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List of abbreviations 

11β-HSD-1 - 11β-hydroxysteroid-dehydrogenase 1 

11β-HSD-2 - 11β-hydroxysteroid-dehydrogenase 2 

2DG - 2-deoxy-glucose 

α-MSH - alpha-melanocyte stimulating hormone  

ACTH - adrenocorticotropic hormone 

AGRP - agouti-related protein 

BAT - brown adipose tissue 

BSA - bovine serum albumin 

CART - cocaine- and amphetamine-regulated transcript 

CNS - central nervous system 

CRE - cAMP-response-element 

CREB - cAMP-response-element binding protein 

CRH - corticotropin-releasing hormone 

DAB - 3,3’-diaminobenzidine 

DBH - dopamine-β-hydroxylase 

DMN - hypothalamic dorsomedial nucleus 

GALP - galanin-like peptide 

HPA axis - hypothalamic-pituitary-adrenocortical axis 

HPT axis - hypothalamic-pituitary-thyroid axis  

icv. - intracerebroventricular  

IL-1 - interleukin 1 

IR - immunoreactive 

LPS - bacterial lipopolysaccharide 

MC3-R, MC4-R - melanocortin 3 and 4 receptors  
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MCH - melanin-concentrating hormone  

Ni-DAB - nickel-diaminobenzidine 

NPY - neuropeptide Y  

NTS - nucleus of the solitary tract 

PB - phosphate buffer 

PBS - phosphate buffered saline 

PCREB - phosphorylated cAMP-response-element binding protein 

PKA - protein kinase A 

PNMT - phenylethanolamine-N-methyltransferase  

PVN - hypothalamic paraventricular nucleus 

SEM - standard error of the mean 

SSC - standard sodium citrate  

STAT3 - signal transducer and activator of transcription 3 

T3 - 3,5,3’-triiodothyronine  

T4 - thyroxine  

TB - Tris buffer 

TRH - thyrotropin-releasing hormone  

TSH - thyrotropin 

UCP-1 - uncoupling protein 1 

UCP-3 - uncoupling protein 3 

VMN - hypothalamic ventromedial nucleus 
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Introduction 

 The hypothalamic paraventricular nucleus (PVN) contains hypophysiotropic 

neuron populations that control the hormone secretion of the anterior pituitary gland. 

The hypophysiotropic thyrotropin-releasing hormone (TRH)-synthesizing neurons are 

located in the periventricular and medial parvocellular subdivisions of the PVN (1), and 

govern the hypothalamic-pituitary-thyroid (HPT) axis (Fig. 1). The hypophysiotropic 

corticotropin-releasing hormone (CRH)-synthesizing neurons, located laterally from the 

TRH neurons in the medial parvocellular subdivision (2, 3), are the central regulators of 

the hypothalamic-pituitary-adrenocortical (HPA) axis (Fig. 1). Hypophysiotropic TRH 

and CRH neurons integrate a wide variety of humoral and neural signals and serve as 

final common pathways in the regulation of the HPT and HPA axes, respectively. These 

signals set the activity of the hypophysiotropic neurons to adapt to the altered external 

or internal environment. The resulted alterations in the peripheral levels of thyroid 

hormones and corticosterone play essential role for promoting survival during the 

periods of challenges, such as fasting or stress (4-6). 

 

The role of HPT and HPA axes in the regulation of energy homeostasis 

The long-term maintenance of body weight requires a balance between energy 

intake and energy expenditure. Energy intake is determined primarily by feeding 

behaviour, while energy expenditure can be broken down into basal metabolism, 

voluntary and involuntary activity, and adaptive thermogenesis (7). Energy homeostasis 

is maintained through behavioural, autonomic and endocrine pathways (7). Both the 

HPT and HPA axes play critical role in maintaining energy homeostasis and normal 

metabolic processes. Large amount of data has been accumulated about the role of 

thyroid hormones and glucocorticoids in the regulation of energy homeostasis (8, 9). 

Thyroid hormones are well known to regulate energy expenditure through effects 

on basal metabolism and adaptive thermogenesis. In most tissues, thyroid hormones 

raise the metabolic rate by increasing the number and size of mitochondria in the target 

cells, stimulating the synthesis of enzymes in the respiratory chain, increasing 

membrane Na+/K+ ATP-ase concentration and membrane Na+ and K+ permeability (10). 

Hyperthyroidism increases metabolic rate and metabolic processes, while basal 

metabolic rate can be reduced by as much as 30% in the absence of thyroid hormones 

(11). 



 6

Figure 1. Schematic illustration of the HPT and HPA axes in the rat. Hypophysiotropic 
TRH- and CRH-synthesizing neurons residing in the PVN secrete TRH and CRH, 
respectively, into the portal capillary system of the median eminence. The secreted TRH 
controls the release of thyroid hormones T4 and T3 through the regulation of TSH 
secretion from the pituitary gland, whereas CRH controls the release of corticosterone 
through the regulation of ACTH secretion from the pituitary. 

Thyroid hormones in brown adipose tissue (BAT) are essential for diet-induced 

thermogenesis, an important way for wasting excess energy in rodents (12). In response 

to a calorie-rich diet, increased sympathetic activity causes a large increase in heat 

production in interscapular BAT (13, 14). This is achieved mainly by increasing the 

activity of uncoupling protein 1 (UCP-1) which disassociates or ‘uncouples’ the 

respiratory chain from ATP production and dissipates the resulting oxidation energy as 

heat (12). The presence of thyroid hormones and the activation of type 2 iodothyronine 

deiodinase that converts intracellular T4 to its active form T3 are crucial for the increase 

in UCP-1 expression in BAT (15, 16). Other thermogenic effects of thyroid hormones 

are exerted in the muscle. For example, increased UCP-3 and sarcoendoplasmic 

reticulum Ca2+ ATP-ase expressions (17-22) have been hypothesized to participate not 

only in cold-induced, but also in diet-induced thermogenesis (23). 

In addition to effects on heat generation, thyroid hormone also has effects on 

lipogenesis and appetite regulation. T3 increases expression of genes coding for 
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lipogenic enzymes such as malic enzyme, glucose 6-phosphate dehydrogenase and 

acetyl-coenzyme A carboxylase (24-28) that use fatty acids derived from adipose tissue 

as the primary source of substrate (29), and is well known to increase food intake (29). 

The latter effect may be mediated centrally by increased ATP utilization in the 

mediobasal hypothalamus, perhaps as a result of increased Na+/K+ ATP-ase activity 

(30), and/or direct effects on the hypothalamic ventromedial nucleus (VMN) (31). Kong 

et al. have demonstrated that T3 increases immediate early gene activation in the VMN 

and induces a four-fold increase in food intake when injected directly into the VMN 

(31). Presumably, the effects of T3 on lipogenesis and appetite are compensatory, 

preventing obligatory and/or adaptive thermogenesis from depleting fat stores and to 

counterbalance increased energy expenditure when T3 levels are elevated (11). 

Corticosterone, which is the main glucocorticoid hormone in rodents, is also crucial 

for the maintenance of energy homeostasis and normal metabolism. Corticosterone 

acting on glucocorticoid receptors enhance the transcription of several genes that 

encode proteins involved in the regulation of energy balance, such as metabolic 

enzymes, plasmamembrane transporters and hormones. Corticosterone increases hepatic 

gluconeogenesis mainly by the transcriptional activation of phosphoenolpyruvate 

carboxykinase, the rate-limiting enzyme in the gluconeogenic pathway (32, 33). In 

addition, corticosterone also increases cellular concentrations of enzymes and the 

substrates for gluconeogenesis (34). Glucocorticoids decrease glucose uptake into the 

skeletal muscles and increase protein degradation (35). In concert with these well-

established effects of glucocorticoids on blood glucose concentration, corticosterone has 

also been shown to directly inhibit insulin release from pancreatic β cells (36). During 

stress this could be an important regulatory mechanism, allowing a transient attenuation 

of the insulin response to hyperglycemia in order to ensure sufficient glucose for the 

needs of the brain (36). 

In adipose tissue, glucocorticoids regulate several processes including metabolic 

activity (37), production and secretion of leptin (38, 39), and the differentiation of 

adipocytes (40). In the recent years, the effects of excess or reduced corticosterone 

levels in adipose tissue have been extensively studied. A modest increase in the activity 

of 11β-hydroxysteroid-dehydrogenase 1 (11β-HSD-1), the enzyme that regenerates 

corticosterone from inactive 11-dehydrocorticosterone, in adipose tissue of mice is 

sufficient to cause hyperphagia with visceral obesity and its most critical metabolic 
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complications: hyperglycemia, glucose intolerance, insulin resistance, hyperleptinemia 

and leptin resistance (37). In contrast, adipocyte-specific glucocorticoid inactivation by 

the transgenic expression of 11β-HSD-2, which converts corticosterone to the inactive 

11-dehydrocorticosterone, causes resistance to diet-induced obesity on high fat diet, 

reduced fat mass, decreased food intake, increased energy expenditure, improved 

glucose tolerance and insulin sensitivity, and reduced expression of leptin (41).  

In addition to its effects on the liver, adipose tissue, muscle and other peripheral 

organs, corticosterone has been suggested to regulate energy homeostasis via acting in 

the central nervous system (CNS). 11β-HSD-1 is expressed in important hypothalamic 

metabolic centers (e.g. the arcuate nucleus). Furthermore, in 11β-HSD-1-/- mice that 

have normal corticosterone levels, the expression levels of several feeding-related 

neuropeptides and receptors are altered either on normal or high-fat diet (42).  

 

 
Regulation of hypophysiotropic TRH and CRH neurons during fasting: connectivity 

with AGRP/NPY and α-MSH/CART neurons in the arcuate nucleus 

The key elements of the extremely complex regulatory system that maintains 

energy balance are the central neural circuits that are capable of sensing metabolic 

signals (hormones, metabolites) from the periphery, and in turn regulate food intake and 

energy expenditure (43). Recent data, partly from our laboratory, suggest that the 

adaptation of hypophysiotropic CRH and particularly TRH neurons to fasting, a severe 

deficit in energy balance, is achieved by key feeding-related neurons in the 

hypothalamic arcuate nucleus. 

 

Regulation of hypophysiotropic TRH neurons during starvation 

Fasting induces central hypothyroidism characterized by fall of circulating thyroid 

hormone levels, reduction in TRH gene expression in the hypophysiotropic neurons and 

inappropriately normal or low plasma TSH levels (4, 5, 44). This inhibition of the HPT 

axis is highly adaptive because the low level of thyroid hormones entails reduced 

thermogenesis and decreased metabolic rate which help to preserve the energy stores 

during the period of food restriction. These alterations can be completely reversed by 

the systemic administration of leptin (4, 45), a white adipose tissue-derived hormone, to 

fasting animals, suggesting that the falling levels of leptin in the peripheral blood of 

fasting animals play an important role in the fasting-induced inhibition of the HPT axis. 
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The pharmacological ablation of the hypothalamic arcuate nucleus, that contains 

important feeding-related neuronal groups, not only abolishes the response of the HPT 

axis to fasting, but its response to the exogenous administration of leptin is lost as well 

(46). Therefore, it has been suggested that the regulatory effects of leptin on the HPT 

axis are primarily indirect, mediated by neurons of the hypothalamic arcuate nucleus 

which expresses the greatest amount of leptin receptor in the brain (47). 

The input of TRH neurons that originates from the arcuate nucleus includes 

afferents from two separate groups of neurons with opposing functions that either co-

synthesize alpha-melanocyte stimulating hormone (α-MSH) and cocaine- and 

amphetamine-regulated transcript (CART) (48, 49), or agouti-related protein (AGRP) 

and neuropeptide Y (NPY) (50, 51). These two cell groups are regarded as the principal 

neurons of the CNS that mediate the effects of leptin on food intake and energy 

expenditure (the functions of these neurons are summarized briefly in the boxed text). 

Both types of neurons express leptin receptor (52, 53), but their neuropeptide transmitter 

synthesis is oppositely regulated by leptin: α-MSH and CART gene expressions are 

increased (54, 55), whereas AGRP and NPY expressions are inhibited by leptin 

administration (56, 57). Conversely, during fasting, the syntheses of AGRP and NPY 

are increased (56, 58, 59), whereas α-MSH and CART syntheses are inhibited (54, 55, 

59). A large body of evidence strongly suggests that, by signaling on TRH neurons, 

these arcuate nucleus-derived neuropeptides are important mediators of the effects of 

leptin and fasting on hypophysiotropic TRH neurons. It is worth of note that there are 

indications that hypophysiotropic TRH neurons can also be directly regulated by leptin, 

however, to a lesser extent (60-62). 

Axons of α-MSH/CART neurons establish synapses on TRH neurons, contacting 

the cell bodies and first order dendrites of about 70% of TRH neurons in the 

periventricular parvocellular subdivision, and of 34% of TRH neurons in the medial 

parvocellular subdivision of the PVN (63). Both α-MSH (63, 64) and CART (65, 66) 

have activating effects on hypophysiotropic TRH neurons. When administered 

intracerebroventricularly to fasting animals, α-MSH and CART have potent effects in 

restoring the fasting-induced suppression of proTRH mRNA in hypophysiotropic 

neurons to levels found in freely feeding animals (63, 65). The molecular mechanisms  
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Feeding-related neurons of the arcuate nucleus 
 

AGRP/NPY and α-MSH/CART neurons in the arcuate nucleus are two 
antagonistic cell populations that have primary importance in the regulation of energy 
homeostasis. Both cell groups possess receptor molecules for peripheral satiety signals, 
such as leptin and insulin (43, 52, 53). The peripheral hormones oppositely regulate the 
activity of these two cell types of the arcuate nucleus (43). Leptin, an adipose tissue-
derived hormone that circulates in proportion to body adipose stores, appears to be the 
most important but certainly the most studied hormonal input to these neurons: it 
stimulates α-MSH/CART cells and inhibits AGRP/NPY neurons. Leptin directly 
depolarizes α-MSH/CART neurons (67) and increases the synthesis of α-MSH and 
CART (54, 55). In contrast, leptin suppresses the gene expression of NPY and AGRP 
(56, 57), and inhibits the electrophysiological activity of AGRP/NPY neurons: the spike 
frequency of AGRP/NPY neurons is markedly increased in fasting animals when leptin 
levels are low, which is reversed by exogenous leptin administration (68). In addition to 
its regulatory function, leptin also has a trophic action on these cells because the 
development of axonal projections of AGRP/NPY and α-MSH/CART neurons at 
neonatal age is dependent on leptin (69). 

The distributions of the nerve fibers of AGRP/NPY and α-MSH/CART neurons 
show a high degree of overlap (70); individual target neurons were demonstrated to 
receive dual innervation from both cell types (63). Therefore, AGRP can act as a 
competitive antagonist of α-MSH on the MC3 and MC4 receptors, as it was shown in 
vitro (71, 72). By innervating several brain areas including important metabolic centers 
(70), AGRP/NPY and α-MSH/CART neurons act on second order neurons to regulate 
food intake and energy expenditure (43). Centrally injected α-MSH effectively reduces 
food intake (73). A similar anorexigenic effect of CART has also been observed (54). In 
contrast, both NPY and AGRP markedly stimulate feeding (74-77). AGRP/NPY and α-
MSH/CART neurons oppositely regulate energy expenditure as well, by inhibiting and 
activating, respectively, the HPT axis (63, 65, 78, 79), and possibly also by changing the 
sympathetic activity to brown adipose tissue to affect thermogenesis (79, 80). 

Studies of several genetic animal models indicate that AGRP/NPY and α-
MSH/CART neurons have critical roles in maintaining energy balance. MC4-R-/- mice 
develop severe obesity with hyperphagia and decreased energy expenditure (81). MC3-
R-/- mice, although only slightly heavier than wild-type littermates, have higher feed 
efficiency (the ratio of weight gain to food intake) and markedly increased fat mass with 
reduced lean body mass (82). In addition, mice lacking both MC3-R and MC4-R 
become significantly heavier than MC4-R-/- mice (82). In the absence of NPY, the 
extremely obese leptin-deficient ob/ob mice become less obese because of reduced food 
intake and increased energy expenditure (83). The role of AGRP/NPY neurons is best 
demonstrated by the specific ablation of these neurons in adult animals which causes a 
rapid and dramatic decrease of food intake that leads to starvation (84, 85). 
Interestingly, neonatal ablation of AGRP/NPY neurons has only minimal effects on 
feeding (85), suggesting that network-based compensatory mechanisms can evolve 
during development. These compensatory mechanisms probably also account for the 
observations that NPY-/-, AGRP-/- and NPY-/-/AGRP-/- mice have no obvious feeding or 
body weight deficits and maintain a normal response to starvation (86, 87). 
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that probably underlie the direct stimulatory effects of α-MSH on TRH neurons have 

been investigated in detail. A major receptor for α-MSH, type 4 melanocortin receptor 

(MC4-R) is coupled to Gs protein that activates adenylate cyclase (73), and is expressed 

at least in half of the TRH neurons in the PVN (61). Since the promoter region of the 

TRH gene contains a cAMP-response-element (CRE) (88), activation of the 

cAMP/protein kinase A (PKA) pathway, through inducing the phosphorylation of 

cAMP-response-element binding protein (CREB), can increase the transcription of the 

TRH gene. This is supported by the observation that central administration of α-MSH to 

fasted animals rapidly induces CREB phosphorylation in the majority of 

hypophysiotropic TRH neurons (89). Moreover, in vitro, α-MSH acting on the human 

MC4-R is able to increase transcription from the human TRH promoter, which is 

mediated by CREB phosphorylation (61). In contrast, the mechanism by which CART 

signals to TRH neurons is not known, largely due to the lack of any information 

regarding the receptor(s) to which CART binds. However, icv. CART administration 

does not induce CREB phosphorylation in hypophysiotropic TRH neurons (90), 

suggesting that CART might activate the TRH promoter through a second messenger 

system other than the cAMP/PKA/CREB pathway. Therefore, it is tempting to speculate 

that CART and α-MSH may have potentiating effects on hypophysiotropic TRH 

neurons by utilizing different signaling mechanisms. 

The AGRP/NPY neurons also send monosynaptic projections to hypophysiotropic 

TRH neurons, innervating virtually all TRH neurons on the somata and proximal 

dendrites (91). However, in contrast to α-MSH and CART, NPY and AGRP have 

inhibitory actions on hypophysiotropic TRH neurons (78, 79). Chronic (3 days) icv. 

administration of NPY results in a profound reduction in proTRH mRNA levels in the 

PVN, with low or inappropriately normal TSH levels and a marked reduction in T4 and 

T3 levels (78). Central AGRP administration also mimicks the effects of fasting on the 

HPT axis, very similarly to NPY (79). The effect of NPY on TRH neurons is mediated 

by Y1 and Y5 receptors (92), and TRH neurons in the PVN have been demonstrated to 

express Y1 receptor (93, 94). All known NPY receptors are coupled to Gi protein which 

inhibits the activity of adenylate cyclase (95), therefore NPY would be able to 

antagonize the effects of signals that activate adenylate cyclase and cause CREB 

phosporylation to increase TRH gene expression. Indeed, when animals are pretreated 

intracerebroventricularly with NPY before α-MSH infusion, the percentage of TRH 
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neurons containing PCREB is significantly reduced compared with α-MSH infused 

animals (96). AGRP acts on TRH neurons probably also by decreasing intracellular 

cAMP signaling. AGRP is an endogenous antagonist and may also be an inverse agonist 

of type 3 and 4 melanocortin receptors (MC3-R and MC4-R) (71, 72, 97, 98). 

Therefore, AGRP can antagonize the effect of α-MSH on TRH neurons at the receptor 

level, or as an inverse agonist, may decrease the spontaneous activity of the 

melanocortin receptors on TRH neurons  

All these data suggest a model by which leptin regulates the HPT axis through 

arcuate nucleus-derived neuropeptides. α-MSH/CART- and AGRP/NPY-containing 

axons of arcuate nucleus origin converge on the hypophysiotropic TRH neurons and 

these peptides can exert a potent central effect to stimulate (α-MSH and CART) or 

inhibit (AGRP and NPY) TRH gene expression in the PVN. Therefore, during fasting, 

inhibition of α-MSH/CART neurons and activation of AGRP/NPY-producing neurons 

in the hypothalamic arcuate nucleus by the fall in circulating levels of leptin result in a 

net inhibitory effect on the hypophysiotropic TRH synthesis and a concomitant decline 

in circulating thyroid hormone levels (Fig. 2). 

The ability of leptin to directly activate TRH neurons was also suggested based on 

the observations that leptin administration induces phosphorylation of signal transducer 

and activator of transcription 3 (STAT3), an indirect marker of the action of leptin, in a 

subpopulation of TRH neurons (62). In addition, STAT3 has been shown to increase the 

transcription of the TRH gene in vitro (61) and it binds to the TRH promoter in vivo 

after leptin administration (60). Although this direct effect of leptin may have 

physiological significance, the critical importance of the indirect stimulation of the 

hypophysiotropic TRH neurons through α-MSH/CART neurons is emphasized by the 

experiment showing that the stimulatory effect of centrally administered leptin on TRH 

synthesis is completely reversed by administration of a melanocortin antagonist (62). 
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Figure 2. Schematic illustration of the regulation of the HPT axis by leptin. During 
fasting, the falling level of leptin inhibits α-MSH/CART neurons and stimulates 
NPY/AGRP-producing neurons in the arcuate nucleus. These changes decrease the 
stimulatory and increase the inhibitory effects resulting in an inhibition of the TRH 
synthesis in the hypophysiotropic neurons and decreased TSH and thyroid hormone 
secretion at the periphery. ARC, arcuate nucleus. 

 

Regulation of hypophysiotropic CRH neurons in starvation 

At present, the regulation of the HPA axis during fasting is less well understood. 

CRH mRNA levels are reduced in the PVN of fasting rats (58, 99, 100), whereas 

circulating ACTH and corticosterone levels are increased compared to the fed state (45, 

101-103). The rise in corticosterone could be an adaptive response to maintain fasting 

blood glucose levels and might also promote survival in the case of an acute stress 

during fasting (104, 105). The discrepancy between reduced CRH mRNA levels in the 

PVN and elevated serum ACTH levels raises the possibility that factor(s) other than 

CRH stimulate ACTH secretion in fasting, and the high corticosterone levels by 

negative feedback effect may contribute to the reduced CRH expression. 

Since the icv. infusion of leptin prevents the fasting-induced suppression of CRH 

mRNA (100, 106), it appears that the inhibition of hypophysiotropic CRH neurons 

during starvation is caused at least partly by reduced fasting leptin levels. Similarly as in 
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the case of hypophysiotropic TRH neurons, leptin-responsive α-MSH/CART and 

NPY/AGRP neurons were suggested as mediators of leptin action on CRH neurons: 

both cell groups have been described to innervate hypophysiotropic CRH neurons (107, 

108), although the extent of these innervations has not been analysed quantitatively. 

Both α-MSH and CART have been shown to activate hypophysiotropic CRH neurons. 

Intracerebroventricular injection of a melanocortin agonist induces the expression of 

CRH heteronuclear RNA in the PVN, and increases circulating corticosterone levels in 

a CRH-dependent way (109, 110). Chronic central infusion of α-MSH to fasting 

animals restores CRH mRNA levels in the PVN to the fed state (99). The direct effect 

of α-MSH on CRH neurons is supported by the observation that about 30% of CRH 

neurons in the PVN were found to express MC4-R (110). The remaining part of CRH 

neurons might either express MC4-R under the detection level or express MC3-R, a 

possibility of which has not been investigated yet. Since the promoter region of the 

CRH gene contains a CRE (111), the activation of MC4 through increasing intracellular 

cAMP level and CREB phosphorylation possibly underlies the effect of α-MSH on 

CRH gene expression. The appearance of PCREB in about half of the hypophysiotropic 

CRH neurons in response to icv. α-MSH infusion also supports this idea (89). The 

stimulatory effect of CART on CRH neurons is suggested by data that CART increases 

CRH mRNA levels in hypothalamic explants, and when injected into the PVN, CART 

causes a rapid increase in plasma ACTH and corticosterone levels, through induction of 

CRH release (112). 

The direct effects of NPY and AGRP on CRH production should be inhibitory, 

since all NPY receptors are coupled to Gi proteins (95), and AGRP, either as an 

antagonist or inverse agonist, antagonizes intracellular signaling of MC3 and MC4 

receptors that are coupled to Gs proteins (71, 72, 76, 98). However, a single icv. 

administration of NPY markedly increases CRH mRNA in the PVN and elevates serum 

ACTH and corticosterone levels (113, 114). In contrast, continous icv. NPY infusion for 

3 days to freely-feeding animals causes a dramatic decrease in CRH mRNA level in the 

PVN (unpublished data from our laboratory). Interestingly, in pregnancy, when NPY 

expression in the arcuate nucleus is elevated similarly as in starvation (115), a single 

dose of intracerebroventricularly administered NPY does not elevate CRH mRNA 

(114). Thus, it raises the possibility that a prolonged stimulation of NPY receptors on 

CRH neurons, probably occuring in starvation, is necessary to enforce effective 
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inhibition of CRH synthesis. In contrast, single NPY injections may simulate 

presynaptic stimulatory actions of NPY which was shown to reduce GABA-ergic 

inhibition of parvocellular PVN neurons (116). A stimulatory role was also suggested 

for AGRP because centrally injected AGRP increases ACTH levels (109), but its 

chronic (3 days) icv. administration did not change CRH mRNA levels in the PVN 

(unpublished data from our laboratory). 

In summary, (i) the innervation of hypophysiotopic CRH neurons by AGRP/NPY 

and α-MSH/CART neurons, (ii) the inverse changes in neuropeptide mRNA expression 

of these cell groups in fasting, (iii) the types of G proteins to which the receptors of 

these peptides are coupled and (iv) at least partly the effects of these peptides on CRH 

neurons are all in favour of a hypothesis that during fasting, changes in the activity of 

AGRP/NPY and α-MSH/CART cells contribute to the fasting-induced suppression of 

CRH expression in the PVN (Fig. 3). However, further studies should be performed to 

exactly determine the role of arcuate-derived peptides in the regulation of 

hypophysiotropic CRH neurons. 

It is worth of note that CRH neurons were shown to contain leptin receptor-

immunoreactivity (117), raising the possibility that direct action of leptin may also 

contribute to the regulation of CRH neurons by the energy availability.  

Whether the inhibition of hypophysiotropic CRH neurons is an adaptive response to 

fasting is not yet understood. Since CRH has anorectic effects when injected into the 

PVN (118, 119), the fasting-induced suppression of CRH synthesis would be in concert 

with the hypothesis that hypophysiotropic CRH neurons might release CRH locally in 

the PVN and thus inhibit food intake. However, the role of CRH as a physiologically 

relevant endogenous anorexigenic signal has been questioned, because the daily pattern 

of CRH released in the PVN correlates inversely with the daily feeding pattern (120, 

121). Alternatively, hypophysiotropic CRH neurons could inhibit food intake through 

axon-collaterals in other brain regions. 
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Figure 3. Presumed regulation of hypophysiotropic CRH neurons by leptin in fasting 
animals. Decreased circulating leptin causes a reduction in the synthesis of α-MSH 
and CART, while stimulates the expression of NPY and AGRP. This probably 
decreases the stimulatory and increases the inhibitory effects on CRH neurons, 
resulting in the inhibition of CRH production. ARC: arcuate nucleus, ME: median 
eminence. 

 

Possible other feeding-related inputs to hypophysiotropic TRH and CRH neurons 

Among the four arcuate nucleus-derived neuropeptides described above, the AGRP 

and α-MSH innervation of the PVN, and therefore, that of the hypophysiotropic TRH 

and CRH neurons, originate exclusively from the arcuate nucleus (50, 65, 122). In 

contrast, AGRP-containing NPY fibers of arcuate nucleus origin comprise only a 

portion of all NPY-containing axons in the PVN (123-125), and α-MSH-containing 

CART fibers constitute only a fraction of all CART-containing fibers in the PVN (65). 

Morphologic studies suggested that these NPY- and CART-containing axons arising 

outside the arcuate nucleus also contribute to the innervation of hypophysiotropic TRH 

and CRH neurons (65, 123, 126-128). 

The NPY innervation of hypophysiotropic TRH neurons originates primarily from 

the arcuate nucleus (123). However, after pharmacological ablation of the arcuate 

nucleus, approximately 18% of close appositions between NPY fibers and TRH 

perikarya remain intact (123). The other major source of NPY innervation of the PVN 

originates from brainstem adrenergic and noradrenergic neurons (124). Since adrenergic 

fibers densely innervate the hypophysiotropic TRH neurons (126), and the majority of 
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adrenergic neurons in the C1-3 areas that project to the PVN co-express NPY (124), we 

raised the question whether adrenergic fibers contribute to the NPY-ergic innervation of 

hypophysiotropic TRH neurons. 

Previous observation from our laboratory indicated that α-MSH/CART-containing 

axon varicosities constitute only a minor part of all CART-containing varicosities that 

are juxtaposed to the hypophysiotropic TRH neurons in the PVN (65). CART is widely 

expressed throughout the brain, also in many of the areas that are known to project to 

the PVN (129-131). Therefore, as a first step to identify possible CART-expressing cell 

groups outside the arcuate nucleus that innervate TRH and CRH neurons, we mapped 

the origin of CART innervation of the PVN by retrograde neuronal tract-tracing. The 

couple of CART cell populations found to project to the PVN included adrenergic 

neurons in the medulla, thus we also determined the ratio of adrenergic CART fibers in 

the total CART innervation of hypophysiotropic TRH neurons. In the course of 

examining the CART innervation of hypophysiotropic CRH neurons, we demonstrated 

the presence of synaptic associations between CART-containing nerve terminals and 

CRH neurons, and also performed a detailed quantitative analysis to reveal the 

contribution of α-MSH/CART fibers from the arcuate nucleus and adrenergic CART 

fibers from the medulla to the innervation of CRH neurons. 

Our results demonstrated that medullary adrenergic neurons substantially 

contribute to the NPY and CART innervation of the hypophysiotropic TRH and CRH 

neurons. Several experiments suggest that adrenergic neurons mediate the effects of 

different types of physical stress, such as inflammatory processes and cold exposure 

(132-135). During the recent years, several pieces of evidence have emerged that 

adrenergic neurons are critical in the feeding and corticosterone responses to a 

metabolic stress, glucoprivation (136-138) (i.e. reduced cellular availability of glucose, 

generally induced either by insulin or 2-deoxy-glucose, a glycolytic inhibitor), most 

probably through increased NPY and catecholamine release from their nerve terminals 

(139-142). The activation of adrenergic neurons to hypoglycemia raised the possibility 

that fasting may also exert a potent effect on adrenergic neurons and their neuropeptide 

synthesis, that may contribute to the fasting-induced suppression of hypophysiotropic 

TRH and CRH neurons. Therefore, by quantitative in situ hybridization, we examined 

whether NPY and/or CART gene expression is altered in adrenergic neurons of the C1-

3 areas in fasting animals. 
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We were also interested in finding out whether other peptidergic systems are also 

involved in the adaptation of the HPT axis to fasting. Galanin, a neuropeptide broadly 

distributed in the CNS (143, 144), has long been known as an orexigenic peptide (144-

146), and its mRNA in the hypothalamus is regulated by leptin (147). A second member 

of the galanin peptide family, the recently discovered galanin-like peptide (GALP) 

(148) is synthesized exclusively in a cell population of the arcuate nucleus that is 

separate from the α-MSH/CART and AGRP/NPY neurons (149), has a profound 

orexigenic effect (150), and its expression is inhibited by leptin (151). Furthermore, 

both peptides have recently been shown to reduce the peripheral TSH levels after 

central administration and decrease TRH release from hypothalamic explants (152). 

Since both galanin- and GALP-containing axons innervate the PVN (149, 153), we 

determined whether galanin- and GALP-containing axon terminals are in anatomical 

position to directly regulate hypophysiotropic TRH neurons. 
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Specific Aims 

1. Determine whether adrenergic NPY-containing axon terminals innervate 

hypophysiotropic TRH neurons 

2. Delineate the precise location of CART-containing cell populations that 

innervate the PVN 

3. Reveal the contribution of adrenergic CART-containing fibers to the CART 

innervation of TRH neurons 

4. Demonstrate the presence of synaptic associations between CART-containing 

axon terminals and CRH neurons 

5. Estimate the proportion of CART-containing afferents to CRH neurons that 

originate from the arcuate nucleus and adrenergic neurons of the medulla 

6. Elucidate whether NPY and CART mRNA levels are changed during fasting in 

the C1-3 regions 

7. Examine whether galanin- and GALP-containing axons innervate TRH neurons 

in the PVN 
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Materials and Methods 

 

Animals 

The experiments were carried out on adult male Wistar (TOXI-COOP KKT, 

Budapest, Hungary) and Sprague-Dawley (Taconic Farms, Germantown, NY) rats 

weighing 200-500g. The animals were kept under standard environmental conditions 

(light between 06:00-18:00 h, temperature 22±1°C, rat chow and water ad libitum). All 

experimental protocols were reviewed and approved by the Animal Research 

Committees at the Institute of Experimental Medicine of the Hungarian Academy of 

Sciences and Tufts-New England Medical Center. 

Table 1 summarizes the main methods used in the experiments of the thesis. 

Table 1.  Summary of main methods used in different experiments of the thesis 

Study Method 
PNMT/NPY-immunoreactive (IR) 
innervation of proTRH-IR neurons in the 
PVN 

Triple-labeling immunofluorescence 
 

CART-IR innervation of the PVN Retrograde neuronal tract-tracing, 
double- and triple-labeling 
immunofluorescence 

CART/PNMT-IR innervation of proTRH 
mRNA-containing perikarya in the PVN 

Combined in situ hybridization and 
double-labeling immunofluorescence  

Ultrastructural examination of CART-IR 
innervation of CRH-containing neurons in 
the PVN 

Double-labeling immunocytochemistry 
at electron microscopic level 

CART/PNMT-IR and CART/α-MSH-IR 
innervation of CRH neurons in the PVN 

Quadruple-labeling 
immunofluorescence, confocal 
microscopic analysis 

Expression of NPY and CART mRNA in 
medullary C1-3 areas in fasting rats 

Quantitative isotopic in situ 
hybridization 

Galanin- and GALP-IR innervation of 
proTRH neurons in the PVN 

Double-labeling immunocytochemistry 
at light- and electron microscopic level 

 

1. Triple-labeling immunofluorescence for detection of NPY- and PNMT-IR axons and 

proTRH-IR perikarya in the PVN 
Animals (n=3) were deeply anesthetized with sodium pentobarbital (35 mg/kg body 

weight, ip.), and 100 μg colchicine in 5 μl 0.9% saline was stereotaxically injected into 

the lateral ventricle to increase the number of detected proTRH-IR neurons. After 20 

hours of survival, the animals were perfused transcardially with 20 ml 0.01 M 
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phosphate-buffered saline (PBS), pH 7.4, followed sequentially by 100 ml of 3% 

paraformaldehyde/1% acrolein in 0.1M phosphate buffer (PB), pH 7.4, and 30 ml of 3% 

paraformaldehyde in the same buffer. Brains were removed and cryoprotected in 30% 

sucrose in PBS overnight and quickly frozen on dry ice. Serial 25 μm thick coronal 

sections were cut from the hypothalamus with a freezing microtome and stored in anti-

freeze solution (30% ethylene glycol; 25% glycerol; 0.05M PB) at -20°C until use.  The 

sections were treated for 30 min with 1% sodium borohydride, followed by 0.5% H2O2 

and 0.5% Triton X-100 in PBS for 15 min.  To reduce the nonspecific antibody binding, 

the sections were treated with 2% normal horse serum in PBS for 20 min. 

Then, the tissue sections containing the PVN were incubated in a mixture of sheep 

anti-NPY (1:16.000; gift from Dr István Merchenthaler, University of Maryland, 

Baltimore, MD) and rabbit anti-phenylethanolamine-N-methyltransferase (PNMT) 

(1:1000; gift of Dr. Martha C. Bohn, Northwestern University Medical School, 

Chicago, IL) for 2 days at 4°C. All antisera were diluted in PBS containing 2% normal 

horse serum and 0.2% sodium-azide. The sections were rinsed in PBS and then 

incubated in a mixture of CY3-conjugated donkey anti-sheep IgG (1:200; Jackson 

ImmunoResearch, West Grove, PA) and fluorescein isothiocyanate (FITC)-conjugated 

donkey anti-rabbit IgG (1:50; Jackson) for 2 h. The tissues were then incubated in rabbit 

anti-proTRH 178-199 (1:2500, gift of Dr. Éva Rédei) for 2 days at 4°C, followed by 

incubation in 7-amino-4-methylcoumarin-3-acetic acid (AMCA)-conjugated donkey 

anti-rabbit IgG (1:50; Jackson) for 2 h. 

 The sections were mounted, coverslipped with Vectashield mounting medium 

(Vector Laboratories, Burlingame, CA), and analyzed under a Zeiss Axiophot 

epifluorescent microscope using the following filter sets: for CY3, excitation of 540–

590 nm, bandpass of 595 nm, and emission of 600–660 nm; for FITC, excitation of 

460–500 nm, bandpass of 505 nm, and emission of 510–560 nm; and for AMCA, 

excitation of 320–400 nm, bandpass of 400 nm, and emission of 430–490 nm. Thus, 

NPY-containing fibers (labeled by CY3) were labeled in red, PNMT-containing fibers 

(labeled by FITC) were labeled in green, and proTRH-containing perikarya (labeled by 

AMCA) were labeled in blue under their respective filter sets. Images were captured 

with an RT Spot digital camera (Diagnostic Instrument, Sterling Heights, MI). The 

same field was triple-exposed while switching the filter sets for each fluorochrome and 

superimposed using Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA) 
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and an IBM compatible personal computer to create composite images for analysis. 

Fibers co-containing both NPY and PNMT appeared yellow in the composite images. 

Axon varicosities that were juxtaposed to proTRH-IR neurons and contained NPY, 

PNMT or NPY plus PNMT were counted on superimposed images of periventricular 

and medial parvocellular subdivisions of the PVN. Four sections of each brain were 

analyzed. The ratios of all NPY vs. the NPY/PNMT varicosities and all PNMT vs. 

NPY/PNMT varicosities were calculated in each brain. Data are presented as means ± 

standard error of the mean (SEM). 

 

2. Mapping the origin of CART-IR innervation of the PVN 

2. a) Retrograde neuronal tract-tracing 

 To elucidate the origin of CART-IR fibers innervating the PVN, the retrogradely 

transported cholera toxin subunit β (CTB) (List Biological Labs, Campbell, CA) was 

injected into 10 animals by iontophoresis (Stoelting, Wood Dale, IL; 7.0 µamps, pulsed 

at 7-second intervals, for 15 min) through a stereotaxically positioned glass micropipette 

(tip diameter 20 μm) into the parvocellular division of the PVN, based on the 

coordinates of the atlas of Paxinos and Watson (154). Following 6–7 day of transport 

time, the animals received 100 μg of colchicine by stereotaxic injection into the lateral 

ventricle and 24 hours later they were deeply anesthetized and perfused as described 

above. Through the forebrain and brainstem 25 μm thick sections were cut with freezing 

microtome (Leica Microsystems, Wetzlar, Germany), and collected in anti-freeze 

solution in four identical sets of sections from each of the brains and stored at -20°C 

until used. 

 For evaluation of injection sites, after pretreatments of the sections described 

above, every fourth section through the hypothalamus was incubated in goat anti-CTB 

serum (List Biological Labs) at 1:10.000 dilution for 2 days at 4°C. After rinses in PBS 

the sections were immersed in biotinylated donkey anti-sheep IgG (1:500; Jackson) for 

2 hours and then in streptavidin-peroxidase (1:1000; Jackson) for 1 hour at room 

temperature. The immunoreaction was developed with 0.025% 3,3’-diaminobenzidine 

(DAB) and 0.0036% H2O2 in PBS. After mounting the sections were counterstained 

using Nissl’s method. Brain sections from three animals with injection sites in the 

parvocellular PVN were used for further studies. 
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2. b) Mapping of the CART-IR neurons projecting to the PVN by double- and triple-

labeling immunofluorescence 

Three different immunostainings were performed. First, every fourth section 

through the forebrain and brainstem of each animal was reacted with anti-CART 

antibody and anti-CTB antiserum. Then a triple immunolabeling was performed to 

detect CART, CTB and melanin-concentrating hormone (MCH) in every fourth section 

of the hypothalamus. Finally, every fourth section through the medulla was 

immunostained for CART, CTB and PNMT. At each immunostaining, sections were 

incubated in the mixture of primary antibodies, followed by the mixture of secondary 

antibodies, listed in Table 2. Then sections were incubated in the avidin-biotin-

peroxidase complex (ABC Elite, at 1:100, Vector) in PBS for 2 hours at room 

temperature. After intensification of the peroxidase signal in 0.1% biotinylated tyramide 

and 0.01% H2O2 in PBS (biotinylated tyramide amplification, (155)) for 10 minutes, the 

sections were incubated in FITC Avidin DCS (1:250; Vector). 

 

Table 2. Antibodies used for mapping the CART-IR innervation of the PVN 

Primary antibodies Secondary antibodies  

goat anti-CTB serum (List Biological Labs), 

1:30.000 

biotinylated donkey anti-sheep IgG 

(Jackson), 1:500 

murine monoclonal antibody against CART, 

at 3.34 μg/ml (gift from Dr. Jes Thorn 

Clausen, Novo Nordisk, Bagsvaerd, 

Denmark) 

CY3-conjugated donkey anti-mouse IgG 

(Jackson), 1:200 

rabbit anti-PNMT serum (gift from Dr. 

Martha C. Bohn), 1:1000 

AMCA-conjugated donkey anti-rabbit IgG 

(Jackson), 1:50 

rabbit anti-MCH serum (gift from Dr. 

Eleftheria Maratos-Flier, Joslin Diabetes 

Center, Boston, MA)  

AMCA-conjugated donkey anti-rabbit IgG 

(Jackson), 1:50 

 

 The sections were mounted and then analyzed under a Zeiss Axiophot 

epifluorescent microscope as described above. According to the emission spectra of 

used fluorochromes, FITC-labeled CTB-IR cells appeared in green, CY3-labeled 

CART-IR cells appeared in red, and AMCA-labeled MCH-IR and PNMT-IR cells 
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appeared in blue. Neurons co-containing both CTB and CART appeared yellow and 

neurons co-containing CART and MCH or PNMT appeared purple in the composite 

images. The distribution of double- or triple-labeled neurons were digitally mapped 

under 10× objective lens by superimposing each layer in Photoshop and assembling into 

camera lucida-like drawings of representative sections by using Corel Draw (Corel 

Corporation, Ottawa, Canada). 

 

3. Combined in situ hybridization and double-labeling immunofluorescence detection of 

proTRH mRNA-containing perikarya and CART- and PNMT-IR axons in the PVN 

 Three animals were perfused with 20 ml diethylpyrocarbonate (DEPC)-treated 

PBS, followed by 150 ml 4% paraformaldehyde in PBS. The brains were removed and 

postfixed by immersion in the same fixative for 2 h at room temperature. Tissue blocks 

containing the hypothalamus were cryoprotected in 20% sucrose in PBS at 4°C 

overnight, then frozen on dry ice. Serial 20 μm thick coronal sections through the 

rostrocaudal extent of the PVN were cut with a freezing microtome and collected in 

anti-freeze solution and stored at -20°C until used. 

 Serial sections through the PVN were washed in 2-fold concentration of standard 

sodium citrate (2×SSC), acetylated with 0.25% acetic anhydride in 0.1M 

triethanolamine for 10 min and then treated in 50, 70 and 50% acetone, for 5, 10 and 5 

min, respectively. After further washes in 2×SSC for 2×5 min, the sections were 

hybridized with digoxigenin-11-UTP (Roche, Basel, Switzerland)-labeled cRNA probe 

for proTRH. Digoxigenin-labeled antisense proTRH cRNA was synthesized using a 

1241 base pair cDNA template corresponding to the coding sequence of proTRH 

mRNA and portions of its 5’ and 3’ untranslated sequences (156). The hybridization 

was performed in PCR tubes in hybridization buffer (50% formamide, 2×SSC, 10% 

dextran sulfate, 0.5% sodium dodecyl sulfate, 250 μg/ml denatured salmon sperm 

DNA) containing the digoxigenin-labeled probe diluted at 1:50, for 16 h at 56°C. The 

sections were washed in 1×SSC for 15 min and then treated with RNase A (100 μg/ml) 

for 1 h at 37°C. After additional washes in 1×SSC (15 min), 0.5×SSC (15 min) and 

0.1×SSC (2×30 min) at 65°C, sections were washed in PBS, treated with the mixture of 

0.5% Triton X-100 and 0.5% H2O2 for 15 min and then with 1% bovine serum albumin 

BSA; Sigma-Aldrich Co., St. Louis, MO) in PBS for 20 min to reduce the nonspecific 

antibody binding. The sections were incubated in Fab fragments of sheep anti-
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digoxigenin antibody, conjugated with peroxidase (1:100, Roche) in 1% BSA in PBS 

overnight at 4°C. The sections were rinsed in PBS and then the biotinylated tyramide 

amplification was applied for 10 min. After further washes, the sections were incubated 

in AMCA-conjugated Avidin D (1:250, Vector) for 1 h. Then sections were transferred 

to the mixture of murine monoclonal anti-CART antibody (2.23 μg/ml, gift of Dr. Jes 

Thorn Clausen) and rabbit anti-PNMT serum (1:1000, gift of Dr. Martha C. Bohn) for 2 

days at 4°C, and then incubated in a mixture of CY3-conjugated donkey anti-mouse IgG 

(1:100; Jackson) and FITC-conjugated donkey anti-rabbit IgG (1:50; Jackson) for 2 h. 

The sections were mounted onto glass slides, coverslipped with Vectashield mounting 

medium (Vector), and analyzed under a Zeiss Axiophot epifluorescent microscope as 

describe above. Varicosities co-containing both CART and PNMT appeared yellow in 

the composite images. The number of axon varicosities containing only CART, only 

PNMT or both CART and PNMT in juxtaposition to proTRH neurons were counted on 

superimposed images of three animals. The ratio of all CART vs. the CART/PNMT 

varicosities and all PNMT vs. CART/PNMT varicosities were calculated in each brain. 

Data are presented as mean ± SEM. Presented images were captured by a Radiance 

2100 confocal microscope (Bio-Rad Laboratories, Hemel Hempstead, UK) using the 

following laser excitation lines: 405 nm for AMCA, 488 nm for FITC, 543 nm for CY3; 

and dichroic/emission filters: 500 nm/420–480 nm for AMCA, 560 nm/500–530 nm for 

FITC and 570–625 for CY3. 

 

4. Ultrastructural examination of CART-IR innervation of CRH-containing neurons in 

the PVN  

 Three animals received 60 μg colchicine in 3 μl 0.9% saline 

intracerebroventricularly, and after 20 h survival they were perfused with 2% 

paraformaldehyde/4% acrolein in 0.1M PB, and 30 ml of 2% paraformaldehyde. The 

brains were rapidly removed and stored in PBS for 24 h at 4°C. Serial 25 μm thick 

coronal sections were cut on a vibratome through the rostro-caudal extent of the PVN. 

Then the sections were treated with 1% sodium borohydride in 0.1M PB for 30 min, 

followed by 0.5% H2O2 in PBS for 15 min. The sections were cryoprotected in 15% 

sucrose in PBS for 15 min at room temperature and in 30% sucrose in PBS overnight at 

4°C and quickly frozen on liquid nitrogen to improve antibody penetration into the 

tissue. To reduce the nonspecific antibody binding, the sections were treated with 2% 
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normal horse serum in PBS for 20 min. Sections were incubated in the murine 

monoclonal CART antibody (gift from Dr. Jes Thorn Clausen) at 0.56 μg/ml 

concentration for 4 days at 4°C, followed by biotinylated donkey anti-mouse IgG 

(1:500; Jackson) for 3 h, and ABC (1:1000; Vector) for 2 h at room temperature. 

Immunoreactivity was detected in 0.025% DAB/ 0.0036% H2O2 in 0.05 M Tris buffer 

(TB), pH 7.6. The sections were then placed into rabbit anti-CRH serum (code C70, gift 

of Dr. Paul E. Sawchenko, Salk Institute, La Jolla, CA) at 1:3000 dilution for 2 days at 

4°C and, after rinsing in PBS and 0.1% cold water fish gelatin-1% BSA in PBS, were 

incubated in goat anti-rabbit IgG conjugated with 0.8 nm colloidal gold (Electron 

Microscopy Sciences, Fort Washington, PA) diluted at 1:100 in PBS containing 0.1% 

cold water fish gelatin and 1% BSA, for 2 h. The sections were washed in the same 

diluent and PBS, followed by a 10 min treatment in 1.25% glutaraldehyde in PBS. After 

rinsing in 0.2M sodium citrate, pH 7.5, the gold particles were silver intensified with 

IntenSE Kit (Amersham-Pharmacia Biotech UK, Buckinghamshire, UK). Sections were 

treated with 1% osmium tetroxide in 0.1M PB for 30 min, dehydrated in an ascending 

series of ethanol followed by propylene oxide, flat embedded in Durcupan ACM epoxy 

resin (Fluka, Ronkonkoma, NY) on liquid release agent (Electron Microscopy 

Sciences)-coated slides, placed at 56 °C for 2 days to allow polymerization of the resin. 

Ultrathin 50–60 nm thin sections were cut with a Leica ultracut UCT ultramicrotome 

(Leica Microsystems), collected onto Formvar-coated single-slot grids, contrasted with 

2% uranyl acetate and examined with a Hitachi electron microscope. 

 

5. Quadruple-labeling immunofluorescence and confocal microscopic analysis for 

CART-, PNMT- and α-MSH-IR innervation of CRH neurons in the PVN  

 Three animals received 40 μg icv. colchicine in 2 μl 0.9% saline, and after 20 h 

survival were perfused with 2% paraformaldehyde/4% acrolein in 0.1M PB, and 30 ml 

of 2% paraformaldehyde in the same buffer. The brains were rapidly removed and 

cryoprotected in 30% sucrose in PBS overnight at 4°C. Serial 40 μm sections were cut 

through the PVN with freezing microtome. Every third section was processed for 

immunocytochemistry as described  above. Then, sections were immersed in the 

mixture of primary antibodies for 3 days at 4°C, followed by the mixture of secondary 

antibodies for 1 day at 4°C, and AMCA Avidin D for 1 day at 4°C (Table 3.). The 
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sections were mounted onto glass slides and coverslipped with Vectashield mounting 

medium (Vector). 

 

Table 3. Reagents used in quadruple-labeling immunofluorescence for CART, PNMT, 

α-MSH and CRH in the PVN 

Primary antibodies Secondary antibodies  Avidin 
murine monoclonal antibody 
to CART at 3.34 μg/ml (gift 
of Dr. Jes Thorn Clausen) 

CY3-conjugated donkey 
anti-mouse IgG (Jackson), 
1:200 

 

guinea pig anti-CRH serum, 
1:3500, (Peninsula 
Laboratories, San Carlos, 
CA) 

biotinylated donkey anti-
guinea pig IgG (Jackson), 
1:250 

AMCA-conjugated avidin D, 
1:200 (Vector) 

sheep anti-α-MSH serum, 
1:2000 (gift of Dr. Jeffrey B. 
Tatro, Tufts University, 
Boston, MA)  

CY5-conjugated donkey 
anti-sheep IgG (Jackson), 
1:100 

 

rabbit anti-PNMT serum, 
1:500 (gift of Dr. Martha C. 
Bohn) 

FITC-conjugated donkey 
anti-rabbit IgG (Jackson), 
1:50 

 

 

 The quadruple-labeled sections were examined using a Radiance 2100 confocal 

microscope (Bio-Rad). From each brain, at least three sections were analyzed from 

different rostrocaudal levels of the medial parvocellular subdivision of the PVN in 

which hypophysiotropic CRH neurons are located. With 60× oil lens, 180×180 μm 

areas of the entire medial parvocellular subdivision of the PVN in each section were 

recorded. Two consecutive scans were recorded from each area. The first scan was for 

FITC, CY3, and CY5 (laser excitation lines 488 nm for FITC, 543 nm for CY3, and 637 

nm for CY5; dichroic/emission filters, 560/500–530 nm for FITC, 650/570–625 nm for 

CY3, and a 660 nm long pass filter for CY5). The second scan was for AMCA (laser 

excitation line 405 nm and emission filter 420–480 nm). Pinhole sizes were set to obtain 

optical slices less than 0.7 μm thick, and the series of optical slices were recorded with a 

0.6 μm Z step. The series of optical sections were merged and displayed with LaserVox 

(Bio-Rad) and Image Pro Plus software (Media Cybernetics, Bethesda, MD) and an 

IBM compatible personal computer. Tracing individual CRH-IR neurons and their 

dendrites through the series of optical sections, the number of axon varicosities 

containing only CART, only PNMT, both CART and PNMT, and both CART and α-

MSH in juxtaposition to CRH neurons were counted. A varicosity was considered in 
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contact with or juxtaposed to CRH neurons if a gap could not be recognized between 

the two profiles by confocal microscopy. CRH neurons were included in the analyses 

only if the entire cell body of the neuron was contained within the stack of the optical 

sections. Data are presented as mean ± SEM. 

 To illustrate quadruple-labeling, we used the three basic colors (red, green, and 

blue) and show pairs of triple-colored images of the same field and magnification in 

adjacent figures. Thus, CART, CRH, and PNMT immunoreactivities were displayed in 

one image, whereas CART, CRH, and α-MSH immunoreactivities were shown in the 

second image. Accordingly, CART and CRH immunoreactivities were displayed in red 

and blue, respectively, in both images, whereas the green color labeled either PNMT or 

α-MSH immunoreactivity. Therefore, CART/PNMT-IR and CART/α-MSH-IR double-

labeled axons appeared yellow. All presented images represent single optical slices. 

Images captured through 20× objective are less than 2.1 μm thick, whereas images 

captured through 60× oil lens are less than 0.7 μm thick. 

 To exclude the possibility that CY3-conjugated anti-mouse IgG binds to the PNMT 

antibody or that the FITC signal denoting PNMT immunofluorescence is seen in the red 

channel causing false PNMT and CART double labeling, we performed several control 

experiments. After the incubation in rabbit anti-PNMT serum, the sections were 

transferred into the mixture of FITC-conjugated anti-rabbit IgG and CY3-conjugated 

anti-mouse IgG without incubation in mouse CART antibody. Scanning the sections 

with confocal laser microscope using the same scanning method described above and 

the same settings, we found a dense PNMT-IR fiber network, but no signal was detected 

between 570 and 625 nm wavelengths, corresponding to the emission of CY3. We also 

performed sequential double immunostainings for CART and PNMT, staining first with 

anti-CART serum, followed by anti-PNMT serum and vice versa. Both resulted in the 

same degree of colocalizaton, excluding the possibility that the high level of 

colocalization was the result of any cross-reactivity. 

 

6. Isotopic in situ hybridization for NPY and CART in the medulla of fed and fasted 

animals 

Adult male rats were either fasted (n=8) for 64 hours or fed ad libitum (n=8). 

Animals were perfused transcardially with 20 ml of 0.01M PBS, pH 7.4, followed by 

150 ml of 4% paraformaldehyde in 0.1M PB. The brains were removed and post-fixed 
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by immersion in the same fixative for 2 h at room temperature. Tissue blocks containing 

the medulla were cryoprotected in 20% sucrose in PBS at 4°C overnight and then frozen 

on dry ice. Serial 18 µm thick coronal sections through the medulla were cut on a 

cryostat (Leica Microsystems) and adhered to Superfrost Plus glass slides (Fisher 

Scientific, Pittsburgh, PA) to obtain four sets of slides, each containing every fourth 

section through the medulla. The tissue sections were desiccated overnight at 42°C and 

stored at -80°C until prepared for in situ hybridization histochemistry. 

Plasmids containing a 431 bp fragment of rat NPY (donated by Dr. Erik 

Hrabovszky), corresponding to bases 65-495 of rat NPY mRNA (GenBank accession 

no. NM 012614) and rat CART cDNA of 866 bp (gift of Dr. Michael J. Kuhar) 

corresponding to the long splice variant of rat CART mRNA were linearized using Apa 

I or Not I, respectively, purified with phenol/chloroform extraction and then ethanol-

precipitated. Linearized plasmids were transcribed for antisense riboprobes with SP6 

(for NPY) and T7 (for CART) polymerases in the presence of 35S-UTP (PerkinElmer, 

Waltham, USA). Incorporation of radioisotope into the RNA probes was quantified in a 

scintillation counter. 

The sections of the medulla were removed from the freezer, washed in 0.1M PBS 

(0.1M phosphate buffer, pH=7.5, and 0.5% NaCl) for 5 min, and then placed into 10 

µg/ml proteinase K in 0.1M Tris, pH 8.0, containing 0.05M EDTA at 37 °C for 30 min. 

Then sections were put into 4% paraformaldehyde in 0.1M PBS for 5 min to stop 

proteinase reaction. After washing in PBS two times for 5 min, sections were placed in 

0.1M triethanolamine with 0.25% acetic anhydride for 10 min. After rinsing in 0.1M 

PBS, sections were dehydrated in graded ethanol solutions (80, 96, 100%; 1 min each) 

and placed into chloroform for 10 min. After immersion in 100% and 96% ethanol for 1 

min, sections were allowed to air-dry before the hybridization procedure. The 

hybridization was performed under plastic coverslips in a buffer containing 50% 

formamide, 2×SSC, 0.25M Tris (pH 8.0), Denhardt’s solution, 10% dextran sulfate, 

0.5% sodium dodecyl sulfate, 265 µg/ml denatured salmon sperm DNA, 40 mM 

dithiothreitol and 3×104 cpm/μl of radiolabeled probe for NPY or CART. Hybridized 

sections were placed in humidity chambers in ovens at 52°C for 16 hr. Following 

hybridization, slides were washed in 1×SSC for 15 min and then incubated for 1h at 37 

°C in RNase buffer (10mM Tris, 0.5M NaCl, 1mM EDTA, pH 8.0) containing 50 µg/ml 

RNase A. After washing in 1×SSC and 0.5×SSC for 15 min, slides were incubated 
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twice in 0.1×SSC at 65 °C for 30 min. Sections were then dehydrated in graded ethanol 

solutions (80, 96, 100%; 1 min each) and allowed to air-dry.  

Slides were dipped into Kodak NTB autoradiography emulsion (Eastman Kodak, 

Rochester, NY), placed in light-tight boxes containing desiccant and stored at 4°C. 

After 8d (NPY) or 10d (CART) of exposure, the autoradiograms were developed using 

Kodak D19 developer, and slides were coverslipped with DPX mounting medium 

(Sigma-Aldrich). Autoradiograms were studied at 10× objective lens under darkfield 

illumination of a Zeiss Axiophot microscope. The images were captured with RT Spot 

digital camera (Diagnostic Instrument) and analyzed by using ImageJ image analysis 

software (public domain at http://rsb.info.nih.gov/ij/download/src/). Background density 

points were removed by thresholding the images, and areas, mean gray values and 

integrated density values (area × mean gray value) of hybridized neurons were measured 

bilaterally in 3 sections for C1, and 4 sections for C2 and C3 areas for each animal. For 

each regions in the fed and fasted group, numbers of hybridized cells, area/cell, mean 

gray value/cell and integrated density value/cell were expressed as means ± SEM. 

Differences in these parameters between fed and fasted animals were tested for 

statistical significance by paired Student’s t-test using Statistica 7.0 software (StatSoft 

Inc., Tulsa, OK), after testing homogeneity of variance (Levene’s test). 

 

7. a) Double-labeling immunocytochemistry at light microscopic level for galanin- and 

GALP-IR innervation of proTRH neurons in the PVN 

Three animals were injected intracerebroventricularly with 60 μg colchicine in 3 μl 

0.9% saline. After 20 hours of survival the animals were perfused, brains were removed, 

coronal hypothalamic sections were cut and were processed for immunocytochemistry 

similarly as described in method 1. The sections were incubated in rabbit anti-galanin 

serum (1:750.000, gift of Dr. István Merchenthaler) for 2 days at 4°C, rinsed in PBS, 

and then incubated in biotinylated donkey anti-sheep IgG at 1:500 dilution (Jackson) for 

2 h. The sections were then immersed in streptavidin–peroxidase (Jackson) at 1:1000 

dilution for 2 h, and the immunoreaction was developed in 0.05% DAB containing 

0.15% Ni-ammonium-sulfate and 0.005% H2O2 in 0.05 M TB, pH 7.6. The reaction was 

stopped by immersion of the tissue sections in 0.05M TB, pH 7.6, and the reaction 

product was further intensified by Gallyas-silver intensification technique (157) without 

thioglycolic acid for less then 5 min (63, 158) to yield a black precipitate. After 
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additional washes, the sections were incubated in rabbit anti-proTRH 178–199 serum 

(gift from Dr. Éva Rédei) at 1:20.000 dilution for 2 days at 4°C. The sections were then 

washed in PBS and incubated in biotinylated mouse anti-rabbit IgG (Jackson) at 1:500 

dilution for 2 h, and after further washes in PBS, incubated in streptavidin-peroxidase at 

1:1000 dilution for 2 h. After three washes in PBS, the reaction was developed in 

0.025% DAB containing 0.0036% H2O2 in 0.05 M TB, pH 7.6, to yield a contrasting 

brown reaction product. No immunoreaction product or endogenous argyrophilia was 

observed under these conditions if the primary antibody was omitted. 

The method of immunocytochemical labeling for GALP-IR innervation of TRH 

neurons was essentially the same as for galanin/proTRH double-labeling, except that the 

biotinylated tyramide amplification was used to enhance GALP-immunoreactivity, and 

the Ni-DAB precipitate was not silver-intensified. The detailed procedure of 

immunostaining is included in paper 4. For detection of GALP, a murine monoclonal 

antibody was used (gift of Dr. Yoshihiro Takatsu, Takeda Chemical Industries Co., 

Japan) at a dilution of 1:8000. 

The frequency of close appositions between galanin- or GALP-IR axon varicosities 

and proTRH neurons was counted by direct light microscopic examination of the PVN 

sections under 100× objective lens. Data are presented as mean ± SEM. 

 
7. b) Double-labeling immunocytochemistry at electron microscopic level for galanin-

IR innervation of proTRH neurons in the PVN 

For electron microscopic examination of galanin-IR axons and proTRH-IR profiles, 

the colchicine treatment and the perfusion of the animals were the same as for the light 

microscopic experiment. Brain sectioning and the method of immunolabeling for 

electron microscopy was the same as previously described in method 5. The dilutions of 

the used antisera were the followings: sheep anti-galanin serum at 1:60.000, biotinylated 

donkey anti-sheep IgG at 1:500, rabbit anti-proTRH 178-199 serum at 1:8000, and goat 

anti-rabbit IgG conjugated with 0.8 nm colloidal gold (Electron Microscopy Sciences) 

at 1:100. 
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Specificity of the used primary antisera and hybridization signals 

In most cases, specificity controls of used antisera were described previously, that 

are referred. Immunsera are listed in alphabetical order. 

sheep anti-α-MSH serum (gift of Dr. Jeffrey B. Tatro): Described in detail in ref. (159). 

Briefly, prior to immunocytochemical studies, antiserum specificity was determined 

with radioimmunoassay by using iodine 125 (125I)-α-MSH as tracer. The antiserum is 

highly specific for α-MSH (with no apparent cross reactivity with MCH) and is 

dependent on the amidated C-terminal region for recognition. For immunocytochemical 

control, all specific staining was abolished when rat hypothalamic sections were 

incubated in α-MSH antiserum that had been preadsorbed with α-MSH (50 μg/ml of 

diluted antisera). 

murine monoclonal antibody against CART (gift of Dr. Jes Thorn Clausen): As shown 

by HPLC, the monoclonal antibody reacts with CART 42–89 and CART 49–89 

peptides, isolated from extracts of rat hypothalamus (160). 

guinea pig anti-CRH serum (Peninsula Lab): The specificity of this serum was 

determined by double immunostaining with rabbit anti-CRH serum (Peninsula Lab), the 

specificity of which has been demonstrated by the total loss of immunolabeling after 

preadsorption the antiserum with the excess of synthetic CRH (10-5 M) (161). Double-

labeling immunocytochemistry showed that guinea pig anti-CRH serum labeled exactly 

the same neurons in the medial parvocellular subdivision of the PVN as did the rabbit 

anti-CRH serum. 

rabbit anti-CRH serum, C70 (gift of Dr. Paul. E. Sawchenko): Specific staining was 

eliminated by prior adsorption with the immunogen rat CRH (162). 

goat anti-CTB serum (List Biological Labs): Staining with this serum gave only a faint 

labeling of the ependyma layer when, in missed cases, CTB was injected into the third 

ventricle. 

sheep anti-galanin serum (gift of Dr. István Merchenthaler): Specific staining was 

abolished by preincubation of the serum with the immunogen rat galanin (163). 

murine monoclonal antibody against GALP (gift of Dr. Yoshihiro Takatsu): This 

monoclonal antibody is directed toward the rat GALP 1–9 sequence, which is specific to 

GALP and is not shared with galanin. The specificity of immunostaining was confirmed 

by preadsorption studies in which the immunostaining was blocked with GALP but not 

with galanin (149). 
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rabbit anti-MCH serum (gift of Dr. Eleftheria Maratos-Flier): All specific staining was 

abolished when rat hypothalamic sections were incubated in antiserum that had been 

preadsorbed with MCH (50 μg/ml of diluted antisera) (159). 

sheep anti-NPY serum (gift of Dr. István Merchenthaler): The specificity of 

immunostaining with NPY antiserum was demonstrated by the loss of immunoreactivity 

after preadsorption of the diluted antiserum with an excess of synthetic NPY peptide (1 

µg/ml) (data not shown). 

rabbit anti-PNMT serum (gift of Dr. Martha C. Bohn): This antiserum was determined 

to be specific for several criteria: (I) it recognized a single band corresponding to the 

single 35 kDa band obtained with the purified antigen on an immunoblot of adrenal 

proteins; (II) it did not recognize any band in liver, lung, spleen or cerebral cortex; and 

(III) it specifically stained soma in adrenal medulla and the C1-C3 cell groups of 

brainstem at a dilution of 1:2000, but did not stain soma in the locus coeruleus, adrenal 

cortex or superior cervical ganglia of adult rat when used at a dilution of 1:100 (164). In 

the hypothalamus, stained fibers had a very characteristic appearance, because PNMT-

staining filled the whole length of axons including long intervaricose segments, due to 

the cytosolic localisation of PNMT. 

rabbit anti-proTRH 178-199 serum (gift of Dr. Éva Rédei): This serum was shown by 

electrophoretic separation of immunoprecipitated radiolabeled peptides from rat 

hypothalamic neurons in culture to recognize a 2.6 kDa peptide characteristic of prepro-

TRH 178–199 (99). 

The distributions of all stained peptides and PNMT are well characterized in the rat 

brain. Therefore, in addition to the previously described controls, the high specificity of 

antisera are strongly suggested because for all peptides and PNMT we observed the 

same pattern of labeling in examined regions that is described in the literature. 

Furthermore, perikaryal labeling of all these antibodies corresponded to in situ 

hybridization patterns of the respective transcripts. 

The patterns of in situ hybridization histochemistry for proTRH mRNA in the 

hypothalamus, and NPY and CART mRNA in the medulla were identical to those 

described earlier (129, 165, 166). 
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Results 

 

1. Adrenergic NPY neurons contribute to the innervation of TRH neurons in the 

PVN 

 NPY-IR axon varicosities were found in close juxtaposition to all proTRH-

containing neurons in the periventricular and medial parvocellular subdivisions of the 

PVN. In most instances, the NPY-IR innervation was so intense that varicosities 

completely outlined the cell surface of proTRH-IR neurons (Fig. 4 A). Axon 

varicosities immunoreactive for phenylethanolamine-N-methyltransferase (PNMT), the 

adrenaline-synthesizing enzyme, were similarly closely apposed to the majority of 

proTRH-synthesizing neurons but less densely than NPY-IR fibers (Fig. 4 B). 

Superimposed images of the three fluorochromes revealed that the majority (74.8 ± 

1.1%) of PNMT-IR fibers in contact with proTRH-IR neurons also contained NPY-

immunoreactivity (Fig. 4 C, D). By semiquantitative analysis, PNMT-immunoreactivity 

was found in 26.6 ± 2.2% of NPY-IR axon varicosities in close apposition to proTRH 

neurons. Both NPY- and NPY/PNMT-IR fibers distributed uniformly around the 

perikarya and the dendrites of the proTRH-IR neurons (Fig. 4 C, D). 

 

2. Origin of CART-IR innervation of the PVN 

a) Localization of CTB injection sites 

 CTB injection sites were centered in the parvocellular parts of the PVN in three 

animals (Figs. 5, 6). These injection sites were confined primarily to the PVN as shown 

both by counterstaining (Fig. 5) and by double immunofluorescence showing the 

overlap of CTB injection sites with the cluster of CART neurons that resides within the 

PVN (Fig. 6). The brains of these three animals were used for further studies. Of note, 

whereas the PVN contained a dense CART innervation, the region lying immediately 

outside the perimeter of the PVN contained only a low density of CART-IR axons (Fig. 

7), making any tracer spread into this region unlikely to significantly contribute to the 

retrograde accumulation of CTB in CART-containing neurons. 

b) Distribution of double-labeled CART/CTB neurons 

 The distribution of double-labeled CART/CTB neurons was similar in all three 

brains. Numerous double-labeled CART/CTB-IR neurons were found in the 

retrochiasmatic area, arcuate nucleus, zona incerta, lateral hypothalamus / perifornical  
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Fig. 4. Colocalization of 

NPY- and PNMT-

immunoreactivity in axon 

terminals juxtaposed to 

proTRH-IR neurons. (A) 

NPY-containing axon 

varicosities (red) outline the 

surface of the proTRH-IR 

neuron (blue) in the PVN. 

(B) PNMT-IR axons (green) 

establish contacts with a 

proTRH neuron in the PVN. 

(C) A medium power 

composite image 

demonstrates that the 

proTRH-IR neurons in the 

PVN are embedded in a 

network of NPY-IR (red), 

PNMT/NPY-IR (yellow) and PNMT-IR (green) axons. Note that NPY- and 

NPY/PNMT-IR fibers (arrowheads) densely innervate the proTRH neurons in the PVN. 

(D) A high power image illustrates PNMT- (black arrowhead), NPY- (arrows) and 

NPY/PNMT-IR axon varicosities (white arrowheads) in contact with a proTRH-IR 

neuron. Scale bars: 10 µm in A corresponds to A, B, D; 25 µm in C. 

 

 
Fig. 5. Location of the CTB injection sites in the PVN (Nissl-stained sections). Scale 
bar: 400 µm. 



 36

 
Fig. 6. Double-labeled fluorescent images showing the localization of CTB injection 
sites (green) using CART-IR neurons (red) as a marker of PVN. The figure 
demonstrates the location and extent of the injection sites in three brains (A-C, D-F and 
G-I) in three different anterior-posterior levels of the PVN (anterior (A, D, G), mid (B, 
E, H) and posterior (C, F, I)). Scale bar: 200 µm. 

area, C1-3 areas of the brainstem, and medial subnucleus of the nucleus tractus 

solitarius (NTS) (Figs. 8-10). While the double-labeled neurons in forebrain regions 

were observed mainly on the side of the injection, neurons both ipsilateral and 

contralateral to the injection site were observed in the NTS and C1-3 (Figs. 8-10). 

Scattered double-labeled neurons were also found bilaterally in the medial and lateral 

parts of the parabrachial nucleus. 
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c) Colocalization of CART with other neurotransmitters in neurons projecting to the 

PVN 

 Since a subpopulation of CART-IR neurons in the hypothalamus has been reported 

to also contain melanin-concentrating hormone (MCH) (49, 167), we performed triple-

labeling immunofluorescence to determine whether neurons that co-contain CART and 

MCH project to the PVN. In the zona incerta, lateral hypothalamus, and perifornical 

area, all neurons co-containing CTB and CART also expressed MCH (Figs. 8, 10). In 

contrast, only rare MCH-positive but CART-negative neurons contained CTB. 

 As neurons in the C1-3 areas produce adrenaline (168), we also determined whether 

CART-containing neurons projecting to the PVN from this region contain PNMT, an 

enzyme commonly used as a marker of adrenergic neurons. As shown in Figures 9 and 

10, the majority of CART neurons throughout the C2 and C3 areas contained PNMT, 

whereas in the C1 area the colocalization of CART and PNMT was found only in its 

rostral and middle portions; no CART-IR neurons were observed in the caudal part of 

the C1 region. Of the neurons in the C1-3 regions that co-contained CART and PNMT, 

the majority also contained CTB (Figs. 9, 10). In contrast, none of the CART/CTB-

containing neurons in the medial NTS contained PNMT (Fig. 10 D). 

Fig. 7. Distribution of CART-
IR axons in intact rats in and 
around the PVN. Scale bar: 
200 µm. 
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Fig. 8. (continued on the next page) Schematic maps showing the distribution of the 
CART-, MCH-, CART/MCH-, CART/CTB-, MCH/CTB-, and CART/MCH/CTB 
containing neurons in four anteroposterior levels of the hypothalamus (A: Bregma –
2.80; B: Bregma –3.30; C: Bregma –3.60; D: Bregma –3.80). Note that the majority of 
CART/CTB neurons are ipsilateral to the injection site. The majority of CART neurons 
projecting to the PVN co-contain MCH in the lateral hypothalamus, perifornical area, 
and zona incerta. Symbols: open circle: CART; filled circle: CART/CTB; open square: 
CART/MCH; filled square: CART/CTB/MCH; open triangle: MCH; filled triangle: 
MCH/CTB. ARC, arcuate nucleus; DMN, dorsomedial nucleus; VMN, ventromedial 
nucleus; ZI, zona incerta; f, fornix; mt, mammilothalamic tract. 
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Fig. 9. (shown on the next page) Schematic maps demonstrating the distribution of 
CART-, PNMT-, CART/PNMT-, CART/CTB-, PNMT/CTB-, and CART/PNMT/CTB-
containing neurons in three anteroposterior levels of medulla (A: Bregma –11.60; B: 
Bregma –13.20; C: Bregma –13.50). Note that the CART/CTB neurons in the C1–3 
regions contain PNMT, whereas the CART/CTB neurons in the medial subnucleus of 
the NTS are not adrenergic. Symbols: open circle: CART; filled circle: CART/CTB; 
open square: CART/PNMT; filled square: CART/CTB/PNMT; open triangle: PNMT; 
filled triangle: PNMT/CTB. C1, C1 area; C3, C3 area; NTS, nucleus tractus solitarius; 
py, pyramidal tract; sp5, spinal trigeminal tract; TS, tractus solitarius. 
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Fig. 10. (A, B) Images of identical fields of the perifornical region demonstrating 
immunofluorescence for (A) CART (red) and CTB (green) and (B) CART (red) and 
MCH (blue). CART-IR neurons that express MCH and project to the PVN are labeled 
with arrows on both images. (C) Colocalization of CART (red) and CTB (green) in 
neurons (arrowheads) of the arcuate nucleus and (D) medial subnucleus of the nucleus 
tractus solitarius (NTS). (E, F) Photomicrographs of the same field of the C1 area 
demonstrating (E) colocalization of CTB (green) with CART (red) and (F) 
colocalization of PNMT (blue) with CART (red). Triple-labeled neurons are denoted 
by arrows in both images. BV, blood vessel; TS, tractus solitarius. Scale bar: 50 µm in 
D applies to A–D; 100 µm in F applies to E, F. 
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3. Adrenergic CART-IR axons innervate proTRH mRNA-containing perikarya 

in the PVN 

ProTRH mRNA-containing neurons were symmetrically distributed in the 

parvocellular division of the PVN and readily visualized by blue fluorescence of the 

AMCA fluorochrome (Figs. 11 and 12). The hybridization signal filled the perikarya 

and in some neurons, its proximal dendrites (Fig. 12). As previously reported (65, 167, 

169), the majority of the proTRH mRNA-expressing neurons in the periventricular and 

medial parvocellular subdivisions co-contained CART-immunoreactivity (Figs. 11 and 

12 B, C, E–G). In the confocal images, CART-immunoreactivity was organized 

primarily in a perinuclear distribution reminiscent of the location of the Golgi apparatus, 

and appeared to be separately compartmentalized from the proTRH hybridization signal 

(Fig. 12 E–F). In other neurons, however, CART-immunoreactivity was more generally 

dispersed in the perikarya, intermingling with the proTRH hybridization signal (Fig. 12 

B, C). 

CART-IR and PNMT-IR nerve fibers showed a similar distribution in all 

parvocellular subdivisions of the PVN, although the density of CART-IR fibers was 

higher. In the periventricular and medial parvocellular subdivisions, where 

hypophysiotropic TRH neurons are located, both CART- and PNMT-IR axon 

varicosities were found in close juxtaposition to nearly all proTRH-containing neurons 

(Fig. 12). By semiquantitative analyses, the numbers of CART- and PNMT-IR axon 

varicosities on the surface of proTRH neurons were approximately equal in the medial 

parvocellular subdivision, while in the periventricular subdivision, PNMT-IR 

varicosities outnumbered CART-IR varicosities by 1.4-fold. Superimposed images of 

the three fluorochromes revealed that PNMT-immunoreactivity was present in 44.0 ± 

3.6% of CART-IR axon varicosities in close apposition to proTRH neurons in the PVN. 

Conversely, approximately half of the PNMT-IR varicosities in contact with proTRH 

mRNA-containing neurons also contained CART-immunoreactivity in both the 

periventricular (51.3 ± 5.6%) and medial (53.2 ± 1.1%) parvocellular subdivisions. 
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Fig. 11. Relationship between CART- (red) and PNMT-IR (green) axons and proTRH 
mRNA-containing neurons (blue) in the PVN. Low power magnification images of the 
same field from the mid (A, B) and caudal (C, D) levels of the PVN illustrate that 
proTRH-synthesizing neurons are embedded in a dense network of CART- (A, C) and 
PNMT-IR (B, D) axons. III: Third ventricle. Scale bar: 50 µm. 
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4. Ultrastructural examination of CART-IR innervation of CRH-containing 

neurons in the PVN 

At the light microscopic level, varicose CART-IR fibers were in juxtaposition to 

the majority of CRH-IR neurons in the medial parvocellular subdivision, as described 

later in detail. By ultrastructural analysis, DAB-labeled CART-IR terminals were seen 

to establish synapses on CRH neurons, the latter identified by the presence of the highly 

electron-dense silver particles (Fig. 13 A–C). Tracing the juxtaposed CART-IR 

terminals and CRH-IR neurons through a series of ultrathin sections, both axo-somatic 

(Fig. 13 A) and axo-dendritic (Fig. 13 B, C) synaptic specializations were observed. 

 

5. Origin of CART-IR innervation of CRH neurons in the PVN 

CART-IR axons densely innervated all parvocellular subdivisions of the PVN. In 

addition, numerous cell bodies in the parvocellular as well as in the magnocellular 

division of the PVN were immunofluorescent for CART. For the most part, CART- and 

CRH-IR neurons formed two distinct neuron populations in the PVN, with only 

occasional CRH neurons containing CART-immunoreactivity (Fig. 14). While only a 

subpopulation of CART-IR fibers contained α-MSH in the PVN, all α-MSH-containing 

axons co-contained CART in this nucleus, as we have previously described (65). 

Fig. 12. (shown on the previous page) Colocalization of CART- and PNMT-
immunoreactivity in axon terminals in contact with proTRH mRNA-containing neurons 
in the PVN. Medium magnification confocal images of the same field (A–C) 
demonstrate (A) the PNMT-IR (green) and (B) CART-IR (red) innervation of proTRH 
mRNA-containing neurons (blue) in the medial parvocellular subdivision at the mid 
level of the PVN. Axons containing both CART and PNMT appear yellow in the 
composite image (C). Arrows denote axon varicosities containing both CART and 
PNMT juxtaposed to proTRH neurons. High power confocal photomicrographs (D–F) 
illustrates (D) the PNMT-IR (green) and (E) CART-IR (red) innervation of proTRH 
mRNA-containing neurons (blue) in the medial parvocellular subdivision at the caudal 
level of the PVN. (F) Composite image showing colocalization of PNMT and CART in 
axons (arrows) juxtaposed to proTRH neurons. (G) A high power confocal 
photomicrograph from the periventricular parvocellular subdivision of the PVN 
showing two axon varicosities (arrows) containing PNMT and CART in juxtaposition to 
a proTRH neuron. Note presence of CART immunoreactivity in the majority of proTRH 
neurons (B, C, E–G). The tendency for CART to be primarily located in a perinuclear 
region of the cytoplasm is obvious in E–G. Scale bar: 25 µm in C, corresponds to A– C; 
Scale bar: 15 µm in G, corresponds to D– G. 
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Fig. 13. Electron micrographs demonstrating axo-somatic (A) and axo-dendritic (B and 
C) synapses (arrows) between CART-IR axon terminals and CRH-containing neurons 
in the PVN. The CRH-IR elements are labeled with highly electron-dense silver 
granules, while the CART-IR terminals are detected with electron-dense DAB. Scale 
bar: 1 µm. 

Similarly, the vast majority of PNMT-IR fibers contained CART in the PVN. In the 

parvocellular subdivisions of the PVN, the distribution of α-MSH- or PNMT-containing 

CART-IR axons showed major differences. CART/α-MSH-IR axons were mainly 

concentrated in the periventricular, dorsal, and ventral parvocellular subdivisions, 

whereas the occurrence of these fibers was less frequent in the medial parvocellular 

subdivision (Fig. 14 A1), except for the ventral part and the most caudal region of this 

subdivision. In contrast, all parvocellular subdivisions were densely innervated by 

CART/PNMT-IR axons, and the most abundant network of these fibers was observed in 

the medial parvocellular subdivision (Fig. 14 A2), in which the cluster of CRH neurons 

is also located. 

CART/PNMT-IR axon varicosities were found in juxtaposition to nearly all (95.00 

± 1.53%) CRH neurons (Figs. 14 and 15). An average of 5.45 ± 0.14 CART/PNMT 
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boutons per CRH cell were observed. CART/α-MSH-containing boutons were also 

found in close proximity to CRH neurons but not as frequently as were CART/PNMT 

boutons (Figs. 14 and 15). CART/α-MSH fibers were in juxtaposition to 58.67 ± 3.71% 

of CRH neurons, and an average of 2.73 ± 0.13 CART/α-MSH boutons were found on 

the surface of the innervated cells. CRH neurons were more frequently contacted by 

CART/α-MSH varicosities in the ventral part of the medial parvocellular subdivision. 

In this region, more CART/α-MSH boutons were juxtaposed to the CRH neurons than 

in the dorsal part of the subdivision. Both CART/PNMT-IR and CART/α-MSH-IR 

varicosities were observed in juxtaposition to the soma as well as to the dendrites of 

CRH neurons. Of all CART-containing axon varicosities located on the surface of CRH 

neurons, 59.60 ± 2.10% contained PNMT, whereas only 18.47 ± 1.55% contained α-

MSH.  

Fig. 14. (shown on the next page) (A1, A2) Low-magnification confocal images of the 
same field demonstrate the distribution of CART (red), CRH (blue), and PNMT-IR 
(green) (A1) and CART (red), CRH (blue), and α-MSH-IR (green) (A2) elements in the 
PVN. A1, CART immunoreactivity is present in the vast majority of PNMT-IR axons in 
the PVN, resulting in the yellow color. Note the high density of CART/PNMT-IR fibers 
surrounding CRH neurons. A2, CART immunoreactivity is present in all α-MSH-IR 
axons in the PVN. CART/α-MSH-IR fibers are sparser in the region in which CRH 
neurons are located but are more abundant in the dorsal, periventricular, and ventral 
parvocellular subdivisions and in the ventral part of the medial parvocellular 
subdivision. (B1 and B2) Medium-power confocal images of the same field illustrate 
the different CART-IR varicosities in juxtaposition to CRH neurons. B1, Color 
matching: CART, red; PNMT, green; CRH, blue. CRH neurons are embedded in a 
dense network of CART/PNMT-IR fibers (yellow, due to color mixing). Numerous 
CART/PNMT-IR varicosities (indicated by arrows) are in tight apposition to CRH 
neurons. B2, Color matching: CART, red; α-MSH, green; CRH, blue. In the same 
optical section, CART/α-MSH-IR axons (yellow due to color mixing) are much less 
abundant. Arrows point to CART/α-MSH-IR boutons in contact with CRH neurons. 
Arrowheads indicate single-labeled CART-IR boutons (containing neither PNMT nor 
α-MSH) closely apposed to CRH neurons. In both B1 and B2, asterisk labels a CRH 
neuron contacted by both CART/PNMT-IR and CART/α-MSH-IR boutons; x, a CRH 
neuron contacted by CART/PNMT-IR and single-labeled CART-IR boutons; a, a 
CART-IR CRH neuron. Scale bars, 100 µm (shown in A2) for A1 and A2, and 20 µm 
(shown in B2) for B1 and B2. III, third ventricle. 
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An additional 21.93 ± 1.98% of CART-IR varicosities were single-labeled, suggesting 

that these axons originate from loci other than the arcuate nucleus and the C1-3 areas. 

These single-labeled CART-IR varicosities were juxtaposed to 68.33 ± 4.91% of CRH 

neurons. No regional preference was found in the distribution of neurons innervated by 

single-labeled CART-IR varicosities. The results of the quantitative analysis are 

summarized in Table 4. 

The majority of CRH neurons were contacted by more than one type of CART-IR 

axons. More than half (56.67 ± 3.71%) of the CRH neurons were contacted by both 

CART/PNMT and CART/α-MSH-IR varicosities. The ratio of CRH neurons contacted 

by both single-labeled and CART/PNMT-IR boutons was 64.33 ± 5.84%, whereas 

38.67 ± 3.38% of CRH neurons were innervated by the three different types of CART-

IR axons. The vast majority (88.26 ± 1.61%) of PNMT-IR boutons and all α-MSH-IR 

boutons in juxtaposition to CRH neurons contained CART-immunoreactivity. 
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Table 4. Quantitative analysis of subpopulations of CART-IR axon varicosities situated 
on the surface of CRH-IR neurons in the medial parvocellular subdivision of the PVN 

Type of CART-IR 
bouton 

Contacted CRH 
neurons, % 

Average number of 
CART-IR 
varicosities per 
innervated CRH 
neuron 

CART-IR boutons 
in contact with 
CRH neurons, % 

CART/PNMT 95.00 ± 1.53 5.45 ± 0.14 59.60 ± 2.10 
CART/α-MSH 58.67 ± 3.71 2.73 ± 0.13 18.47 ± 1.55 
CART single-
labeled 

68.33 ± 4.91 2.80 ± 0.24 21.93 ± 1.98 

All CART types 99.33 ± 0.33 8.77 ± 0.43 100 
 

6. Effect of fasting on NPY and CART mRNA in medullary C1-3 areas 

At the beginning of the experiment, fed animals weighed 259.3 ± 4.9 g and gained 

22.6 ± 5.8 g weight during 64 hours. Fasted animals initially weighed 257.8 ± 6.6 g and 

lost 50.4 ± 1.9g (19.5 ± 0.4% of their initial body weight) during the 64 h fasting. 

NPY mRNA expressing cells were broadly distributed in the medulla. In the C1-3 

regions, NPY mRNA positive cells were found in the characteristic distribution of 

adrenergic neurons. In all three cell groups, adrenergic neurons are distributed diffusely, 

thus, we have analyzed the NPY hybridization signal over individual cells. The intensity 

of NPY mRNA hybridization in the C1-3 areas was similar between fed and fasted 

animals (Fig. 16). Densitometric analysis of the middle portion of the C1 area 

(approximately between -12.8 and -12.5 mm from the Bregma), and C2 and C3 regions 

did not reveal significant differences between the fed and fasted groups in either the 

number of NPY mRNA expressing cells, or in the intensity of hybridization signals of 

individual neurons in each regions (Fig. 17). 

Fig. 15. (on the previous page) High-power confocal images of quadruple 
immunofluorescence labeling represent four consecutive optical sections with 0.6 µm Z 
step. CART (red), CRH (blue), and PNMT (green) are shown in A1-A4, whereas CART 
(red), CRH (blue), and α-MSH (green) are shown in B1-B4. Arrows in A1-A4 point to 
CART/PNMT-IR varicosities in close apposition to CRH-IR cell bodies and dendrites. 
Arrows in B1-B4 identify CART/α-MSH-IR boutons juxtaposed to CRH neurons. 
Arrowhead in B2 points to a single-labeled CART-IR axon varicosity on the surface of 
a CRH neuron. Scale bar (shown in B1) corresponds to 10 µm and refers to all 
micrographs. 
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Fig 16. Darkfield photomicrographs of NPY mRNA expressing neurons in the C1 (A, 
B), C2 (C, D) and C3 (E, F) areas of fed (A, C, E) and fasted (B, D, F) animals. Note 
that hybridized cells of fed and fasted animals have a comparable intensity of labeling in 
all three cell groups. Scale bar (shown in F) corresponds to 100 µm and refers to all 
micrographs. IV, fourth ventricle. Broken line indicates the border of the fourth 
ventricle. 

Cells hybridized for CART mRNA were also present in several medullary regions. 

In the C1 area, CART mRNA-containing cells were located in a distribution typical of 

adrenergic neurons. Since a small population of CART expressing neurons that are not 

adrenergic was also described in this area by other investigators (170), we previously 

studied the distribution of these cells in medullary sections double-immunolabeled for 

CART and PNMT. We found very few single-labeled CART neurons compared to the 
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number of adrenergic CART neurons, and these were mainly located medially, closer to 

the midline than the main group of C1 neurons (data not shown), thus we excluded these 

medially located CART mRNA positive neurons from our in situ hybridization analysis. 
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Fig. 17. Results of computerized image analysis of NPY mRNA hybridization signals in 
the C1 (A), C2 (B), and C3 (C) regions of fed and fasted animals. For all regions the 
number of NPY mRNA expressing cells (measured in 3 sections for C1, and 4-4 
sections for C2 and C3 areas), area per cell, mean gray value per cell and integrated 
density value per cell are given. White columns: fed animals, gray columns: fasted 
animals. 
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C2 adrenergic cells are located mainly at the medial border of the NTS, however, close 

to these neurons there is also a large group of CART expressing neurons in the medial 

NTS that are not adrenergic. Because we could not identify unambiguously C2 neurons 

in our hybridized sections, we did not analyze the CART mRNA expression in this area. 

In the C3 region CART mRNA positive cells were distributed in the same pattern as 

adrenergic neurons. 

 
Fig 18. Darkfield photomicrographs of CART mRNA expressing neurons in the C1 (A, 
B), and C3 (C, D) areas of fed (A, C) and fasted (B, D) animals. Note the similar 
intensity of CART mRNA hybridization signals between fed and fasted animals in both 
regions. Scale bar (shown in D) corresponds to 100 µm and refers to all micrographs. 
IV, fourth ventricle. Broken line indicates the border of the fourth ventricle. 

The intensity of CART mRNA hybridization was comparable between fed and 

fasted animals in both the C1 and C3 regions (Fig. 18). Quantitative densitometry of the 

middle portion of the C1 area revealed no differences in the number of CART mRNA 

expressing cells, and in the area and integrated density values of CART mRNA positive 

cells between fed and fasted animals, while the mean gray value of hybridized C1 

neurons was slightly but significantly reduced in fasted animals compared to fed 

controls (fasted vs. fed: 73.07 ± 1.25 vs. 77.01 ± 1.07, p=0.023) (Fig. 19 A). We did not 
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detect significant differences in any of the measured parameters in the C3 region (Fig. 

19 B). 
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Fig. 19. Results of computerized image analysis of CART mRNA content of the C1 (A) 
and C2 (B) regions of fed and fasted animals. For both regions the number of CART 
mRNA expressing cells (measured in 3 sections for C1, and 4 sections for C2), area per 
cell, mean gray value per cell and integrated density value per cell are given. White 
columns: fed animals, gray columns: fasted animals. * p < 0.05 compared with fed 
animals. 
 

7. Galanin- and GALP-IR innervation of proTRH-containing neurons in the PVN 

a) Galanin-IR innervation of proTRH neurons in the PVN at light- and electron-

microscopic level  

Galanin-IR axons densely innervated all of the major parvocellular subdivisions of 

the PVN where proTRH neurons were identified (Fig. 20 A–C). The periventricular and 

anterior parvocellular subdivisions exhibited the most prominent network of 

galaninergic nerve fibers, while in the medial subdivision, the innervation was less 

intense. Galanin-IR cell bodies were observed in both the parvocellular and 

magnocellular divisions of the PVN (Fig. 20 A–C). In all parvocellular subdivisions, 

*
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galanin-IR axon varicosities were in juxtaposition to the majority of TRH neurons, with 

the highest proportion in the anterior and periventricular parvocellular subdivisions 

(Fig. 20 D–E). Semiquantitative analysis revealed that in the periventricular and medial 

parvocellular subdivisions, 75.8 ± 6.7% and 61.6 ± 3.4% of the proTRH containing 

neurons, respectively, were in juxtaposition with galanin-IR axon terminals. 

Additionally, 85.1 ± 2.3% of the proTRH neurons of the anterior parvocellular 

subdivision, that are not hypophysiotropic, were contacted by galanin-IR boutons. 

 
Fig. 20. (A–C) Low power photomicrographs showing the distribution of galanin- 
(black) and proTRH-IR (brown) neurons and fibers in different levels of the PVN. (A) 
anterior, (B) mid and (C) caudal levels of the PVN. While the proTRH-IR neurons are 
located only in the parvocellular subdivisions, galanin-IR neurons are observed in both 
the parvo- and magnocellular divisions. Note the dense galanin-IR innervation of the 
PVN at all levels. (D–F) High power magnification of galanin-IR axon varicosities 
(arrows) in association with proTRH neurons in the (D) anterior, (E) periventricular and 
(F) medial parvocellular subdivisions of the PVN. Asterisk in (D) labels a galanin-IR 
neuron. Fx: Fornix, III: Third ventricle. Scale bar in C: 200 µm, corresponds to A–C; 
scale bar in F: 25 µm, corresponds to D– F. 
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By ultrastructural analysis, DAB-labeled galanin-IR terminals were seen to 

establish synapses on proTRH neurons, the latter recognized by the presence of the 

highly electron-dense silver particles (Fig. 21). In all instances, the synapses were found 

to be of the symmetric type (Fig. 21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) GALP-IR innervation of proTRH-containing neurons in the PVN. 

Within the PVN, GALP-IR fibers concentrated primarily in the anterior 

parvocellular subdivision of the PVN and rostral portions of the periventricular 

parvocellular subdivision, with moderate concentrations in more caudal portions of the 

periventricular parvocellular subdivision and only low concentrations in the medial 

parvocellular subdivision (Fig. 22). No GALP immunoreactivity was found in the 

perikarya and dendrites intrinsic to the parvocellular areas of the PVN. By double-

labeling light microscopic immunocytochemistry, GALP fibers were found in 

juxtaposition to only a small number of proTRH-IR neurons in the PVN, primarily in 

the periventricular and anterior parvocellular subdivisions (Fig. 23 A–F). Only rare 

Fig. 21. Electron micrographs 
showing synaptic associations 
(arrows) between proTRH-
containing neurons in the medial 
parvocellular subdivision of the 
PVN and galanin-containing axon 
terminals. The proTRH-IR 
perikarya are labeled with highly 
electron-dense silver granules, 
while the galanin-IR terminals are 
recognized by the presence of the 
electron-dense DAB. Note that 
the galanin-IR terminals form 
symmetric type synapses on the 
surface of the proTRH-IR 
perikarya (A, B). Scale bar: 1 µm.
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associations with proTRH-IR neurons were observed in the medial parvocellular 

subdivision (Fig. 23 B, C, E). Semiquantitative analysis from three animals revealed 

that, in the periventricular and medial parvocellular subdivisions, only 9.6 ± 1.0% and 

2.1 ± 0.2% of the proTRH-IR neurons, respectively, were in juxtaposition with GALP-

IR fibers. In contrast, 26.7 ± 0.3% of the proTRH-IR neurons in the anterior 

parvocellular subdivision showed close appositions with GALP-IR varicosities. 

 

 
Fig. 22. Distribution of GALP-IR axons in the PVN. Note the density GALP-IR axons  
in the (A) anterior parvocellular subdivision in contrast to the paucity of fibers in the 
(B) medial parvocellular subdivision. Scale bar: 200 µm. Abbreviations: PV: 
periventricular parvocellular subdivision of the PVN; PVNa: anterior parvocellular 
subdivision of the PVN; PVNm: magnocellular division of the PVN; PVNmp: medial 
parvocellular subdivision of the PVN. 
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Fig. 23. GALP-IR innervation of proTRH-IR neurons in the PVN. (A–C) Low power 
micrographs showing GALP-IR fibers (dark purple) and proTRH-IR neurons (brown) in 
the (A) anterior (B) mid and (C) caudal levels of the PVN. (D) Medium power 
magnification photomicrograph illustrates association of GALP-IR axon varicosities 
with two proTRH-IR neurons (arrows) in the anterior parvocellular subdivision of the 
PVN. (E) Medium power magnification at the mid level of the PVN demonstrates that 
GALP-IR axons are juxtaposed to proTRH-IR neurons only in the periventricular 
parvocellular subdivision, but not in the medial parvocellular subdivision. (F) Oil 
immersion photomicrograph of boxed area in (E) showing GALP-IR axon varicosities 
in juxtaposition to two proTRH neurons in the periventricular parvocellular subdivision. 
Abbreviations: PV: periventricular parvocellular subdivision of the PVN; PVNa: 
anterior parvocellular subdivision of the PVN; PVNmp: medial parvocellular 
subdivision of the PVN; Fx: Fornix; III: third ventricle. Scale bar: 200 µm in A 
corresponds to A– C; scale bar in E: 250 µm corresponds to D, E; scale bar in F: 50 
µm. 
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Discussion 

 

NPY- and CART-containing afferents to hypophysiotropic TRH and CRH neurons 

 

NPY- and CART-IR innervation of TRH neurons 

Previous studies have shown that NPY neurons of the arcuate nucleus densely 

innervate all hypophysiotropic TRH neurons (91), and the ablation of the arcuate 

nucleus resulted in the loss of 82% of the NPY-containing boutons on the surface of 

TRH neurons (123). According to our results, the vast majority of TRH neurons are also 

innervated by NPY fibers arising from medullary adrenergic neurons, and varicosities of 

these axons comprise approximately 27% of the NPY boutons closely apposed to the 

surface of TRH neurons. These data indicate that virtually all TRH neurons receive 

NPY inputs from both the arcuate nucleus and adrenergic neurons and these two types 

of fibers represent the vast majority of NPY axons innervating the TRH neurons. Thus, 

noradrenergic NPY fibers, the third major NPY input to the PVN (124), probably 

comprise only a small fraction of the total NPY innervation of TRH neurons. 

Previous observations from our laboratory indicated that the arcuate nucleus is not 

the exclusive source of the CART innervation of the TRH neurons (65). After the 

identification of CART expressing cell groups innervating the PVN demonstrated that 

the majority of PVN projecting adrenergic neurons contain CART, we observed that 

adrenergic CART varicosities were closely apposed to the majority of TRH neurons and 

constituted 44% of all CART boutons on the surface of TRH perikarya. Since 

approximately 75% and 34% of TRH neurons in the periventricular and medial 

parvocellular subdivision, respectively, receive contacts from fibers of α-MSH/CART 

neurons (63) and virtually all TRH neurons receive contacts from the adrenergic CART 

neurons, a substantial number of TRH neurons are probably innervated by axons from 

both sources. In accordance with this, we noticed that many proTRH mRNA-containing 

perikarya that were contacted by PNMT/CART boutons were also in association with 

single-labeled CART-IR fibers that established several large varicosities, characteristic 

of α-MSH/CART fibers in this region (65). Further studies are required to clarify 

whether TRH neurons receive innervation from CART neurons of the zona incerta, 

lateral hypothalamus and the medial subnucleus of the NTS, regions identified as 

sources of CART innervation of the PVN. Since a large number of CART neurons 
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reside in the PVN (129, 131), these cells may also contribute to the innervation of TRH 

neurons. 

 

NPY- and CART-IR innervation of CRH neurons 

Although we did not examine the NPY innervation of CRH neurons in this Ph.D. 

work, our recent unpublished results indicate that the NPY innervation of CRH neurons 

is composed of adrenergic NPY fibers (44%), noradrenergic NPY axons (21%) from 

either one or more of the A1, A2 and A6 noradrenergic cell groups (124), and 

AGRP/NPY fibers from the arcuate nucleus (35%). Thus, the NPY innervation of CRH 

neurons arises mostly from catecholaminergic, mainly adrenergic but also 

noradrenergic, cell groups, while the arcuate nucleus is the source of the remaining one 

third of the NPY input to CRH neurons. This innervation pattern differs markedly from 

the NPY innervation of TRH neurons which originates primarily from the arcuate 

nucleus (75-80%) (123), while the remaining part is composed of adrenergic NPY fibers 

with only minor or no contribution by noradrenergic NPY axons. These differences in 

NPY inputs of TRH and CRH neurons raise the possibility that arcuate nucleus NPY 

neurons functionally are more significant in the regulation of TRH neurons, while the 

activity of CRH neurons is rather determined by catecholaminergic NPY afferents. The 

different NPY innervation of hypophysiotropic TRH and CRH neurons also indicates 

that within a nucleus, closely situated but functionally different cell groups potentially 

receive different organization of afferent inputs. 

Examination of CART innervation of CRH neurons revealed that CART-containing 

axon varicosities establish synapses with CRH neurons in the PVN. Our detailed 

confocal microscopic analysis demonstrated that the CART-IR innervation of 

hypophysiotropic CRH neurons is also heterogeneous and originates from at least three 

different sources: 1) adrenergic CART neurons in the medullary C1–3 areas, 2) 

CART/α-MSH neurons in the arcuate nucleus, and 3) an additional population of 

CART-IR neurons of yet unknown location(s). Approximately 60%, of the CART-IR 

innervation of hypophysiotropic CRH neurons originates from the adrenergic CART 

neurons, and CART/PNMT-IR varicosities were found in juxtaposition to nearly all 

CRH neurons (95%). The second major CART input to hypophysiotropic CRH neurons 

arises from the arcuate nucleus: CART/α-MSH-IR varicosities comprise 18% of all 

CART containing boutons in juxtaposition to CRH neurons and contact about 58% of 
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CRH neurons. The third group of CART-IR axons in contact with the CRH neurons 

contains neither PNMT nor α-MSH. They were found in juxtaposition to approximately 

68% of CRH neurons in the PVN and comprise approximately 22% of the CART-IR 

varicosities on the surface of CRH neurons. These results suggest that similarly to TRH 

neurons, a substantial population (more than half) of CRH neurons receive innervation 

from both the arcuate nucleus and adrenergic CART neurons, while the remaining 

CART innervation of CRH neurons may arise from CART neurons in the zona 

incerta/lateral hypothalamus, medial subnucleus of the NTS and the PVN, itself. 

We should note that immunocytochemical labelings of TRH and CRH even after 

colchicine treatment do not allow us to visualize the whole dendritic tree of these cells 

including the most distal dendritic segments and spines. Therefore, we could not assess 

the association of NPY and CART varicosities with the distal dendritic regions of TRH 

and CRH neurons. The innervation of these regions may differ from that seen on the cell 

body and proximal dendrites. As a further technical comment, in our quantitative 

estimates of NPY and CART innervation of TRH and CRH neurons we considered the 

close contacts between axon-varicosities and TRH or CRH cell bodies and dendrites. 

Although it is obvious that these close contacts do not necessarily represent synaptic 

associations, NPY, PNMT, α-MSH and CART-containing fibers were all shown to 

establish synaptic contacts with both TRH and CRH neurons (63, 65, 108, 126, 127, 

171). 

 

Possible signaling mechanisms of adrenergic NPY- and CART-containing axons in 

the PVN 

 

Based on several observations including selective lesioning experiments described 

below in detail, adrenergic neurons are suggested to exert a net stimulatory effect on 

both TRH and CRH neurons in various physiological conditions. The characteristic 

transmitter of adrenergic neurons, adrenaline, was also proposed to activate TRH and 

CRH neurons. Depletion of the classical neurotransmitter content of the central 

noradrenergic/adrenergic systems leads to a decrease in serum TSH levels (133), while 

stimulation of adrenergic receptors by noradrenaline injection into the PVN markedly 

and rapidly increases CRH heteronuclear RNA in the medial parvocellular subdivision 

(172, 173), and causes CRH release into the hypophyseal portal circulation, suggested 

by a rapid increase in ACTH levels and pituitary proopiomelanocortin mRNA (174). 



 62

The transcriptional activation of CRH neurons might be a result of the activation of 

postsynaptic α1-adrenergic receptors, which is expressed in virtually all CRH neurons 

(175). Activation of this receptor can induce CREB phosphorylation (176) and thus the 

stimulation of the CRH promoter (111). However, the effects of adrenaline on 

hypophysiotropic neurons might involve multiple pathways. Electrophysiologic studies 

demonstrate that the activity of various PVN neurons are strongly influenced through 

activation of adrenergic receptors located postsynaptically (177-179), presynaptically 

(177-183) and on glial cells (184). Unfortunately, only few of these studies examined 

parvocellular neurons that probably included hypophysiotropic TRH and/or CRH 

neurons. In these experiments, adrenergic stimulation did not have direct 

electrophysiological effects in about 85% of the examined parvocellular neurons (178), 

while in the majority of parvocellular neurons the frequency of spontaneous GABA-

ergic inhibitory postsynaptic currents was decreased by the activation of presynaptic α2-

adrenoreceptors (182). 

Presently we can only speculate about the possible roles of CART and NPY as co-

transmitters of adrenaline. Our results indicate that both NPY and CART are present in 

more than half of the adrenergic varicosities innervating TRH and CRH neurons. Based 

on several observations described in the Introduction, CART and NPY are suggested to 

oppositely regulate TRH and CRH neurons, therefore it seems paradoxical that these 

antagonistic peptides are present in the same nerve terminals on these hypophysiotropic 

neurons. However, the endogenous effects of these peptides in the PVN are probably 

complex and similarly to adrenaline, might involve both postsynaptic and presynaptic 

actions. In support of this hypothesis, the activation of postsynaptic and presynaptic 

NPY receptors, both present in the PVN (185), are suggested to oppositely affect CRH 

gene expression. Since NPY receptors are coupled to G proteins that inhibit adenylate 

cyclase (95), NPY is assumed to be inhibitory on CRH gene transcription when acts 

directly on the cell (111). However, NPY also has presynaptic effects to decrease 

GABA-ergic inhibitory transmission on medial parvocellular PVN neurons (116), which 

effect was shown to increase CRH gene transcription (186). The suppressive and 

stimulatory effects of chronic (Fekete et al., unpublished) and acute NPY administration 

(114), respectively, on CRH mRNA might be due to preferential postsynaptic or 

presynaptic effects of exogenous NPY. Therefore, the precise spatial localisation of 

NPY and CART receptors in relation to adrenergic nerve terminals would be an 
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important step to understand the mechanisms by which adrenergic NPY and CART 

affect CRH and TRH neurons. 

 

Regulation of hypophysiotropic TRH and CRH neurons by adrenergic neurons 

 

The observation that NPY- and CART-containing adrenergic fibers heavily 

innervate TRH and CRH neurons suggests that this ascending neuronal input has 

profound regulatory effects on these neurons. However, relatively little is known about 

the functional significance of this pathway. Investigators have focused mostly on the 

catecholaminergic regulation of CRH neurons while much less data are available on the 

regulation of TRH neurons. 

 

Role of adrenergic neurons in the regulation of energy homeostasis  

Since the brain utilizes only glucose as energy source, the regulation of glucose 

availability by central glucose sensing neuronal groups is critical for the normal 

functioning of the brain. Central adrenergic neurons have been proposed to be able to 

sense the changes of glucose level (187) and play critical role in the activation of CRH 

neurons as well as to elicit feeding in response to glucoprivation (136, 138). Well-

established models of glucoprivation, the reduced cellular availability of glucose, are 

the administration of either insulin (hypoglycemia) or 2-deoxy-glucose (2DG), an 

inhibitor of intracellular glucose metabolism (cytoglucopenia) (188, 189). 

Glucoprivation evokes adaptive physiological responses crucial for survival, like 

feeding behaviour (190), activation of the sympathoadrenal system (191, 192) and the 

HPA axis, the latter indicated by an increase in corticosterone level and the increase of 

CRH heteronuclear RNA level in the PVN (138). Catecholaminergic neurons with 

projections to the PVN are strongly implicated in establishing these physiological 

responses, particularly adrenergic neurons in the C1-3 areas, but also medullary 

noradrenergic neurons in A1-A2 regions. In response to subcutaneous 2DG 

administration, the expression of c-fos, an immediate-early gene considered as a marker 

for functionally activated neurons (193), is induced in a substantial portion (21-46%) of 

adrenergic neurons in the C1-3 areas, while a less robust appearance of c-fos is 

observed in the A1 area (137). The fact that PVN projecting adrenergic and 

noradrenergic neurons are essential in HPA axis activation to glucoprivation was 
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demonstrated by the selective ablation of these catecholaminergic neurons (the 

immunolesioning technique is described in the boxed text). The intra-PVN injection of 

the toxin-antibody complex, anti-dopamine-β-hydroxylase (DBH)-saporin, results in a 

marked inhibition of the glucoprivation-induced rise in corticosterone levels and CRH 

gene expression (138). 

Selective ablation of catecholaminergic neurons by anti-DBH-saporin 

In the anti-dopamine-β-hydroxylase-saporin complex, saporin, a ribosome-

inactivating protein (194), is coupled to a monoclonal antibody against dopamine-β-

hydroxylase (DBH), the enzyme synthesizing noradrenaline. DBH is expressed in both 

noradrenergic and adrenergic neurons and is present in both membrane-bound and 

soluble forms in secretory vesicles (195). DBH is exposed to the exterior milieu upon 

release of noradrenaline/adrenaline and thus the anti-DBH-saporin complex can be 

selectively taken up by catecholaminergic nerve terminals, and transported retrogradely 

to the cell body. Then the toxic effect of saporin destroys the catecholaminergic 

perikarya and processes (196, 197). The injection of anti-DBH-saporin into the PVN 

causes a severe loss in noradrenergic and adrenergic cell populations known to 

innervate the PVN, resulting in a nearly total loss of DBH-containing axons in the PVN 

but without any visible aspecific damage (136, 138). 

The selective destruction of PVN-projecting catecholaminergic cell groups also 

abolishes the feeding response to glucoprivation (136). This suggests that 

catecholaminergic neurons signaling in the PVN, and/or in other regions where they 

send axon-collaterals, evoke feeding in states of glucose deficit. Both catecholamines 

and NPY produced by these neurons are proposed to contribute to glucoprivic feeding. 

In C1-3 and A1 regions, NPY mRNA content is dramatically increased after 2DG 

treatment (142), while DBH mRNA levels are increased in C1, A1 and A2 (141). 

Studies in knockout animals demonstrated a more critical role for NPY, since NPY 

knockout mice have a markedly attenuated feeding response even to a moderate 

glucoprivation (139). In contrast, DBH knockout mice show impaired feeding response 

only to severe hypoglycemia or cytoglucopenia, but eat normally in response to a 

moderate glucoprivation (140). It is worth of note that arcuate nucleus NPY/AGRP 

neurons, although being activated by glucoprivation through this catecholaminergic 

pathway (198), are not essential for glucoprivic feeding, because mice with selective 
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neonatal ablation of NPY/AGRP neurons have normal feeding response to 

glucoprivation (199). 

As shown by these data, adrenergic neurons not only express feeding-related 

peptides, but are also able to regulate both feeding and the activity of hypophysiotropic 

neurons. Therefore, we have raised the possibility that adrenergic neurons might also 

contribute to the generation of increased appetite and to the suppression of TRH and 

CRH synthesis in hypophysiotropic neurons of the PVN during fasting. We 

hypothesized that NPY and CART could be possible mediators of these putative roles of 

adenergic neurons, therefore we examined whether NPY and CART mRNA contents of 

the C1-3 areas are altered during fasting. However, we failed to detect any changes in 

the level of NPY mRNA in any of the C1-3 areas between fed and fasted animals by 

quantitative in situ hybridization. CART mRNA levels remained unchanged in the C3 

area, while in the C1 region a slight but significant reduction was detected only in the 

mean gray value of hybridized CART neurons from fasted animals. However, this was a 

very modest decrease, especially compared to the robust reduction in CART mRNA 

levels in the arcuate nucleus during fasting (54, 59). Thus, we propose that this 

reduction in CART mRNA content of the C1 cell group may have only minor 

importance in the physiology of fasting. 

Based on our in situ hybridization data that NPY and CART mRNA levels are 

practically unchanged in adrenergic neurons during fasting, it seems unlikely that during 

starvation NPY and CART secreted from adrenergic axons contribute to the changes in 

appetite and activity of TRH and CRH neurons. This is further supported by the recent 

data from our laboratories demonstrating that transection of the ascending brainstem 

input to the hypothalamus has no effect on the fasting-induced inhibition of TRH and 

CRH gene expression in the PVN (Fekete et al., unpublished). 

It is important to note that the intra-PVN injection of anti-DBH-saporin causes a 

long-term weight gain which is significantly higher compared to the normal growth of 

control animals (136, 138), indicating that PVN projecting catecholaminergic neurons 

contribute to the long-term maintenance of body weight and energy homeostasis. 

Further investigations are needed to reveal the net weight-reducing effect of 

catecholaminergic neurons. This may be caused by the release of anorexigenic CART 

into the PVN, or, by tonic stimulatory effects of CART and adrenaline on the 

hypophysiotropic TRH neurons. 
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Regulatory roles of adrenergic neurons in other physiological states 

The adrenergic neurons are also described to play important role in the mediation of 

the central effects of infection. The experimental models of bacterial infection and 

inflammation include the administration of bacterial lipopolysaccharide (LPS), a 

bacterial cell wall component, or interleukin-1 β (IL-1), a proinflammatory cytokine 

secreted by immune cells. Intravenous administration of IL-1 induces the expression of 

c-fos in PVN-projecting adrenergic neurons of the C1 and C2 areas (134), and also in 

CRH neurons in the PVN (132, 134). The same treatment induces a marked increase in 

CRH gene expression of the PVN (132, 134). The contribution of adrenergic fibers to 

the activation of CRH neurons to IL-1 or LPS was suggested by experiments showing 

that unilateral transection of the ascending fiber tracts rostral to the medulla prevents the 

LPS and IL-1 induced c-fos expression in CRH neurons and the increase in CRH 

mRNA on the side of the knifecut (132, 134, 135, 200). More recently, Schiltz et al. 

have demonstrated that the specific ablation of catecholaminergic input to the PVN by 

immunotoxin also prevents the rise in CRH mRNA level and the appearance of c-fos 

expression in CRH neurons in response to IL-1 (132). In contrast to the regulation of 

CRH neurons, brainstem pathways do not contribute to the LPS-induced decrease in 

TRH mRNA in the PVN, as it was reported in a previous work from our laboratory 

(135). 

Glucoprivation and infection are considered as two different types of stress, and 

some studies addressed the question whether adrenergic and noradrenergic neurons are 

generally involved in the activation of CRH neurons to categorically different type of 

stressors. C-fos activation is, indeed, also present in the C1 region after restraint or 

forced swim stress, although not as robustly as after IL-1 adminstration or 

glucoprivation (201). However, the increase in CRH mRNA levels to restraint, and the 

increase in corticosterone levels to forced swim are both maintained after the 

immunotoxin ablation of PVN-projecting adrenergic/noradrenergic neurons (132, 138). 

Furthermore, c-fos expression in the CRH neurons and the increase in CRH mRNA to 

footshock stress remain intact after transection of ascending fibers rostral to the medulla 

(200). These experiments indicate that adrenergic neurons are involved in the activation 

of CRH neurons by only certain kind of physical stressors. 

The only physiological state in which adrenergic neurons have been proposed to 

regulate hypophysiotropic TRH neurons so far is cold exposure. When animals are 
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transferred to a cold (4°C) environment, the activation of TRH neurons, and increase in 

TSH and thyroid hormone levels are observed (202, 203). The cold-induced activation 

of the HPT axis serves to increase thermogenesis and maintain body temperature. The 

pharmacological depletion of the central catecholaminergic system prevents the cold-

stimulated TSH response (133). Furthermore, central administration of the β-

adrenoreceptor antagonist propranolol blocks the cold-induced TRH synthesis in the 

PVN (204). Adrenergic afferents to TRH and CRH neurons together with the formerly 

known NPY and CART inputs from the arcuate nucleus are summarized in Fig 24. 
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Fig. 24. Schematic figure illustrates the known NPY- and CART-containing neural 
afferents to hypophysiotropic TRH and CRH neurons. NPY and CART are produced in 
separate cell groups of the arcuate nucleus: both AGRP/NPY and α-MSH/CART 
neurons innervate hypophysiotropic TRH and CRH neurons. Other major sources of 
NPY and CART innervation of these hypophysiotropic cells are medullary adrenergic 
neurons that constitute three cell groups: C1, C2 and C3. The majority of adrenergic 
neurons co-synthesize CART and NPY. ARC, arcuate nucleus; ME, median eminence; 
py, pyramidal tract; sp5, spinal trigeminal tract.  

In the foregoing we summarized the relatively well-delineated regulatory functions 

of adrenergic neurons, however, much of this area is yet unknown. Further 

investigations are needed to clarify the putative roles of adrenergic neurons in the 

regulation of TRH neurons in glucoprivation. The contribution of adrenergic afferents 
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also seems likely in the activation of the HPA axis to cold exposure (205). In addition, 

adrenergic neurons might mediate changes in blood pressure on hypophysotropic 

neurons, as hypothalamically projecting adrenergic C1 neurons are reported to be 

barosensitive (206, 207). Future studies are required to elucidate the role of CART and 

NPY signaling from adrenergic axons in the regulation of hypophysiotropic TRH and 

CRH neurons under these physiological circumstances. 

 

CART-IR innervation of TRH and CRH neurons from other sources 

 

Our quantitative data showed that CART/α-MSH fibers innervate about 58% of 

hypophysiotropic CRH neurons. As it is described in the Introduction, CART/α-MSH 

neurons are principal mediators of leptin signaling and are suggested to participate in 

the fasting-induced reduction in CRH mRNA in the PVN (58, 99). In contrast, the 

leptin-induced increase of CART and α-MSH synthesis in arcuate nucleus neurons may 

contribute to the recovery of CRH synthesis after refeeding (99). Additionally, since 

CART mRNA is increased by endotoxin in neurons of the arcuate nucleus (208), this 

neuron population may also contribute to the LPS-induced activation of the 

hypophysiotropic CRH neurons described above. 

We revealed that a group of CART-IR axons that does not belong to either 

adrenergic or arcuate nucleus CART neurons also contributes to the innervation of CRH 

neurons, innervating approximately 68% of them. Although we do not have similar 

indications of TRH neurons, these neurons might be also innervated by CART neurons 

outside the arcuate nucleus and adrenergic neurons. In our retrograde tracing experiment 

we found two other CART-producing cell groups that project to the PVN and thus may 

innervate TRH and CRH neurons: CART neurons in the zona incerta / lateral 

hypothalamus and in the medial subnucleus of the NTS. 

CART neurons of the zona incerta and lateral hypothalamus that project to the PVN 

co-express MCH. The essential role of MCH in energy homeostasis, shown by the lean 

phenotype of MCH knockout animals (209) and the obesity of MCH-overexpressing 

mice (210), suggests that the putative innervation of TRH and CRH neurons by 

MCH/CART fibers would be a neural input that conveys important metabolic signals to 

these hypophysiotropic neurons. The co-expression of CART and MCH seems similarly 

paradoxical to the colocalisation of CART and NPY in adrenergic neurons, because 

CART and MCH also have opposite effects on energy homeostasis. In contrast to the 
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food intake-reducing effect of CART (54), MCH increases food intake (211), and 

whereas CART synthesis is stimulated by leptin in the lateral hypothalamus and zona 

incerta similarly as in the arcuate nucleus (54), leptin inhibits MCH expression (212). 

Furthermore, contrary to the stimulatory role of CART on TRH neurons, central MCH 

injection decreases plasma TSH levels, and MCH reduces TRH release from 

hypothalamic explants (213). If endogenous MCH indeed inhibits the HPT axis, then 

the loss of this inhibition may underlie the observation that ablation of MCH in ob/ob 

animals leads to dramatic reduction in body fat due to marked increase in resting energy 

expenditure and locomotor activity (214). These data together enlarge the significance 

of whether CART/MCH neurons innervate, and therefore, are able to directly regulate 

hypophysiotropic TRH neurons. 

CART neurons in the medial subnucleus of the NTS may also give rise to neural 

afferents to TRH and CRH neurons. The NTS is a major viscero-sensory relay center 

that receives a wide variety of inputs from gustatory, cardiovascular, respiratory, 

pulmonary, and gastrointestinal afferents and from several brain nuclei, targeted to 

specific subdivisions within this complex structure which are then carried to the 

forebrain by ascending projections (215). This viscerotopic pattern of innervation 

suggests that the different subnuclei of the NTS may have distinct roles in the mediation 

of different physiological functions, although extensive interconnections within the NTS 

also exist (215). The location of CART in medial subnucleus neurons of the NTS is 

particularly interesting since, collectively, these neurons receive afferent fibers from 

multiple organs and, together with the commissural nucleus, give rise to the majority of 

ascending fibers of NTS origin (215). Thus, CART produced by medial subnucleus 

neurons may serve as an important signal peptide responsible for carrying visceral 

information from multiple organs to the hypophysiotropic TRH and CRH neurons. 

It is well known that CART-producing neurons are also present in the PVN (129, 

131) and, therefore, the potential contribution of these neurons to the innervation of 

hypophysiotropic TRH and CRH neurons should also be considered. Local neural 

circuits within the PVN have been, indeed, suggested by morphological and 

electrophysiological data (177, 216). For insurmountable technical reasons, however, 

we were unable to address this possibility in our tracing experiment due to tracer 

deposition in the PVN which obscured any potential retrogradely labeled neurons. In the 

PVN, CART is expressed in a subpopulation of magnocellular oxytocinergic and 

vasopressinergic neurons (49, 217), while in the parvocellular division, CART is 
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synthesized in more than 80% of hypophysiotropic TRH neurons (65, 167, 169), in a 

subpopulation of the somatostatin neurons (49, 217), but also expressed in yet 

uncharacterized cell groups. Further investigations are required to determine whether 

any of these CART-producing cell groups signal on TRH and/or CRH neurons through 

local axonal projections. 

 

Regulation of TRH neurons by galanin-containing fibers 

 

Our studies demonstrate that galanin-containing axons innervate the majority of 

hypophysiotropic TRH neurons in the PVN. The synapses of galanin-containing axon 

terminals on TRH neurons were found to be of the symmetric type, indicating an 

inhibitory nature of this input (218). The inhibitory role of galanin on the activity of 

TRH neurons was also suggested by the fact that central galanin administration 

decreases circulating levels of TSH, and in vitro, galanin inhibits TRH release from 

hypothalamic slices (152). The presumed direct inhibitory action of galanin on TRH 

neurons may be mediated by type 1 galanin receptor that is coupled to Gi protein (219, 

220) and is expressed in the medial parvocellular subdivision (221). 

The origin of the galaninergic innervation of TRH neurons may arise from several 

sources. Within the hypothalamus, the dorsomedial nucleus (DMN), arcuate nucleus 

and medial preoptic area contain populations of galanin-producing neurons that project 

to the PVN (153). The DMN contains the largest population of galanin cells 

retrogradely labeled from the PVN and, therefore, it is believed to be the principal 

source for the galanin-IR fibers in the PVN (153). Since practically all TRH neurons in 

the PVN receive innervation from neurons residing in the DMN (158), the DMN may 

also be the principal source for galanin-IR fibers in contact with TRH neurons.  

The PVN also contains galanin-producing neurons (143), located both in the 

parvocellular and magnocellular divisions. Since galanin mRNA expression is increased 

in the anterior parvocellular subdivision of the PVN during food deprivation (222), if 

this cell population is involved in the innervation of hypophysiotropic TRH neurons, 

galanin may contribute to the inhibition of the HPT axis during fasting.  

The galanin innervation to the PVN may also derive from neuronal populations 

outside of the hypothalamus. Galanin is expressed in noradrenergic neurons of the A1 

and A6 regions of the brainstem that project to the PVN (153). Since DBH-IR axons 

densely innervate the TRH neurons in the PVN (126), it is conceivable that at least a 
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portion of the galaninergic innervation to TRH neurons in the PVN arises from the 

brainstem. Galaninergic neurons also project to the PVN from serotonergic B7 and B8 

cell groups in the raphe (153), where galanin colocalizes with serotonin (223, 224). 

Further investigations are required to determine the relative involvement of these 

galaninergic cell groups in the innervation of TRH neurons, and their possible role in 

the regulation of TRH synthesis. 

We have found that in contrast to galanin, GALP-containing axons very rarely 

innervate hypophysiotropic TRH neurons. GALP is another member of the galanin 

peptide family with orexigenic properties (148, 150), and is expressed exclusively in 

neurons of the arcuate nucleus (149, 151, 225). The vast majority of these neurons 

express leptin receptor (151), indicating the potential importance of GALP as a central 

mediator of leptin. However, contrary to the other arcuate-derived orexigenic peptides, 

NPY and AGRP, GALP mRNA is increased rather than reduced by the systemic 

administration of leptin (151). Since GALP-containing nerve terminals are associated 

with only very few TRH neurons in the hypophysiotropic regions of the PVN, GALP 

may have only indirect regulatory effects, if any, over hypophysiotropic TRH neurons. 

Nevertheless, Seth et al. have recently reported that GALP can inhibit the release of 

TRH from hypothalamic explants and administration of GALP into the PVN decreases 

TSH levels (152). However, as GALP is an agonist of galanin receptors (148), it is 

conceivable that the exogenous administration of GALP into the PVN may bind to 

galanin receptors and mimic the effect of endogenous galanin input. Alternatively, 

exogenous GALP administration may influence the HPT axis through an indirect 

pathway. 
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Conclusions 
 

We conclude that in addition to neurons of the arcuate nucleus, adrenergic neurons 

in the C1-3 regions represent another major source of both NPY and CART innervation 

of hypophysiotropic TRH and CRH neurons. In contrast to the arcuate nucleus, NPY 

and CART mRNA levels in the C1-3 regions are unchanged in starvation; thus, NPY 

and CART expressed by adrenergic neurons probably do not contribute to the 

suppression of TRH and CRH synthesis in the PVN during fasting. CART expressing 

neurons located in the zona incerta and lateral hypothalamus, the NTS and the PVN 

may also be involved in the innervation of hypophysiotropic TRH and CRH neurons. 

Galanin is another orexigenic peptide that is in anatomic position to regulate TRH 

neurons. 

Therefore, our data suggest that TRH and CRH neurons are innervated by axons 

containing feeding-related peptides that arise from multiple sources and differentially 

regulate these hypophysiotropic neurons. 
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Summary 

Hypophysiotropic thyrotropin-releasing hormone (TRH)- and corticotropin-releasing 

hormone (CRH)-synthesizing neurons in the hypothalamic paraventricular nucleus 

(PVN) play important roles in the regulation of energy homeostasis through the 

regulation of the hypothalamic-pituitary-thyroid and hypothalamic-pituitary-

adrenocortical axes, respectively. During the period of fasting, both TRH and CRH 

syntheses are inhibited, mainly through neural inputs arising from orexigenic 

neuropeptide Y (NPY)- and agouti-related protein (AGRP)-synthesizing neurons and 

anorexigenic α-melanocyte-stimulating hormone (α-MSH)- and cocaine-and-

amphetamine-regulated transcript (CART)-producing neurons of the arcuate nucleus. 

Previous morphological observations suggested that the arcuate nucleus is not the 

exclusive source of the dense NPY and CART innervation of the TRH and CRH 

neurons. We conducted a series of experiments to reveal the sources of NPY and CART 

innervation of TRH and CRH neurons, using retrograde tract-tracing, multiple-labeling 

immunocytochemistry and combined fluorescent in situ hybridization and 

immunofluorescence. We revealed that about 27% of the NPY innervation of TRH 

neurons arises from medullary adrenergic neurons. We identified the CART-producing 

cell groups that innervate the PVN: these included CART neurons of the arcuate 

nucleus, the zona incerta and the lateral hypothalamus, medullary adrenergic neurons in 

the C1-3 regions, and the nucleus of the solitary tract. TRH neurons were found to 

receive 44% of their CART-immunoreactive (IR) innervation from adrenergic neurons. 

The CART innervation of CRH neurons consisted of adrenergic CART fibers (60%), α-

MSH/CART fibers (18%) and CART-IR axons  from other sources (22%). To reveal 

whether NPY or CART expression in adrenergic neurons is altered in fasting and may 

contribute to the suppression of TRH and CRH synthesis, we performed quantitative in 

situ hybridization for NPY and CART in the medulla. Except for a small reduction in 

CART mRNA level in the C1 cell group, we did not detect any changes in NPY and 

CART mRNA in the C1-3 regions, suggesting that these peptides mediate other stimuli 

on TRH and CRH neurons. We also revealed that axons containing the orexigenic 

peptide galanin densely innervate TRH neurons, while only a very small fraction of 

TRH neurons receives innervation from galanin-like peptide (GALP)-containing axons. 

Our data indicate that TRH and CRH neurons are innervated by axons containing 

feeding-related peptides that arise from multiple sources and diferentially regulate these 

hypophysiotropic neurons. 
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Összefoglaló 

A hipotalamusz paraventrikuláris magjában (PVN) elhelyezkedő hipofizeotróf 

thyrotropin-releasing hormon (TRH)- és corticotropin-releasing hormon (CRH)-termelő 

idegsejtek fontos szerepet játszanak az energia homeosztázis szabályozásában a 

hipotalamusz-hipofízis-pajzsmirigy, illetve a hipotalamusz-hipofízis-mellékvesekéreg 

tengely irányításán keresztül. Éhezésben a TRH és CRH neuronok működése gátlódik, 

elsősorban a nucleus arcuatusban található orexigén hatású neuropeptid Y-t (NPY) és 

agouti-related protein-t termelő neuronok megnövekedett gátló hatása, és az anorexigén 

α-melanocita-stimuláló hormont (α-MSH) és cocaine- and amphetamine-regulated 

transcript (CART)-et termelő neuronok csökkent serkentő hatása következtében. 

Korábbi morfológiai adatok valószínűsítették, hogy a nucleus arcuatus nem kizárólagos 

forrása a TRH és CRH idegsejteket sűrűn beidegző NPY és a CART idegrostoknak. A 

TRH és CRH neuronok CART és NPY beidegzésének feltárásához kísérleteinkben 

retrográd idegpálya-jelölési, többesjelöléses immuncitokémiai és kombinált in situ 

hibridizációs és immunfluoreszcens módszereket alkalmaztunk. Feltártuk, hogy a TRH 

neuronok NPY innervációjának 27%-át agytörzsi eredetű adrenerg idegrostok képezik. 

Azonosítottuk a PVN-be vetülő CART-termelő idegsejtcsoportokat, melyek az arcuatus 

idegmagban, a zona incertában és a laterális hipotalamuszban, a nyúltvelői C1-3 

adrenerg régiókban és a nucleus tractus solitarius-ban helyezkedtek el. A TRH neuronok 

CART-immunreaktív (IR) beidegzésének 44%-a a nyúltvelői adrenerg idegsejtektől 

származott. A CRH neuronok CART-IR beidegzését adrenerg CART idegrostok (60%), 

α-MSH/CART axonok (18%) és egyéb agyterületekről eredő CART-IR axonok (22%) 

alkották. Feltételezve, hogy az adrenerg eredetű NPY és CART éhezésben hozzájárulhat 

a TRH és CRH szintézis csökkenéséhez, kvantitatív izotópos in situ hibridizációval 

vizsgáltuk az NPY és CART mRNS szinteket a nyúltvelőben. A CART mRNS szint C1 

régióban detektált kismértékű csökkenésén kívül sem az NPY, sem a CART mRNS 

mennyisége nem változott meg a C1-3 regiókban éhezésben, valószínűsítve, hogy ezek 

a peptidek más hatásokat közvetítenek a TRH és CRH neuronok felé. Feltártuk továbbá, 

hogy az orexigén galanint tartalmazó idegrostok sűrűn beidegzik a TRH neuronokat. 

Ezzel szemben a TRH neuronoknak csak igen kis hányadát innerválják galanin-like 

peptid-et tartalmazó idegrostok. Eredményeinkből arra következtetünk, hogy a TRH és 

CRH neuronokat beidegző orexigén illetve anorexigén peptideket tartalmazó idegrostok 

számos agyterületről érkeznek, és eltérően szabályozzák a hipofizeotróf TRH és CRH 

neuronokat. 
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