT
TCAG 

CCATCGTGTCCAGAACA
G 61 

Hairless Hr AGTTTGACATTCGGGGG
CAC 

TGGGGGAGTTTTCTCTG
TTGG 101 

Steroidogenic 
factor1(NR5A1) Sf1 CCAGTGTCCACCCTTATC

CG 
ACCTTGTCACCACACACT
GG 117 

Oxytocin  Oxt TGCGCAAGTGTCTTCCCT
GCG 

AGCCATCCGGGCTACAG
CAGA 216 

Thyroid stimulating 
hormone, beta 
subunit 

Tshb TCGTTCTCTTTTCCGTGCT
T 

CGGTATTTCCACCGTTCT
GT 245 

 

Results 

In vitro experiments  

Before the in vivo experiments, we tested release of T3 from T3P in serum. The in vitro 
results showed that T3 was constantly released into the medium at a concentration of 
~5 nmol l-1 from the T3P (corresponding to a T3 release of around 0.26 ng per day), but 
not from cP for a period of 32 days (Figure 2.1).  

Pellets placement and validation of hypothalamic dissection 

T3P’s or cP’s were placed either in the PVN or VMH. Post-mortem examination revealed 
that the majority of pellets were placed laterally from the PVN and dorsolaterally in the 
VMH with an anteroposterior location ranging from -1.0mm to -1.7mm from bregma 
(Figure 2.2). Nine animals were excluded from the analysis because of misplacement of 
the pellets. In the animals implanted with cP’s, no adverse effects were found in terms 
of food and water intake or growth as compared with an intact, non-operated control 
group (n=8). In addition, no differences were found in gene expressions (i.e. Dio3, Hr, Trh 
in hypothalamus and Tshb in pituitary), or plasma TSH, T3 and T4 concentrations 
between these two groups (data not shown). 
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In order to validate the anatomy of the punches, we assessed oxytocin (Oxt) mRNA, 
which is PVN specific [12] and steroid factor 1(Sf1) mRNA, which is VMH specific [13]. As 
shown in Figure 2.2C, Oxt mRNA was expressed 1000-fold less in the VMH compared to 
the PVN. In contrast, Sf1 mRNA expression was expressed over 20-fold higher in the 
VMH compared to the PVN (Figure 2.2D), supporting the selectivity of the anatomical 
punches. 

 
Figure 2.1 T3-containing pellets result in rather stable T3 concentrations in the 
medium for >30 days. Open circles denote control pellets (cP) and solid circles de-
note T3-containing pellets (T3P). Mean ± SEM of 3 pellets/group are depicted. 
 

 

Tissue T3 concentrations in the PVN and VMH  

We then evaluated the local T3 concentration after 28 days implantation in micro-
dissected PVN and VMH punches. As expected, local T3 concentrations were much 
higher in the T3P’s treated group as compared with the cP group. T3 concentrations 
increased 90-fold in the PVN region and 50-fold in the VMH region compared to the cP 
group when the T3P’s were placed in the PVN or VMH, respectively (Fig 3). When T3P’s 
were placed in the PVN, we also observed increased T3 in the VMH compared to the cP 
group (Figure 2.3A), although to a much lesser extent than in the PVN. When T3P’s were 
placed in the VMH, no increased T3 concentrations in the PVN were observed. In fact, T3 
concentrations were even significantly lower as compared to the cP group (Figure 2.3B). 
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Figure 2.2 Representative photomicrographs of brain sections, showing the location 
and size of the pellet implants (A) and of the micro punches (B) in the PVN (left panel) 
and VMH (right panel). Scale bars represent 1 mm. Panel C shows Oxt mRNA expres-
sion in the PVN and VMH punches and panel D shows Sf1 mRNA expression in the PVN 
and VMH punches. N=8 per group. 

 

Differential effect of T3 administration in the PVN and VMH on T3-responsive genes 

We assessed the effects of local T3 administration according to the mRNA expression of 
T3-responsive genes in the targeted nuclei. When implanting the T3P’s in the PVN, both 
Dio3 and Hr mRNA expression were significantly increased in the PVN region, while Dio3 
and Hr mRNA expression in the VMH region were not affected (Figure 2.4A and B). 
Conversely, placement of T3P’s in the VMH induced a significant increase of Dio3 and Hr 
mRNA in the VMH region, but not in the PVN region (Figure 2.4C and D). Gene expres-
sion was not different between intact animals and animals implanted with cP’s (data not 
shown). 
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Figure 2.3 Local T3 concentrations (nmol g-1 brain tissue) in the PVN and VMH re-
gion. A: Pellets were placed in the PVN, B: Pellets were placed in the VMH. N=8-9 
per group. * p<0.05, *** p<0.001. 
 

 

Figure 2.4 The mRNA expression of Dio3 and Hr in the PVN and the VMH. A and B: 
Pellets placed in the PVN, C and D: Pellets placed in the VMH. N=8-10 per group. * 
p<0.05, ** p<0.01. 

 

Effect of T3 administration in the PVN on HPT-axis 

Placement of T3P’s in the PVN did not change Trh mRNA in the PVN or VMH region, 
while decreasing pituitary Tshb mRNA expression (p<0.001) (Figure 2.5A and B). There 
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was no significant effect on plasma TSH concentrations (Figure 2.5C). Plasma T3 
concentrations were significantly decreased in rats with T3P’s in the PVN at day 3, 14 
and 21 after implantation, whereas plasma T4 concentrations were decreased at day 3 
and day 28 (Figure 2.5D and E). 

 
Figure 2.5 HPT axis response to T3 administration in the PVN. A: Trh mRNA in the PVN 
and VMH, B: Tshb mRNA in pituitary gland, C: plasma TSH, D: Plasma T3 and E: Plasma 
T4 concentrations. N= 8-10 per group. * p<0.05, ** p<0.01, *** p<0.001. 

 

Effect of T3 administration in the VMH on HPT-axis 

Placement of T3P’s in the VMH did not change Trh mRNA in the PVN but it decreased Trh 
mRNA in the VMH region (Figure 2.6A). As expected, pituitary Tshb mRNA, plasma TSH 
(Figure 2.6B and C) and plasma TH (Figure 2.6D and E) did not change throughout the 
time course of this experiment. 



2

Chapter 2 

40 

 

Figure 2.3 Local T3 concentrations (nmol g-1 brain tissue) in the PVN and VMH re-
gion. A: Pellets were placed in the PVN, B: Pellets were placed in the VMH. N=8-9 
per group. * p<0.05, *** p<0.001. 
 

 

Figure 2.4 The mRNA expression of Dio3 and Hr in the PVN and the VMH. A and B: 
Pellets placed in the PVN, C and D: Pellets placed in the VMH. N=8-10 per group. * 
p<0.05, ** p<0.01. 

 

Effect of T3 administration in the PVN on HPT-axis 

Placement of T3P’s in the PVN did not change Trh mRNA in the PVN or VMH region, 
while decreasing pituitary Tshb mRNA expression (p<0.001) (Figure 2.5A and B). There 

Chronic T3 model 

41 

was no significant effect on plasma TSH concentrations (Figure 2.5C). Plasma T3 
concentrations were significantly decreased in rats with T3P’s in the PVN at day 3, 14 
and 21 after implantation, whereas plasma T4 concentrations were decreased at day 3 
and day 28 (Figure 2.5D and E). 

 
Figure 2.5 HPT axis response to T3 administration in the PVN. A: Trh mRNA in the PVN 
and VMH, B: Tshb mRNA in pituitary gland, C: plasma TSH, D: Plasma T3 and E: Plasma 
T4 concentrations. N= 8-10 per group. * p<0.05, ** p<0.01, *** p<0.001. 

 

Effect of T3 administration in the VMH on HPT-axis 

Placement of T3P’s in the VMH did not change Trh mRNA in the PVN but it decreased Trh 
mRNA in the VMH region (Figure 2.6A). As expected, pituitary Tshb mRNA, plasma TSH 
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Figure 2.6 HPT-axis response to T3 administration in the VMH. A: Trh mRNA in PVN and 
VMH regions, B: Tshb mRNA in pituitary gland, C: Plasma TSH, D: Plasma T3 and E: 
Plasma T4 concentrations. N=8-10 per group. * p<0.05. 

 

Discussion 

The present study shows that it is feasible to selectively deliver T3 for 4 weeks to the 
PVN or the VMH, without leakage of T3 into the systemic circulation. Also within the 
hypothalamus diffusion was limited, as T3 containing pellets in the PVN did not affect 
T3-responsive gene expression in the VMH or vice versa. As expected, chronic T3 
administration in the PVN, but not in the VMH, decreased pituitary Tshb mRNA 
expression as well as plasma T3 and T4 concentrations.  

To set up the experimental model we first performed pilot experiments in vitro. 
Incubation of the T3P in plasma resulted in rather constant T3 concentrations in the 
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physiological range for more than one month. Subsequently we implanted the pellets 
into specific hypothalamic nuclei, followed by assessment of local tissue T3 concentra-
tions in hypothalamic tissue punches. The anatomical selectivity of the punch technique 
was confirmed by the selective expression of Oxt and Sf1 in either the PVN or VMH, 
respectively. Twenty-eight days after placement of T3P’s, T3 concentrations increased 
90-fold in the PVN region and 50-fold in the VMH region compared to cP when T3P’s 
were placed in the PVN or VMH, respectively. Although the local T3 concentration was 
somewhat higher in the VMH after implantation of T3P’s in the PVN, this did not induce 
T3-responsive gene expression. These results show that T3P released T3 in a rather 
limited anatomical region for more than a month. 

Next, we investigated the effects of T3 administration by assessment of T3-
responsive gene expression. Dio3 is a T3 sensitive gene coding for a deiodinating enzyme 
which is critical in maintaining local TH homeostasis [14]. As a main physiological 
inhibitor of TH action, it protects cells from excessive TH by converting T3 (or T4) into its 
inactive derivatives, T2 (or rT3) [14]. In the rat Dio3 mRNA expression was shown to 
increase in the brain during hyperthyroidism, while it was undetectable during hypothy-
roidism [15] [16]. In line with these observations, the present experiments showed that 
Dio3 mRNA was only increased in the PVN but not in the VMH when the T3P’s were 
placed in the PVN, while Dio3 mRNA was only increased in the VMH but not in the PVN 
when the T3P’s were placed in the VMH. Of note, Dio3 mRNA expression may be 
enhanced by neuronal injury [17]. However, Dio3 mRNA expression in non-operated rats 
did not differ from rats implanted with cP’s, which excludes an effect of tissue damage 
by the pellet itself. In addition to Dio3, expression of Hr, which is another well-known T3-
responsive gene [18], was significantly increased only in the target nuclei where the 
T3P’s were placed, again suggesting a nucleus-specific T3 response as a result of locally 
increased T3 concentrations. A few additional reported T3 responsive genes such as 
oxytocin (Oxt) [19] and monocarboxylate transporter 8 (Mct8) [20] did not show 
significant changes between control and T3 treated groups (data not shown). We did not 
observe any change in Trh mRNA expression measured by qPCR in a punch of the PVN 
region 28 days after placement of T3P’s. A previous study using a hypothyroid rat model 
showed that unilateral T3 crystalline implants within the anterior hypothalamus induced 
a marked reduction of Trh mRNA only in the medial parvocellular division of PVN as 
shown by in situ hybridization within 4 days [21]. Moreover, a study by Murphy et al [22] 
showed a mild suppression of hypothalamic Trh mRNA assessed by in situ hybridization 6 
weeks after T3 implants in the hypothalamus of Siberian hamsters. Therefore, the 
absence of an effect on Trh mRNA in the PVN after T3 administration to the PVN in our 
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Figure 2.6 HPT-axis response to T3 administration in the VMH. A: Trh mRNA in PVN and 
VMH regions, B: Tshb mRNA in pituitary gland, C: Plasma TSH, D: Plasma T3 and E: 
Plasma T4 concentrations. N=8-10 per group. * p<0.05. 
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when the T3P’s were placed in the VMH. Of note, Dio3 mRNA expression may be 
enhanced by neuronal injury [17]. However, Dio3 mRNA expression in non-operated rats 
did not differ from rats implanted with cP’s, which excludes an effect of tissue damage 
by the pellet itself. In addition to Dio3, expression of Hr, which is another well-known T3-
responsive gene [18], was significantly increased only in the target nuclei where the 
T3P’s were placed, again suggesting a nucleus-specific T3 response as a result of locally 
increased T3 concentrations. A few additional reported T3 responsive genes such as 
oxytocin (Oxt) [19] and monocarboxylate transporter 8 (Mct8) [20] did not show 
significant changes between control and T3 treated groups (data not shown). We did not 
observe any change in Trh mRNA expression measured by qPCR in a punch of the PVN 
region 28 days after placement of T3P’s. A previous study using a hypothyroid rat model 
showed that unilateral T3 crystalline implants within the anterior hypothalamus induced 
a marked reduction of Trh mRNA only in the medial parvocellular division of PVN as 
shown by in situ hybridization within 4 days [21]. Moreover, a study by Murphy et al [22] 
showed a mild suppression of hypothalamic Trh mRNA assessed by in situ hybridization 6 
weeks after T3 implants in the hypothalamus of Siberian hamsters. Therefore, the 
absence of an effect on Trh mRNA in the PVN after T3 administration to the PVN in our 
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study can probably be explained by the fact that only a subpopulation of TRH neurons in 
the PVN, i.e., the hypophysiotropic TRH neurons, are responsive to T3 [23] [24]. In our 
approach, using the whole PVN region for qPCR, selective changes in the subpopulation 
of hypophysiotropic TRH neurons may have gone unnoticed as all TRH neurons in the 
micropunch are included in the PCR assessment. 

Pituitary Tshb mRNA was lower after 28 days in the PVN in T3P group compared to 
rats with cP’s, in accordance with negative feedback regulation [25]. Plasma TSH 
concentration, however, was not significantly altered. Of note, a previous study showed 
that T3 crystalline implants in the hypothalamus did not influence TSH secretion in 
hypothyroid rats although IR-pro-TRH was remarkably inhibited [21]. The production and 
secretion of TSH by the pituitary gland are positively stimulated by TRH, while TRH also 
modulates the glycosylation of TSH which affects TSH bioactivity [26]. Part of the 
explanation for unaltered plasma TSH in the presence of decreased pituitary Tshb mRNA 
as observed in the present study may be a discrepancy between the biological activity 
and the immunological detectability of TSH [27]. 

In line with negative feedback at the central level and decreased pituitary Tshb mRNA 
after T3P’s implantation in the PVN, plasma T3 and T4 concentrations were significantly 
decreased throughout the experiment. In sum, our results indicate the T3P’s implanta-
tion in the PVN delivers T3 locally for at least 28 days. As an autonomic nervous system 
integration center, the PVN is involved in many aspects of energy metabolism, including 
hepatic glucose production. The investigation of metabolic effects of chronic intrahypo-
thalamic T3 administration in the PVN will be the focus of our future experiments.  

Placement of T3P’s in the VMH did not affect the HPT-axis in any way, again support-
ing a locally restricted T3 administration. Recent experiments have shown that TH in the 
VMH is a powerful determinant of BAT activity [5]. Thus, we expect that the present 
technique will enable studies on long term metabolic consequence of central T3 on 
energy balance in addition to glucose metabolism. Finally, as a recent study showed a 
novel central role for T3 in cardiovascular regulation by acting on a group of pre-
autonomic neurons in the anterior hypothalamus (AH) [28], our model may be helpful to 
study the long-term effects of T3 in the AH on blood pressure and heart rate as well. 

In conclusion, our pilot experiments provide a promising technique to selectively 
deliver T3 for at least four weeks to specific hypothalamic nuclei. The use of these T3-
containing pellets holds promise for studies on metabolic effects of nucleus-specific 
chronic T3 delivery within the hypothalamus. 

Chronic T3 model 

45 

Acknowledgements 

We would like to thank the staff of the laboratory of Endocrinology for measuring serum 
thyroid hormones. 

 

References 

[1] R.A. Sinha, B.K. Singh, P.M. Yen, Thyroid hormone regulation of hepatic lipid and carbohydrate metabolism, 
Trends Endocrinol Metab 25(10) (2014) 538-45. 

[2] R. Mullur, Y.Y. Liu, G.A. Brent, Thyroid hormone regulation of metabolism, Physiological reviews 94(2) (2014) 355-
82. 

[3] E. Fliers, L.P. Klieverik, A. Kalsbeek, Novel neural pathways for metabolic effects of thyroid hormone, Trends 
Endocrinol Metab 21(4) (2010) 230-6. 

[4] A. Warner, J. Mittag, Thyroid hormone and the central control of homeostasis, Journal of molecular 
endocrinology 49(1) (2012) R29-35. 

[5] M. Lopez, C.V. Alvarez, R. Nogueiras, C. Dieguez, Energy balance regulation by thyroid hormones at central level, 
Trends in molecular medicine 19(7) (2013) 418-27. 

[6] L.P. Klieverik, H.P. Sauerwein, M.T. Ackermans, A. Boelen, A. Kalsbeek, E. Fliers, Effects of thyrotoxicosis and 
selective hepatic autonomic denervation on hepatic glucose metabolism in rats, Am J Physiol Endocrinol Metab 
294(3) (2008) E513-20. 

[7] L.P. Klieverik, S.F. Janssen, A. van Riel, E. Foppen, P.H. Bisschop, M.J. Serlie, A. Boelen, M.T. Ackermans, H.P. 
Sauerwein, E. Fliers, A. Kalsbeek, Thyroid hormone modulates glucose production via a sympathetic pathway from 
the hypothalamic paraventricular nucleus to the liver, Proc Natl Acad Sci U S A 106(14) (2009) 5966-71. 

[8] M. Sjogren, A. Alkemade, J. Mittag, K. Nordstrom, A. Katz, B. Rozell, H. Westerblad, A. Arner, B. Vennstrom, 
Hypermetabolism in mice caused by the central action of an unliganded thyroid hormone receptor alpha1, The 
EMBO journal 26(21) (2007) 4535-45. 

[9] M. Lopez, L. Varela, M.J. Vazquez, S. Rodriguez-Cuenca, C.R. Gonzalez, V.R. Velagapudi, D.A. Morgan, E. 
Schoenmakers, K. Agassandian, R. Lage, P.B. Martinez de Morentin, S. Tovar, R. Nogueiras, D. Carling, C. Lelliott, R. 
Gallego, M. Oresic, K. Chatterjee, A.K. Saha, K. Rahmouni, C. Dieguez, A. Vidal-Puig, Hypothalamic AMPK and fatty 
acid metabolism mediate thyroid regulation of energy balance, Nat Med 16(9) (2010) 1001-8. 

[10] M. Palkovits, Isolated removal of hypothalamic or other brain nuclei of the rat, Brain Res 59 (1973) 449-50. 

[11] W.M. Wiersinga, I.J. Chopra, Radioimmunoassay of thyroxine (T4), 3,5,3'-triiodothyronine (T3), 3,3',5'-
triiodothyronine (reverse T3, rT3), and 3,3'-diiodothyronine (T2), Methods in enzymology 84 (1982) 272-303. 

[12] L.W. Swanson, P.E. Sawchenko, Hypothalamic integration: organization of the paraventricular and supraoptic 
nuclei, Annual review of neuroscience 6 (1983) 269-324. 

[13] C.E. Roselli, E.Z. Jorgensen, M.W. Doyle, O.K. Ronnekleiv, Expression of the orphan receptor steroidogenic 
factor-1 mRNA in the rat medial basal hypothalamus, Brain research. Molecular brain research 44(1) (1997) 66-72. 

[14] M. Dentice, D. Salvatore, Deiodinases: the balance of thyroid hormone: local impact of thyroid hormone 
inactivation, The Journal of endocrinology 209(3) (2011) 273-82. 

[15] H.M. Tu, G. Legradi, T. Bartha, D. Salvatore, R.M. Lechan, P.R. Larsen, Regional expression of the type 3 
iodothyronine deiodinase messenger ribonucleic acid in the rat central nervous system and its regulation by thyroid 
hormone, Endocrinology 140(2) (1999) 784-90. 



2

Chapter 2 

44 

study can probably be explained by the fact that only a subpopulation of TRH neurons in 
the PVN, i.e., the hypophysiotropic TRH neurons, are responsive to T3 [23] [24]. In our 
approach, using the whole PVN region for qPCR, selective changes in the subpopulation 
of hypophysiotropic TRH neurons may have gone unnoticed as all TRH neurons in the 
micropunch are included in the PCR assessment. 

Pituitary Tshb mRNA was lower after 28 days in the PVN in T3P group compared to 
rats with cP’s, in accordance with negative feedback regulation [25]. Plasma TSH 
concentration, however, was not significantly altered. Of note, a previous study showed 
that T3 crystalline implants in the hypothalamus did not influence TSH secretion in 
hypothyroid rats although IR-pro-TRH was remarkably inhibited [21]. The production and 
secretion of TSH by the pituitary gland are positively stimulated by TRH, while TRH also 
modulates the glycosylation of TSH which affects TSH bioactivity [26]. Part of the 
explanation for unaltered plasma TSH in the presence of decreased pituitary Tshb mRNA 
as observed in the present study may be a discrepancy between the biological activity 
and the immunological detectability of TSH [27]. 

In line with negative feedback at the central level and decreased pituitary Tshb mRNA 
after T3P’s implantation in the PVN, plasma T3 and T4 concentrations were significantly 
decreased throughout the experiment. In sum, our results indicate the T3P’s implanta-
tion in the PVN delivers T3 locally for at least 28 days. As an autonomic nervous system 
integration center, the PVN is involved in many aspects of energy metabolism, including 
hepatic glucose production. The investigation of metabolic effects of chronic intrahypo-
thalamic T3 administration in the PVN will be the focus of our future experiments.  

Placement of T3P’s in the VMH did not affect the HPT-axis in any way, again support-
ing a locally restricted T3 administration. Recent experiments have shown that TH in the 
VMH is a powerful determinant of BAT activity [5]. Thus, we expect that the present 
technique will enable studies on long term metabolic consequence of central T3 on 
energy balance in addition to glucose metabolism. Finally, as a recent study showed a 
novel central role for T3 in cardiovascular regulation by acting on a group of pre-
autonomic neurons in the anterior hypothalamus (AH) [28], our model may be helpful to 
study the long-term effects of T3 in the AH on blood pressure and heart rate as well. 

In conclusion, our pilot experiments provide a promising technique to selectively 
deliver T3 for at least four weeks to specific hypothalamic nuclei. The use of these T3-
containing pellets holds promise for studies on metabolic effects of nucleus-specific 
chronic T3 delivery within the hypothalamus. 

Chronic T3 model 

45 

Acknowledgements 

We would like to thank the staff of the laboratory of Endocrinology for measuring serum 
thyroid hormones. 

 

References 

[1] R.A. Sinha, B.K. Singh, P.M. Yen, Thyroid hormone regulation of hepatic lipid and carbohydrate metabolism, 
Trends Endocrinol Metab 25(10) (2014) 538-45. 

[2] R. Mullur, Y.Y. Liu, G.A. Brent, Thyroid hormone regulation of metabolism, Physiological reviews 94(2) (2014) 355-
82. 

[3] E. Fliers, L.P. Klieverik, A. Kalsbeek, Novel neural pathways for metabolic effects of thyroid hormone, Trends 
Endocrinol Metab 21(4) (2010) 230-6. 

[4] A. Warner, J. Mittag, Thyroid hormone and the central control of homeostasis, Journal of molecular 
endocrinology 49(1) (2012) R29-35. 

[5] M. Lopez, C.V. Alvarez, R. Nogueiras, C. Dieguez, Energy balance regulation by thyroid hormones at central level, 
Trends in molecular medicine 19(7) (2013) 418-27. 

[6] L.P. Klieverik, H.P. Sauerwein, M.T. Ackermans, A. Boelen, A. Kalsbeek, E. Fliers, Effects of thyrotoxicosis and 
selective hepatic autonomic denervation on hepatic glucose metabolism in rats, Am J Physiol Endocrinol Metab 
294(3) (2008) E513-20. 

[7] L.P. Klieverik, S.F. Janssen, A. van Riel, E. Foppen, P.H. Bisschop, M.J. Serlie, A. Boelen, M.T. Ackermans, H.P. 
Sauerwein, E. Fliers, A. Kalsbeek, Thyroid hormone modulates glucose production via a sympathetic pathway from 
the hypothalamic paraventricular nucleus to the liver, Proc Natl Acad Sci U S A 106(14) (2009) 5966-71. 

[8] M. Sjogren, A. Alkemade, J. Mittag, K. Nordstrom, A. Katz, B. Rozell, H. Westerblad, A. Arner, B. Vennstrom, 
Hypermetabolism in mice caused by the central action of an unliganded thyroid hormone receptor alpha1, The 
EMBO journal 26(21) (2007) 4535-45. 

[9] M. Lopez, L. Varela, M.J. Vazquez, S. Rodriguez-Cuenca, C.R. Gonzalez, V.R. Velagapudi, D.A. Morgan, E. 
Schoenmakers, K. Agassandian, R. Lage, P.B. Martinez de Morentin, S. Tovar, R. Nogueiras, D. Carling, C. Lelliott, R. 
Gallego, M. Oresic, K. Chatterjee, A.K. Saha, K. Rahmouni, C. Dieguez, A. Vidal-Puig, Hypothalamic AMPK and fatty 
acid metabolism mediate thyroid regulation of energy balance, Nat Med 16(9) (2010) 1001-8. 

[10] M. Palkovits, Isolated removal of hypothalamic or other brain nuclei of the rat, Brain Res 59 (1973) 449-50. 

[11] W.M. Wiersinga, I.J. Chopra, Radioimmunoassay of thyroxine (T4), 3,5,3'-triiodothyronine (T3), 3,3',5'-
triiodothyronine (reverse T3, rT3), and 3,3'-diiodothyronine (T2), Methods in enzymology 84 (1982) 272-303. 

[12] L.W. Swanson, P.E. Sawchenko, Hypothalamic integration: organization of the paraventricular and supraoptic 
nuclei, Annual review of neuroscience 6 (1983) 269-324. 

[13] C.E. Roselli, E.Z. Jorgensen, M.W. Doyle, O.K. Ronnekleiv, Expression of the orphan receptor steroidogenic 
factor-1 mRNA in the rat medial basal hypothalamus, Brain research. Molecular brain research 44(1) (1997) 66-72. 

[14] M. Dentice, D. Salvatore, Deiodinases: the balance of thyroid hormone: local impact of thyroid hormone 
inactivation, The Journal of endocrinology 209(3) (2011) 273-82. 

[15] H.M. Tu, G. Legradi, T. Bartha, D. Salvatore, R.M. Lechan, P.R. Larsen, Regional expression of the type 3 
iodothyronine deiodinase messenger ribonucleic acid in the rat central nervous system and its regulation by thyroid 
hormone, Endocrinology 140(2) (1999) 784-90. 



Chapter 2 

46 

[16] A.C. Bianco, D. Salvatore, B. Gereben, M.J. Berry, P.R. Larsen, Biochemistry, cellular and molecular biology, and 
physiological roles of the iodothyronine selenodeiodinases, Endocrine reviews 23(1) (2002) 38-89. 

[17] W.W. Li, C. Le Goascogne, M. Ramauge, M. Schumacher, M. Pierre, F. Courtin, Induction of type 3 iodothyronine 
deiodinase by nerve injury in the rat peripheral nervous system, Endocrinology 142(12) (2001) 5190-7. 

[18] G.B. Potter, J.M. Zarach, J.M. Sisk, C.C. Thompson, The thyroid hormone-regulated corepressor hairless 
associates with histone deacetylases in neonatal rat brain, Molecular endocrinology 16(11) (2002) 2547-60. 

[19] T.L. Dellovade, Y.S. Zhu, D.W. Pfaff, Thyroid hormones and estrogen affect oxytocin gene expression in 
hypothalamic neurons, J Neuroendocrinol 11(1) (1999) 1-10. 

[20] A. Herwig, G. Campbell, C.D. Mayer, A. Boelen, R.A. Anderson, A.W. Ross, J.G. Mercer, P. Barrett, A thyroid 
hormone challenge in hypothyroid rats identifies T3 regulated genes in the hypothalamus and in models with altered 
energy balance and glucose homeostasis, Thyroid 24(11) (2014) 1575-93. 

[21] E.M. Dyess, T.P. Segerson, Z. Liposits, W.K. Paull, M.M. Kaplan, P. Wu, I.M. Jackson, R.M. Lechan, 
Triiodothyronine exerts direct cell-specific regulation of thyrotropin-releasing hormone gene expression in the 
hypothalamic paraventricular nucleus, Endocrinology 123(5) (1988) 2291-7. 

[22] M. Murphy, P.H. Jethwa, A. Warner, P. Barrett, K.N. Nilaweera, J.M. Brameld, F.J. Ebling, Effects of manipulating 
hypothalamic triiodothyronine concentrations on seasonal body weight and torpor cycles in Siberian hamsters, 
Endocrinology 153(1) (2012) 101-12. 

[23] T.P. Segerson, J. Kauer, H.C. Wolfe, H. Mobtaker, P. Wu, I.M. Jackson, R.M. Lechan, Thyroid hormone regulates 
TRH biosynthesis in the paraventricular nucleus of the rat hypothalamus, Science 238(4823) (1987) 78-80. 

[24] C. Fekete, R.M. Lechan, Central Regulation of Hypothalamic-Pituitary-Thyroid Axis Under Physiological and 
Pathophysiological Conditions, Endocrine reviews 35(2) (2014) 159-194. 

[25] E. Fliers, A. Kalsbeek, A. Boelen, Beyond the fixed setpoint of the hypothalamus-pituitary-thyroid axis, European 
journal of endocrinology / European Federation of Endocrine Societies 171(5) (2014) R197-208. 

[26] J.A. Magner, Thyroid-stimulating hormone: biosynthesis, cell biology, and bioactivity, Endocrine reviews 11(2) 
(1990) 354-85. 

[27] L. Persani, M. Bonomi, Chapter 27 - Uncertainties in endocrine substitution therapy for central endocrine 
insufficiencies: hypothyroidism, in: M.K. Eric Fliers, A.R. Johannes (Eds.), Handbook of clinical neurology, 
Elsevier2014, pp. 397-405. 

[28] J. Mittag, D.J. Lyons, J. Sallstrom, M. Vujovic, S. Dudazy-Gralla, A. Warner, K. Wallis, A. Alkemade, K. Nordstrom, 
H. Monyer, C. Broberger, A. Arner, B. Vennstrom, Thyroid hormone is required for hypothalamic neurons regulating 
cardiovascular functions, J Clin Invest 123(1) (2013) 509-16. 

 

 

Metabolic effect of central T3 

47 

 

 

 

 

3  
 

Z. Zhang1, E. Foppen1, Y. Su1, P.H. Bisschop1, A. Kalsbeek1,2, E. Fliers1, A. 

Boelen1 

 

Endocrinology 2016; 157(10):4076-4085 

 

 

 

 

 

1 Department of Endocrinology and Metabolism, Academic Medical Center (AMC), University 
of Amsterdam, the Netherlands 

2 Hypothalamic Integration Mechanisms, Netherlands Institute for Neuroscience (NIN), 
Amsterdam, the Netherlands 

 

Metabolic effects of chronic T3 administra-
tion in the hypothalamic paraventricular 
and ventromedial nucleus in male rats 



Chapter 2 

46 

[16] A.C. Bianco, D. Salvatore, B. Gereben, M.J. Berry, P.R. Larsen, Biochemistry, cellular and molecular biology, and 
physiological roles of the iodothyronine selenodeiodinases, Endocrine reviews 23(1) (2002) 38-89. 

[17] W.W. Li, C. Le Goascogne, M. Ramauge, M. Schumacher, M. Pierre, F. Courtin, Induction of type 3 iodothyronine 
deiodinase by nerve injury in the rat peripheral nervous system, Endocrinology 142(12) (2001) 5190-7. 

[18] G.B. Potter, J.M. Zarach, J.M. Sisk, C.C. Thompson, The thyroid hormone-regulated corepressor hairless 
associates with histone deacetylases in neonatal rat brain, Molecular endocrinology 16(11) (2002) 2547-60. 

[19] T.L. Dellovade, Y.S. Zhu, D.W. Pfaff, Thyroid hormones and estrogen affect oxytocin gene expression in 
hypothalamic neurons, J Neuroendocrinol 11(1) (1999) 1-10. 

[20] A. Herwig, G. Campbell, C.D. Mayer, A. Boelen, R.A. Anderson, A.W. Ross, J.G. Mercer, P. Barrett, A thyroid 
hormone challenge in hypothyroid rats identifies T3 regulated genes in the hypothalamus and in models with altered 
energy balance and glucose homeostasis, Thyroid 24(11) (2014) 1575-93. 

[21] E.M. Dyess, T.P. Segerson, Z. Liposits, W.K. Paull, M.M. Kaplan, P. Wu, I.M. Jackson, R.M. Lechan, 
Triiodothyronine exerts direct cell-specific regulation of thyrotropin-releasing hormone gene expression in the 
hypothalamic paraventricular nucleus, Endocrinology 123(5) (1988) 2291-7. 

[22] M. Murphy, P.H. Jethwa, A. Warner, P. Barrett, K.N. Nilaweera, J.M. Brameld, F.J. Ebling, Effects of manipulating 
hypothalamic triiodothyronine concentrations on seasonal body weight and torpor cycles in Siberian hamsters, 
Endocrinology 153(1) (2012) 101-12. 

[23] T.P. Segerson, J. Kauer, H.C. Wolfe, H. Mobtaker, P. Wu, I.M. Jackson, R.M. Lechan, Thyroid hormone regulates 
TRH biosynthesis in the paraventricular nucleus of the rat hypothalamus, Science 238(4823) (1987) 78-80. 

[24] C. Fekete, R.M. Lechan, Central Regulation of Hypothalamic-Pituitary-Thyroid Axis Under Physiological and 
Pathophysiological Conditions, Endocrine reviews 35(2) (2014) 159-194. 

[25] E. Fliers, A. Kalsbeek, A. Boelen, Beyond the fixed setpoint of the hypothalamus-pituitary-thyroid axis, European 
journal of endocrinology / European Federation of Endocrine Societies 171(5) (2014) R197-208. 

[26] J.A. Magner, Thyroid-stimulating hormone: biosynthesis, cell biology, and bioactivity, Endocrine reviews 11(2) 
(1990) 354-85. 

[27] L. Persani, M. Bonomi, Chapter 27 - Uncertainties in endocrine substitution therapy for central endocrine 
insufficiencies: hypothyroidism, in: M.K. Eric Fliers, A.R. Johannes (Eds.), Handbook of clinical neurology, 
Elsevier2014, pp. 397-405. 

[28] J. Mittag, D.J. Lyons, J. Sallstrom, M. Vujovic, S. Dudazy-Gralla, A. Warner, K. Wallis, A. Alkemade, K. Nordstrom, 
H. Monyer, C. Broberger, A. Arner, B. Vennstrom, Thyroid hormone is required for hypothalamic neurons regulating 
cardiovascular functions, J Clin Invest 123(1) (2013) 509-16. 

 

 

Metabolic effect of central T3 

47 

 

 

 

 

3  
 

Z. Zhang1, E. Foppen1, Y. Su1, P.H. Bisschop1, A. Kalsbeek1,2, E. Fliers1, A. 

Boelen1 

 

Endocrinology 2016; 157(10):4076-4085 

 

 

 

 

 

1 Department of Endocrinology and Metabolism, Academic Medical Center (AMC), University 
of Amsterdam, the Netherlands 

2 Hypothalamic Integration Mechanisms, Netherlands Institute for Neuroscience (NIN), 
Amsterdam, the Netherlands 

 

Metabolic effects of chronic T3 administra-
tion in the hypothalamic paraventricular 
and ventromedial nucleus in male rats 



Chapter 3 

48 

Abstract 

Thyroid hormone is a key regulator of energy metabolism. Apart from its direct effects 
on peripheral metabolism, thyroid hormone exerts acute metabolic effects via distinct 
nuclei within the hypothalamus. Recently, we developed a method for chronic and local 
intrahypothalamic triiodothyronine (T3) administration in rats. The present study 
evaluated the metabolic effects of T3 delivered during either 7 or 28 days to the 
paraventricular or ventromedial nucleus of the hypothalamus (PVN or VMH). T3 
administration for 7 days in the PVN decreased only plasma T3. There were no effects on 
body weight, food intake, plasma glucose concentrations, energy expenditure, locomo-
tor activity and respiratory exchange rate (RER). In the liver and BAT, there were no 
changes in mRNA expression of genes involved in glucose metabolism and thermogene-
sis. T3 administration for 7 days in the VMH did not change any of these parameters. T3 
administration for 28 days in the PVN decreased food intake without affecting body 
weight, glucose concentrations and body temperature. Liver and BAT gene expression 
was unaltered, except for decreased liver Dio1 mRNA. T3 administration for 28 days in 
the VMH did not affect liver and BAT mRNA expression, body weight, food intake and 
body temperature while blood glucose concentrations were slightly lower. 

In conclusion, we showed that chronic T3 administration to the PVN or VMH does not 
affect energy metabolism in a major way. Our results imply that the effects of intrahypo-
thalamic T3 administration on metabolism largely depend on the duration of treatment. 
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Introduction 

Thyroid hormone plays a critical role in energy metabolism. Hyperthyroidism is 
associated with increased metabolic rate and lower body weight, whereas hypothyroid-
ism causes the reverse [1-4]. Recently, insight into the central, i.e., hypothalamic effects 
of thyroid hormone on energy metabolism has developed rapidly. Studies from our lab 
and other groups have shown a central role of short-term triiodothyronine (T3) 
administration in the regulation of liver glucose metabolism [5], brown adipose tissue 
(BAT) thermogenesis [6], food intake [7, 8] and cardiovascular function [9], through 
distinct nuclei in the hypothalamus. Within the hypothalamus, the hypothalamic 
paraventricular nucleus (PVN) is an integration center for autonomic output. A previous 
study of our laboratory showed that T3 administration in the PVN acutely stimulated 
hepatic glucose production through the sympathetic nervous system (SNS) [5]. The 
ventromedial hypothalamus of the hypothalamus (VMH) has been reported as a pivotal 
site for BAT thermogenesis and energy expenditure. Studies from the Lopez group 
showed increased BAT sympathetic nerve activity shortly after stereotactic microinjec-
tion of T3 in the VMH. This activation was mediated by an inhibition of AMP-activated 
protein kinase (AMPK) signaling in the VMH [6, 10]. Therefore, the metabolic pheno-
types from hypo- and hyperthyroidism could be partly mediated via the hypothalamus 
and its neural outflow. However, although the acute metabolic effects in these studies 
are significant, their consequences upon prolonged T3 administration have not been 
demonstrated. We hypothesized that prolonged intrahypothalamic T3 administration 
results in neurally-mediated metabolic alterations as observed after acute hypothalamic 
T3 administration. We therefore recently developed a method to deliver T3 to the rat 
PVN or VMH for up to four weeks using slow-releasing T3 pellets [11]. The present study 
aimed to investigate the effects of chronic intrahypothalamic T3 administration in the 
PVN or the VMH, either for 7 or 28 days, on metabolic parameters, including body 
weight, food intake, energy expenditure, locomotor activity and blood glucose concen-
trations as well as on expression of genes in liver and BAT involved in glucose 
metabolism and thermogenesis, respectively. 

Materials and methods 

Animals 

Male Wistar rats weighing 300-350 g (9-10 weeks) (Harlan Nederland, Horst, Nether-
lands) were housed individually in a 12h-12h light-dark cycle environment (lights on at 
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Introduction 

Thyroid hormone plays a critical role in energy metabolism. Hyperthyroidism is 
associated with increased metabolic rate and lower body weight, whereas hypothyroid-
ism causes the reverse [1-4]. Recently, insight into the central, i.e., hypothalamic effects 
of thyroid hormone on energy metabolism has developed rapidly. Studies from our lab 
and other groups have shown a central role of short-term triiodothyronine (T3) 
administration in the regulation of liver glucose metabolism [5], brown adipose tissue 
(BAT) thermogenesis [6], food intake [7, 8] and cardiovascular function [9], through 
distinct nuclei in the hypothalamus. Within the hypothalamus, the hypothalamic 
paraventricular nucleus (PVN) is an integration center for autonomic output. A previous 
study of our laboratory showed that T3 administration in the PVN acutely stimulated 
hepatic glucose production through the sympathetic nervous system (SNS) [5]. The 
ventromedial hypothalamus of the hypothalamus (VMH) has been reported as a pivotal 
site for BAT thermogenesis and energy expenditure. Studies from the Lopez group 
showed increased BAT sympathetic nerve activity shortly after stereotactic microinjec-
tion of T3 in the VMH. This activation was mediated by an inhibition of AMP-activated 
protein kinase (AMPK) signaling in the VMH [6, 10]. Therefore, the metabolic pheno-
types from hypo- and hyperthyroidism could be partly mediated via the hypothalamus 
and its neural outflow. However, although the acute metabolic effects in these studies 
are significant, their consequences upon prolonged T3 administration have not been 
demonstrated. We hypothesized that prolonged intrahypothalamic T3 administration 
results in neurally-mediated metabolic alterations as observed after acute hypothalamic 
T3 administration. We therefore recently developed a method to deliver T3 to the rat 
PVN or VMH for up to four weeks using slow-releasing T3 pellets [11]. The present study 
aimed to investigate the effects of chronic intrahypothalamic T3 administration in the 
PVN or the VMH, either for 7 or 28 days, on metabolic parameters, including body 
weight, food intake, energy expenditure, locomotor activity and blood glucose concen-
trations as well as on expression of genes in liver and BAT involved in glucose 
metabolism and thermogenesis, respectively. 

Materials and methods 

Animals 

Male Wistar rats weighing 300-350 g (9-10 weeks) (Harlan Nederland, Horst, Nether-
lands) were housed individually in a 12h-12h light-dark cycle environment (lights on at 
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07:00), with a room temperature of 23±2oC and 60±5% humidity. Chow and water were 
provided ad libitum. All procedures were approved by the Animal Care Committee of the 
Royal Netherlands Academy of Arts and Sciences. 

T3 pellet implantation 

Control beeswax pellets (cP) or T3-containing pellets (T3P) were prepared as previously 
reported [11]. In brief, 3, 3’, 5-Triiodo-L-thyronine (Sigma-Aldrich, Saint Louis, USA) was 
mixed with melted beeswax (Sigma-Aldrich, Saint Louis, USA) at a ratio of 1:9 (w/w) in a 
70oC water bath. The mixture was packaged into a cylindrical pellet with a length of 1 
mm using a 23G stainless cannula.  

We performed experiments with T3 implantation for 7 days and for 28 days. The 7-
day experiment was used for measuring metabolic parameters using calorimetric cages. 
Rats were allowed for a two-day recovery from surgery, two-day adaption to the 
metabolic cages for a stable output and three-day consecutive measurements. As 
hyperthyroid patients display metabolic alterations, including weight loss, after several 
weeks to months and the T3 pellets showed a continuously stable release of T3 for at 
least four weeks, we performed a 28-days experiment in order to test the long term 
effects of high hypothalamic T3 levels. After one week acclimatization in the facility, 
animals were anesthetized by either isoflurane (Abbott Laboratories Ltd, Maidenhead, 
UK) (7-day experiment) or by an intramuscular injection of a mixture of ketamine (80 
mg/ml), xylazine (8 mg/ml) and atropine (0.1 mg/ml) (4:2:1, v:v:v) at a dosage of 1 ml/kg 
body weight (28-day experiment). cP’s or T3P’s were implanted bilaterally to the PVN 
(anteroposterior: -1.8 mm, lateral: 2.1 mm, ventral: -6.9 mm, angle: 10°) or VMH 
(anteroposterior: -2.3 mm, lateral: 2.2 mm, ventral: -8.1 mm, angle: 10°) region (Paxinos 
and Watson, 2005) using a standard Kopf stereotaxic apparatus. 

Experiment setup 

For the 7-day experiment, animals (n=32) were housed individually in calorimetric cages 
(Phenomaster/Labmaster system, TSE Systems GmbH, Bad Homburg, Germany) three 
days before pellet implantation. Basal metabolic parameters, i.e., oxygen consumption 
(VO2) and carbon dioxide production (VCO2) were measured continuously via an indirect 
open-circuit calorimetry. Respiratory exchange ratio (RER) and energy expenditure (EE) 
were calculated using the manufacturer’s formulas: RER = VCO2/VO2; EE = CV × VO2, in 
which CV is calorific value (CV = 3.815 + 1.232 × RER). Locomotor activity was measured 
with ActiMot2 light beam frames (TSE Systems GmbH, Bad Homburg, Germany). Two 
days before surgery (day -2), blood samples were taken via a tail cut. At day 0, cP’s (n=7) 
or T3P’s (n=9) were implanted into either the PVN or the VMH under stereotactic 
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guidance and animals were placed back in their previous calorimetric cages. Two hours 
(2h) and 1, 4 and 7 days after implantation of the pellets, blood samples were taken via 
tail cuts. Animals were sacrificed at day 7. 

For the 28-day experiment, animals (n=40) received cP’s (n=16) or T3P’s (n=24) in the 
PVN or the VMH. During surgery, part of the animals (n=16) received a nano-thermo 
logger (Star-Oddi Ltd., Iceland) subcutaneously (SC) just above the interscapular BAT for 
continuous body temperature recording. Blood was taken via tail cuts at day -2, day 7, 
14 and 28 days after pellet implantation. Animals were sacrificed at day 28.  

At the end of all the experiments, animals were decapitated. Liver and BAT were snap 
frozen in liquid nitrogen and stored in -80°C until further use. Brains were removed and 
frozen on dry ice. The hypothalamus was cut at 20 μm coronal sections using a cryostat 
(Leica CM1950) and stained with cresyl violet in order to check pellet placement. 

Blood and plasma analysis 

Blood samples were taken using heparin coated capillary Microvette (Sarstedt AG & Co, 
Nümbrecht, Germany) by tail cut. Blood glucose concentrations were determined 
immediately by a glucose meter (FreestyleTM, Abbott, the Netherlands) during the 
sampling. At the end of each experiment, animals were decapitated and trunk blood was 
collected. The plasma samples were collected after centrifugation at 4000rpm for 15 min 
and stored at -20°C. Plasma T3 and T4 concentrations were determined using an in-
house RIA (inter-assay variation T3, 6.2% and T4, 7.3%; intra-assay variability T3, 3.6% 
and T4, 6.6%) [12, 13]. Plasma TSH was determined by a Chemiluminescent Immunoas-
say, using the Immulite 2000 and a rat specific standard (Siemens, Munich, Germany) 
with an inter-assay variation of ±9% and an intra-assay variation of 3-4%. The samples of 
one experiment were measured in one run to prevent inter-assay variation. 

RNA isolation and quantitative PCR (qPCR) 

Total RNA from BAT and liver was isolated using Machery-Nagel RNA isolation kit 
(MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany) and RNA yield was determined 
using the DeNovix DS-11 Spectrophotometer (DeNovix, Wilmington, Delaware USA). The 
cDNA synthesis was performed with equal RNA input using the Transcriptor First Strand 
cDNA synthesis kit (Roche Molecular Biochemicals, Mannheim, Germany). As a control 
for genomic DNA contamination, we included a cDNA synthesis reaction without reverse 
transcriptase. Quantitative PCR was performed using the LightCycler 480 (Roche 
Molecular Biochemicals) and SensiFASTTM SYBR No-ROX mix (Bioline, GmbH, Germany). 
The primers used for qPCR are listed in Table 3.1. Quantification was performed using 
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the LinReg software. PCR efficiency was checked individually and samples with a 
deviation of more than 5% of the mean were excluded from analysis. Values were 
expressed according the geometric mean of Gapdh and Hprt. 

Table 3.1 Primers used for qPCR 

Gene sym-
bol Forward (5’-3’) Reverse (5’-3’) 

Prod-
ucts 
length 
(bp) 

glyceraldehyde-3-
phosphate dehydrogen-
ase 

Gapdh TGAACGGGAAGCTCACT
GG 

TCCACCACCCTGTTGC
TGTA 306 

hypoxanthine guanine 
phosphoribosyl 
transferase 

Hprt GCAGTACAGCCCCAAAA
TGG 

AACAAAGTCTGGCCTG
TATCCAA 84 

Deiodinase type 1 Dio1 GAA GTG CAA CGT CTG 
GGA TT 

CTGCCGAAGTTCAACA
CCA 59 

Deiodinase type 2 Dio2 TCCTGGAGCGTTTCTCCT
T 

CATAAGCTACGTGCAT
TATTGT 78 

Peroxisome proliferator-
activated receptor 
gamma, coactivator 1 
alpha 

Pgc1a CAATGAATGCAGCGGTC
TTA 

GTGTGAGGAGGGTCA
TCGTT 195 

Peroxisome proliferator-
activated receptor 
gamma 

Pparg CAGGAAAGACAACAGA
CAAATCA 

GGGGGTGATATGTTT
GAACTTG 95 

Phosphoenolpyruvate 
carboxykinase 1 Pepck GTGTCCCCCTTGTCTAC

GAA 
GGTCGTGCATGATGAC
CTT 116 

Fatty acid synthase Fasn CTTGGGTGCCGATTACA
ACC 

GCCCTCCCGTACACTC
ACTC 163 

Uncoupling protein 1 Ucp1 AATCAGCTTTGCTTCCCT
CA 

GCTTTGTGCTTGCATT
CTGA 181 

Adrenergic receptor, 
beta 3 Adrb3 CTTCCCAGCTAGCCCTG

TT 
CCTTGCTAGATCTCCA
TGG 110 

 

Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM). Differences between 
two groups were analyzed using an independent two-tailed Student’s t test. When data 
were not normally distributed, the independent non-parametric Mann-Whitney U test 
was used. The changes at different time points were evaluated by two-way ANOVA with 
repeated measurements followed by Sidak post hoc analysis. Statistical significance was 
defined at a level of p<0.05. All analyses were performed using Graph Pad Prism 6.05. 
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Results 

Effect of T3 administration in the PVN and VMH on thyroid hormones concentrations 

Our previous study showed that 4-week T3 administration in the PVN reduced plasma T3 
and T4 concentrations while TSH was not affected, whereas 4-week T3 administration in 
the VMH did not change plasma T3, T4 and TSH [11]. In the present study we deter-
mined the metabolic effects of T3 administration in the PVN or VMH either for a 
relatively short period (7 days) or a longer term period (28 days). We also measured 
serum thyroid hormone (TH) levels after 7 days’ exposure to T3 in the PVN or VMH. 
Placement of T3-containing pellets in the PVN for 7 days lowered plasma T3 concentra-
tions (ANOVA, Ptreatment <0.001). Lowest plasma T3 levels were reached at day 1 (P<0.001) 
and almost returned to control levels at day 7 (Figure 3.1A). Plasma T4 and TSH 
concentrations did not differ between T3 treatment and control rats (Figure 3.1C, E). 
Placement of T3-containing pellets in the VMH for 7 days did not change plasma T3 
concentrations (Figure 1B), while T4 concentrations were slightly lower in the T3P group 
(ANOVA, Ptreatment =0.038) (Figure 3.1D). Plasma TSH concentrations did not differ 
between control and T3 treatment (Figure 3.1F).  

Chronic effect of T3 administration in the PVN 

Effects of T3 administration in the PVN on body weight, food intake, glucose concentra-
tions and body temperature 

Administration of T3 in the PVN for 7 days did not change body weight, daily and total 
food intake and plasma glucose concentrations (Figure 3.2A, C and E). Administration of 
T3 in the PVN for 28 days did not change body weight and daily food intake, but total 
food intake was lower in the T3P group (Figure 3.2B and D). Plasma glucose concentra-
tions and body temperature were not different during 28 days of T3 administration in 
the PVN (Figure 3.2F, G).  

Effect of T3 administration in the PVN for 7 days on energy metabolism 

Animals were housed in the metabolic cages throughout the 7-day experiment in order 
to record energy expenditure (EE), respiratory exchange rate (RER) and locomotor 
activity. Administration of T3 in the PVN did not affect EE, RER and locomotor activity 
(Figure 3.3A, B and C). 
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Effect of T3 administration in the PVN on gene expression in liver and BAT 

T3 administration in the PVN for 7 days did not change mRNA expression of liver Dio1, 
Pgc1a, Pparg, Fasn and Pepck (Figure 3.4A). There were also no changes in mRNA 
expression of Pgc1a, Pparg, Dio2, Ucp1 and Adrb3 in BAT (Figure 3.4C). After 28 days, 
liver Dio1 mRNA expression was decreased and Pparg mRNA expression was increased in 
T3P group (Figure 3.4B). Pgc1a, Pparg, Dio2, Ucp1 and Adrb3 mRNA expression in BAT 
was not significantly different between cP and T3P (Figure 3.4D). 

 
Figure 3.1 Plasma thyroid hormones concentrations after placement of a T3-
containing pellet in the PVN (A and C) or VMH (B and D). Plasma T3 and T4 con-
centrations were determined 2 days before, 2 hours, 1 day, 4 days and 7 days 
after pellet placement in the PVN (A and C) or the VMH (B and D). TSH concentra-
tion was measured 7 days after pellet placement in the PVN (E) or the VMH (F). 
***, P<0.001 cP vs T3P. N=6-7 per group. 
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Figure 3.2 Body weight (A and B), food intake (C and D), glucose concentrations (E and 
F) and body temperature (G) after placement of a T3-containing pellet in the PVN. Pel-
lets were placed for 7 days (A, C and E) and 28 days (B, D, F and G). Total food intake is 
shown as an embedded bar graph along with daily food intake (C and D). *, P<0.05, 
N=6-7 per group in 7 days experiment; N=8-10 for 28 days experiment. N=3 for tem-
perature data. 
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Effect of T3 administration in the PVN on gene expression in liver and BAT 

T3 administration in the PVN for 7 days did not change mRNA expression of liver Dio1, 
Pgc1a, Pparg, Fasn and Pepck (Figure 3.4A). There were also no changes in mRNA 
expression of Pgc1a, Pparg, Dio2, Ucp1 and Adrb3 in BAT (Figure 3.4C). After 28 days, 
liver Dio1 mRNA expression was decreased and Pparg mRNA expression was increased in 
T3P group (Figure 3.4B). Pgc1a, Pparg, Dio2, Ucp1 and Adrb3 mRNA expression in BAT 
was not significantly different between cP and T3P (Figure 3.4D). 

 
Figure 3.1 Plasma thyroid hormones concentrations after placement of a T3-
containing pellet in the PVN (A and C) or VMH (B and D). Plasma T3 and T4 con-
centrations were determined 2 days before, 2 hours, 1 day, 4 days and 7 days 
after pellet placement in the PVN (A and C) or the VMH (B and D). TSH concentra-
tion was measured 7 days after pellet placement in the PVN (E) or the VMH (F). 
***, P<0.001 cP vs T3P. N=6-7 per group. 
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Figure 3.2 Body weight (A and B), food intake (C and D), glucose concentrations (E and 
F) and body temperature (G) after placement of a T3-containing pellet in the PVN. Pel-
lets were placed for 7 days (A, C and E) and 28 days (B, D, F and G). Total food intake is 
shown as an embedded bar graph along with daily food intake (C and D). *, P<0.05, 
N=6-7 per group in 7 days experiment; N=8-10 for 28 days experiment. N=3 for tem-
perature data. 
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Figure 3.3 Energy metabolism after placement 
of a T3containing pellet in the PVN for 7 days. 
Energy expenditure (EE) (A), respiratory 
exchange rate (RER) (B) and locomotor activity 
(C) were monitored 2 days before until 6 days 
after pellet placement. N=6-7 per group. 
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tions and body temperature 

Administration of T3 in the VMH for 7 days did not affect body weight, total food intake 
and glucose concentrations (Figure 3.5A, C and E). Administration of T3 for 28 days did 
not result in changes in body weight, daily and total food intake (Figure 3.5B and D), 
while plasma glucose concentrations were slightly lower in T3 treated rats (ANOVA, 
Ptreatment =0.047) (Figure 3.5F). Body temperature was not affected (Figure 3.5G). 
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Effect of T3 administration in the VMH for 7 days on energy metabolism 

Administration of T3 in the VMH for 7 days did not change EE, RER and locomotor 
activity (Figure 3.6A, B and C).  

Effect of T3 administration in the VMH on gene expression in liver and BAT 

T3 administration in the VMH for 7 and 28 days did not change the mRNA expression of 
liver Dio1, Pgc1a, Pparg, Pepck and Fasn and BAT Pgc1a, Pparg, Dio2, Ucp1 and Fasn 
(Figure 3.7). 

 
Figure 3.4 Gene expression in liver (A and B) and brown adipose tissue (BAT) (C 
and D), determined by qPCR, after placement of T3-containing pellets in the PVN 
for 7 or 28 days. N=6-10 per group. **, P<0.01 

 

Discussion 

Recent work has established a significant role for T3 in the regulation of peripheral 
energy metabolism via the central nervous system. We recently developed a rat model 
for chronic and local intrahypothalamic T3 administration. In the present study, we 
investigated the metabolic effects of chronic (7 and 28 days) T3 administration in the 
PVN and VMH. 
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Figure 3.3 Energy metabolism after placement 
of a T3containing pellet in the PVN for 7 days. 
Energy expenditure (EE) (A), respiratory 
exchange rate (RER) (B) and locomotor activity 
(C) were monitored 2 days before until 6 days 
after pellet placement. N=6-7 per group. 
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Effect of T3 administration in the VMH for 7 days on energy metabolism 

Administration of T3 in the VMH for 7 days did not change EE, RER and locomotor 
activity (Figure 3.6A, B and C).  

Effect of T3 administration in the VMH on gene expression in liver and BAT 

T3 administration in the VMH for 7 and 28 days did not change the mRNA expression of 
liver Dio1, Pgc1a, Pparg, Pepck and Fasn and BAT Pgc1a, Pparg, Dio2, Ucp1 and Fasn 
(Figure 3.7). 

 
Figure 3.4 Gene expression in liver (A and B) and brown adipose tissue (BAT) (C 
and D), determined by qPCR, after placement of T3-containing pellets in the PVN 
for 7 or 28 days. N=6-10 per group. **, P<0.01 
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Recent work has established a significant role for T3 in the regulation of peripheral 
energy metabolism via the central nervous system. We recently developed a rat model 
for chronic and local intrahypothalamic T3 administration. In the present study, we 
investigated the metabolic effects of chronic (7 and 28 days) T3 administration in the 
PVN and VMH. 
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Figure 3.5 Body weight (A and B), food intake (C and D), glucose concentrations (E and 
F) and body temperature (G) after placement of T3-containing pellets in the VMH. Pel-
lets were placed for 7 days (A, C and E) or 28 days (B, D, F and G). Total food intake is 
shown as an embedded bar graph along with daily food intake (C and D). N=6-7 per 
group in 7 days experiment; N=8-10 for 28 days experiment. N=3 for temperature data. 
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Figure 3.6 Energy metabolism after placement 
of a T3-containing pellet in the VMH for 7 
days. Energy expenditure (EE) (A), respiratory 
exchange rate (RER) (B) and locomotor activity 
(C) were monitored 2 days before until 6 days 
after pellet placement in the VMH. N=6-7 per 
group. 

 

 

The PVN is the key nucleus for regulation of the hypothalamic-pituitary-thyroid (HPT) 
axis set point. T3 negatively modulates the HPT axis via suppressing TRH production in 
the hypophysiotropic thyrotropin-releasing hormone (TRH) neurons in the PVN [14]. As 
expected, T3 administration in the PVN for 7 days decreased plasma T3 and T4 concen-
trations, which is in agreement with our previous results obtained after 28 days of T3 
administration [11]. In line with this, the T3 responsive gene Dio1 in liver showed lower 
mRNA expression after 28 days of T3 administration in the PVN. T3 administration in the 
PVN for 7 days did not change daily food intake significantly. However, total food intake 
after 28 days was significantly decreased. Thyroid hormone is known to stimulate food 
intake and hypothyroidism results in reduced appetite [15, 16]. Thus, the lower 
circulating thyroid hormones observed after 28 days of T3 administration in the PVN 
might explain the decrease of daily food intake. Of note, it was also shown that T3 
stimulates food intake directly at the hypothalamic level [7, 15, 17, 18] and the PVN is 
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Figure 3.5 Body weight (A and B), food intake (C and D), glucose concentrations (E and 
F) and body temperature (G) after placement of T3-containing pellets in the VMH. Pel-
lets were placed for 7 days (A, C and E) or 28 days (B, D, F and G). Total food intake is 
shown as an embedded bar graph along with daily food intake (C and D). N=6-7 per 
group in 7 days experiment; N=8-10 for 28 days experiment. N=3 for temperature data. 
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Figure 3.6 Energy metabolism after placement 
of a T3-containing pellet in the VMH for 7 
days. Energy expenditure (EE) (A), respiratory 
exchange rate (RER) (B) and locomotor activity 
(C) were monitored 2 days before until 6 days 
after pellet placement in the VMH. N=6-7 per 
group. 
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one of the essential integration centers for hormonal modulation of food intake and 
body weight [19, 20]. As we showed earlier that hypothalamic T3 levels are markedly 
increased for at least 28 days as a result of implanting T3-containing pellets [11], 
diminished food intake is therefore difficult to reconcile with a direct stimulating effect 
of T3 on food intake at the level of the PVN in our experimental setting. 

 
Figure 3.7 Gene expression in liver (A and B) and brown adipose tissue (BAT) (C 
and D), determined by qPCR, after placement of a T3-containing pellet in the VMH. 
N=6-10 per group. 

 

Thyroid hormone is a critical regulator for glucose metabolism [21]. Fasting induced 
hypoglycemia is associated with decreased plasma thyroid hormone levels [22, 23]. A 
previous study of our lab showed that acute T3 administration via microdialysis in the 
PVN increased blood glucose concentrations and hepatic glucose production via the 
sympathetic nervous system [5]. However, in the present experiments we did not find 
changes in blood glucose concentrations after either 7 days or 28 days of T3 administra-
tion in the PVN. Considering the lower circulating TH concentrations observed during T3 
administration in the PVN, the stimulating effect of hypothalamic T3 on glucose might be 
counteracted by the lower plasma T3 concentrations. Indeed, an essential transcription-
al factor Pparg that restrains glucose production [24] was remarkably increased in the 
liver after T3 administration in the PVN, whereas Pepck tended to be decreased, 
suggesting a stimulation of glucose storage. 
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Administration of T3 in the VMH either for 7 days or 28 days did not change plasma T3 
and T4 concentrations. The differential effects of long-term T3 administration in the PVN 
and VMH on the HPT axis confirm our previous study showing that we are able to deliver 
T3 selectively to either the PVN or the VMH [11]. The VMH is an important integration 
center for energy metabolism. A previous study showed that a single injection of T3 in 
the VMH markedly increased food intake after one hour without altering energy 
expenditure [18]. In contrast, Lopez et al. showed that T3 injection in the VMH did not 
affect food intake after one hour but significantly increased sympathetic nerve activity in 
BAT [6]. In the present study, T3 was delivered to the VMH constantly for 7 or 28 days. 
Surprisingly, we did not observe changes in food intake and body weight upon chronic 
T3 administration in the VMH. Varela et al. showed that T3 administration in the arcuate 
nucleus (ARC) of rats significantly increased food intake [7]. Moreover, 24-h fasting 
induced hyperphagia in mice was shown to be associated with increased T3 availability 
in the ARC [8]. Thus, the hyperphagia seen in hyperthyroidism may be mediated 
primarily through the ARC, probably involving mammalian target of rapamycin (mTOR) 
and the UCP2 pathway [7, 8]. Hyperthyroidism results in increased food intake but 
reduced bodyweight probably due to increased energy expenditure [4]. We however, did 
not observe any change in energy expenditure, locomotor activity and body weight in 
rats after T3 administration in the VMH for 28 days. Our results therefore suggest that 
the effects of TH during chronic hyperthyroidism on energy expenditure and body 
weight are probably not solely mediated via the VMH. Thyroid hormone is important for 
sympathetic regulation and thermogenesis [1, 25, 26]. Central T3 administration by 
intracerebroventricular (ICV) injection showed increased sympathetic nerve activity in 
BAT, inducing a marked thermogenic effect [6, 10]. However, T3 administration in the 
VMH for 28 days in our study did not change body temperature. In line, gene expression 
in BAT did not show changes in Dio2 and Ucp1, both involved in heat production in BAT. 
A recent study showed that thyrotoxicosis induced by two-week T4 administration in 
mice increased body temperature but did not affect either BAT thermogenesis or BAT 
UCP1 content, suggesting that BAT is not involved in thyroid hormone induced hyper-
thermia [27]. In fact, a prolonged hyperthyroid state is associated with reductions of 
both BAT sympathetic activity and UCP1 dependent thermogenesis [28, 29]. Moreover, 
TH also plays an essential role in tail vascular heat conservation and dissipation [30, 31], 
a mechanism that may counteract the hyperthermic effects of T3. To add more 
complexity, another study with ICV T3 administration to mice pre-acclimated to 18oC 
showed increased daily body temperature but elevated energy expenditure only in the 
dark phase [32], suggesting also a circadian influence on T3-mediated energy metabo-
lism. We did not find changes in energy expenditure as seen in this ICV study, however, 
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one of the essential integration centers for hormonal modulation of food intake and 
body weight [19, 20]. As we showed earlier that hypothalamic T3 levels are markedly 
increased for at least 28 days as a result of implanting T3-containing pellets [11], 
diminished food intake is therefore difficult to reconcile with a direct stimulating effect 
of T3 on food intake at the level of the PVN in our experimental setting. 

 
Figure 3.7 Gene expression in liver (A and B) and brown adipose tissue (BAT) (C 
and D), determined by qPCR, after placement of a T3-containing pellet in the VMH. 
N=6-10 per group. 

 

Thyroid hormone is a critical regulator for glucose metabolism [21]. Fasting induced 
hypoglycemia is associated with decreased plasma thyroid hormone levels [22, 23]. A 
previous study of our lab showed that acute T3 administration via microdialysis in the 
PVN increased blood glucose concentrations and hepatic glucose production via the 
sympathetic nervous system [5]. However, in the present experiments we did not find 
changes in blood glucose concentrations after either 7 days or 28 days of T3 administra-
tion in the PVN. Considering the lower circulating TH concentrations observed during T3 
administration in the PVN, the stimulating effect of hypothalamic T3 on glucose might be 
counteracted by the lower plasma T3 concentrations. Indeed, an essential transcription-
al factor Pparg that restrains glucose production [24] was remarkably increased in the 
liver after T3 administration in the PVN, whereas Pepck tended to be decreased, 
suggesting a stimulation of glucose storage. 
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Administration of T3 in the VMH either for 7 days or 28 days did not change plasma T3 
and T4 concentrations. The differential effects of long-term T3 administration in the PVN 
and VMH on the HPT axis confirm our previous study showing that we are able to deliver 
T3 selectively to either the PVN or the VMH [11]. The VMH is an important integration 
center for energy metabolism. A previous study showed that a single injection of T3 in 
the VMH markedly increased food intake after one hour without altering energy 
expenditure [18]. In contrast, Lopez et al. showed that T3 injection in the VMH did not 
affect food intake after one hour but significantly increased sympathetic nerve activity in 
BAT [6]. In the present study, T3 was delivered to the VMH constantly for 7 or 28 days. 
Surprisingly, we did not observe changes in food intake and body weight upon chronic 
T3 administration in the VMH. Varela et al. showed that T3 administration in the arcuate 
nucleus (ARC) of rats significantly increased food intake [7]. Moreover, 24-h fasting 
induced hyperphagia in mice was shown to be associated with increased T3 availability 
in the ARC [8]. Thus, the hyperphagia seen in hyperthyroidism may be mediated 
primarily through the ARC, probably involving mammalian target of rapamycin (mTOR) 
and the UCP2 pathway [7, 8]. Hyperthyroidism results in increased food intake but 
reduced bodyweight probably due to increased energy expenditure [4]. We however, did 
not observe any change in energy expenditure, locomotor activity and body weight in 
rats after T3 administration in the VMH for 28 days. Our results therefore suggest that 
the effects of TH during chronic hyperthyroidism on energy expenditure and body 
weight are probably not solely mediated via the VMH. Thyroid hormone is important for 
sympathetic regulation and thermogenesis [1, 25, 26]. Central T3 administration by 
intracerebroventricular (ICV) injection showed increased sympathetic nerve activity in 
BAT, inducing a marked thermogenic effect [6, 10]. However, T3 administration in the 
VMH for 28 days in our study did not change body temperature. In line, gene expression 
in BAT did not show changes in Dio2 and Ucp1, both involved in heat production in BAT. 
A recent study showed that thyrotoxicosis induced by two-week T4 administration in 
mice increased body temperature but did not affect either BAT thermogenesis or BAT 
UCP1 content, suggesting that BAT is not involved in thyroid hormone induced hyper-
thermia [27]. In fact, a prolonged hyperthyroid state is associated with reductions of 
both BAT sympathetic activity and UCP1 dependent thermogenesis [28, 29]. Moreover, 
TH also plays an essential role in tail vascular heat conservation and dissipation [30, 31], 
a mechanism that may counteract the hyperthermic effects of T3. To add more 
complexity, another study with ICV T3 administration to mice pre-acclimated to 18oC 
showed increased daily body temperature but elevated energy expenditure only in the 
dark phase [32], suggesting also a circadian influence on T3-mediated energy metabo-
lism. We did not find changes in energy expenditure as seen in this ICV study, however, 
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one should notice that our T3 pellet released T3 only to the targeted nuclei [11] while an 
ICV injection of T3 will certainly have indirect actions via other nuclei that e.g. project to 
the VMH, which could be a prerequisite for the T3 induced induction of BAT thermogen-
esis. 

Of note, it is unclear whether damage to the hypothalamic nuclei or neural connec-
tions by the pellets implantation might mask possible metabolic effect of central T3. 
However, we compared plasma T3, T4 and glucose levels of naive and untreated rats 
with a group that received a blank pellet and did not observe any differences. Further-
more, the rats that received a blank pellet did not display altered deiodinase expression 
locally, which is a measure for tissue damage or inflammation. There were also no 
differences in food intake, body weight and gene expression in the VMH (e.g., Dio3, 
Hairless, Pacap, Fasn) between intact and control pellet group. These data indicate no 
damage and side effects resulting from the pellet implantation per se ([11] and 
Supplementary Figure S1 and S2).  

In conclusion, T3 administration in the PVN for 7 days did not change body weight, 
food intake, and energy expenditure. T3 administration in the PVN for 28 days decreased 
total food intake but did not affect body weight and glucose concentrations. Administra-
tion of T3 in the VMH for 7 days did not change body weight, food intake and energy 
expenditure. T3 administration in the VMH for 28 days resulted in changes in blood 
glucose concentrations but unchanged body weight, food intake and body temperature. 
We conclude that chronic T3 administration to the PVN or VMH does not affect energy 
metabolism. Our results imply that the effects of intrahypothalamic T3 administration on 
metabolism depend on the duration of treatment in a major way. 
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one should notice that our T3 pellet released T3 only to the targeted nuclei [11] while an 
ICV injection of T3 will certainly have indirect actions via other nuclei that e.g. project to 
the VMH, which could be a prerequisite for the T3 induced induction of BAT thermogen-
esis. 

Of note, it is unclear whether damage to the hypothalamic nuclei or neural connec-
tions by the pellets implantation might mask possible metabolic effect of central T3. 
However, we compared plasma T3, T4 and glucose levels of naive and untreated rats 
with a group that received a blank pellet and did not observe any differences. Further-
more, the rats that received a blank pellet did not display altered deiodinase expression 
locally, which is a measure for tissue damage or inflammation. There were also no 
differences in food intake, body weight and gene expression in the VMH (e.g., Dio3, 
Hairless, Pacap, Fasn) between intact and control pellet group. These data indicate no 
damage and side effects resulting from the pellet implantation per se ([11] and 
Supplementary Figure S1 and S2).  

In conclusion, T3 administration in the PVN for 7 days did not change body weight, 
food intake, and energy expenditure. T3 administration in the PVN for 28 days decreased 
total food intake but did not affect body weight and glucose concentrations. Administra-
tion of T3 in the VMH for 7 days did not change body weight, food intake and energy 
expenditure. T3 administration in the VMH for 28 days resulted in changes in blood 
glucose concentrations but unchanged body weight, food intake and body temperature. 
We conclude that chronic T3 administration to the PVN or VMH does not affect energy 
metabolism. Our results imply that the effects of intrahypothalamic T3 administration on 
metabolism depend on the duration of treatment in a major way. 
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Abstract 

Estrogen deficiency following ovariectomy results in increased adiposity and bone loss, 
which can be prevented by systemic estradiol replacement. Studies in transgenic mice 
suggested that in addition to direct actions of estrogen in peripheral tissues, also 
estrogen signaling in the hypothalamus regulates fat distribution and bone metabolism. 
We hypothesized that the protective effect of systemic estradiol on fat and bone 
metabolism in the ovariectomy model is partly mediated through the ventromedial 
nucleus of the hypothalamus (VMH). To test this hypothesis we determined the effect of 
systemic, central and targeted VMH administration of 17-beta estradiol (E2) on fat and 
bone metabolism in ovariectomized rats. Subcutaneous administration of E2 for 4 weeks 
decreased body weight, gonadal and perirenal fat and bone formation rate in ovariec-
tomized rats. This effect was completely mimicked by intracerebroventricular (ICV) 
injections of E2, once every 4 days for 4 weeks. Administration of E2 locally in the VMH 
by retro-microdialysis (3 h) acutely increased expression of the lipolytic gene hormone 
sensitive lipase (Hsl) in gonadal and perirenal fat. Finally, chronic administration of E2 in 
the VMH for 8 weeks decreased perirenal fat but did not affect body weight, trabecular 
bone volume or cortical thickness. In conclusion, we demonstrated that ICV E2 replace-
ment reduces body weight gain, ameliorates intra-abdominal fat accumulation and 
reduces bone formation in the ovariectomized rats. E2 administration selectively in the 
VMH also reduced intra-abdominal fat, but did not affect bone metabolism. 
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Introduction 

Estrogens play an essential role in energy homeostasis, including white adipose tissue 
and bone metabolism. Estrogen deficiency in postmenopausal women is associated with 
increased risk of obesity and osteoporosis [1, 2]. Ovariectomy in rodents results in an 
imbalance in energy metabolism and bone remodeling leading to increased body 
adiposity and bone loss [3, 4]. These impairments can be restored by systemic estradiol 
(E2) replacement [5-7]. Estrogen receptors are widely expressed in white adipose tissue 
(WAT) and bone cells as well as in the brain [8, 9]. Besides the well-known peripheral 
effects, estrogen also regulates energy metabolism through the central nervous system 
(CNS) [10, 11]. Clegg et al. showed that E2 administration in the third ventricle of rat 
reversed changes in body fat distribution induced by ovariectomy [12]. However, the 
major target of brain region which mediates the rescuing effect of estrogen is not clear 
yet. Earlier studies showed that intrahypothalamic placement of E2 implants in 
ovariectomized rats decreased food intake and body weight [13, 14], which indicates 
hypothalamus could be the candidate of E2 action in the brain. Bone remodeling has 
been discovered to be regulated by the sympathetic nervous system via the beta 2 
adrenergic receptor (Adrb2) [15]. Knockout of the Adrb2 blocked ovariectomy induced 
bone loss, suggesting an essential role of sympathetic signaling in the estrogen 
regulation of bone [16]. Nevertheless, a direct evidence for central regulation of bone 
metabolism by estrogen in rat is lacking. The ventromedial nucleus of the hypothalamus 
(VMH) abundantly expresses the estrogen receptor alpha (ERα) [8, 17] and is a key site 
for estrogenic regulation of energy metabolism. Recent studies indicated that E2 
administered in the VMH reversed the ovariectomy-induced changes in liver glucose 
metabolism [18] and brown adipose tissue (BAT) thermogenesis [19]. In addition, 
blocking estrogen signaling in the VMH by ERα knock-out led to increased visceral fat 
and obesity [20, 21]. Intriguingly, the central effects of leptin on bone and WAT are also 
mediated through the VMH [22-24]. Therefore we investigated whether ICV or VMH 
administration of E2 would affect fat distribution and bone metabolism in ovariecto-
mized rats. First, we administered E2 subcutaneously (SC) or ICV for 4 weeks in 
ovariectomized rats and determined body weight, fat distribution and bone metabolism. 
Next we administered E2 locally in the VMH for 3 hours via retro-dialysis and determined 
expression of lipid metabolism regulating genes in different WAT compartments. Finally 
we determined the effect of chronic E2 administration (8 weeks) in the VMH on body fat 
distribution, metabolic parameters and bone quality. We showed that ICV E2 administra-
tion restored part of the ovariectomy-induced alterations in WAT and bone metabolism. 



4

Chapter 4 

66 

Abstract 

Estrogen deficiency following ovariectomy results in increased adiposity and bone loss, 
which can be prevented by systemic estradiol replacement. Studies in transgenic mice 
suggested that in addition to direct actions of estrogen in peripheral tissues, also 
estrogen signaling in the hypothalamus regulates fat distribution and bone metabolism. 
We hypothesized that the protective effect of systemic estradiol on fat and bone 
metabolism in the ovariectomy model is partly mediated through the ventromedial 
nucleus of the hypothalamus (VMH). To test this hypothesis we determined the effect of 
systemic, central and targeted VMH administration of 17-beta estradiol (E2) on fat and 
bone metabolism in ovariectomized rats. Subcutaneous administration of E2 for 4 weeks 
decreased body weight, gonadal and perirenal fat and bone formation rate in ovariec-
tomized rats. This effect was completely mimicked by intracerebroventricular (ICV) 
injections of E2, once every 4 days for 4 weeks. Administration of E2 locally in the VMH 
by retro-microdialysis (3 h) acutely increased expression of the lipolytic gene hormone 
sensitive lipase (Hsl) in gonadal and perirenal fat. Finally, chronic administration of E2 in 
the VMH for 8 weeks decreased perirenal fat but did not affect body weight, trabecular 
bone volume or cortical thickness. In conclusion, we demonstrated that ICV E2 replace-
ment reduces body weight gain, ameliorates intra-abdominal fat accumulation and 
reduces bone formation in the ovariectomized rats. E2 administration selectively in the 
VMH also reduced intra-abdominal fat, but did not affect bone metabolism. 

 

 

Key words 

Estradiol, VMH, WAT, bone, Ovariectomy 

Central E2, fat and bone 

67 

Introduction 

Estrogens play an essential role in energy homeostasis, including white adipose tissue 
and bone metabolism. Estrogen deficiency in postmenopausal women is associated with 
increased risk of obesity and osteoporosis [1, 2]. Ovariectomy in rodents results in an 
imbalance in energy metabolism and bone remodeling leading to increased body 
adiposity and bone loss [3, 4]. These impairments can be restored by systemic estradiol 
(E2) replacement [5-7]. Estrogen receptors are widely expressed in white adipose tissue 
(WAT) and bone cells as well as in the brain [8, 9]. Besides the well-known peripheral 
effects, estrogen also regulates energy metabolism through the central nervous system 
(CNS) [10, 11]. Clegg et al. showed that E2 administration in the third ventricle of rat 
reversed changes in body fat distribution induced by ovariectomy [12]. However, the 
major target of brain region which mediates the rescuing effect of estrogen is not clear 
yet. Earlier studies showed that intrahypothalamic placement of E2 implants in 
ovariectomized rats decreased food intake and body weight [13, 14], which indicates 
hypothalamus could be the candidate of E2 action in the brain. Bone remodeling has 
been discovered to be regulated by the sympathetic nervous system via the beta 2 
adrenergic receptor (Adrb2) [15]. Knockout of the Adrb2 blocked ovariectomy induced 
bone loss, suggesting an essential role of sympathetic signaling in the estrogen 
regulation of bone [16]. Nevertheless, a direct evidence for central regulation of bone 
metabolism by estrogen in rat is lacking. The ventromedial nucleus of the hypothalamus 
(VMH) abundantly expresses the estrogen receptor alpha (ERα) [8, 17] and is a key site 
for estrogenic regulation of energy metabolism. Recent studies indicated that E2 
administered in the VMH reversed the ovariectomy-induced changes in liver glucose 
metabolism [18] and brown adipose tissue (BAT) thermogenesis [19]. In addition, 
blocking estrogen signaling in the VMH by ERα knock-out led to increased visceral fat 
and obesity [20, 21]. Intriguingly, the central effects of leptin on bone and WAT are also 
mediated through the VMH [22-24]. Therefore we investigated whether ICV or VMH 
administration of E2 would affect fat distribution and bone metabolism in ovariecto-
mized rats. First, we administered E2 subcutaneously (SC) or ICV for 4 weeks in 
ovariectomized rats and determined body weight, fat distribution and bone metabolism. 
Next we administered E2 locally in the VMH for 3 hours via retro-dialysis and determined 
expression of lipid metabolism regulating genes in different WAT compartments. Finally 
we determined the effect of chronic E2 administration (8 weeks) in the VMH on body fat 
distribution, metabolic parameters and bone quality. We showed that ICV E2 administra-
tion restored part of the ovariectomy-induced alterations in WAT and bone metabolism. 



Chapter 4 

68 

The VMH appeared to mediate the effects of E2 on WAT metabolism and fat distribution, 
but not on bone.  

Material and methods 

Animals 

Female Wistar rats weighing 200-240 g (Charles River Breeding Laboratories, Sulzfeld, 
Germany) were housed individually in a 12h-12h light-dark cycle at room temperature of 
20-23 0C. Chow and water were provided ad libitum. After one week acclimatization in 
the facility, surgery was performed under anesthesia by an intramuscular injection of 
Hypnorm (fentanyl, 0.252 mg/kg BW; fluanisone, 8 mg/kg BW; Janssen, High Wycombe, 
Buckinghamshire, UK) followed by a subcutaneous Midazolam (1 mg/kg BW, Roche, 
Almere, the Netherlands) injection. All procedures were approved by the Animal Care 
Committee of the Royal Netherlands Academy of Arts and Sciences.  

Surgery 

Depending on the experimental conditions one or more of the following procedures 
were performed during surgery. Ovaries were removed through a 2 cm incision in the 
ventral midline of the abdomen. During sham operation, a piece of fat attached to the 
ovaries was removed leaving the ovaries untouched. A jugular catheter was placed in the 
right jugular vein for blood sampling. The catheter was tunneled subcutaneously behind 
the ear to the top of the head and connected to a bended needle which was fixed on the 
skull by dental cement. A single ICV probe was placed in the left lateral ventricle using a 
Kopf stereotaxic apparatus with the following coordinates [25]: anteroposterior: -0.8 
mm, lateral: 1.6 mm and ventral -3.0 mm from bregma. Two microdialysis probes were 
placed bilaterally in the VMH using the stereotaxic apparatus (anteroposterior: -2.3 mm, 
lateral: 2.2 mm, ventral -8.8 mm from bregma; angle of arm: 10°). E2-containing 
beeswax pellets or blank beeswax pellets were implanted bilaterally into the hypotha-
lamic VMH, using the following stereotaxic coordinates from bregma: anteroposterior: -
2.3 mm, lateral: 2.2 mm, ventral: -7.9 mm, and angle of arm: 10°. Probe and pellet 
placements were checked in 20 μm cresyl violet stained brain sections of each animal at 
the end of the experiment. 

17-β estradiol administration 

17-β estradiol 3-benzoate (Sigma, E8515, St. Louis, USA) was dissolved in sesame oil 
(Sigma, St. Louis, USA) to a concentration of 20 µg/ml. SC E2 (2 µg in 100ul) or the same 
amount of sesame oil was injected every four days for one month. Previous studies 
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indicate that this dose induces a near-physiological pattern of plasma E2, body 
weight, food intake and bone metabolism in ovariectomized rats [26-28]. For ICV E2 
administration, 1 µl E2 (20 ng/µl) or sesame oil was injected via the ICV probe every four 
days for one month. For E2 microdialysis in the VMH, E2 was first dissolved in dimethyl 
sulfoxide (DMSO) at 1 mg/ml. The working solution was further diluted into 10 µg/ml 
with Ringer solution. On the day of the experiment, E2 (30 ng/min) or vehicle (Ringer 
with 1% DMSO) was perfused through the microdialysis probes for 3 hours at a speed of 
3 μl/min. For E2 pellet implantation in the VMH, a slow E2 releasing beeswax pellet was 
used. Estradiol was first dissolved in ethanol at 10 mM and then mixed with warm 
beeswax (Sigma 243248, St. Louis, USA) to a final concentration of 50 μM. For the blank 
pellet, the same amount of pure ethanol was mixed with beeswax. After cooling down, 
the beeswax mixture was packaged in the tip of a 23G needle (ID=0.32 mm) and 
trimmed at the length of 1 mm. The size of the pellet and concentration of E2 were 
chosen based on previous studies [29]. In vitro the average E2 release was 10 pg/day. 
During surgery, pellets were placed bilaterally in the VMH area and remained so for 56 
days. 

Experimental groups 

We performed three experiments. An overview of the experimental setup is shown in 
Figure 4.1. 

Experiment-1 In the first experiment, SC or ICV E2 was administered for 4 weeks in 
ovariectomized rats. After ovariectomy (OVX) and placement of ICV probes, animals in 
group 1 (OVX, n=8) received ICV vehicle injections. Group 2 (OVX+SC E2, n=5) received 
SC E2 injections. Group 3 (OVX+ICV E2, n=10) received ICV E2 injections. SC and ICV 
injections were given once every four days. To check for possible E2 leakage from the 
ventricular system to the systemic circulation, two additional groups of ovariectomized 
animals each received a 1 µl bolus ICV E2 (20 ng, E2 ICV, n=5) or vehicle (Veh ICV, n=5). 
In these animals we determined plasma E2 concentrations at 15min, 30min, 45min, 
135min, 24h, 48h and 72h after injection. 

Experiment-2 In the second experiment, we studied the acute effects of E2 in the VMH 
on gene expression in white adipose tissue. The experiment included three groups all 
equipped with bilateral microdialysis probes aimed at the VMH: Group 1 (Sham OVX, 
n=7): animals received sham ovariectomy; group 2 (OVX+VMH Veh MD, n=8) and group 
3 (OVX+VMH E2 MD, n=10): ovariectomized rats received vehicle or E2, respectively. 
Vehicle or E2 was administered for 3 hours in the VMH via reverse microdialysis. 
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Experiment-3 In the third experiment we used a slow-release E2 containing beeswax 
pellet for chronic bilateral E2 delivery within the VMH. Group 1 (Sham OVX, n=8): 
animals received sham ovariectomy. Group 2 (OVX+VMH Veh, n=10): animals received 
ovariectomy and bilaterally blank pellets in the VMH. Group 3 (OVX+VMH E2, n=14): 
animals received ovariectomy and bilaterally E2-containing pellets in the VMH. 

 
Figure 4.1 Setup of experimental groups. 

 

Metabolic measurements 

Three weeks after surgery, animals in Experiment-3 were housed individually in 
calorimetric cages (Phenomaster/Labmaster system, TSE Systems GmbH, Bad Homburg, 
Germany) for three days. Oxygen consumption (VO2) and carbon dioxide production 
(VCO2) were measured continuously via an indirect open-circuit calorimetry. The 
sampling interval was 15 minutes and each measurement lasted for 100 seconds. 
Respiratory exchange ratio (RER) and energy expenditure (EE) were calculated using the 
manufacturer’s formulas: RER = VCO2/VO2; EE = (CVO2×VO2+CVCO2×VCO2)/1000, in 
which CVO2 and CVCO2 were pre-set values of 3.941 and 1.106 respectively. Locomotor 
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activity was measured with ActiMot2 light beam frames (TSE Systems GmbH, Bad 
Homburg, Germany) with counts of beam breaks per 15 minutes. This was the total 
(ambulatory and fine movement) beam breaks of the X and the Y axis.  

Tissue collection 

At the end of each experiment, rats were decapitated. Trunk blood was taken and 
plasma was stored at -20°C until analysis. In Experiment 1, the distribution of body fat 
distribution was evaluated using a 3 Tesla magnetic resonance imaging (MRI) scanner 
(Philips Healthcare, Best, The Netherlands). The tibia was collected for histomorphomet-
ric analysis. In Experiment 2, gonadal WAT (gWAT), perirenal WAT (pWAT) and 
subcutaneous WAT (sWAT) were snap frozen in liquid nitrogen and stored in -80°C for 
PCR analysis. In Experiment 3, liver and interscapular BAT were snap frozen in liquid 
nitrogen and stored in -80°C for PCR analysis. Gonadal, perirenal and subcutaneous fat 
depots were dissected and weighed by the same person as previously described [30]. 
Femurs were collected for micro-CT analysis. Brains were removed and frozen on dry ice. 
The hypothalamus was cut into 300 μm coronal sections using a cryostat (Leica CM1950) 
and the VMH region was dissected by punching the area with a 17G stainless steel 
needle according to Palkovits [31]. The third ventricle and major fiber tracts served as 
landmarks for orientation. 

Plasma assays 

Plasma E2 concentrations were measured by an enzyme-linked immunosorbent assay 
(ELISA) kit (BioSource, Belgium). The minimal detectable concentration was 5 ± 2 pg/mL 
(mean ± SD), the intra-assay variation was 4.25% and the inter-assay variation was 6.05% 
[32]. 

Table 4.1 Primers used for qPCR in rat. 

Gene symbol Forward (5’-3’) Reverse (5’-3’) 
Products 
length 
(bp) 

Glyceraldehyde 3-
phosphate 
dehydrogenase 

Gapdh TGAACGGGAAGCTCACTGG TCCACCACCCTGTTGCTGTA 306 

Hypoxantine-guanine 
phosphoribosyl 
transferase 

Hprt GCAGTACAGCCCCAAAATG
G 

AACAAAGTCTGGCCTGTAT
CCAA 84 

Kisspeptin Kiss1 TGCTGCTTCTCCTCTGTGTG AGGCTTGCTCTCTGCATACC 149 

kiss1 receptor Gpr54 TCGTTATCTGCCGCCACAAG AACACAGTCACGTACCAGC
G 244 
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Arginine vasopressin Avp TGCCTGCTACTTCCAGAACT
GC 

AGGGGAGACACTGTCTCAG
CTC 77 

Uncoupling protein 1 Ucp1 AATCAGCTTTGCTTCCCTCA GCTTTGTGCTTGCATTCTGA 181 

Deiodinase type2 Dio2 TCCTGGAGCGTTTCTCCTT CATAAGCTACGTTGGCATT
ATTGT 78 

hormone sensitive 
lipase1 Hsl CACACAGCATGGATTTACGC

A 
ACCTGCAAAGACGTTGGAC
AG 124 

lipoprotein lipase1 Lpl CAAAACAACCAGGCCTTCG
A AGCAATTCCCCGATGTCCA 140 

Fatty acid synthase Fasn CTTGGGTGCCGATTACAACC GCCCTCCCGTACACTCACTC 163 

peroxisome 
proliferator-activated 
receptor gamma, 
coactivator 1 alpha 

Pgc1a CAATGAATGCAGCGGTCTT
A 

GTGTGAGGAGGGTCATCGT
T 195 

Peroxisome-
Proliferator Activated 
Receptor alpha 

Ppara TCACACAATGCAATCCGTTT GGCCTTGACCTTGTTCATGT 83 

 

RNA isolation and quantitative PCR (qPCR) 

Total RNA was isolated using the Magna Pure (Roche Molecular biochemicals, Mann-
heim, Germany). The RNA yield was determined using the Nano drop (Nanodrop, 
Wilmington, Delaware USA) and cDNA was synthesized with equal RNA input with the 
First Strand cDNA synthesis kit (AMV) for qPCR with oligo d(T) primers (Roche Molecular 
Biochemicals). As a control for genomic DNA contamination we included a cDNA 
synthesis reaction without reverse transcriptase. Quantitative PCR was performed using 
the LightCycler 480 (Roche Molecular Biochemicals) and Lightcycler480 SybrGreen I 
Master mix (Roche Molecular Biochemicals). The primers used for qPCR are listed in 
Table 4.1. Quantification was performed using home-made LinReg software. PCR 
efficiency was checked individually and samples with a deviation of more than 5% of the 
mean were excluded from analysis. mRNA expression is presented as relative expression 
divided by the geometric mean expression of the reference genes Gapdh and Hprt. Both 
reference genes showed stable expression under the experimental conditions. 

Bone histomorphometry 

Seven and three days prior to sacrifice, tetracycline (20 mg/kg, Spruyt hillen, IJsselstein, 
The Netherlands) was injected intraperitoneally to determine the mineral apposition 
rate in experiment 1. Post mortem: the left tibia was fixed in 4% formaldehyde for 24 h, 
dehydrated in graded ethanol and embedded in methylmethacrylate (MMA; BDH 
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Chemicals, Poole, England) supplemented with 20% dibutylphtalate (Merck, Darmstadt, 
Germany), 8.0 mg/ml dibenzoylperoxide (AKZO Nobel, Deventer, The Netherlands) and 
2.2 μl/1ml N,N-dimethyl-p-toluidine (Merck). Longitudinal 5 μm thick sections were cut 
with a Polycut 2500 S microtome (Reichert-Jung, Nussloch, Germany). Consecutive 
sections were stained with Goldner's trichrome and tartrate-resistant acid phosphatase. 
Histomorphometric analysis on trabecular bones was performed on one section per 
specimen. Per section 12 fields of secondary spongiosa at 4X magnification were 
analysed starting 1/4 field away from the cortex on either side of the left proximal tibia, 
using a Nikon microscope equipped with NIS-Elements AR 3.1 (Nikon GmbH, Düsseldorf, 
Germany). Cortical bone analysis was performed 3 to 4 fields per section at 4X magnifi-
cation, adjacent to the secondary spongiosa that was assessed for trabecular 
measurements. The rate of mineral apposition (MAR) was calculated by dividing the 
distance between the two tetracycline markers by the time interval between their 
administration [33]. All other histomorphometric indices were defined and calculated 
according to the American Society of Bone and Mineral Research (ASBMR) nomenclature 
[34]. 

Bone micro-computed tomography (micro-CT)  

The left femur was submerged into 70% ethanol and scanned with a voxel size of 9 μm 
using the Skyscan 1076 X-ray microtomograph (Skyscan, Kontich, Belgium). The following 
settings were used: 40 kV, 250 mA and 2300 ms exposure time. Beam hardening was 
reduced using a 1 mm aluminium filter. Using different software packages from SkyScan 
(NRecon, CtAn and Dataviewer), the 3D reconstruction and the subsequent qualitative 
and quantitative evaluations were performed according to previous studies with 
adaptation to rat femurs [35]. The region of interest for trabecular bone was selected at 
a height of 1350 μm at 1800 μm offset to the landmark where the four growth plate 
regions are just still connected. Measured parameters included trabecular bone volume 
(Tb.BV), trabecular bone volume fraction (BV/TV), trabecular thickness (Tb.Th), and 
trabecular number (Tb.N). The region of interest for cortical bone was selected at the 
middle of the diaphysis with a height of 450 μm, in which cortical volume (Ct.V), cortical 
thickness (Ct.Th), endocortical volume (Ec.V), perimeter (Pm) and moment of inertia 
(MOI) was determined. 

Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM). Differences between 
more than two groups were analyzed by analysis of variance (ANOVA) followed by 
Tukey’s post-hoc test when appropriate. Data without normal distribution were analyzed 
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Arginine vasopressin Avp TGCCTGCTACTTCCAGAACT
GC 

AGGGGAGACACTGTCTCAG
CTC 77 

Uncoupling protein 1 Ucp1 AATCAGCTTTGCTTCCCTCA GCTTTGTGCTTGCATTCTGA 181 

Deiodinase type2 Dio2 TCCTGGAGCGTTTCTCCTT CATAAGCTACGTTGGCATT
ATTGT 78 

hormone sensitive 
lipase1 Hsl CACACAGCATGGATTTACGC

A 
ACCTGCAAAGACGTTGGAC
AG 124 

lipoprotein lipase1 Lpl CAAAACAACCAGGCCTTCG
A AGCAATTCCCCGATGTCCA 140 

Fatty acid synthase Fasn CTTGGGTGCCGATTACAACC GCCCTCCCGTACACTCACTC 163 

peroxisome 
proliferator-activated 
receptor gamma, 
coactivator 1 alpha 

Pgc1a CAATGAATGCAGCGGTCTT
A 

GTGTGAGGAGGGTCATCGT
T 195 

Peroxisome-
Proliferator Activated 
Receptor alpha 

Ppara TCACACAATGCAATCCGTTT GGCCTTGACCTTGTTCATGT 83 
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by the Kruskal-Wallis test followed by Dunn’s post hoc test when appropriate. Signifi-
cance was considered P<0.05. All analyses were performed using Graph Pad Prism 6.05. 

Results 

Systemic and ICV E2 administration reduce body weight, visceral fat and bone formation 
rate in ovariectomized rats 

Subcutaneous (SC) E2 replacement significantly decreased body weight compared to 
ovariectomized animals (P=0.0002) (Figure 4.2A-C). ICV E2 also reduced body weight (ICV 
E2 vs OVX, P=0.015), but the effect was less pronounced compared to systemic E2 
administration (ICV E2 vs SC E2, P=0.039) (Figure 4.2A). SC E2 administration decreased 
pWAT/sWAT (P<0.0001) and gWAT/sWAT ratios (P=0.012). Similarly, ICV E2 administra-
tion also significantly decreased pWAT/sWAT (P=0.0003) and gWAT/sWAT ratios 
(P=0.027) (Figure 4.2B and C).  

Plasma E2 concentrations were unchanged 15 min, 30 min, 45 min, 135 min, 24h, 48h 
and 72h after ICV E2 injection, which excludes leakage from the ICV compartment to the 
systemic circulation (Figure 4.2D). 

To determine the central effect of E2 on bone remodeling, we performed histomor-
phometric analysis on the tibia after four weeks of ICV E2 administration. Bone mass was 
not different between the three groups (Figure 4.3B). In ovariectomized animals, both SC 
E2 and ICV E2 administration decreased bone formation rate (BFR) (P=0.008 and P=0.024, 
respectively) (Figure 4.3C). SC and ICV E2 treatment did not change trabecular and 
cortical mineral apposition rate (Tb.MAR and Ct.MAR) (Figure 4.3D and E). No significant 
difference was found in osteoclast number (Oc.N/BS) between the three groups (Figure 
4.3F). 
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Figure 4.2 Effect of subcutaneous (SC) and intracerebroventricular (ICV) E2 
administration on body weight and fat distribution. A, Body weight; B and C, white 
adipose tissue (WAT) distribution. Fat distributions were shown by the ratio 
between gonadal WAT (gWAT) and subcutaneous WAT (sWAT) as well as perirenal 
WAT (pWAT) and sWAT. Ovariectomized animals were treated with ICV vehicle 
(OVX, n=6), SC estradiol (OVX+SC E2, n=5) or ICV estradiol (OVX+ICV E2, n=7) for 4 
weeks. Bars with different letters are significantly different, P < 0.05. D, plasma E2 
concentrations after a bolus ICV E2 injection. A separate experiment was 
performed to evaluate the leakage of ICV E2 on circulating E2 concentrations 
(n=5). 
 

Acute E2 administration in the VMH changes gene expression in WAT 

We next investigated whether the central E2 effect on WAT metabolism could be 
mediated through the VMH. Hormone sensitive lipase (HSL) is an enzyme favoring the 
mobilization of stored fat. Ovariectomized animals with vehicle injection showed 
markedly decreased expression of the Hsl in pWAT (P=0.026) and gWAT (P=0.004) 
compared to sham ovariectomy, while E2 administration in the VMH reversed the 
changes induced by ovariectomy (P=0.016 in pWAT and P=0.048 in gWAT) (Figure 4.4A 
and B). Ovariectomy with or without E2 administration did not change expression of Hsl 
in sWAT (Figure 4.4C). Lipoprotein lipase (LPL) is a key enzyme in regulating TG-rich 
lipoproteins hydrolysis and fatty acid uptake in WAT [36]. Lpl mRNA was not significantly 
different in pWAT and gWAT (Figure 4.4D and 2E), but ovariectomy increased Lpl 
expression in sWAT (P=0.001) (Figure 4.4F). Expression of fatty acid synthase (FAS), an 
enzyme that catalyzes fatty acid synthesis, was not changed in pWAT, gWAT and sWAT 
by ovariectomy or E2 administration (Figure 4.4G-I). 
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Figure 4.3 Effect of subcutaneous (SC) and intracerebroventricular (ICV) E2 administra-
tion on bone metabolism. A, representative overviews of tibia stained with Golner’s 
trichrome. Scale bars represent 1000 μm. B, trabecular bone volume; C, bone for-
mation rate (BFR) in trabecular bone; D and E, mineral apposition rate (MAR) in 
trabecular and cortical bone and F, osteoclast number expressed per bone surface. 
Ovariectomized animals were treated with ICV vehicle (OVX, n=6), SC estradiol (OVX+SC 
E2, n=5) or ICV estradiol (OVX+ICV E2, n=8) for 4 weeks. Histomorphometric analysis 
was performed on 12 fields per section for trabecular bone and 3-4 fields per section 
for cortical bone on one section per specimen. Bars with different letters are signifi-
cantly different, P < 0.05. 
 

Chronic E2 administration in the VMH does not affect body weight and food intake but 
changes body fat distribution in ovariectomized rats 

To investigate the chronic effects of E2 in the VMH on bone and fat metabolism, we 
developed a slow-releasing pellet for local E2 administration. In vitro, the pellets showed 
a continuous release of E2 for at least three weeks resulting in E2 concentrations in the 
medium of ~1 nmol/L (data not shown). As shown in Figure 4.5A, ovariectomized 
animals gained much more body weight in 8 weeks compared to sham operated animals 
(P<0.001 for OVX+VMH Veh and P=0.001 for OVX+VMH E2). Chronic E2 administration in 
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the VMH did not restore this change in body weight. Daily food intake was higher in 
ovariectomized animals in both the vehicle (P=0.003) and E2 administration (P=0.049) 
groups (Figure 4.5B). Ovariectomy increased gWAT (P=0.0006), pWAT (P<0.0001) and 
sWAT (P<0.0001) weight, whereas E2 administration in the VMH reduced pWAT 
(P=0.046) but not gWAT and sWAT weight in ovariectomized animals (Figure 4.5C-E). 

 
Figure 4.4 Effect of ovariectomy and acute E2 administration in the VMH on gene ex-
pression of Hsl (A-C), Lpl (D-F) and Fasn (G-I) in three types of white adipose tissue 
(WAT). Animals received sham ovariectomy (Sham OVX, n=5-7), ovariectomy plus mi-
crodialysis vehicle in the VMH (OVX+VMH MD Veh, n=5-7) or ovariectomy plus 
microdialysis E2 in the VMH (OVX+VMH MD E2, n=5-6). E2 was administered via mi-
crodialysis probes in the VMH for 3 hours. Bars with different letters are significantly 
different, P < 0.05. 
 

Effect of chronic E2 administration in the VMH on energy metabolism 

Animals were housed in the metabolic cages 3 weeks after E2 administration in order to 
determine energy expenditure (EE), respiratory exchange rate (RER) and locomotor 
activity. These parameters were not different between the three groups (Figure 4.6A-C). 
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Figure 4.5 Effect of ovariectomy and chronic E2 administration in the VMH on 
body weight (A), food intake (B) and fat distribution (C-E). Animals received 
sham ovariectomy (Sham OVX, n=8), ovariectomy plus blank pellets placement 
in the VMH (OVX+VMH Veh, n=9) or ovariectomy plus E2-containing pellets 
placement in the VMH (OVX+VMH E2, n=11) for 8 weeks. Bars with different 
letters are significantly different, P < 0.05. 

 
Figure 4.6 Effect of ovariectomy and chronic E2 administration in the VMH on 
energy expenditure (EE) (A), respiratory exchange rate (RER) (B) and locomo-
tor activity (C). Animals received sham ovariectomy (Sham OVX, n=6), 
ovariectomy plus blank pellets placement in the VMH (OVX+VMH Veh, n=9) or 
ovariectomy plus E2-containing pellets placement in the VMH (OVX+VMH E2, 
n=7) were put in the metabolic cages for three days after three weeks pellets 
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increased expression of arginine vasopressin (Avp) in the VMH (P=0.039) (Figure 4.7B), 
but chronic E2 administration did not significantly change Avp mRNA compared to 
vehicle treatment (Figure 4.7B). Ovariectomy or E2 administration did not change 
expression of the kisspeptin receptor (Gpr54) in the VMH (Figure 4.7C). 

To evaluate the effects of central E2 on brown adipose tissue, we examined three 
essential genes involved in BAT activation. Increased peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (Pgc1a) expression is an important indicator for 
mitochondrial biogenesis and adipocyte proliferation during BAT activation [37, 38]. 
Ovariectomy reduced expression of Pgc1a mRNA in BAT (P=0.015) and chronic E2 
administration in the VMH did not change its expression compared to vehicle treatment 
(Figure 4.7D). Dio2 codes the type II iodothyronine deiodinase converting T4 into T3, 
which is essential for uncoupling protein 1 (Ucp1) expression and BAT thermogenesis [39, 
40]. Ovariectomy with or without E2 administration decreased expression of Dio2 in BAT 
compared to sham ovariectomy (P<0.0001 and P=0.0002, respectively) (Figure 4.7E). 
Ucp1 is the key protein in BAT that uncouples substrate oxidation from ATP synthesis to 
heat production [41, 42]. VMH E2 administration did not affect Ucp1 mRNA expression 
in BAT compared to vehicle treated OVX rats (Figure 4.7F). 

In the liver, peroxisome proliferator-activated receptor alpha (Ppara) and Pgc1a play 
a major role in hepatic lipid metabolism via activation of fatty acid catabolism by 
mitochondrial, microsomal, and peroxisomal β-oxidation [43, 44]. E2 administration in 
the VMH did not change Ppara mRNA in liver (Figure 4.7G). Ovariectomy resulted in 
increased Pgc1a expression (P=0.015) and VMH E2 administration did not significant 
change it compared to vehicle group (Figure 4.7H). Fatty acid synthase (Fasn) is critical 
for liver de novo lipogenesis [45, 46]. VMH E2 administration did not affect Fasn mRNA 
expression in liver compared to vehicle treated OVX rats (Figure 4.7I). 

Table 4.2 Femoral bone microarchitecture using micro-CT. 

Parameter Abbreviation 
(unit) 

Sham OVX 
(n=8, mean ± 

SD) 

OVX+VMH 
Veh 

(n=9, mean ± 
SD) 

OVX+ VMH E2 
(n=11, mean ± 

SD) 

Overall bone morphometry 
Femur length (mm) 34.05±0.23 34.05±0.34 34.17±0.35 

Trabecular bone morphometry 
Total volume TV (mm3) 11.39±1.06 10.12±1.50 10.72±1.77 

Trabecular Bone Volume Tb.BV (mm3) 4.563±0.83a 1.711±0.36b 1.809±0.37b 
Trabecular separation Tb.Sp (μm) 126.5±22.73a 257.1±43.53b 255.0±44.52b 
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Figure 4.5 Effect of ovariectomy and chronic E2 administration in the VMH on 
body weight (A), food intake (B) and fat distribution (C-E). Animals received 
sham ovariectomy (Sham OVX, n=8), ovariectomy plus blank pellets placement 
in the VMH (OVX+VMH Veh, n=9) or ovariectomy plus E2-containing pellets 
placement in the VMH (OVX+VMH E2, n=11) for 8 weeks. Bars with different 
letters are significantly different, P < 0.05. 
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increased expression of arginine vasopressin (Avp) in the VMH (P=0.039) (Figure 4.7B), 
but chronic E2 administration did not significantly change Avp mRNA compared to 
vehicle treatment (Figure 4.7B). Ovariectomy or E2 administration did not change 
expression of the kisspeptin receptor (Gpr54) in the VMH (Figure 4.7C). 

To evaluate the effects of central E2 on brown adipose tissue, we examined three 
essential genes involved in BAT activation. Increased peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (Pgc1a) expression is an important indicator for 
mitochondrial biogenesis and adipocyte proliferation during BAT activation [37, 38]. 
Ovariectomy reduced expression of Pgc1a mRNA in BAT (P=0.015) and chronic E2 
administration in the VMH did not change its expression compared to vehicle treatment 
(Figure 4.7D). Dio2 codes the type II iodothyronine deiodinase converting T4 into T3, 
which is essential for uncoupling protein 1 (Ucp1) expression and BAT thermogenesis [39, 
40]. Ovariectomy with or without E2 administration decreased expression of Dio2 in BAT 
compared to sham ovariectomy (P<0.0001 and P=0.0002, respectively) (Figure 4.7E). 
Ucp1 is the key protein in BAT that uncouples substrate oxidation from ATP synthesis to 
heat production [41, 42]. VMH E2 administration did not affect Ucp1 mRNA expression 
in BAT compared to vehicle treated OVX rats (Figure 4.7F). 

In the liver, peroxisome proliferator-activated receptor alpha (Ppara) and Pgc1a play 
a major role in hepatic lipid metabolism via activation of fatty acid catabolism by 
mitochondrial, microsomal, and peroxisomal β-oxidation [43, 44]. E2 administration in 
the VMH did not change Ppara mRNA in liver (Figure 4.7G). Ovariectomy resulted in 
increased Pgc1a expression (P=0.015) and VMH E2 administration did not significant 
change it compared to vehicle group (Figure 4.7H). Fatty acid synthase (Fasn) is critical 
for liver de novo lipogenesis [45, 46]. VMH E2 administration did not affect Fasn mRNA 
expression in liver compared to vehicle treated OVX rats (Figure 4.7I). 

Table 4.2 Femoral bone microarchitecture using micro-CT. 

Parameter Abbreviation 
(unit) 

Sham OVX 
(n=8, mean ± 

SD) 
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Veh 

(n=9, mean ± 
SD) 

OVX+ VMH E2 
(n=11, mean ± 
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Overall bone morphometry 
Femur length (mm) 34.05±0.23 34.05±0.34 34.17±0.35 
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Trabecular patterning 
factor (connectivity) Tb.Pf (mm-1) 0.9051±3.54a 13.96±1.77b 13.61±1.32b 

Structure Model Index 
(0=plate 3=rod) SMI 1.103±0.25a 2.013±0.09b 2.005±0.10b 

Cortical bone morphometry of the midshaft 
Perimeter Pm (mm) 18.19±1.35 17.52±0.48 17.60±0.58 

Total Porosity Percent Po (tot) (%) 36.02±0.97 35.13±1.14 35.16±1.78 
Polar moment of inertia MOI (mm4) 6.645±0.66 6.840±0.56 6.883±0.66 

 

Chronic E2 administration in the VMH does not affect ovariectomy induced bone loss  

Ovariectomy resulted in a remarkable loss of trabecular bone after 8 weeks, but E2 
administration in the VMH did not prevent this bone loss (Figure 4.8A and Table 4.2). 
Ovariectomy decreased trabecular bone volume (Tb.BV/TV) (P<0.0001) and trabecular 
number (Tb.N) (P<0.0001) compared to sham ovariectomy, but E2 administration in the 
VMH did not rescue these changes (Figure 4.8B and D). Ovariectomy or E2 administra-
tion did not affect trabecular thickness (Tb.Th) (Figure 4.8C). No difference was seen in 
cortical volume (Ct.V) among the three groups (Figure 4.8E). Ovariectomy increased 
cortical thickness (Ct.Th) (P=0.009) and endocortical volume (Ec.V) (P=0.010), but E2 
administration in the VMH did not affect these changes (Figure 4.8F and G). 

Discussion 

We determined the long-term effects of central E2 administration via the intracerebro-
ventricular system and in the VMH on fat and bone metabolism in ovariectomized rats. 
The results show that E2 replacement is able to restore part of the ovariectomy induced 
alterations in white adipose tissue and bone metabolism via its actions in the brain. The 
effects of E2 on white adipose tissue, but not on bone, are partly mediated through the 
VMH.  

Previously it has been shown that systemic E2 replacement reverses OVX induced 
obesity [12, 47, 48]. We confirmed this result, as 4-week subcutaneous E2 administration 
significantly decreased body weight with decreased perirenal and gonadal versus 
subcutaneous adiposity. Interestingly, in the past years mounting evidence has been 
provided for both anatomical and functional connections between WAT and the brain 
[49-51]. The leptin-driven lipolysis has been demonstrated to be mediated through the 
CNS via a sympathetic neuro-connection to WAT [24]. Moreover, estrogen is proposed 
to regulate body fat distribution by interacting with leptin signals in the CNS, and 
enhance leptin’s action in sympathetic activation to the visceral fat [12, 52]. In line with 
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this, ICV E2 replacement also decreased body weight and visceral fat, similar to that with 
subcutaneous E2 administration. Although the central E2 effect on body weight was 
smaller than that of subcutaneous E2, the effect on fat distribution was comparable to 
systemic E2 administration. Notably, loss-function of ERα at the central level induced 
increased body weight in female mice primarily by increasing body fat [20]. 

 
Figure 4.7 Gene expression profile in the VMH brain punches (A-C), BAT (D-F) and liv-
er (G-I) after 8 weeks E2 administration in the VMH. Animals received sham 
ovariectomy (Sham OVX, n=8), ovariectomy plus blank pellets placement in the VMH 
(OVX+VMH Veh, n=8-9) or ovariectomy plus E2-containing pellets placement in the 
VMH (OVX+VMH E2, n=10-11) for 8 weeks. Bars with different letters are significantly 
different, P < 0.05. 
 

Retrograde tracing studies from WAT have revealed labeling of neurons in the VMH 
[49, 50], where ERα is abundantly expressed [8, 17, 53]. Selective silencing of ERα in the 
VMH resulted in increased abdominal fat, suggesting that the VMH is responsible for the 
central E2 effect on fat metabolism [20, 54]. In line with this, we found that 3-hour E2 
administration locally in the VMH increased Hsl mRNA expression in gWAT and pWAT. 
HSL mediates the rate-limiting step in triglyceride hydroxylation, an essential step in fat 
mobilization [55]. Increased Hsl expression in WAT indicates increased lipolysis leading 
to decreased fat storage. On the other hand, expression of Lpl, a gene that is implicated 
in lipogenic pathways, was not significantly changed in abdominal fat but increased in 
sWAT by ovariectomy. These data indicate that E2 in the VMH reduces the fat accumula-
tion by increasing lipolytic gene expression in abdominal fat tissues. However, we do not 
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know whether enzyme activities were also different in these fat tissues as previously 
reported [13, 56, 57]. 

 
Figure 4.8 Bone morphometric parameters as determined by micro-CT after 8 
weeks E2 administration in the VMH in ovariectomized rats. A, representative mi-
cro-CT cross-sections showing the trabecular bone pattern; B-D, trabecular bone 
volume fraction (BV/TV), trabecular thickness (Tb.Th) and trabecular number (Tb. 
N). E-G, cortical volume (Ct. V), cortical thickness (Ct. Th) and endocortical volume 
(Ec. V). Animals received sham ovariectomy (Sham OVX, n=8), ovariectomy plus 
blank pellets placement in the VMH (OVX+VMH Veh, n=9) or ovariectomy plus E2-
containing pellets placement in the VMH (OVX+VMH E2, n=11) for 8 weeks. Bars 
with different letters are significantly different, P < 0.05. 
 

To determine whether these acute changes would persist in the chronic setting and 
translate into chronic metabolic changes, we implanted slow-releasing E2-containing 
pellets locally in the VMH. In vitro data showed a continuous E2 release around 10 
pg/day for at least three weeks. The release of E2 in the VMH was further confirmed by a 
complete down-regulation of the OVX-induced upregulation of Kiss1, whose mRNA is 
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negatively regulated by estrogen in the medial basal hypothalamus [58-62]. Chronic E2 
replacement in the VMH did not change body weight and food intake. However, E2 in 
the VMH decreased the amount of perirenal WAT, again indicating a primary modulatory 
effect of E2 in the VMH on body fat distribution. Notably, also mice with ERα knock out 
in SF1 neurons (i.e., mainly in the VMH) only showed transient effects on body weight 
and trends towards increased total fat mass, but a significant increase in gonadal WAT 
[20]. Adipose tissue is innervated by the autonomic nervous system and activation of the 
sympathetic nerves increases Hsl expression and fatty acid mobilization in WAT [24, 63-
67], similar to our observations after acute VMH E2 administration. In addition, an early 
study showed that denervation in retroperitoneal WAT attenuated E2 induced decrease 
in fat pad weight [68], indicating a sympathetic regulation of WAT by E2. Indeed, the 
VMH was reported to mediate the E2 induced sympathetic activation on BAT [19]. 
Therefore, it is tempting to speculate that the lipolytic effect of E2 on WAT from the 
VMH is also mediated by the sympathetic nervous system (SNS). We observed no 
changes in food intake during the 8-week VMH E2 administration. This result is in line 
with previous reports showing that estrogen pellet implantation or estrogen injection in 
the VMH did not affect food intake [13, 14, 69] in ovariectomized rats. Genetic studies 
with ERα deficient mice confirmed these results [20, 54]. Nevertheless, other studies 
showed the interaction of estrogen with neuropeptide Y (NPY) and pro-
opiomelanocortin (POMC) containing neurons, indicating a pivotal role of the arcuate 
nucleus ( ARC) in the anorexic regulation of estrogen [10, 62, 70]. 

In addition to the regulation of energy intake, estrogen also controls energy expendi-
ture. Silencing of ERα in the VMH of rats decreased metabolic rate [54] and mice studies 
with diminished ERα in the VMH showed decreased energy expenditure and locomotor 
activity [20, 21]. In our study, although the changes observed were in the expected 
direction, we did not find any significant differences in energy expenditure and 
locomotor activity after E2 VMH treatment. Ovariectomy did not change Ucp1 mRNA in 
BAT, which has also been reported in a recent study [71]. However, E2 administration 
increased Ucp1 expression compared to sham animals suggesting a potential of 
increased heat production by E2. Consistently, the Lopez group recently showed that 
short-term E2 administration in the VMH increased Ucp1 expression and thermogenic 
program in BAT in the ovariectomized rat [11, 19]. Additionally, in our current study, 
acute E2 administration in the VMH increased expression of Dio2 in BAT (data not 
shown). However, in the chronic experiment with E2 pellets placement in the VMH, E2 
did not restore the decreased Pgc1a and Dio2 gene expression in BAT induced by 
ovariectomy (Figure 4.7D and 5E). It is likely that the effects of VMH E2 administration 
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know whether enzyme activities were also different in these fat tissues as previously 
reported [13, 56, 57]. 

 
Figure 4.8 Bone morphometric parameters as determined by micro-CT after 8 
weeks E2 administration in the VMH in ovariectomized rats. A, representative mi-
cro-CT cross-sections showing the trabecular bone pattern; B-D, trabecular bone 
volume fraction (BV/TV), trabecular thickness (Tb.Th) and trabecular number (Tb. 
N). E-G, cortical volume (Ct. V), cortical thickness (Ct. Th) and endocortical volume 
(Ec. V). Animals received sham ovariectomy (Sham OVX, n=8), ovariectomy plus 
blank pellets placement in the VMH (OVX+VMH Veh, n=9) or ovariectomy plus E2-
containing pellets placement in the VMH (OVX+VMH E2, n=11) for 8 weeks. Bars 
with different letters are significantly different, P < 0.05. 
 

To determine whether these acute changes would persist in the chronic setting and 
translate into chronic metabolic changes, we implanted slow-releasing E2-containing 
pellets locally in the VMH. In vitro data showed a continuous E2 release around 10 
pg/day for at least three weeks. The release of E2 in the VMH was further confirmed by a 
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negatively regulated by estrogen in the medial basal hypothalamus [58-62]. Chronic E2 
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with diminished ERα in the VMH showed decreased energy expenditure and locomotor 
activity [20, 21]. In our study, although the changes observed were in the expected 
direction, we did not find any significant differences in energy expenditure and 
locomotor activity after E2 VMH treatment. Ovariectomy did not change Ucp1 mRNA in 
BAT, which has also been reported in a recent study [71]. However, E2 administration 
increased Ucp1 expression compared to sham animals suggesting a potential of 
increased heat production by E2. Consistently, the Lopez group recently showed that 
short-term E2 administration in the VMH increased Ucp1 expression and thermogenic 
program in BAT in the ovariectomized rat [11, 19]. Additionally, in our current study, 
acute E2 administration in the VMH increased expression of Dio2 in BAT (data not 
shown). However, in the chronic experiment with E2 pellets placement in the VMH, E2 
did not restore the decreased Pgc1a and Dio2 gene expression in BAT induced by 
ovariectomy (Figure 4.7D and 5E). It is likely that the effects of VMH E2 administration 
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on thermogenic gene expression (i.e., Dio2 and Ucp1) in BAT also depend on the 
duration of treatment. Of note, the hypothalamic kisspeptin neurons also participate in 
E2 modulation of energy balance [72, 73]. Studies by others have shown that ablation of 
kisspeptin/neurokinin B/dynorphin (KNDy) neurons blocked the effect of estrogen on 
thermoregulation [73, 74]. Considering that Kiss1 mRNA in the VMH was remarkably 
decreased after chronic E2 treatment, it is possible that some of the actions by E2 might 
be attenuated by feedback regulation via kisspeptin signaling. 

Ovariectomy stimulates bone resorption, which is only partly compensated by in-
creased bone formation, leading to an overall loss of cancellous bone [75-77]. In our 
study, subcutaneous E2 injections, at a dose and frequency that mimics the physiological 
cyclic pattern of estrogen [26], decreased the trabecular bone formation rate in 
ovariectomized rats. There was a trend towards decreased osteoclast number suggesting 
inhibition of bone resorption and a trend towards increased trabecular bone mass. 
These systemic effects of estrogen are consistent with previous studies showing that E2 
replacement reduces bone resorption and bone formation in ovariectomized rats [5, 28, 
78-81]. Moreover, ICV E2, at a dose that did not result in any detectable changes in 
circulating E2, restored bone formation rate to the same level as subcutaneous E2 did. 
Estrogen has long been recognized as a key regulator for bone remodeling, and our 
findings now indicate that part of these regulatory effects are mediated via the CNS. The 
discovery of leptin-driven sympathetic regulation of bone metabolism pointed out a 
neuronal pathway to mediate the hormonal control of bone remodeling [15, 16, 82]. 
Subsequent studies demonstrated that selective ablation of neurons in the VMH blocked 
the leptin-induced bone loss indicating the essential role of the VMH in regulating bone 
metabolism [15]. We tested whether the VMH also mediates the effect of estrogen on 
bone by direct E2 administration in the VMH. However, no changes in cortical and 
trabecular bone structure were found after 8-week E2 administration in the VMH, 
suggesting that the VMH is not involved in the central control of estrogen on bone 
metabolism. This is consistent with a recent study where genetic depletion of Nkx2-1 
neurons in the ventrolateral VMH (VMHVL) did not affect bone mineral density although 
ERα neurons in the VMHVL were greatly reduced [21]. Another recent study in support 
of this notion by Farman et al showed that silencing of ERα in the VMH did not induce 
any bone phenotypes [83]. Both estrogen and leptin have an anorexigenic effect on 
energy metabolism. Nevertheless, leptin signalling via the SNS negatively modulates 
bone mass [15, 16], while E2 positively favours bone accrual. Our ICV data clearly 
indicate the existence of a CNS mechanism involved in the regulation of bone remodel-
ling by E2, but most likely these pathways do not include the VMH. Although it is unclear 
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what is the target in the brain for estrogen regulation on bone metabolism, other 
hypothalamic nuclei, such as the paraventricular nucleus of the hypothalamus (PVN) and 
Arc, may be involved. Estrogen could control bone remodelling via a Gq-coupled 
membrane receptor (Gq-mER), an effect that was proposed to involve its effect on the 
pre-autonomic PVN neurons [84]. In addition, estrogen has close interaction with 
POMC/cocaine- and amphetamine-regulated transcript (CART) neurons in the Arc [85] 
and CART mediates the leptin control of bone resorption [16]. In fact, a recent study 
demonstrated that ERα knockout in Arc (POMC neurons) enhanced the estrogenic 
response on cortical bone mass [83]. 

In conclusion, we have demonstrated that central replacement of estrogen after 
ovariectomy in the rat restores the changes in body weight, fat distribution and bone 
formation rate. The effects of E2 on white adipose tissue, but not bone metabolism, are 
partly mediated through the VMH. 
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response on cortical bone mass [83]. 
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formation rate. The effects of E2 on white adipose tissue, but not bone metabolism, are 
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Abstract 

During cold exposure, energy sources such as glucose and fatty acids are mobilized to 
generate heat, at the same time thyrotropin-releasing hormone (TRH) expression in the 
paraventricular nucleus of hypothalamus (PVN) is increased. TRH effects on glucose 
metabolism and thermoregulation have been studied in many brain regions but not in 
the PVN. However, in addition to TRH neurons, the PVN also contains a dense TRH-
immunoreactive innervation. We investigated the role of TRH release in the PVN in the 
control of energy mobilization. Male Wistar rats exposed to a cold environment (4oC) for 
2-hours showed increased body temperature, locomotor activity and plasma corti-
costerone concentrations, but blood glucose concentrations similar to that of room 
temperature control animals. In line with that, TRH administration in the PVN for 2-
hours, at room temperature, also promptly increased body temperature, locomotor 
activity and plasma corticosterone concentrations. In addition, TRH administration in the 
PVN markedly increased blood glucose concentrations and endogenous glucose 
production (EGP) compared to saline controls. Selective hepatic sympathetic or 
parasympathetic denervation reduced the TRH-induced increase in glucose concentra-
tions and EGP. Gene expression data indicated increased gluconeogenesis in liver and 
lipolysis in brown adipose tissue (BAT), both after 2-hours of cold exposure and TRH 
administration in the PVN. We conclude that TRH administration in the rat PVN largely 
mimics the metabolic and behavioural changes induced by cold exposure indicating a 
probable link between TRH in the PVN and cold defence. 
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Introduction 

An efficient cold defence mechanism requires an accurate coordination of energy 
sources (e.g. glucose and fatty acids) and heat production (e.g. shivering and adaptive 
thermogenesis). The central TRH system is known to be involved in thermoregulation 
and glucose metabolism, two important adaptive systems during cold exposure, through 
both endocrine [1, 2] and neuronal pathways [3, 4]. Indeed, TRH administration, either 
peripherally or centrally, has strong effects on glucose metabolism [5-9] and body 
temperature regulation [10-16]. In addition, animals with TRH deficiency exhibit 
impaired cold tolerance [17-19] and, paradoxically, hyperglycemia [20]. 

Earlier studies have shown that TRH administration in the anterior hypothalamus 
induces hyperthermia [14, 15, 21] and in the lateral hypothalamus results in hypergly-
caemia [7]. These studies indicate an important role for the efferent projections of TRH 
neurons in thermogenesis and glucose metabolism. TRH receptors are also present in 
the PVN [22-24], TRH-immunoreactive axon terminals making synaptic contacts with 
both TRH and non-TRH neurons [22]. The PVN is an important integration centre for the 
neuro-endocrine and autonomic regulation of energy metabolism [25-27]. It is also one 
of the prime and first hypothalamic regions to be infected after pseudorabies virus 
tracing from the liver [28] and BAT [29]. Studies of our own group and others have 
explicitly implicated the PVN in the central control of glucose metabolism [30-32] and 
brown adipose tissue (BAT) thermoregulation [33-37] via the sympathetic nervous 
system (SNS). Intriguingly, in the hypothalamus, early cold exposure increases TRH 
mRNA and peptide expression exclusively in the PVN [38], pointing to a key role for TRH 
in the PVN during cold exposure. 

In view of the above data, we hypothesized that TRH release in the PVN plays a 
critical role in the control of two essential responses during cold adaptation, i.e., glucose 
metabolism and thermoregulation. Therefore, in the present study, we compared the 
effects of cold exposure and TRH administration locally in the PVN on circulating thyroid 
hormone, glucose and corticosterone concentrations, body temperature, locomotor 
activity as well as relevant gene expression in liver and BAT. Our data indicate a central 
role for TRH in the PVN in regulating glucose metabolism and thermogenesis during a 
cold challenge. 
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Materials and methods 

Animals 

Male Wistar rats weighing 300-350g (Harlan Nederland, Horst, Netherlands) were 
housed individually in a 12h-12h light-dark cycle environment (lights on at 07:00), with a 
room temperature of 23±2oC and 60±5% humidity. Chow and water were provided ad 
libitum unless stated otherwise. All procedures were approved by the Animal Care 
Committee of the Royal Netherlands Academy of Arts and Sciences. 

Surgery 

After one week acclimatization in the facility, animals were anesthetized by an intramus-
cular injection of a mixture of ketamine (80 mg/ml), xylazine (8 mg/ml) and atropine (0.1 
mg/ml) (4:2:1, v:v:v) at a dosage of 1 ml/kg body weight. Animals were allowed to 
recover from the surgery for at least one week and until their body weight had reached 
pre-surgery levels. 

Experimental groups 

Experiment-1 - Eighteen animals were used in three experimental conditions. Animals in 
group 1 (n=6) received nano-thermo loggers (Star-Oddi Ltd., Iceland) both subcutane-
ously (Tsc) just above the interscapular brown adipose tissue and intraperitoneally 
attached to the abdominal muscle layer (Tip) for continuous body temperature recording. 
During the experiment, rats were housed in calorimetric cages within an air-conditioned 
chamber (TSE Systems GmbH, Bad Homburg, Germany) at either room temperature 
(23oC) for 3 days with a cold challenge (4oC) for two hours at day 2, or at room tempera-
ture for 3 days continuously. Metabolic parameters, i.e., O2 consumption, respiratory 
exchange rate (RER) and locomotor activity were monitored. Animals were studied in a 
crossover design in both conditions with a one-week interval (i.e., each animal served as 
its own control). Experimental groups 2 (n=5) and 3 (n=7) received an intra-atrial silicone 
cannula implanted through the right jugular vein for blood sampling. During the 
experiment, rats were exposed to either room temperature (23oC; group 2) or cold 
temperature (4oC; group 3) for two hours in a modified fridge where blood sampling was 
possible, without touching the animals, through the jugular vein cannula and a hole in 
the door. 

Experiment-2 - Fifty-eight animals received bilateral microdialysis (MD) probes adjacent 
to the PVN for retrodialysis using a stereotaxic apparatus (anteroposterior: -1.8 mm, 
lateral: +2.0 mm, depth: -7.9 mm, angle of arm: 8o). The U-shape tip of MD probe was 
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1mm long, 0.5mm wide and 0.2 mm thick. Probe placements were checked in 20 μm 
cresyl violet stained brain sections of each animal at the end of the experiment. Animals 
in Experiment-2A (TRH MD, n=18) also received a jugular vein cannula for stable glucose 
isotope infusion and a carotid artery cannula for blood sampling. In Experiment-2B (TRH 
MD, n=20), in addition hepatic sympathectomy (HSX), hepatic parasympahtectomy (HPX) 
or sham surgery was performed as reported previously [39]. Briefly, sympathetic or 
parasympathetic nerve bundles were cut using microsurgical instruments. Any connec-
tive tissue attachments between the hepatic artery and portal vein were also dissected, 
eliminating any possible nerve crossings. Animals with sham denervation surgery, 
received the same manipulation as described above except for cutting the nerve. During 
TRH MD experiments, animals were connected to a metal collar hanging by a counter-
balanced arm on the day before the actual experiment, i.e., the two-hour TRH 
administration. Food was restricted to 20 g overnight, which is only slightly less than the 
average consumption per night (i.e., 24±2 g) for rats with a similar body weight. Two 
hours before the experiment, rats were connected to tubing for blood sampling, tracer 
infusion and TRH administration. In Experiment-2A and 2B, three blood samples were 
taken at -25 min, -20 min and 0 min for basal glucose and corticosterone measurement. 
At time 0 (between 12:00 and 13:45), TRH (40 mM, Sigma-Aldrich, Germany) or Ringer 
was perfused via the MD probes into the PVN at a speed of 3 µl/h for two hours. Blood 
samples were withdrawn every twenty minutes and blood glucose concentrations were 
determined. To assess endogenous glucose production (EGP), [6, 6-2H2] glucose (D2 
glucose) was used as a tracer. Blood samples were taken at -125 min for background 
enrichment, and at -30 min, -25 min and -20 min to determine enrichment during the 
equilibrium state and every 20 min from time 0 to 120 min to determine enrichment 
during the experiment. In Experiment-2C (TRH MD, n=20), animals were only provided 
with subcutaneous nano-thermo loggers and MD probes as described above. TRH or 
Ringer was perfused via MD probes into the PVN for two hours. Locomotor activity was 
monitored by pressure-sensitive baseplates below the home cage [40], with a sample 
rate of once every 6 minutes. No blood samples were taken and the animals were 
decapitated immediately after the two hours of TRH or Ringer administration. 

Blood and plasma analysis  

Blood glucose concentration was determined by a glucose meter (FreestyleTM, Abbott, 
the Netherlands) during the experiment. Plasma [6, 6-2H2] glucose enrichment was 
measured by gas chromatography-mass spectrometry (GCMS) as described previously 
[41]. EGP was calculated by the method of Steele [42]. Plasma corticosterone concentra-
tion was measured with radio-immunoassay kits (MP Biomedicals, Orangeburg, USA). 
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Plasma triiodothyronine (T3) and thyroxine (T4) concentrations were determined using 
an in-house radio-immunoassay as reported before (inter-assay variation T3, 6.2% and 
T4, 7.3%; intra-assay variability T3, 3.6% and T4, 6.6%) [43]. Plasma thyroid-stimulating 
hormone (TSH) was determined by a Chemiluminescent Immunoassay, using the 
Immulite 2000 and a rat specific standard (Siemens, Munich, Germany) with an inter-
assay variation of ±9% and an intra-assay variation of 3-4%. Within the same experiment, 
all samples were measured in one run to prevent inter-assay variation. 

Table 5.1 Primers used in qPCR. 

Gene symbol Forward (5’-3’) Reverse (5’-3’) 
Products 
length 
(bp) 

Glyceraldehyde-3-
phosphate dehydrogen-
ase 

Gapdh TGAACGGGAAGCTCACTG
G 

TCCACCACCCTGTTGCTG
TA 306 

Hypoxanthine guanine 
phosphoribosyl 
transferase 

Hprt GCAGTACAGCCCCAAAAT
GG 

AACAAAGTCTGGCCTGT
ATCCAA 84 

Uncoupling protein 1 Ucp1 AATCAGCTTTGCTTCCCTC
A 

GCTTTGTGCTTGCATTCT
GA 181 

Deiodinase, type 1 Dio1 GAA GTG CAA CGT CTG 
GGA TT 

CTG CCG AAG TTC AAC 
ACC A 59 

Deiodinase, type 2 Dio2 TCCTGGAGCGTTTCTCCTT CATAAGCTACGTTGGCAT
TATTGT 78 

Peroxisome proliferator-
activated receptor alpha Ppara TCACACAATGCAATCCGTT

T 
GGCCTTGACCTTGTTCAT
GT 177 

Peroxisome proliferator-
activated receptor 
gamma 

Pparg CAGGAAAGACAACAGAC
AAATCA 

GGGGGTGATATGTTTGA
ACTTG 95 

Peroxisome proliferator-
activated receptor 
gamma, coactivator 1 
alpha 

Pgc1a CAATGAATGCAGCGGTCT
TA 

GTGTGAGGAGGGTCATC
GTT 195 

Peroxisome proliferator-
activated receptor 
gamma, coactivator 1 
beta 

Pgc1b AAAAGGCCATCGGTGAAG
GT 

AGGAGGGCTCATTGCGT
TTT 231 

Hormone-sensitive 
lipase 1 Hsl CACACAGCATGGATTTAC

GCA 
ACCTGCAAAGACGTTGG
ACAG 124 

Lipoprotein lipase 1 Lpl CAAAACAACCAGGCCTTC
GA 

AGCAATTCCCCGATGTCC
A 140 

Adrenergic receptor, 
beta 3 Adrb3 CTTCCCAGCTAGCCCTGTT CCTTGCTAGATCTCCATG

G 110 

Glucokinase Gck CAAGCTGCACCCGAGCTT TGATTCGATGAAGGTGA
TTTCG 85 
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Glucose-6-phosphatase G6pase CCCATCTGGTTCCACATTC
AA 

GGCGCTGTCCAAAAAGA
ATC 109 

Phosphoenolpyruvate 
carboxykinase 1 Pepck GTGTCCCCCTTGTCTACGA

A 
GGTCGTGCATGATGACC
TT 116 

Glucose Transporter 
Type 4 Glut4 GGGCTGTGAGTGAGTGCT

TTC 
CAGCGAGGCAAGGCTAG
A 150 

Farnasoid X receptor 
(Nr1H4) Fxr CAAGTGACCTCCACGACC

AA 
AAGGAACATGGCCTCGA
CTG 300 

 

RNA isolation and Real Time PCR (qPCR) 

Total RNA from BAT and liver was isolated using Machery-Nagel RNA isolation kit 
(MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany) and RNA yield was determined 
using the DeNovix DS-11 Spectrophotometer (DeNovix, Wilmington, Delaware USA). 
cDNA synthesis was performed with equal RNA input using the Transcriptor First Strand 
cDNA synthesis kit (Roche Molecular Biochemicals, Mannheim, Germany). As a control 
for genomic DNA contamination, we included a cDNA synthesis reaction without reverse 
transcriptase. Quantitative PCR was performed using the LightCycler 480 (Roche 
Molecular Biochemicals) and SensiFASTTM SYBR No-ROX mix (Bioline, GmbH, Germany). 
Disposables used during PCR were from Greiner Bio-one (Alphen aan den Rijn, Nether-
lands). The primers used for qPCR are listed in Table 1. Quantification was performed 
using the LinReg software. PCR efficiency was checked individually and samples with a 
deviation of more than 5% of the mean were excluded from analysis. Values were 
expressed relative to the geometric mean of the reference gene: Gapdh and Hprt. 

Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM). All analyses were 
performed with GraphPad Prism 6.05. Differences between two groups were analyzed 
using an independent two-tailed Student’s t test. The difference between TRH and 
control groups during time-series blood sampling experiments was evaluated by two-
way ANOVA with repeated measurements (ANOVA RM) followed by Sidak post hoc 
analysis. Significance was defined at a level of P<0.05.  
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Products 
length 
(bp) 

Glyceraldehyde-3-
phosphate dehydrogen-
ase 

Gapdh TGAACGGGAAGCTCACTG
G 

TCCACCACCCTGTTGCTG
TA 306 

Hypoxanthine guanine 
phosphoribosyl 
transferase 

Hprt GCAGTACAGCCCCAAAAT
GG 

AACAAAGTCTGGCCTGT
ATCCAA 84 

Uncoupling protein 1 Ucp1 AATCAGCTTTGCTTCCCTC
A 

GCTTTGTGCTTGCATTCT
GA 181 

Deiodinase, type 1 Dio1 GAA GTG CAA CGT CTG 
GGA TT 

CTG CCG AAG TTC AAC 
ACC A 59 

Deiodinase, type 2 Dio2 TCCTGGAGCGTTTCTCCTT CATAAGCTACGTTGGCAT
TATTGT 78 

Peroxisome proliferator-
activated receptor alpha Ppara TCACACAATGCAATCCGTT

T 
GGCCTTGACCTTGTTCAT
GT 177 

Peroxisome proliferator-
activated receptor 
gamma 

Pparg CAGGAAAGACAACAGAC
AAATCA 

GGGGGTGATATGTTTGA
ACTTG 95 

Peroxisome proliferator-
activated receptor 
gamma, coactivator 1 
alpha 

Pgc1a CAATGAATGCAGCGGTCT
TA 

GTGTGAGGAGGGTCATC
GTT 195 

Peroxisome proliferator-
activated receptor 
gamma, coactivator 1 
beta 

Pgc1b AAAAGGCCATCGGTGAAG
GT 

AGGAGGGCTCATTGCGT
TTT 231 

Hormone-sensitive 
lipase 1 Hsl CACACAGCATGGATTTAC

GCA 
ACCTGCAAAGACGTTGG
ACAG 124 

Lipoprotein lipase 1 Lpl CAAAACAACCAGGCCTTC
GA 

AGCAATTCCCCGATGTCC
A 140 

Adrenergic receptor, 
beta 3 Adrb3 CTTCCCAGCTAGCCCTGTT CCTTGCTAGATCTCCATG

G 110 

Glucokinase Gck CAAGCTGCACCCGAGCTT TGATTCGATGAAGGTGA
TTTCG 85 
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Glucose-6-phosphatase G6pase CCCATCTGGTTCCACATTC
AA 

GGCGCTGTCCAAAAAGA
ATC 109 

Phosphoenolpyruvate 
carboxykinase 1 Pepck GTGTCCCCCTTGTCTACGA

A 
GGTCGTGCATGATGACC
TT 116 

Glucose Transporter 
Type 4 Glut4 GGGCTGTGAGTGAGTGCT

TTC 
CAGCGAGGCAAGGCTAG
A 150 

Farnasoid X receptor 
(Nr1H4) Fxr CAAGTGACCTCCACGACC

AA 
AAGGAACATGGCCTCGA
CTG 300 

 

RNA isolation and Real Time PCR (qPCR) 

Total RNA from BAT and liver was isolated using Machery-Nagel RNA isolation kit 
(MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany) and RNA yield was determined 
using the DeNovix DS-11 Spectrophotometer (DeNovix, Wilmington, Delaware USA). 
cDNA synthesis was performed with equal RNA input using the Transcriptor First Strand 
cDNA synthesis kit (Roche Molecular Biochemicals, Mannheim, Germany). As a control 
for genomic DNA contamination, we included a cDNA synthesis reaction without reverse 
transcriptase. Quantitative PCR was performed using the LightCycler 480 (Roche 
Molecular Biochemicals) and SensiFASTTM SYBR No-ROX mix (Bioline, GmbH, Germany). 
Disposables used during PCR were from Greiner Bio-one (Alphen aan den Rijn, Nether-
lands). The primers used for qPCR are listed in Table 1. Quantification was performed 
using the LinReg software. PCR efficiency was checked individually and samples with a 
deviation of more than 5% of the mean were excluded from analysis. Values were 
expressed relative to the geometric mean of the reference gene: Gapdh and Hprt. 

Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM). All analyses were 
performed with GraphPad Prism 6.05. Differences between two groups were analyzed 
using an independent two-tailed Student’s t test. The difference between TRH and 
control groups during time-series blood sampling experiments was evaluated by two-
way ANOVA with repeated measurements (ANOVA RM) followed by Sidak post hoc 
analysis. Significance was defined at a level of P<0.05.  
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Results 

Cold exposure increases plasma thyroid hormones, TSH and corticosterone concentra-
tions 

Plasma T3 and T4 concentrations were significantly increased 30 minutes after cold 
exposure (Treatment, F (1, 4) = 27.44, P=0.006; Time*Treatment, F (3, 12) = 8.264, P=0.003 
and Treatment, F (1, 4) = 9.531, P=0.037; Time*Treatment, F (3, 12) = 5.412, P=0.014) (Figure 
1A and B). The increases of T3 and T4 continued until the end of the experiment. Plasma 
TSH was also markedly increased during cold exposure with a peak value about 60 
minutes after the start of the cold exposure (Treatment, F (1, 4) = 38.63, P=0.003; 
Time*Treatment, F (3, 12) = 16.37, P<0.001) (Figure 1C), as were plasma corticosterone 
concentrations (Treatment, F (1, 9) = 10.35, P=0.015; Time*Treatment, F (4, 36) = 3.084, 
P=0.028) (Figure 1D). 

 
Figure 5.1 Effects of cold exposure on plasma thyroid hormones and corticosterone 
concentrations. T3 (A), T4 (B), TSH (C) and corticosterone (D) concentrations were de-
termined at 0 min, 30 min, 60 min and 120 min after starting the cold exposure. Data 
are shown as the absolute increase (delta) compared to the basal samples before 
treatments. Basal values are shown in Table 2. N= 5-7 per group. Stars indicate signifi-
cant differences between groups at individual time points. Post-hoc * P<0.05, ** 
P<0.01, *** P<0.001. 
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Figure 5.2 Effects of cold exposure on body temperature, metabolic parameters meas-
ured in calorimetric cages and blood glucose concentrations. A: Subcutaneous body 
temperature (Tsc), B: Intraperitoneal body temperature (Tip), C: O2 consumption D: 
Respiratory exchange rate (RER), E: Locomotor activity. F: Glucose concentrations. N= 
5-7 per group. Stars indicate significant differences between groups at individual time 
points. Post-hoc * P<0.05, ** P<0.01, *** P<0.001. 

 

Cold exposure increases body temperature, energy expenditure and locomotor activity, 
but does not affect blood glucose  

When exposed to a cold environment, both subcutaneous (Tsc) and core (Tip) body 
temperature were increased within the first hour (Tsc: Treatment, F (1, 5) = 10.97, P=0.021; 

0 20 40 60 80 100 120
35

36

37

38

39

Time (min)

T s
c (
C

) *

0 20 40 60 80 100 120
35

36

37

38

39

Time (min)

T
ip

 (
C

) ** *** *** * *

Cold
Control

0 20 40 60 80 100 120
0

1000

2000

3000

4000

Time (min)

VO
2 (

m
l/h

/k
g) *** *** *** ***

*** *** ***
***

A B

C

0 20 40 60 80 100 120
0.7

0.8

0.9

1.0

1.1

Time (min)

RE
R

** ** ** ** ** ****

0 20 40 60 80 100 120
0

500

1000

1500

2000

Time (min)

B
ea

m
 b

re
ak

s

** **
**

**

***

*

D

E

0 20 40 60 80 100 120
5

6

7

8

9

Time (min)

G
lu

co
se

 (m
m

ol
/l)

F



5

Chapter 5 

98 

Results 
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Time*Treatment, F (8, 40) = 1.733, P=0.121; Tip: Treatment, F (1, 5) = 10.95, P=0.021; 
Time*Treatment, F (8, 40) = 3.000, P=0.010) (Figure 2A and B). Tip was increased earlier 
(i.e., 20 min after the onset of cold exposure) and for a longer period (up to 80 minutes) 
than Tsc, but both normalized within two hours (Figure 2A and B), i.e., when still exposed 
to cold. Energy expenditure as measured by O2 consumption was significantly increased 
in the cold treatment group (Treatment, F (1, 5) = 61.92, P<0.001; Time*Treatment, F (8, 40) 
= 11.92, P<0.0001) (Figure 2C), as was locomotor activity (Treatment, F (1, 5) = 11.89, 
P=0.018; Time*Treatment, F (8, 40) = 3.339, P=0.005) (Figure 2E). The RER in the cold 
exposed group slowly decreased during the first hour of cold exposure and stabilized at 
this lower value during the second hour of cold exposure (Treatment, F (1, 5) = 4.414, 
P=0.090; Time*Treatment, F (8, 40) = 3.124, P=0.008) (Figure 2D). Blood glucose concen-
trations remained stable throughout the two-hour exposure to a cold environment 
(Treatment, F (1, 10) = 2.026, P=0.185; Time*Treatment, F (4, 40) = 1.099, P=0.370) (Figure 
2F). 

Retrodialysis of TRH in the PVN increases TSH and corticosterone concentrations, and 
increases plasma thyroid hormones after two hours 

During the two-hour period of TRH MD in the PVN, plasma T3 and T4 concentrations did 
not change (Figure 3A and C) (Treatment, F (1, 6) = 0.2682, P=0.62; Time*Treatment, F (3, 18) 
= 0.7414, P=0.54 and Treatment, F (1, 6) = 4.573, P=0.08; Time*Treatment, F (3, 18) = 1.932, 
P=0.16), although at the final time point (t=120 min) plasma T4 was significantly higher 
in the TRH group as compared to the control group (P=0.022). TSH concentrations in 
plasma were significantly increased from t=20 min onwards (Treatment, F (1, 6) = 12.77, 
P=0.013; Time*Treatment, F (3, 18) = 9.016, P<0.001) (Figure 3E). In Experiment-2C, 
plasma T3, T4 and TSH concentrations at sacrifice, i.e., two hours after the start of the 
TRH administration, were significantly increased (Figure 3B, D and F). Plasma corti-
costerone concentrations also increased after TRH administration, reaching peak levels 
after 80 min (Treatment, F (1, 9) = 33.11, P<0.001; Time*Treatment, F (8, 72) = 7.025, 
P<0.0001) (Figure 3G). 
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Figure 5.3 Plasma thyroid hormones and corticosterone concentrations during and 
after TRH administration in the PVN. Plasma T3 (A), T4 (C), TSH (E) and corti-
costerone (G) concentrations at different time points during TRH administration. 
Data are shown as the absolute increase (delta) compared to the basal samples be-
fore treatments. N=2-6 per group. Basal values are shown in Table 2. Plasma T3 (B), 
T4 (D) and TSH (F) concentrations at sacrifice after two-hours of TRH administration 
in the PVN. N=8-10 per group. Stars in A, C and E indicate significant difference be-
tween groups at individual time points. Stars in B, D and F indicate t-test 
significance between treatments. Post-hoc *, P<0.05; **, P<0.01; ***, P<0.001 
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Figure 5.4 Effects of TRH administration in the PVN on subcutaneous body temperature 
and locomotor activity. A: Daily rhythms in body temperature before and during the 
experiment. Grey areas without pattern indicate the active phase (i.e., 12-h dark peri-
od). The two striped bars marked by arrows indicate the times that the animals were 
connected to respectively the chain and tubing. The dark grey stippled bar indicates the 
2-h period with TRH or vehicle administration. B: Zoomed in figure from A showing 
body temperature changes two hours before and during the 2-h TRH or vehicle admin-
istration. C: Locomotor activity two hours before and during the 2-h infusion 
experiment. Shadows along the line denote the standard error. N=8-10 per group. Two-
way ANOVA was performed from t=0 till t=120min. Stars indicate the overall signifi-
cance of the Treatment effect. ** P<0.01. 
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period (Figure 4B). Along with increased body temperature, locomotor activity was also 
significantly increased in the TRH group compared to the pretreatment period (F (1, 16) = 
18.90, P<0.001) (Figure 4C). Body temperature and locomotor activity were not affected 
in the Ringer perfused control group (Figure 4B and C). 

 
Figure 5.5 Effects of TRH administration in the PVN and hepatic sympathectomy (HSX) 
or parasympathectomy (HPX) on blood glucose concentrations and EGP. A and C: Blood 
glucose concentrations. B and D: Endogenous glucose production (EGP). Data are 
shown as the absolute increase (delta) compared to the basal samples before treat-
ments. Basal values are shown in Table 2. N=5-10 per group. * indicates significant 
difference between Sham TRH MD and HSX TRH MD groups at individual time points. # 
indicates significant difference between Sham TRH MD and HPX TRH MD groups at in-
dividual time points. Post hoc *, # P<0.05, ** P<0.01, ***, ### P<0.001. 
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connected to respectively the chain and tubing. The dark grey stippled bar indicates the 
2-h period with TRH or vehicle administration. B: Zoomed in figure from A showing 
body temperature changes two hours before and during the 2-h TRH or vehicle admin-
istration. C: Locomotor activity two hours before and during the 2-h infusion 
experiment. Shadows along the line denote the standard error. N=8-10 per group. Two-
way ANOVA was performed from t=0 till t=120min. Stars indicate the overall signifi-
cance of the Treatment effect. ** P<0.01. 
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period (Figure 4B). Along with increased body temperature, locomotor activity was also 
significantly increased in the TRH group compared to the pretreatment period (F (1, 16) = 
18.90, P<0.001) (Figure 4C). Body temperature and locomotor activity were not affected 
in the Ringer perfused control group (Figure 4B and C). 

 
Figure 5.5 Effects of TRH administration in the PVN and hepatic sympathectomy (HSX) 
or parasympathectomy (HPX) on blood glucose concentrations and EGP. A and C: Blood 
glucose concentrations. B and D: Endogenous glucose production (EGP). Data are 
shown as the absolute increase (delta) compared to the basal samples before treat-
ments. Basal values are shown in Table 2. N=5-10 per group. * indicates significant 
difference between Sham TRH MD and HSX TRH MD groups at individual time points. # 
indicates significant difference between Sham TRH MD and HPX TRH MD groups at in-
dividual time points. Post hoc *, # P<0.05, ** P<0.01, ***, ### P<0.001. 
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ed rats. TRH administration significantly increased blood glucose concentrations in 
sham-operated animals compared to base line (P<0.0001). HSX greatly reduced this 
effect (55.2% decrease compared to sham), but did not completely abolish the TRH-
induced increase of glucose (Treatment, F (1, 17) = 12.10, P=0.003; Time*Treatment, F (8, 

136) = 6.330, P<0.0001) (Figure 5C). HPX also attenuated the TRH-induced hyperglycemia 
(47.6% decrease compared to sham) (Treatment, F (1, 12) = 5.485, P=0.037; 
Time*Treatment, F (8, 96) = 2.669, P=0.011) (Figure 5C). In addition, both HSX and HPX 
significantly decreased the TRH induced increase in EGP (36.5% and 45.1% decrease 
compared to sham, respectively) (Treatment, F (1, 15) = 8.174, P=0.012; Time*Treatment, 
F (8, 120) = 5.315, P<0.0001 for HSX vs. Sham and Treatment, F (1, 12) = 12.16, P=0.005; 
Time*Treatment, F (8, 96) = 7.518, P<0.0001 for HPX vs. Sham) (Figure 5D). 

Both cold exposure and retrodialysis of TRH in the PVN increase gluconeogenesis and 
lipolysis gene expression in liver and BAT, respectively 

In order to understand the mechanism behind the glucose metabolism and thermogene-
sis during cold exposure and TRH administration, we analyzed the expression profile of a 
number of genes that are involved in glucose metabolism and heat production, in liver 
and BAT, respectively. In the liver (Figure 6A and C), Pgc1a mRNA expression was not 
changed by cold exposure, but tended to increase (t (10.1)=-2.049, P=0.067) after TRH 
administration. Expression of Pgc1b was significantly increased in both the cold and TRH 
treatment group. Pparg gene expression was decreased in response to TRH treatment, 
but not cold exposure. Gene expression of Pepck, a key enzyme in controlling gluconeo-
genesis, was greatly increased in both the cold and TRH group. Glucose-6-phosphatase 
(G6pase), the enzyme that hydrolyzes glucose-6-phosphate into free glucose, showed a 
trend towards increased expression after both cold exposure (t (12)=-2.079, P=0.060) and 
TRH administration (t (17)=-1.826, P=0.086). Farnasoid X receptor (Fxr) expression was 
markedly decreased by TRH, but not cold treatment. Expression of the T3 responsive 
gene type 1 deiodinase (Dio1) did not change after either cold exposure or TRH 
administration. 

In BAT (see Figures 6B and D), gene expression of the transcriptional factor Pgc1a 
was upregulated both by cold and TRH treatment compared to their controls. Expression 
of Pparg was increased by TRH administration, but unchanged during cold exposure. As 
to glucose metabolism, glucose transporter 4 (Glut4) showed a trend towards an 
increase (t (9.9)=-2.090, P= 0.06) and glucokinase (Gck) mRNA was significantly increased 
after TRH treatment, but both were unchanged after cold exposure. For lipid metabolism 
in BAT, lipoprotein lipase 1 (Lpl) and hormone-sensitive lipase (Hsl), two enzymes 
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involved in triglyceride uptake and hydrolysis, were significantly increased in the TRH 
group. Cold exposure induced a significant increase in Lpl but not Hsl expression. Type 2 
deiodinase (Dio2), an essential enzyme converting T4 into T3, was markedly increased 
(5-fold) by both cold and TRH treatment. Gene expression of uncoupling protein (Ucp1) 
did not change by either cold or TRH treatment. Expression of the beta-adrenergic 
receptor Adrb3 did not differ significantly in either the cold or TRH group compared to 
their controls. Heat shock protein (Hsp90) was significantly increased by both cold and 
TRH treatment. 

 
Figure 5.6 Gene expression changes in liver (A and C) and BAT (B and D) after cold ex-
posure (A and B) and TRH administration in the PVN (C and D). Gene expressions are 
relative to the geometric mean of two reference genes (Gapdh and Hprt) and normal-
ized to the corresponding controls. N=6-10 per group. *, P<0.05; **, P<0.01; ***, 
P<0.001. 
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ed rats. TRH administration significantly increased blood glucose concentrations in 
sham-operated animals compared to base line (P<0.0001). HSX greatly reduced this 
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Time*Treatment, F (8, 96) = 7.518, P<0.0001 for HPX vs. Sham) (Figure 5D). 
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In order to understand the mechanism behind the glucose metabolism and thermogene-
sis during cold exposure and TRH administration, we analyzed the expression profile of a 
number of genes that are involved in glucose metabolism and heat production, in liver 
and BAT, respectively. In the liver (Figure 6A and C), Pgc1a mRNA expression was not 
changed by cold exposure, but tended to increase (t (10.1)=-2.049, P=0.067) after TRH 
administration. Expression of Pgc1b was significantly increased in both the cold and TRH 
treatment group. Pparg gene expression was decreased in response to TRH treatment, 
but not cold exposure. Gene expression of Pepck, a key enzyme in controlling gluconeo-
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trend towards increased expression after both cold exposure (t (12)=-2.079, P=0.060) and 
TRH administration (t (17)=-1.826, P=0.086). Farnasoid X receptor (Fxr) expression was 
markedly decreased by TRH, but not cold treatment. Expression of the T3 responsive 
gene type 1 deiodinase (Dio1) did not change after either cold exposure or TRH 
administration. 

In BAT (see Figures 6B and D), gene expression of the transcriptional factor Pgc1a 
was upregulated both by cold and TRH treatment compared to their controls. Expression 
of Pparg was increased by TRH administration, but unchanged during cold exposure. As 
to glucose metabolism, glucose transporter 4 (Glut4) showed a trend towards an 
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after TRH treatment, but both were unchanged after cold exposure. For lipid metabolism 
in BAT, lipoprotein lipase 1 (Lpl) and hormone-sensitive lipase (Hsl), two enzymes 

PVN TRH and cold 

105 

involved in triglyceride uptake and hydrolysis, were significantly increased in the TRH 
group. Cold exposure induced a significant increase in Lpl but not Hsl expression. Type 2 
deiodinase (Dio2), an essential enzyme converting T4 into T3, was markedly increased 
(5-fold) by both cold and TRH treatment. Gene expression of uncoupling protein (Ucp1) 
did not change by either cold or TRH treatment. Expression of the beta-adrenergic 
receptor Adrb3 did not differ significantly in either the cold or TRH group compared to 
their controls. Heat shock protein (Hsp90) was significantly increased by both cold and 
TRH treatment. 
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t(df) t(8)=0.776 t(4.3)=1.073 t(8)=5.176 t(3)=0.977   
P value 0.460 0.339 0.003 0.400   

Figure 3 

Control 0.83±0.10 65.00±6.00 0.48±0.12 40.38±15.49   
TRH 1.21±0.19 71.17±2.89 1.11±0.29 37.79±21.53   
t(df) t(6)=1.067 t(6)=1.030 t(6)=1.162 t(9)=0.289   

P value 0.327 0.343 0.289 0.779   

Figure 5A, 
B 

Control     5.8±0.16 47.9±3.12 
TRH     5.8 ±0.07 57.0±5.30 

t(df)     t(9)=0.23
0 t(9)=1.537 

P value     0.823 0.159 

Figure 5C, 
D 

SHAM     5.6±0.13 44.8±2.36 
HSX     5.6 ±0.10 52.9±2.94 
HPX     5.8 ±0.18 48.3 ±4.70 

F(dfn,dfd)     F (2, 21) 
= 1.304 

F (2, 20) = 
1.761 

P value     0.292 0.198 
 

Discussion 

Both cold exposure and TRH administration locally in the PVN rapidly, i.e., within 30 
minutes, increased body temperature, locomotor activity, glucose production, plasma 
TSH and corticosterone concentrations. Molecular changes in liver and BAT were in line 
with these physiological data by showing increased expression of genes involved in 
gluconeogenesis and thermogenesis, respectively, again after both cold exposure and 
TRH administration. The TRH-induced increase in glucose production was partly 
mediated by the autonomic nervous system (ANS). The potent activation of TRH neurons 
in the hypothalamus during cold exposure is well known [1, 38, 44]. Our current results 
show that the PVN is one of the target areas needed to effectuate the changes induced 
by the increased hypothalamic expression of TRH. Future experiments should indicate 
which TRH neurons are responsible for this increased release in the PVN and whether 
within the PVN TRH and/or non-TRH neurons are mediating these effects. We conclude 
that the increased release of TRH in the PVN activates a neural mechanism that induces 
metabolic and behavioral changes in line with a key role in the cold-defensive response. 

Plasma glucose homeostasis is maintained by balancing glucose uptake and glucose 
production, with the liver as the major glucose-producing organ [45, 46]. Despite 
increased liver gluconeogenesis, as suggested by the enhanced gene expression of Pepck, 
G6pase and Pgc1b, blood glucose concentrations did not change during the two-hour 
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cold exposure. Likely the increased glucose produced was utilized by heat-producing 
organs such as BAT and muscle, as several studies have shown that cold exposure 
induces increased glucose uptake and carbohydrate oxidation in muscle and BAT [47-49]. 
Interestingly, TRH administration locally in the PVN also upregulated gene expression in 
the gluconeogenic pathway in liver, e.g. Pepck, G6pase and Pgc1 family (Figure 6C) and 
indeed at the same time increased EGP [45, 50, 51]. However, in contrast to cold 
exposure, central TRH administration also resulted in a pronounced increase of plasma 
glucose concentrations, probably because these animals were not exposed to cold. The 
increased glucose production is consistent with the previously reported central 
hyperglycemic effect of TRH [5, 52], but difficult to reconcile with hyperglycemia 
reported in TRH deficient mice [20]. The autonomic control of liver glucose metabolism 
by the PVN has been well recognized [32, 53]. Consistently, both HSX and HPX signifi-
cantly blocked the TRH-induced increase in plasma glucose. This HSX/HPX induced 
reduction of the TRH-induced hyperglycemia is probably due to a blockage of glucose 
production in liver, as both HSX and HPX also attenuated the TRH-induced increase in 
EGP. The neural mechanism of this effect is further stressed by the fact that although 
MD TRH increased plasma corticosterone concentrations, a well-known stimulator of 
hepatic glucose production [54], HSX/HPX reduced the TRH-induced EGP increases 
despite an intact corticosterone response (data not shown). Notably, HSX and HPX each 
only blocked approximately half of the TRH-induced EGP and plasma glucose increase; 
indicating that most likely a total denervation is needed for a complete blocking effect. 

Animals in a cold environment reduce their heat loss and enhance their metabolic 
rate in order to maintain thermal homeostasis [55, 56]. In line with this, we observed an 
accelerated metabolic rate as reflected by the increased O2 consumption during cold 
exposure and a resultant transient increase in body temperature. Cold exposure also led 
to increased locomotor activity, which may contribute to an increase in body tempera-
ture. These effects might be mediated by TRH as suggested by our current results and 
those of previous studies [57-60] [10] [14]. In fact, TRH administration in the PVN 
increased body temperature in a rather prompt and sustained way. At the molecular 
level, TRH administration in the PVN stimulated the expression of genes facilitating 
energy utilization and metabolic activity in BAT, very much similar to the changes 
induced by cold exposure. Elevated expression of Lpl and Glut4 mRNA in BAT suggests 
increased fatty acid and glucose uptake and the increased expression of Hsl, an 
important enzyme for triglyceride hydrolysis, will result in an increased availability of 
free fatty acids for energy production. Taken together, the transcriptional changes show 
that both cold exposure and TRH administration in the PVN stimulate fuel recruitment 
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and mobilization (e.g., lipids and glucose) in BAT, an essential preparation for BAT 
thermogenesis [47, 61, 62]. Other changes in BAT in response to cold are mitochondrial 
biogenesis and adipocyte proliferation, which at the molecular level are revealed by an 
increased expression of transcription factors such as Pgc1a and Pparg [63-65]. TRH 
administration in the PVN indeed also significantly increased Pgc1a and Pparg mRNA, 
suggesting a boost of BAT activation. Additionally, the remarkable increase of Dio2 
mRNA by both cold and TRH treatment, indicating an increase of local T3 production, 
provides another important step towards increased BAT thermogenesis [66, 67]. 
Surprisingly, expression of Ucp1, the key protein in BAT that uncouples substrate 
oxidation from ATP synthesis to heat production, did not change under either cold or 
TRH treatment. Of note, an increased BAT adrenergic responsiveness could serve as a 
pre-UCP1 step enhancing BAT thermogenesis [68]. It is possible that cold exposure or 
TRH administration increased adrenergic responsiveness, so that BAT heat production 
was elevated without changing UCP1. An earlier study by Lin showed that hyperthermia 
after an intrahypothalamic TRH injection in rats was due to both increased heat 
production and cutaneous vasoconstriction [69]. It is likely that a decreased heat loss 
also contributed to the increased temperature observed in our results.  

TRH administration in the PVN increased plasma TSH concentrations shortly after the 
start of the perfusion. TSH has been suggested to have a thermogenic effect and can 
increase Ucp1 expression in rat brown adipocytes [70, 71]. At present, we cannot 
exclude that in addition to the neural effects of TRH, plasma TSH has a direct effect on 
glucose metabolism and thermoregulation, although Ucp1 expression in BAT was not 
upregulated. One may argue that the increased concentrations of plasma thyroid 
hormones caused the effects observed during TRH administration. However, we believe 
that the effects of thyroid hormone in the TRH MD experiment, if any, were subtle. First, 
the changes in TH levels occurred only at the end of the 2-hour TRH perfusion, i.e., long 
after the onset of the effects on glucose, corticosterone, locomotion and body tempera-
ture. Secondly, TRH induced hyperthermia cannot be mimicked by thyroid hormone 
administration alone as shown by previous studies [59]. Thirdly, expression of Dio1, a T3 
sensitive gene in the liver, was not changed. 

In addition to its hypophysiotrophic function, a separate population of TRH neurons 
in the PVN sends extensive projections to the brainstem and spinal cord to control 
autonomic responses, as well as to other brain areas important for glucose metabolism 
and thermoregulation [3, 72]. Several early studies demonstrated that the preoptic area 
of the anterior hypothalamus (POA), which is particularly known for its involvement in 
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thermoregulation, played a key role in the TRH effects on thermoregulation [12, 16, 73]. 
However, although a number of other studies showed that also other hypothalamic 
areas might be involved in the thermoregulatory effects of TRH [14, 15], the role of the 
PVN has never been investigated. On the other hand, the PVN has been implicated in 
both stimulatory [33, 36, 37] and inhibitory effects on thermoregulation [34, 35, 74, 75] 
by different neurotransmitters. Moreover, TRH receptors and TRH terminals are found 
on PVN neurons [22, 23], indicating an anatomical basis for TRH signaling within the PVN 
neural circuit. Interestingly, a recent study by Song et al showed that a group of preoptic 
Vglut2+ neurons inhibited thermogenesis by exciting CRH but not TRH neurons in the 
PVN [76]. Therefore, together the study of Song et al. [76] and our current results 
suggest a differential control of thermoregulation by distinct neuronal populations in the 
PVN[76], i.e., CRH neurons inhibiting and TRH neurons stimulating thermogenesis. 
However, whether the TRH released in the PVN is derived from TRH neurons within the 
PVN or extra PVN areas cannot be deduced from the current experiments. Similarly, it is 
not clear whether the ultimate effects are mediated through TRH-containing or non-TRH 
PVN neurons [23]. 

In conclusion, our study demonstrates that TRH administration in the PVN induces 
metabolic and behavioral changes mimicking those during cold exposure, which places 
the PVN in the center of the cold defense mechanism. 
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Abstract 

Brown adipose tissue (BAT) activity in humans is stimulated by cold and by a limited 
number of pharmacological agents including β3-adrenergic agonists and bile acids. 
Although thyrotropin releasing hormone (TRH) is known to activate BAT in several 
mammals, this has not been reported in humans. 

In this randomized, placebo-controlled, cross-over trial, we investigated the effects of 
intravenous administration of TRH or saline on BAT activity in 15 healthy, lean men. 
Activity was measured as 18F-fluorodeoxyglucose (18F-FDG) uptake using positron 
emission tomography (PET)/computed tomography (CT). Six men studied at room 
temperature showed no BAT activity during either session. After exposure to mild cold 
(17 °C ± 1°C) for 60 minutes prior to assessment, four out of nine men (44.4%) showed a 
clear increase of 18F-FDG uptake after TRH administration compared to placebo. The 
increase in 18F-FDG uptake was not paralleled by changes in plasma thyroid hormone 
concentrations. In conclusion, systemic TRH administration can increase BAT 18F-FDG 
uptake in cold-exposed men. Future studies on the mechanism of this effect may help 
identifying future therapeutic targets for the management of metabolic diseases. 
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Introduction 

Brown adipose tissue (BAT), a classic site of adaptive non-shivering thermogenesis in 
mammals, was only recently found to be present in adult humans [1-5]. Thermogenesis 
in BAT increases during cold-exposure and during food ingestion in order to preserve 
thermal and caloric homeostasis, respectively [6]. BAT cells are characterized by large 
numbers of mitochondria that contain the BAT-specific transport protein, uncoupling 
protein 1 (UCP1). Fatty acids derived by lipolysis are a key substrate for activated BAT, 
providing most of the energy to be converted to heat by UCP1 mediated mitochondrial 
uncoupling [7]. It was estimated that continuous activation of both supraclavicular BAT 
depots may burn an amount of energy equivalent to several kilograms of adipose tissue 
over the course of a year [2]. In view of their promising metabolic potential, pharmaco-
logical BAT activators are a research topic of high interest. In addition to cold-exposure, 
only β3-adrenergic receptor agonists and bile acids have been shown to be able to 
increase BAT activity in humans to date [8-10]. 

While BAT is primarily stimulated by the sympathetic nervous system via release of 
norepinephrine (NE), for optimal and sustained activation, BAT requires a complex local 
interaction between NE- and the biologically active thyroid hormone triiodothyronine 
(T3) [11]. The sympathetic innervation of BAT originates in the hypothalamus, and recent 
studies showed that intrahypothalamic T3 activates the sympathetic outflow to BAT in 
rats, resulting in increased thermogenesis [12]. Cold exposure activates cold-sensitive 
neurons in hypothalamic and hindbrain nuclei known to express thyrotropin-releasing 
hormone (TRH) [13], which in turn activate neurons in the spinal cord that directly 
project to BAT [14]. Within the paraventricular nucleus (PVN) of the hypothalamus, 
hypophysiotropic TRH neurons are involved in the regulation of the hypothalamus-
pituitary-thyroid (HPT) axis. Both hypophysiotropic and non-hypophysiotropic TRH 
neurons are activated by cold [13, 15, 16]. Thus, hypothalamic TRH may have a dual role 
in temperature regulation, i.e., both via regulation of the sympathetic outflow to BAT 
and via stimulation of plasma thyroid hormone concentrations which in turn modulate 
BAT activity. Indeed, TRH knockout mice show cold intolerance [17]. Interestingly, 
central and peripheral administration of TRH was found to increase BAT thermogenesis 
in several mammals [18-20]. Whether peripheral administration of TRH has similar 
effects in humans has not been reported to our knowledge. In the present study, we 
examined the effects of peripheral TRH administration on the activity of BAT in healthy 
male volunteers. 
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male volunteers. 
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Experimental procedures 

Sample Size Calculation 

Our hypothesis was that BAT activity was significantly increased after administration of 
TRH. BAT activity was considered a continuous variable, and was considered to be 
present when 18F-FDG uptake reached a SUVmax of 2.0 [21]. According to previous 
research, a standard deviation of differences of 1.5 was chosen. Assuming α=5% in a 
two-sided outcome, 10 subjects needed to be included to obtain a power op 90% to 
detect a 2.0 difference between two groups. Assuming that 80% of the normal popula-
tion has detectable BAT [21], and to allow for unexpected findings, we included 15 
individuals in the study. 

Subjects 

Fifteen healthy, male volunteers were recruited, all of whom provided written informed 
consent. The study protocol was reviewed and approved by the ethics committee of the 
Academic Medical Center in Amsterdam. Subjects were recruited through public 
advertisements. All potential subjects were invited and screened for in- and exclusion 
criteria. Subjects between the age of 30 and 50 years with a BMI between 19 and 25 
kg/m2 were enrolled in the study. Exclusion criteria were any thyroid, cardiovascular or 
renal disease, use of medication affecting thyroid hormone metabolism or the autonom-
ic nervous system, a recent stay in (sub)tropical countries (within the last six weeks), and 
a desire to father a child within one month. 

Study Design 

This clinical trial was registered in The Netherlands National Trial Register (TC5512). 
Subjects were studied according to a randomized, placebo-controlled, double blind, 
cross-over design. All fifteen subjects underwent two dynamic 18F-FDG PET/CT scans, 
performed directly after intravenous administration of either 400 µg TRH [22] (2 mL 200 
ug/mL protilerine 0.9% NaCl; Ferring, Kiel, Germany) or placebo (2 mL 0.9% NaCl) (Table 
6.2B). The interval between the scans was set between 1 and 3 weeks. All subjects were 
studied after a fast of at least 6 hours, after which a fasting plasma glucose was assessed. 
The subjects were weighed on a mechanical scale (SECA) to the nearest 100 grams, and 
their height was measured to the nearest 0.01 meter. During the experiment, all 
subjects wore standardized light clothing (standard surgical shirts, trousers and socks 
provided by the Academic Medical Center). 
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Because of negative findings in the first six subjects, the study was continued in the 
following 9 subjects with an amended protocol, now exposing the men to mild cold 60 
minutes prior to the administration of TRH or placebo. Thus, in experiment #1, six 
subjects were studied entirely at room temperature. In experiment #2, nine subjects 
were exposed to mild cold (17 °C ± 1 °C, controlled by use of a climate control ventilation 
system) for 1 hour prior to the PET/CT scan. To prevent maximum BAT stimulation by 
cold, the subjects were not exposed to cold after this period. Scans for both groups were 
performed by the same PET/CT scanner, which took place in a room with an air 
temperature of 23 °C. Before start of the experiment, an intravenous catheter was 
inserted in the subject’s antecubital vein in each arm; one for bolus injection of 18F-FDG, 
and one for bolus injection of TRH or placebo according to randomization and withdraw-
al of venous blood samples during scanning. 

After being positioned in the scanner for the scan, a NexfinTM finger cuff was placed 
on the third digit of the subject’s right hand for continuous monitoring of heart rate, 
blood pressure, and sympatho-vagal balance during 5 minutes. After 5 minutes, the 
finger cuff was disconnected to allow the bed to move into the CT scanner, and was 
reconnected when the bed was in position. 

Blood samples were collected from the intravenous catheter 10 minutes before start 
of the scan, directly before administration of TRH or placebo, and at 10, 20, 30, 40 and 
60 minutes after start of the scan. In all blood samples, concentrations of thyroid-
stimulating hormone (TSH), thyroxin (T4), free thyroxin (FT4) and triiodothyronine (T3) 
were measured. FT4 and TSH concentrations were measured by fluoroimmunoassay 
using the Delfia 1232 Fluorometer (PerkinElmer), T4 and T3 by an in-house RIA [23]. The 
samples were ran in batches for each experiment. Capillary blood glucose was obtained 
with a Bayer Contour Glucometer (Bayer Healthcare, Mishawaka, IN). 

PET Scanning Protocol 

PET-CT images were acquired using a Gemini time-of-flight multidetector helical PET-CT 
scanner (Philips Medical Systems, Eindhoven, the Netherlands), in one bed position, 
starting from the bottom of the nasal aperture to approximately the 7th thoracic 
vertebrae. A bolus of 80 MBq 18F-FDG was administered intravenously in one arm, while 
a bolus of 400 μg TRH or placebo was concurrently administered intravenously in the 
second arm. Starting simultaneously with the administration of 18F-FDG and TRH or 
placebo, a 60-minute dynamic PET imaging session with variable frame lengths (8 x 30s, 
1 x 60s, 3 x 300s, 2 x 600s, 1 x 1200s) was performed. The first PET scan was combined 
with a low-dose CT scan (80 mAs) as anatomical reference. After completing the dynamic 
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scanning, a single static PET scan was acquired (acquisition time 240 sec). The resulting 
total radiation dose from the low-dose CT scan and the 18F-FDG was approximately 3.6 
mSv. 

PET Analysis 

Both image sets were reconstructed in axial, coronal and sagittal images with a slice 
thickness of 5 mm. Regions of interest (ROIs) were the cervical and supraclavicular 
depots. When 18F-FDG uptake was registered by PET in areas in which fat was identified 
by CT, the maximal standardized uptake values (SUVmax) defined as activity were 
quantified by auto contouring the areas (Hybrid Viewer, Hermes Medical Solutions, 
Stockholm, Sweden) in both the static and dynamic scans (settings: relative to max 80%, 
SUV 2.00). If active regions could not be quantified by Hybrid, ROIs were drawn in by 
hand in locations were CT identified possible BAT to serve as control. All assessments 
were performed by a blinded investigator. 

Statistical Analysis 

SPSS version 22 for Windows (SPSS, Inc., Chicago, IL) was used for the statistical analysis. 
During the analysis, subjects were categorized as responders (≥25% SUVmax percentage 
change between the two scans) and non-responders (<25% SUVmax percentage change 
between the two scans). All endpoints were assessed by the Wilcoxon signed-ranks 
(paired data) and Mann-Whitney U (independent data) tests. Measurements over time 
were compared using a two-way ANOVA, with Bonferroni confidence interval adjust-
ment. P -values <0.05 were considered to be significant. 

Results 

Subjects 

We included fifteen healthy, lean men. Their characteristics are given in Table 6.1. Each 
subject underwent two separate 18F-FDG PET/CT scans directly following the intravenous 
administration of either 400 µg TRH or placebo (2 mL 0.9% NaCl). The two sessions (TRH 
and placebo) were separated by 1-3 weeks. Experiment #1 (n=6) was performed at room 
temperature. Experiment #2 (n=9) included mild cold-exposure (17 °C ± 1°C) for one 
hour prior the administration of TRH or placebo. One subject in experiment #2 withdrew 
from the study as he found lying in the PET/CT-scan twice too uncomfortable, after 
which he was replaced by a new subject. Anticipated adverse events [24] included slight 
nausea, flushing, and urinary urgency during the TRH session, and were reported as well-
tolerable. There were no unanticipated adverse effects. 
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Table 6.1 Clinical characteristics of subjects in both experiment one: room temperature subjects, and 
experiment #2: cold-exposed subjects. 

Characteristics (units) Room temperature group (N=6) Cold-exposed group (N=9) 

Age (years) 37.3 (35.2 – 41.4) 33.1 (30.8 – 34.3) 

Weight (kilograms) 78.9 (70.0 – 85.3) 83.9 (70.5 – 85.8) 

Height (centimetres) 184.0 (178.0 – 189.5) 183.8 (174.5 – 191.0) 

Body-mass index (kg/m2) 23.2 (21.8 – 23.2) 23.7 (22.9 – 24.2) 

Values expressed as median (interquartile range). 

 
Figure 6.1 Experiment #2 over time. (A) 18F-FDG uptake during 60 minutes after ad-
ministration of TRH. (B) Design of the study. 
 

Effects of TRH on BAT glucose uptake 

In experiment #1, none of the subjects showed any visible activation of BAT during 
either scan. 
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In experiment #2, BAT glucose uptake was visibly higher in four of the nine subjects 
(44.4%) after administration of TRH compared to placebo (Figure 6.2A, B). Maximal 
standardized 18F-FDG uptake (SUVmax) after placebo was set at 100%, and for the 
SUVmax after TRH the relative change was calculated (ΔSUVmax) (Figure 6.2B). The 
ΔSUVmax showed a trend to increase after TRH compared to placebo (median 113.3%, 
IQR 94.0-361.4%, versus median 100%, IQR 100-100, p=0.07) (Table 6.2). Using pre-
defined criteria, four subjects were TRH responders (≥25% increase SUVmax), while five 
subjects were non-responders. Compared to the non-responders, the ΔSUVmax in 
responders was significantly increased after administration of TRH (p=0.014, Table 6.2). 
As PET emission was acquired in one single bed position to enable dynamic scanning, all 
detected BAT was present in the cervical-supraclavicular-axillary adipose tissue depots. 
The extent of BAT activity after TRH infusion was comparable to that reported earlier by 
our group for cold-activated BAT [21, 25]. The dynamic scans indicated that SUVmax 
increased immediately after administration of TRH. 

In experiment #1, the outside temperature was significantly higher during the TRH 
session compared to the placebo session (9.6 vs 5.2 °C, p= 0.028; Table S1), while in 
experiment #2, there were no significant differences in outside temperature between 
the two sessions (Table 6.2). 

Table 6.2 Baseline environmental characteristics and thyroid hormones, and BAT activity 60 minutes 
after TRH and placebo in experiment #2: cold-exposed subjects (n=9). 

Variable TRH Placebo Z P 
Baseline Characteristics 
Environmental Characteristics     
Outside temperature (°C) 10.0 (7.5 – 13.0) 11 (7.5 – 14.7) -1.07 0.29 
Inside temperature (°C) 17.0 (17.0 – 17.5) 17.0 (17.0 – 17.0) 0.00 1.00 
Glucose (mmol/L) 4.9 (4.0 – 5.4) 4.7 (4.4 – 6.0) -1.30 0.19 
Laboratory Results (t=0)     
TSH (mU/L)  0.92 (0.81-1.16) 1.02 (0.75-1.37) -0.70 0.48 
FT4 (pmol/L)  13.4 (12.5-14.2) 13.2 (11.9-14.4) -0.42 0.67 
T4 (nmol/L)  85.0 (70.0-97.5) 92.5 (78.6-95.0) -0.27 0.79 
T3 (nmol/L)  1.95 (1.68-2.28) 2.10 (1.90-2.31) -1.05 0.29 

60 Minutes After Intervention 

BAT activity     

SUVmax 3.03 (0.91 – 4.62) 1.01 (0.87 – 1.51) -1.84 0.07 

ΔSUVmax 113.3 (94.0 – 361.4) 100.0 (100.0 – 100.0) -1.84 0.07 

ΔSUVmax 

 Non-responders Responders   
Placebo 100.0 (100.0 – 100.0) 100.0 (100.0 – 100.0) 0.00 1.00 
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TRH 96.7 (89.2 – 111.8) 361.4 (277.6 – 437.6) -2.45 0.014 
Values expressed as median (IQR). Reference range for TSH: 0.5-5.0 mU/L, FT4: 10-23 pmol/L, T3: 1.3-
2.7 nmol/L, T4: 70-150 nmol/L. Statistics: Wilcoxon signed-rank test, Mann-Whitney U 

 

 
Figure 6.2 Effects of TRH on BAT activity. (A) PET images of a 30-year old man after 
administration of placebo (left) or 400 µg TRH (right). (B) BAT metabolic activity after 
administration of placebo or TRH in nine cold-exposed men, reflected by maximal 
standardized 18F-FDG uptake (SUVmax; left) and SUVmax relative change (ΔSUVmax; 
right). 
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Effects of TRH on serum thyroid hormones 

In experiment #1, baseline plasma TSH, FT4, T4 and T3 at 10 and 0 minutes before start 
of scanning were within the reference range in all subjects. In experiment #2, while 
baseline plasma TSH, FT4 and T3 at 10 and 0 minutes before start of scanning were 
within reference range in all subjects, plasma T4 was below reference range during both 
study days in two subjects (55 and 65 nmol/L, reference range 70-150 nmol/L). As 
plasma TSH, FT4 and T3 in these individuals were within the reference range, and 
neither had symptoms of hypothyroidism, this does not reflect hypothyroidism and is 
most likely due to relatively low thyroxin-binding globulin concentrations. In both 
experiments, baseline hormone measurements were not different between the two 
scans (Table 6.2, S1).  

In both experiments, plasma FT4 concentrations remained unaltered (experiment #1: 
p= 0.274, experiment #2: p= 0.733) (Figure S1A, B, Table S2). There was no change in 
plasma T4 concentrations in experiment #1 (p =0.07), while plasma T4 concentrations in 
experiment #2 were significantly affected by time (p= 0.003), but not by treatment (p= 
0.912). In both experiments, plasma T3 concentrations were significantly affected by 
both time (experiment #1: p= 0.040, experiment #2: p= 0.001) and TRH at 60 minutes 
after administration compared to the other time points (experiment #1: p= 0.005, 
experiment #2: p= 0.003). In both experiments, plasma TSH concentrations were 
significantly affected by both time (experiment #1: p< 0.001, experiment #2: p< 0.001), 
and TRH at 10 minutes after administration compared to the other time points 
(experiment #1: p< 0.001, experiment #2: p= 0.001). 

In both experiments, all subjects showed normal timing and peak concentration of 
TSH [26], confirming euthyroidism and a normal responsiveness of the pituitary gland to 
TRH. 

In both experiments, there was no significant difference in baseline glucose between 
the two scans (Table 6.2, S1). 

Vital signs and catecholamines 

In experiment #1 and #2, diastolic blood pressure and sympato-vagal balance remained 
unaltered throughout the sessions (Table S3). In experiment #1, heart rate was 
significantly affected by time (p <0.001), but not by treatment (p= 0.200). Systolic blood 
pressure was significantly higher after TRH administration compared to placebo (p= 
0.015), but was unaffected by time (p= 0.209). In experiment #2, heart rate remained 
unaltered throughout the session, while systolic blood pressure was significantly 
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affected by time (p< 0.001), but not by treatment (p= 0.611). This was also true in the 
subset of subjects who showed increased BAT uptake after TRH. 

Discussion 

In this study, we used 18F-FDG PET/CT imaging to determine the effects of TRH on BAT 
activity in healthy male volunteers. We had obtained approval from our institutional 
Medical Ethical Committee to study 15 healthy men. As none of the first six subjects 
showed any BAT activity after TRH or placebo administration, we requested and 
obtained permission to expose the subsequent nine subjects to mild cold during one 
hour prior to scanning. Of these nine subjects, four showed a rapid increase of 18F-FDG 
uptake in BAT after administration of TRH but not after placebo. One subject showed the 
same amount of BAT activation in both scans, while four had no BAT activation in either 
scan. As expected, TRH significantly increased TSH concentrations. During the hour of 
PET/CT imaging, TRH administration had no significant effect on plasma FT4 or T4 
concentrations. Plasma T3 concentrations were significantly higher after TRH compared 
to placebo. However, this increase was reached only at t=60 min after administration of 
TRH. This increase was also seen in experiment #1. Moreover, the plasma T3 concentra-
tion at 60 minutes after TRH administration between the responders and non-
responders was not significantly different (p= 0.1270). This strongly suggests that the 
increase of plasma T3 was not the cause of the increased BAT activity. Thus the effect of 
TRH on BAT activity could not be explained by changes in plasma T4 or T3.  

Up to now, only two pharmacological agents have been shown to increase BAT 
activation in humans: the β3-adrenergic receptor agonist mirabegron [9] and the bile 
acid chenodeoxycholic acid [10]. The current study now adds TRH to this list.  

BAT activation is initiated by cold-exposure in order to preserve thermal homeostasis 
[6]. During cold-exposure, the sympathetic nervous system (SNS) is stimulated by the 
hypothalamus to increase the release of NE in BAT, where the β-adrenergic pathway 
increases both fatty acid uptake [27] and lipolysis [7]. The resulting free fatty acids then 
stimulate UCP1 to maximize the proton leak across the inner mitochondrial membrane, 
thereby increasing heat production [27]. However, for optimal UCP1 activation, high 
intracellular concentrations of T3 are additionally required [11]. The increase of NE in 
brown adipocytes stimulates conversion of T4 to T3 by the enzyme deiodinase type 2 
(D2), causing a BAT-specific increase in T3 within hours after cold exposure [28, 29]. 
Intracellular T3 plays an important role in both directly simulating UCP1 gene transcrip-
tion, and in maintaining long-term BAT activation under minimal sympathetic 
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Effects of TRH on serum thyroid hormones 
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0.912). In both experiments, plasma T3 concentrations were significantly affected by 
both time (experiment #1: p= 0.040, experiment #2: p= 0.001) and TRH at 60 minutes 
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affected by time (p< 0.001), but not by treatment (p= 0.611). This was also true in the 
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stimulate UCP1 to maximize the proton leak across the inner mitochondrial membrane, 
thereby increasing heat production [27]. However, for optimal UCP1 activation, high 
intracellular concentrations of T3 are additionally required [11]. The increase of NE in 
brown adipocytes stimulates conversion of T4 to T3 by the enzyme deiodinase type 2 
(D2), causing a BAT-specific increase in T3 within hours after cold exposure [28, 29]. 
Intracellular T3 plays an important role in both directly simulating UCP1 gene transcrip-
tion, and in maintaining long-term BAT activation under minimal sympathetic 
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stimulation [30]. In the autonomic pathway, direct stimulation of β3-receptors with 200 
mg mirabegron is sufficient for a marked increase in BAT activity in healthy young men 
[9]. Furthermore, bile acids increase intracellular concentrations of cAMP, which 
activates D2 and thus increases T3 in brown adipocytes. Two doses of 15 mg/kg body 
weight of chenodeoxycholic acid in healthy young women resulted in a modest increase 
in BAT activity [10]. 

The proportion of subjects with detectable BAT after TRH administration in our study 
is lower than in the studies reported previously [9, 10]. Of note, in the mirabegron study, 
eligible subjects were screened using cold exposure prior to inclusion, after which only 
those with detectable BAT were included [9]. Subjects in the bile acid study were not 
selected on detectable BAT, but underwent a third cold-exposed PET/CT-scan to assess 
their maximum BAT activation. Of these exclusively female subjects, all had active BAT 
after cold exposure [10]. The fact that women are more likely to possess potentially 
active BAT may additionally have attributed to this high amount of subjects with 
detectable BAT [31]. 

We did not obtain permission from our Medical Ethical Committee to perform a third 
PET/CT-scan in our subjects after cold exposure. Therefore, we may have included 
subjects without potentially active BAT. It is also important to note that the mean age of 
subjects in the previous studies were 22.2 ± 0.6 years and 22 ± 3 years, respectively, 
while the subjects in our experiment #2 had a median age of 33.1 (interquartile range 
30.8-34.3). As there is a strong inverse relation between age and BAT responsiveness 
[32], this may have reduced the number of subjects with activated BAT. 

While many previous studies have investigated the effects of circulating thyroid 
hormones on human BAT, the results have been somewhat contradictory. Thyroidecto-
mized patients who were subjected to 18F-FDG PET/CT imaging after cold-exposure both 
in the hypothyroid state (high TSH, low FT4) and during a slightly thyrotoxic state 
(suppressed TSH, high FT4) showed significantly higher BAT activation in the hyperthy-
roid state [33]. In another study, nine patients with Graves’ hyperthyroidism underwent 
18F-FDG PET/CT imaging at room-temperature both during the hyperthyroid state 
(suppressed TSH, high FT4) and during euthyroidism (normal TSH, normal FT4). The only 
active BAT was seen in one patient in the euthyroid state [34]. Finally, a 11.5-year old girl 
with severe primary hypothyroidism (high TSH, very low FT4), was reported to display 
abundantly active BAT with infrared thermal imaging combined with magnetic reso-
nance imaging in the hypothyroid state, and diminished activity of BAT in the euthyroid 
state (normal TSH, normal FT4) after levothyroxine treatment. Interestingly, the authors 
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raised the possibility of either TSH or TRH having a stimulatory effect on BAT in this 
patient [35]. Thus, the effect of circulating thyroid hormones on BAT activity in humans 
has not been firmly established yet. 

Animal experimental studies indicated that TRH appears to play a major role both in 
the sympathetic and the neuroendocrine stimulation of BAT. During short-term cold 
exposure, cold-sensitive neurons in the hypothalamic PVN are activated [13]. These 
neurons directly activate spinal interneurons which in turn project to BAT [14, 15]. In the 
hypothalamus-pituitary-thyroid (HPT) axis, the cold-induced increase in TRH stimulates 
TSH secretion by the pituitary, which in turn stimulates thyroid hormone release from 
the thyroid gland [16]. Research in various species showed that both core body 
temperature [20, 36, 37] and BAT-specific temperature [18, 38] are increased by the 
administration of TRH. Intracerebroventricular infusion of TRH in rodents was found to 
activate BAT via sympathetic neurons, an effect that could be blocked by pre-treatment 
with TRH-receptor type 1 antibodies [19]. While these experimental studies support the 
concept that the increase in BAT activity in the present study was caused by TRH, we 
cannot exclude a role for TSH at present in view of the timing of the increase in BAT 
activity and plasma TSH. Indeed, rat brown adipocytes express TSH-receptors [39], and 
bovine TSH was shown to increase thermogenesis in mouse brown adipocytes in vitro 
[40]. Future studies should address the mechanism of TRH-induced BAT activation in 
humans. 

Despite the key role for the SNS in BAT activation, we found no consistent changes in 
several cardiac parameters, including the sympatho-vagal balance, suggesting that 
activation of the SNS may be limited to BAT innervation. 

Our study has limited statistical power, due to the small number of participants in 
both experiments and safety considerations limiting the number of PET/CT scans to two 
per subject. 

In summary, we show that intravenous administration of TRH can increase activity of 
cold-stimulated brown adipose tissue in healthy adult males. This increase is mediated 
either by TRH itself, or by increased plasma TSH following TRH administration. The 
results exclude a primary role for increased plasma T4 or T3. Our findings add to our 
understanding of the regulation of brown adipose tissue in humans, and may assist in 
the development of future pharmacological strategies aimed at modulating brown 
adipose activity in the management of metabolic disease. 
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Supplemental information 

Supplemental information includes 1 figure and 3 tables. 

Table S1. Baseline environmental characteristics and thyroid hormones, and BAT activity 
60 minutes after TRH and placebo in experiment #1: room temperature subjects (n=6). 

Variable TRH Placebo Z P 
Baseline Characteristics 
Environmental Characteristics     
Outside temperature (°C) 9.6 (7.8-14.7) 5.2 (2.3-5.2) -2.201 0.028 
Glucose (mmol/L) 5.2 (4.7-5.5) 4.3 (4.0-4.6) -1.841 0.066 
Laboratory Results (t=0)     
TSH (mU/L)  1.18 (0.75-1.40) 1.02 (0.59-1.62) -0.315 0.752 
FT4 (pmol/L)  15.9 (13.8-17.1) 15.2 (13.1-17.9) -0.105 0.917 
T4 (nmol/L)  94.5 (84.8-107.8) 95.0 (90.3-97.8) -0.105 0.917 
T3 (nmol/L)  1.90 (1.77-1.91) 1.96 (1.87-1.97) -1.753 0.080 

Values expressed as median (IQR). Reference range for TSH: 0.5-5.0 mU/L, FT4: 10-23 pmol/L, T3: 1.3-
2.7 nmol/L, T4: 70-150 nmol/L. Statistics: Wilcoxon signed-rank test 

 

Table S2. Thyroid hormones over 60 minutes in experiment #1, and experiment #2. 

 Room temperature subjects (N=6) 
 Interaction treatment*time Main effect of time Main effect of 

treatment 
TSH (mU/L)  F(6, 24) = 38.727, p < 0.000 F(6, 24) = 39.997, p < 0.000 F(1, 4) = 56.820, p = 

0.002 
FT4 (pmol/L)  F(6, 24) = 1.350, p = 0.274 F(6, 42) = 0.686, p = 0.663 F(1, 4) = 0.976, p = 

0.379 
T4 (nmol/L)  F(6, 24) = 2.241, p = 0.074 F(6, 42) = 1.434, p = 0.243 F(1, 4) = 1.309, p = 

0.316 
T3 (nmol/L)  F(6, 6) = 15.438, p = 0.002 F(6, 6) = 4.751, p = 0.040 F(1, 1) = 0.524, p = 

0.601 
 Cold-exposed subjects (N=9) 
 Interaction treatment*time Main effect of time Main effect of 

treatment 
TSH (mU/L)  F(1.145, 8.014) = 48,129, p < 

0.000 
F(1.155, 8,085) = 44,269, p < 
0.000 

F(1, 7) = 54.723, p < 
0.000 

FT4 (pmol/L)  F(6, 42) = 0.594, p = 0.733 F(6, 42) = 0.893, p = 0.509 F(1, 7) = 0.286, p = 
0.610 

T4 (nmol/L)  F(6, 42) = 1.522, p = 0.195 F(6, 42) = 4.062, p = 0.003 F(1, 7) = 0.013, p = 
0.912 

T3 (nmol/L)  F(2.082, 14.572) = 7.523, p = 
0.005 

F(6, 42) = 4.912, p = 0.001 F(1, 7) = 0.611, p = 
0.460 

Statistics: Two-way repeated measures ANOVA 
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Table S2a. Simple main effects of time on TSH and T3 in experiment #2. 

TSH 
(mU/L) 

Effect of time T3 
(nmol/L) 

Effect of time 

Placebo F(6, 42) = 4.760, p = 0.001 Placebo F(1.908, 13.359) = 4.808, p = 0.028 
TRH F(1.148, 8.038) = 46.282, p < 0.000 TRH F(3.114, 21.801) = 9.059, p < 0.000 
 

Table S2b. Simple main effects of treatment on TSH and T3 in experiment #2. 

TSH (mU/L) Main effect of 
treatment 

Lower 
bound 

Upper 
bound 

T3 (nmol/L) Main effect of 
treatment 

Lower 
bound 

Upper 
bound 

T= -10 p = 0.528 -0.186 0.335 T= -10 p = 0.809 -0.137 0.170 
T= 0 p = 0.468 -0.206 0.403 T= 0 p = 0.512 -0.152 0.277 
T= 10 p < 0.000 -4.218 -2.747 T= 10 p = 0.613 -0.239 0.150 
T= 20 p < 0.000 -7.223 -4.175 T= 20 p = 0.764 -0.165 0.215 
T= 30 p < 0.000 -8.692 -4.837 T= 30 p = 0.464 -0.200 0.100 
T= 40 p < 0.000 -8.616 -4.788 T= 40 p = 0.266 -0.440 0.140 
T= 60 p < 0.000 -7.333 -3.680 T= 60 p = 0.003 -0.507 -0.148 

 

Table S3. Cardiac parameters over 60 minutes in experiment #1, and experiment #2. 

 Room temperature subjects (N=6) 
 Interaction treatment*time Main effect of time Main effect of treatment 
Heart rate (bpm) F(5, 20) = 0.813, p = 0.555 F(5, 20) = 7.856, p 

<0.000 
F(1, 4) = 2.349, p = 0.200 

Diastolic blood 
pressure 
(mm/Hg) 

F(1.368, 8.205) = 0.077, p = 
0.860 

F(5, 30) = 0.973, p = 
0.450 

F(1, 6) = 1.498, p = 0.267 

Systolic blood 
pressure 
(mm/Hg) 

F(5, 20) = 1.126, p = 0.379 F(5, 20) = 1.589, p= 
0.209 

F(1, 4) = 16.412, p = 0.015 

Sympato-vagal 
balance 

F(5, 15) = 1.980, p = 0.140 F(5, 15) = 1.548, p = 
0.234 

F(5, 15) = 0.052, p = 0.834 

 Cold-exposed subjects (N=9) 
 Interaction treatment*time Main effect of time Main effect of treatment 
Heart rate (bpm) F(2.198, 13.191) = 0.433, p = 

0.675 
F(1.304, 7.826) = 
4.312, p = 0.066 

F(1, 6) = 0.633, p = 0.456 

Diastolic blood 
pressure 
(mm/Hg) 

F(1.368, 8.205) = 0.077, p = 
0.860 

F(5, 30) = 0.973, p = 
0.450 

F(1, 6) = 1.498, p = 0.267 

Systolic blood 
pressure 
(mm/Hg) 

F(5, 30) = 0.233, p = 0.945 F(5, 30) = 11.934, p 
<0.000 

F(1, 6) = 0.287, p = 0.611 

Sympato-vagal 
balance 

F(2.156, 12.936) = 0.182, p = 
0.851 

F(5, 30) = 0.515, p = 
0.763 

F(1, 6) = 2.831, p = 0.143 

 Responders (N=4) 
 Interaction treatment*time Main effect of time Main effect of treatment 
Heart rate (bpm) F(5, 10) = 2.271, p = 0.126 F(5, 10) = 3.104, p = F(1, 2) = 0.328, p = 0.625 
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0.060 
Diastolic blood 
pressure 
(mm/Hg) 

F(1.797, 3.595) = 5.743, p = 
0.077 

F(5, 30) = 0.238, p = 
0.937 

F(1, 2) = 2.647, p = 0.245 

Systolic blood 
pressure 
(mm/Hg) 

F(5, 10) = 0.444, p = 0.808 F(5, 10) = 3.420, p = 
0.046 

F(1, 2) = 0.773, p = 0.472 

Sympato-vagal 
balance 

F(5, 10) = 0.551, p = 0.735 F(5, 10) = 0.736, p = 
0.613 

F(1, 2) = 1.336, p = 0.367 

Statistics: Two-way repeated measures ANOVA 

 

 

Figure S1. Thyroid hormone concentrations during 60 minutes after administration of 
TRH. (A) Experiment #1, (B) experiment #2. 
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balance 

F(5, 10) = 0.551, p = 0.735 F(5, 10) = 0.736, p = 
0.613 

F(1, 2) = 1.336, p = 0.367 

Statistics: Two-way repeated measures ANOVA 

 

 

Figure S1. Thyroid hormone concentrations during 60 minutes after administration of 
TRH. (A) Experiment #1, (B) experiment #2. 
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7.1 Hypothalamic regulation of energy metabolism 
For decades, compelling studies have focused on the hypothalamic control of energy 
metabolism. Different anatomical structures in the hypothalamus have been demon-
strated to regulate distinct aspects of energy homeostasis. Traditionally, peripheral 
hormones such as thyroid hormone and estrogen are known for their effects on a variety 
of metabolic organs by direct binding to the parenchymal cells of target tissues. However, 
in recent years evidence has been accumulating that classic hormones such as thyroid 
hormone and estrogen also regulate the energy balance, including glucose metabolism, 
food intake and BAT thermogenesis, by interacting with hypothalamic neuronal 
circuitries. For example, thyroid hormone modulates pre-autonomic neurons in the PVN 
thereby regulating liver glucose metabolism and insulin sensitivity via the autonomic 
outflow [1]. Both thyroid hormone and estradiol act through an AMP-activated protein 
kinase (AMPK)-sympathetic nervous system (SNS) pathway in the VMH to stimulate BAT 
thermogenesis [2, 3]. This neuro-modulatory involvement of thyroid hormone and 
estradiol in the control of energy metabolism potentially provides novel therapeutic 
possibilities for metabolic diseases. However, most of these hypothalamic effects have 
been shown in studies using acute interventions lasting from minutes to hours. It is 
therefore important to take these results a step further and investigate the physiological 
relevance of these findings in a more chronic setting. In the current thesis we evaluated 
the chronic metabolic consequence of these neurohormonal effects.  

7.2 Thyroid hormone and energy metabolism: acute vs 
chronic effects 

Several studies have explicitly shown that acute administration of T3 in the hypothala-
mus results in increased blood glucose, BAT thermogenesis and food intake. Although 
the acute metabolic effects in these studies are robust, their consequences upon 
prolonged T3 administration have not been demonstrated. In fact, several studies have 
shown different effects between acute and chronic T3 treatments either peripherally or 
centrally [4-6]. We first developed a method that would enable us to chronically 
administer T3 specifically in the PVN or the VMH of rats. Using slow-releasing T3-
containing pellets, we are able to locally deliver T3 to specific hypothalamic nuclei for up 
to four weeks without affecting other nearby nuclei. We validated this T3-delivery 
method by: 1) incubating the T3 pellet in serum, demonstrating in vitro the T3 releasing 
pattern during a prolonged period; 2) measuring the T3 concentration in different brain 
tissues, giving direct evidence for T3 release in the targeted nucleus as well as the 
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geographical selectivity of the T3 administration; 3) testing T3-responsive gene 
expression in the targeted brain area, providing biological evidence for the functional 
effectiveness of the T3 treatment. 

In the next step, we investigated the potential metabolic effects upon prolonged T3 
administration using this chronic animal model. We demonstrated that administration of 
T3 in the PVN either for 7 days or 28 days suppressed the HPT-axis leading to lower 
circulating TH concentrations, mimicking central hypothyroidism. We observed 
decreased food intake after four weeks T3 administration in the PVN, probably due to 
the decreased systemic TH levels. Although T3 was shown to stimulate food intake at the 
hypothalamic level [7], it is difficult to reconcile this effect in our experimental setup, as 
we would expect decreased body weight following chronic T3 administration in the VMH 
given the stimulation of BAT thermogenesis in the acute setting as demonstrated by 
Lopez et al. Peripheral and central administration of TH have been shown to increase 
WAT lipolysis and BAT thermogenesis [2, 8], both having negative impacts on body 
weight. Surprisingly, we did not observe changes in either body temperature, locomotor 
activity, BAT activation or body weight after 7 or 28 days T3 administration in the VMH. 
These negative effects are unexpected in view of previous findings with acute T3 
treatment, indicating probably a more complex mechanism behind the metabolic effects 
of acute and chronic hypothalamic T3 treatments (Figure 7.1). For example, studies in 
hamsters indicate that high levels of T3 in the hypothalamus promote an anabolic state, 
whereas low levels facilitate a catabolic state [9, 10], pointing to the importance of T3 
concentration in determining its metabolic effects. Other studies showed that T3 
injection into the POA change sleep pattern, effects only seen in hours- but not days- T3 
administration [5, 6]. Another potential mechanism for adaption to a local chronic 
thyrotoxicosis is alterations in T3 transporters and T3 receptors, which are shown to be 
regulated by T3 per se [11-13]. Although the primary effects of T3 are thought to be 
mediated through T3 receptors regulating gene transcription, acute effects could be 
mediated also by non-genomic actions of T3 interacting with membrane kinase 
pathways such as AMPK [5, 14, 15]. Moreover, the adult hypothalamus still maintains 
neuronal plasticity [16] and hormones like leptin are able to stimulate neurite growth of 
NPY and POMC neurons [17]. Hence, it is possible that chronic T3 administration in the 
hypothalamus induces structural and functional adaptations which may mask the 
metabolic changes observed during acute T3 administration [18]. It would be interesting 
to investigate in future what are the different molecular changes that may account for 
the metabolic differences between acute and chronic intrahypothalamic T3 treatments.  
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Figure 7.1 Effects of acute vs chronic intrahypothalamic T3 administration on en-
ergy metabolism. REM, rapid eye movement sleep; up arrow: stimulatory effects; 
“=”: no effect.  

 

7.3 Fat and bone: a role of estrogen in the brain 
During the last decades, obesity and osteoporosis have become important global health 
problems. Estrogen has prominent beneficial effects on both body weight and bone 
density. Different types of fat tissues are innervated with both parasympathetic [19] and 
sympathetic efferent [20] and white adipose tissue (WAT) metabolism has been shown 
to be regulated by many hormones, such as leptin and insulin, via the central nervous 
system [21, 22]. Although several studies also suggest a central regulation of WAT by E2, 
direct evidence for E2 effects in the brain, especially in the hypothalamus, on WAT 
metabolism and fat distribution remain sparse. In the current thesis we showed that 
central E2 administration is able to rescue the ovariectomy induced changes in fat 
distribution to the same extent as subcutaneous E2. In addition, E2 administration locally 
into the VMH increases lipolysis in abdominal fat and partly rescuing ovariectomy 
induced fat distribution. Previous studies using mouse models containing gene muta-
tions or inactivation indicate that in the VMH these estrogenic effects on WAT are 
primarily mediated via the ERα [23]. Together, these data suggest that E2 acts on ERα 
expressing neurons in the VMH regulating WAT metabolism and body fat distribution 
(Figure 7.2). Interestingly, there is a sexual dimorphism in the sympathetic innervation of 
adipose tissue, with more ERα expressing neurons projecting to subcutaneous fat in 
females than in males [20]. Therefore, it is possible that E2 determines the sexual 
difference in fat distribution via the VMH. 
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Figure 7.2 Effects of central E2 on energy metabolism. In addition to the exist-
ing knowledge on E2 regulation of energy metabolism (blue line), our study 
indicates that E2 regulates white adipose tissue but not bone metabolism 
from the VMH (red solid line). A hypothesis for central E2 regulation of bone 
remodelling is proposed from the PVN (red and blue dash line). 

 

E2 is also a key regulator for bone remodelling, an effect generally considered to be 
exerted directly at the level of the bone. In the current thesis we provide the first 
evidence for central E2 on bone remodelling. As for now it remains unclear which brain 
areas may mediate these central effects of E2. As mentioned above, with abundant ERα 
expression, the VMH has been shown to mediate various metabolic effects of E2 [24]. 
However, chronic E2 administration in the VMH did not change any bone parameters, 
although fat distribution is significantly changed. This finding is consistent with other 
genetic mice knockout studies where ERα depletion in the VMH or ventromedial 
hypothalamus did not show any bone phenotypes [25, 26]. Although the sympathetic 
nervous system has been demonstrated to mediate the catabolic effects of several 
hormones on bone metabolism, E2 has an anabolic effect on bone, suggesting that in 
this case a different neural pathway must be involved. In fact, a parasympathetic 
regulation of bone remodelling has been reported as interleukin-1 is shown to increase 
bone mass through a parasympathetic pathway [27]. Therefore, the protective central 
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effects of E2 on bone might be mediated via the parasympathetic nervous system. Of 
note, out data indicate that systemic E2 administration prevent bone loss by reducing 
bone resorption and bone formation, while intracerebroventricular (ICV) E2 administra-
tion primarily reduces bone formation. Thus, another possibility is that there are 
differential effects by peripheral versus central E2 signalling on bone metabolism. This is 
supported by the facts that global ERα knockout mice show decreased bone mass while 
brain specific ERα knock out mice show opposite effects [26, 28, 29]. Similar regulatory 
patterns on bone have also been shown by other hormones including leptin [30] and 
serotonin [31, 32].  

Our study indicates that E2 does not regulate bone via the VMH; however, several 
studies suggest that other hypothalamic nuclei, such as the PVN and ARC, may be 
involved (Figure 7.2). Roepke et al showed that E2 controls bone remodelling via a Gq-
coupled membrane receptor (Gq-mER) and that this effect presumably involves the pre-
autonomic PVN neurons [33]. In the hypothalamus, ERβ is dominantly expressed in the 
PVN including the pre-autonomic neurons [34]. Our previous study showed that E2 
administration in the PVN increased blood glucose concentrations [35], suggesting a PVN 
mediated E2 effect on bone. On the other hand, a recent study showed that mice with 
depletion of ERα in the ARC had increased cortical and trabecular bone mass [26] and E2 
treatment enhanced the bone volume, suggesting an inhibitory role of ERα in the ARC. 
Estrogen has close interaction with POMC/CART neurons in the ARC [36] and CART 
mediates the leptin control of bone resorption [37]. Future investigations delineating the 
neural circuits connecting the central action of E2 with the bone will be necessary to test 
these hypotheses. 

7.4 TRH in the PVN: more than hypophysiotropic 
Although perhaps best known as the neuroendocrine neurons regulating the HPT axis, 
the majority of the TRH neurons in the PVN are non-hypophysiotropic [38, 39]. These so-
called non-hypophysiotropic TRH neurons send extensive projections to the brainstem 
and spinal cord to control autonomic responses, as well as to other brain areas 
important for energy metabolism and cognitive function [38-41]. Triggered by the potent 
activation of TRH neurons in the PVN during cold exposure [42-44], we investigated the 
effect of TRH administration in the PVN on glucose metabolism and thermoregulation, 
two systems critical for coping with a cold challenge. We showed that TRH administra-
tion in the PVN largely mimics the behavioural and metabolic responses induced by cold 
exposure, including increased locomotor activity, glucose production, and energy 
mobilization (e.g. glucose and lipid) to support BAT thermogenesis (Figure 7.3). 
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TRH effects on glucose metabolism and thermoregulation were studied in many brain 
regions, however, confirmation that the release of TRH within the PVN plays a role in 
these effects was lacking so far. Our study showed that TRH administration in the PVN 
results in hyperglycaemia and hyperthermia. Interestingly, both the SNS and parasympa-
thetic nervous system (PNS) mediate the central TRH effect on glucose production and 
blood glucose concentration. It is well known that the sympathetic innervation of the 
liver is a crucial stimulator of glucose production, while the parasympathetic innervation 
has an inhibitory effect. Curiously, our data suggest that the parasympathetic branch 
also contributes to the TRH-induced increase in endogenous glucose production.  

Several studies have demonstrated that TRH administration in the preoptic area of 
the POA, which is particularly known for its involvement in thermoregulation, induces 
hyperthermia [45-47]; however, cold exposure was shown to decrease TRH mRNA in the 
POA [48]. On the other hand, cold increased TRH peptide [44] and TRH mRNA expression 
specifically in the PVN (not in the DMH and LH) [43, 49]. Both TRH receptors and TRH-
immunoreactive terminals have been identified in the PVN, providing an anatomic basis 
for a neural circuit involving TRH signalling within the PVN. During cold exposure, 
thermosensitive neurons in POA receive temperature information from peripheral inputs 
and project this information directly to the brainstem as well as many other hypothalam-
ic nuclei including the PVN [50, 51]. Importantly, thermosensitive neurons are also found 
in the PVN, which may play an important role in cold induced activation of TRH neurons 
[52]. Although it is not clear which neurons in the PVN mediate the TRH effects, it is 
tempting to hypothesize that cold-induced TRH release acts on TRH or other pre-
autonomic motor neurons in the PVN thereby stimulating glucose production and 
thermogenesis (Figure 7.3). Therefore, it is interesting to investigate in future experi-
ments which neurons, e.g. TRH- or non-TRH-neurons in the PVN, are activated or 
inhibited by TRH release in the PVN. 

The PVN has been implicated in both stimulatory [53-55] and inhibitory effects on 
thermoregulation [56-59]. Various studies using different stimuli show opposite results 
on BAT thermogenesis [60]. Our study provides evidence for a stimulatory role of TRH in 
the PVN in thermoregulation. Interestingly, a recent study demonstrated that cortico-
tropin-releasing hormone (CRH) neurons, but not TRH neurons, in the PVN mediate an 
inhibitory effect on body temperature [61]. In contrast to TRH, CRH injection in the PVN 
fails to stimulate sympathetic nerve activity to BAT [62]. Therefore, it is likely that 
distinct neuronal populations in the PVN control different aspects of thermoregulation, 
i.e., CRH neurons inhibiting and TRH neurons stimulating thermogenesis. 
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Figure 7.3 Schematic model for the role of TRH release in the PVN during cold de-
fence 

 

Both proper heat production and conservation are critical for survival during cold 
exposure. TRH administration in the PVN stimulates BAT thermogenesis and increases 
body temperature. However, heat preservation via vasoconstriction is also important for 
thermoregulation during cold exposure. TRH has been reported to increase cutaneous 
vasoconstriction [46]. Thus, it is likely that in addition to the increased thermogenesis, 
TRH in the PVN also reduces heat loss together contributing to an increased body 
temperature. Although our data provide solid evidence to link TRH in the PVN with the 
cold-defence response, it would be interesting to confirm the critical role of TRH in cold 
defence by blocking TRH signalling in the PVN during cold exposure. In addition, many 
other neurochemical signals in the PVN also play essential role in the cold-defence 
reaction including leptin, CRH and oxytocin. To investigate how TRH possibly interacts 
with these signalling pathways in defending cold will be another interesting topic in the 
future.  

BAT has been recently shown to exist in adult humans and can be activated upon cold 
exposure [63, 64]. Since BAT is able to generate heat by dissipating energy substrates 
(e.g. lipid and glucose) and dysfunctional BAT activation has been associated with 
obesity, it is a promising target to combat obesity, diabetes and other metabolic diseases 
[65, 66]. Cold is the major activator for BAT recruitment and thermogenesis [67, 68], 
however, chronic or repeated cold exposure may not be suitable for obesity treatment. 
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Therefore, many studies have been dedicated to identify novel pharmacological 
activators of BAT. However, so far only a few molecules have been found to be able to 
activate BAT in humans, including bile acid [69] and β3-adrenergic receptor agonists [70]. 
We and others have shown a substantial stimulatory effect of TRH on BAT in rodents. 
Subsequently, we investigated whether TRH activates BAT in humans as well using 
18FDG-PET-CT technique. We found that TRH administration activates BAT in cold-
exposed men without changes in systemic thyroid hormones at an early stage, providing 
the first evidence that TRH induces BAT thermogenesis in humans. As suggested by the 
animal studies, centrally the TRH effect on BAT in human is probably mediated by the 
hypothalamus and the SNS. However, future studies should address the mechanism of 
systemic TRH-induced BAT activation in humans. Of note, in contrast to the studies using 
β3-adrenergic receptor agonists [70, 71], TRH activates BAT without significant changes 
in the sympatho-vagal balance, heart rate or blood pressure, suggesting a specific effect 
of TRH on only the sympathetic input to BAT. Although the total amount of BAT in adults 
is not large, studies have indicated that BAT is able to dissipate significant amounts of 
energy into heat upon full activation [64]. However, achieving this metabolic benefits 
requires constant stimulation of BAT. Future studies are needed to investigate pharma-
cological mechanisms of TRH on BAT that allow for a permanent activation while 
circumventing the influence on the HPT axis. 

7.5 Significance of the study 
Our studies investigated the metabolic effects of thyroid hormone, estradiol and TRH in 
the hypothalamus. For the thyroid hormone study, we developed an animal model for 
chronic intrahypothalamic T3 administration. Using this animal model, we demonstrated 
unexpected results in view of the metabolic effects observed previously in acute studies. 
The present results point to more complex mechanisms when translating results from 
studies in an acute setting to a chronic situation. In the estradiol study, we showed a 
direct rescuing effects of E2 in the VMH on fat distribution, results that may point to a 
potential target for future anti-obesity treatments. This study also indicated a central 
role of E2 in bone metabolism, highlighting a neural mechanism in hormone replace-
ment therapy of osteoporosis. Our TRH study in rat indicated a novel role for TRH 
release in the PVN in cold defence. In addition, the stimulatory effects of TRH on BAT 
also apply to humans. Together, these findings indicate TRH to be a future pharmacolog-
ical candidate for obesity treatment by modulating BAT activation. 
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Summary 

Thyroid hormone and estrogen both play an essential role in energy metabolism. The 
current thesis investigated the possible central effects of these hormones in the control 
of energy metabolism by administrating triiodothyronine (T3), estradiol (E2) and 
thyrotropin-releasing hormone (TRH) in distinct hypothalamic nuclei. We evaluated 
various aspects of metabolic alterations including glucose and lipid metabolism, food 
intake, body weight, body temperature, locomotor activity, energy expenditure and 
bone remodelling, from gene expression to behavioural changes. For these experiments, 
we used different experimental techniques. For example, we used slow-releasing pellets 
for chronic T3 or E2 administration and microdialysis for acute TRH or E2 administration 
into hypothalamus. We used metabolic cages to monitor caloric parameters including 
energy expenditure, carbohydrate oxidation and locomotor activity. We used positron 
emission tomography (PET) and micro computed tomography (μ-CT) scans to examine 
brown adipose tissue (BAT) activation and bone morphology, respectively. A number of 
different surgeries have been applied such as ovariectomy, liver denervation, and jugular 
vein catheterization, to help explicating specific research questions. We present new 
findings that not only extend our physiological understanding, but also indicate potential 
therapeutic possibilities for metabolic diseases. 

Chapter 1 gives a brief introduction to the (neuro) endocrine system, as well as the 
hormones or neuropeptides that are studied in this thesis, including thyroid hormones, 
estrogen and TRH. An overview of their functions, especially their metabolic functions 
via the central nervous system (CNS), is provided. 

Chapter 2 introduces a chronic animal model for selective prolonged T3 administra-
tion in the paraventricular nucleus of the hypothalamus (PVN) and the ventromedial 
nucleus of the hypothalamus (VMH) by T3-containing pellets. The T3 released from these 
pellets was validated by determining T3 concentrations in vitro as well as in the targeted 
and neighbouring brain areas and biologically validated by determining selective T3 
responsive gene expression in the targeted and neighbouring brain areas. The model 
was further validated by the differential responses of the hypothalamus-pituitary-
thyroid (HPT) axis upon T3 administration into the PVN or VMH. 

Chapter 3 shows the metabolic consequences of chronic (7 and 28 days) T3 admin-
istration in the PVN or the VMH using the animal model developed in Chapter 2. The 
study shows limited metabolic changes by the chronic hypothalamic T3 challenge, 
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suggesting different mechanisms are involved in the acute and chronic hypothalamic T3 
regulation of metabolism. 

In Chapter 4 we studied the acute and chronic rescuing effects of E2 in ovariecto-
mized rats on white adipose tissue (WAT) and bone metabolism via the CNS. We first 
showed significant rescuing effects on body weight, fat distribution and bone remodel-
ling by intracerebroventricular (ICV) E2 administration for four weeks. We then 
demonstrated that the central E2 effect on WAT is partly mediated via the VMH as both 
acute and chronic E2 administration in the VMH affects WAT metabolism. Importantly, 
our study also indicates that the central effect of E2 on bone metabolism is not 
mediated via the VMH. 

Chapter 5 shows a key role for TRH release in the PVN in regulating glucose and body 
temperature during cold. Both TRH administration in the PVN and cold exposure show 
increased glucose production, locomotor activity, corticosterone concentration and body 
temperature. In addition, by using selective liver denervations we demonstrated that the 
effects of TRH in the PVN on glucose metabolism are partly mediated by both sympa-
thetic and parasympathetic nervous system. 

Chapter 6 demonstrates the stimulatory effect of TRH on BAT in humans. Intravenous 
administration of TRH increases BAT activity in cold pre-exposed subjects without 
significant changes in circulation thyroid hormones, heart rate and blood pressure. Our 
study extends the findings from animal studies where TRH administration induces a cold-
defence response, suggesting a critical role of TRH on cold adaptation, also in humans. 

 

Samenvatting 

153 

Samenvatting 

Naast een skala van andere functies hebben zowel schildklierhormoon (T3) als 
oestrogeen (E2) ook belangrijke metabole effecten. In dit proefschrift onderzochten wij 
of metabole effecten van deze hormonen op energiemetabolisme deels via het centraal 
zenuwstelsel tot stand kunnen komen door de effecten te bestuderen van toediening 
van schilklierhormoon, oestrogeen of TRH in specifieke hypothalame nuclei. We 
onderzochten verschillende aspecten van het energiemetabolisme, zoals glucose en 
lipidenmetabolisme, eetgedrag, lichaamsgewicht, lichaamstemperatuur, 
bewegingsactiviteit, energieverbruik en botmetabolisme. De effecten werden 
bestudeerd zowel op moleculair als op functioneel niveau. Voor deze experimenten 
maakten we dan ook gebruik van verschillende experimentele technieken. We 
gebruikten bijvoorbeeld tabletten met een langzame afgifte van T3 en E2 om deze 
hormonen lokaal gedurende weken te kunnen toedienen in hypothalame kerngebieden. 
Daarnaast gebruikten we microdialyse om TRH en E2 acuut (uren) lokaal in de 
hypothalamus toe te dienen. We maakten gebruik van calorimetrische kooien om 
verschillende metabole parameters, zoals energieverbruik, koolhydraat oxidatie en 
bewegingsactiviteit te meten. We maakten gebruik van positron emissie tomografie (PET) 
en micro computer tomografie (μ-CT) scans om respectievelijk de activiteit van bruin 
vetweefsel en de botmorfologie te bestuderen. Ook maakten we gebruik van een aantal 
chirurgische ingrepen, zoals ovariectomie, lever denervatie en catheterisatie van de vena 
jugularis om specifieke onderzoeksvragen te beantwoorden. De verkregen resultaten 
vergroten niet alleen ons begrip van de neuroendocrinologie, maar geven ook 
preliminaire aanwijzingen voor therapeutische modaliteiten bij de behandeling van 
metabole ziekten. 

In Hoofdstuk 2 introduceren we een diermodel voor de chronische en selectieve 
toediening van T3 in de paraventriculaire (PVN) en ventromediale (VMH) kern van de 
hypothalamus van de rat middels T3-bevattende tabletten. De afgifte van T3 door deze 
tabletten werd gevalideerd door het meten van T3 concentraties zowel in vitro als in vivo 
in de doelgebieden en nabij gelegen hersengebieden. De biologische activiteit van het 
afgegeven T3 werd gevalideerd door het meten van de expressie van T3 afhankelijke 
genen in de doelgebieden en in nabij gelegen hersengebieden. De specificiteit van ons 
model werd verder aangetoond door de verschillende responsen van de hypothalamus-
hypofyse-schildklier (HPT) as na toediening van T3 in de PVN dan wel VMH.  
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In Hoofdstuk 3 presenteren we de metabole consequenties van chronische (7 en 28 
dagen) T3 toediening in de PVN en VMH gebruik makend van het diermodel zoals 
besproken in Hoofdstuk 2. De resultaten van deze studie laten zien dat de metabole 
consequenties van chronische toediening zeer beperkt zijn, hetgeen suggereert dat er 
verschillende mechanismen betrokken zijn bij de (eerder gerapporteerde) acute en 
chronische effecten van T3 op metabolisme.  

In Hoofdstuk 4 onderzochten we de effecten van acute en chronische toediening van 
E2 in het centraal zenuwstelsel op vet- en botmetabolisme in vrouwelijke ratten na 
ovariectomie. Na toediening van E2 in de laterale hersenventrikel gedurende 4 weken 
vonden we een significant herstel van het toegenomen lichaamsgewicht en van de 
veranderingen in vetdistributie en botmetabolisme. Vervolgens konden we aantonen dat 
de centrale effecten van E2 op het vetweefsel voor een deel gemedieerd worden via de 
VMH, zowel na acute als chronische toediening. Dezelfde studie liet echter ook zien dat 
de centrale effecten van E2 op botmetabolisme niet gemedieerd worden via de VMH. 

De resultaten in Hoofdstuk 5 laten een belangrijke rol zien voor TRH in de PVN bij de 
regulatie van glucosemetabolisme en lichaamstemperatuur tijdens blootstelling aan 
koude (40C). Zowel de toediening van TRH in de PVN als blootstelling aan kou 
resulteerde in een toegenomen glucoseproductie, bewegingsactiviteit, plasma 
corticosteron concentratie en lichaamstemperatuur. Middels selectieve denervatie van 
de autonome leverinput konden we aantonen dat de effecten van TRH in de PVN op 
glucosemetabolisme voor een deel gemedieerd worden via zowel de parasympatische 
als sympatische lever innervatie. 

In Hoofdstuk 6 toonden we een stimulerend effect aan van TRH op de activiteit van 
bruin vetweefsel in gezonde proefpersonen gemeten aan de hand van FDG PET/CT. 
Intraveneuze toediening van TRH resulteerde in een toegenomen activiteit van bruin 
vetweefsel in een aantal proefpersonen na voorafgaande blootstelling aan een koele 
(17oC) omgeving. Deze toename kon niet worden verklaard door een stijging van de 
plasma schildklierhormoonconcentraties, en ook de hartfrequentie en bloeddruk bleven 
ongewijzigd. De resultaten van deze studie zijn globaal in overeenstemming met de 
resultaten van onze dierexperimentele studies waarin TRH toediening resulteerde in een 
fysiologische adaptatie aan kou, en wijzen op een belangrijke rol voor TRH in de 
adaptatie aan kou niet alleen bij knaagdieren maar ook bij mensen. 
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