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Neurophysiological mechanisms that control energy balance are

reciprocally linked to those that control reproduction. Neuromorphological

studies using retrograde tracing methods revealed that nerve cells within

the central (CNS) and autonomic (ANS) nervous systems in different

species, including the pig, are transsynaptically connected to different fat

tissue depots. In the pig, neurons localised in the paraventricular nucleus,

supraoptic nucleus and arcuate nucleus were infected with pseudorabies

virus (PRV) 9 days after injections into both the perirenal and subcutaneous

adipose tissue depots. Infected neurons were in the ventromedial nucleus,

dorsomedial nucleus and preoptic area after injection of PRV into perirenal

adipose tissue, while infected cells in the lateral hypothalamic

area projected only to the subcutaneous adipose tissue depot.

Additionally, numerous centres of the ANS innervate adipose tissue depots

in the pig. Fast blue stained (FB+) neurons, which projected to the

subcutaneous adipose tissue overlaying the thoracolumbar area were

located in the thoraco-lumbar region of the sympathetic chain ganglia

(SChG). However, neurons supplying perirenal and mesentery adipose

tissue depots were found in both the SChG and prevertebral ganglia. The

vast majority of labelled neurons, in both the CNS and ANS, which

innervated adipose tissue depots, expressed leptin receptor (OBR)

immunoreactivity. The purpose of this brief review is to establish evidence

for a multisynaptic circuit of neurons, which innervate adipose tissue in

the pig and demonstrate that hypothalamic nuclei and sympathetic

ganglion neurons involved in reproductive processes are transsynaptically

connected to different adipose tissue depots.

Introduction

The physiological mechanisms that control energy balance are reciprocally linked to those that

control reproduction (Schneider 2004). Hormones and neuropeptides influence energy balance

and reproduction by acting on effector systems in the brain stem and hypothalamus. The central
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effector for control of the hypothalamic-pituitary-gonadal (HPG) system is the network of GnRH
neurons located in the anterior hypothalamus, preoptic area (P0A) and medial basal hypothalamus
(MBI-1), including the arcuate nucleus (ARC) (Dufourny & Skinner 2002). The effectors for female
sexual behaviour include the ventromedial nucleus (VMN), paraventricular nucleus (PVN), and
POA. The effectors for food intake include the areas for control of female sexual behaviour and the
lateral hypothalamic area (LHA) and dorsomed iaI nucleus (Snapir & Robinzon 1989; Magrani et al.,
2004). Metabolic sensory information reaches these hypothalamic areas, which are involved in the
H PG system, sex, and feeding behaviour, via the caudal brain stem (Palkovits 2003; Kalra & Kalra
2004). Hormones can influence central effectors via modulation of metabolic stimuli, or by direct
action on neurons in the hypothalamic areas (Schneider 2004).

The purpose of this brief review is to establish evidence for a multisynaptic circuit of neurons,
which innervate adipose tissue in the pig and demonstrate that hypothalamic nuclei and sympa-
thetic ganglion neurons involved in reproductive processes are transsynaptically connected to
different adipose tissue depots.

Leptin: a link between adipose tissueand the brain

The role of leptin, which is secreted mainly from adipose tissue and acts at the brain to increase
energy expenditure and alter endocrine activity, has been described in many physiological studies
(Magni et al., 2000; Barb & Kraeling 2004). A feedback regulatory loop with three distinct steps has
been identified. Leptin production by adipose cells signals the size of the fat tissue mass, and
hypothalamic centres receive and integrate the intensity of the leptin signal through leptin recep-
tors and effector systems, including the sympathetic nervous system, thus controlling energy intake
and energy expenditure (Schneider 2004). Leptin deficiency in rodents is associated with de-
creased energy expenditure, impaired thermoregulation, hypercortisol and diabetes (Friedman &
Halaas 1998). Leptin is a potent mediator of metabolic, neuroendocrine and immune responses to
fasting (Ahima & Hileman 2000), and has been implicated in reproduction and glucose and lipid
metabolism (Friedman & Halaas 1998; Schneider 2004). Regulation of energy balance and neu-
roendocrine function by leptin is thought to be mediated by differential expression of various
hypothalamic peptides (Friedman & Halaas 1998; Barb & Kraeling 2004). For example, the rise in
leptin associated with overfeeding and obesity likely inhibits appetite by decreasing expression of
orexigenic peptides (e.g. neuropeptide Y). In contrast, the fall in leptin associated with fasting
likely promotes feeding by increasing neuropeptide Y (NPY) and decreasing anorexigenic pep-
tides. Low leptin levels mediate fasting-induced suppression of thyroid and reproductive hor-
mones, and blunt the rise in glucocorticoids, at least in part, by regulating expression of
hypophysiotropic peptides, such asTRH, CRH, somatostatin, and GnRH (Ahima & Hi leman 2000;
Barb & Kraeling 2004). While this feedback regulatory loop is well established in rodents, there are
many unsolved questions about its applicability to body weight and reproduction in breeding ani-
mals. Results from the studies mentioned above provide evidence that leptin is a link between
adipose tissue and the brain and indicate the importance of adipose tissue in regulation of energy
balance and reproduction. Furthermore, leptin receptors have been found in both the autonomic
ganglion neurons and the hypothalamic nuclei involved in reproductive processes and mecha-
nisms that control energy balance (Czaja et al., 2002b; Czaja et al., 2002c; Stepanyan et al.,
2003).

Transsynaptic neural tracing in the study of multisynaptic circuits


Until recently, the anatomical demonstration of the existence of a long, presumably multisynaptic
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pathway, from fat tissue depots to the brain was impossible, because the neuromorphological

methods available failed to trace pathways beyond the first synapse. Introduction of the

transsynaptic viral tracing technique (Schramm et al., 1993) overcame this problem. Injection

of neurotrophic virus into an end-organ infected nerve terminals. The virus travelled from the

infected terminals along the axon to the perikaryon where it replicated. The virus then

transsynaptically infected neural elements in synaptic contact with the infected perikaryon.

From the newly infected terminal, the infection progressed to the second, and in a similar way,

to the third- and fourth-order neuron. Infected neurons were visualised with conventional im-

munohistochemical methods using antibodies against the virus or directly under the fluorescent

microscope equipped with the appropriate filter using virus combined with fluorescein. Bartha's

K strain of PRV is one of several viruses frequently used for transsynaptic tracing, and has been

widely employed for analysis of multisynaptic circuits following peripheral injections (Card et

al., 1993; Jansen et al., 1993). Recent morphological studies using viral tracing revealed that

neurons within the CNS are transsynaptically connected to different organs including fat tissue

(Bamshad et al., 1999; Song & Bartness 2001; Czaja et al., 2003; Cano et al., 2004; Zermann et

al., 2005). An additional, and important feature of transsynaptic viral tracing is the possibility of

performing double immunohistochemical staining, thereby being able to study the phenotypes

of infected neurons (Weiss et al., 2001; Czaja et al., 2003).

Hypothalamic and ganglionic projections to adipose tissue in the pig

Results of our recent studies revealed that PRV-immunoreactive (PRV-IR) neurons are localised in

the PVN, supraoptic nucleus (SON) and ARC after injections into both the parakidney (P) and

subcutaneous (S) adipose tissue depots overlaying the thoraco-lumbar area in the pig (Fig. 1). PRV-

IR neurons in the VMN, DMN and POA were present only after injection of PRV into P adipose

tissue, while PRV-IR neurons in the LHA projected only to the S adipose tissue depot. These

results support the idea of a transsynaptic connection between hypothalamic neurons and different

adipose tissue depots in the pig. The general distribution of PRV infected hypothalamic neurons in

the pig was similar to that found in the hamster and rat model (Bartness & Bamshad 1998; Shi &

Bartness 2001; Song & Bartness 2001), except for specific depot-dependent differences in the

distribution and number of PRV-IR neurons. P-specific neurons were located in VMN, DMN and

POA while S-specific ones were in the LHA. Two different white adipose tissue depots were

previously studied in the Siberian hamster. There were no statistically significant differences in the

pattern of labelled cells after inguinal or epididymal adipose tissue virus injections. Greater differ-

ences between brown (BAT) and white adipose tissue (WAT) depots were reported by Bamshad et

al. (1999) and Shi and Bartness (2001). The WAT received innervation from the POA, PVN, LHA,

dorsal hypothalamic area (DHA), DMN, and posterior hypothalamic nucleus (PHN). The BAT, in

turn, was supplied by neurons originating from the VMN, ARC, PVN, suprachiasmatic nucleus

(SCN), LHA, POA, bed nucleus of the stria terminals (BNST) and lateral septum (LS). The number

of infected neurons in our study differed from the previous studies. Furthermore, there were differ-

ences in number of infected neurons between P and S subpopulations. The differences mentioned

above may have resulted from different titers and volumes of PRV used as well as mass and

topography of the adipose tissue depots (Bartness & Bamshad 1998; Bamshad et al., 1999; Shi &

Bartness 2001; Song and Bartness 2001; Czaja eta I., 2003). The difference in total number of PRV-

IR neurons in the P and S depots, with respect to the volume of particular fat tissue depot, indicates

a denser innervation of P than of S adipose tissue. However, more detailed morphometric neu-

roanatomical studies are needed to support this hypothesis.

It was previously reported that autonomic ganglion neurons project to adipose tissue in the
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Fig. 1 Inimunohistochemisiry with primary antibody again PRV. Didminobenzidine (DAB)
stained neuroni, located in the PV \ innervate subcutaneous tS) adipose tissue_ Scale Bar

ilOOpna

pig (Czaja et al., 2002ab Retrograde labelled FB neurons, which innervate S adipose tissue
were tound in the ipsilateral thoraco-lumbar(fhl-L) ganglia of the sympathetic chain. Neurons
supplying Ihe perirenal adipose tissue depot were located in the celiac superior mesenteric
(CSMG), ipsilateral adrenal (ADG), aortico-renal (ARC), ovarian (00 and inferior mesenteric
(IMG) ganglia„as well as in the ipsilateral lumbar sympathetic chain ganglia (SChG) at the
level of L1-1_ whereas FB • neurons innervating mesenteric adipose tissue were localised in the
CSMG and both the right and left ADC, ARG, OG and IMG, as well as in the right thoraco-
lumbar SChG at the level of Thi,-Lr These differences may result from different topographies
and extent of the adipose tissue depots. Previous experiments carried out by means of the
retrograde tracing method in the pig (Majewski et al., 1995; Wasowicz et al., 1998; Czaja et
al., 2001) showed organ-related differences in the distribution of neurons supplying the genital
organs. Differences in the distribution of neurons innervating the oviduct, ovary and uterus may
be a result of the different pathways used by the axons of those neurons to reach the target
tissues. This hypothesis may also explain differences in localization of the sympathetic nerve
sources supplying subcutaneous, perirenal and mesentery fat depots in the pig.

Hypothalamic nuclei projecting to porcine adipose tissue: relationship to reproduction, energy

balance and feeding behaviour

Neuronal tracing studies showed that, irrespective of the species and the tissue depot, numer-




ous subpopulations of neurons in the PVN innervate adipose tissue in both laboratory animals

and the pig (Bamshad et al., 1999; Shi & Bartness 2001; Czaja et al., 2003). The PVN provides
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sonic inputs to most other hypothalamic areas, including the DMN, VMN, ARC, anterior hypo-
thalamus, arid peritornical area in the LHA. However, the most recognised outputs from the
PVN are magnocellular secretory neurons, which project to the posterior pituitary and secrete
oxytocin and vasopressin, and the parvicellular secretory neurons, which produce CRH and
TRH, thereby stimulating secretion of glucocorticoids from the adrenal cortex and thyroid hor-
mone from the thyroid gland (Luiten et al., 1987). With respect to feeding behaviour, the PVN
organises appropriate endocrine and autonomic responses by integrating information, such as
gastrointestinal fill and availability of substrates and metabolites with information from adipose
stores. It does not have a direct role in food intake, but an indirect one via changes in digestive,
absorptive and metabolic processes, and it plays a role in stress-induced changes in food intake
(Berthoud 2002). Numerous subpopulations of hypothalamic neurrms, which project to adipose
tissue, are also located in the POA in laboratory animals, while in the pig, these subpopula-
tions were located in the SON and ARC (Czaja et al.; unpublished data). The role of the POA
in food intake and reproduction by way of oestrogen receptors was previously described in
laboratory animals (Mascarenhas 1986; Alexander & Leeman 1992). In the pig, infected neu-
rons were present in the POA only after injection of PRV into the P fat tissue depot and
represented the smallest subpopulation of labelled neurons. These results in the pig are in
contrast to those obtained from laboratory animals, which demonstrated that SON and ARC
neurons supplying adipose tissue is one of the smallest subpopulations ( Bartness & Bamshad
1998; Bamshad et al., 1999; Shi & Bartness 2001; Song & Bartness 2001). The SON is generally
believer] to consist principally of neurons that synthesise oxytocin and vasopressin. While
vasopressin is predominantly involved in regulation ot osmotic balance, oxytocin plays impor-
tant roles in reproductive processes by way of receptors localised on PVN and SON neurons
(H iguchi & Okere 2002; Popeski et al., 2003). The ARC nucleus is part of the neuronal system,
which regulates food intake and body weight (Schwartz et al., 1999) as well as reproduction
(Krasnow et al., 2003; Cunningham et al., 2004; Kageyama et al., 2005). The medial part of the
ARC participates in induction of feeding, particularly by activation of neurons producing NPY
(Wang et al., 2002). The smallest subpopulations of neurons innervating porcine P and/or S
adipose tissue were found in the VMN, DMN, POA and LHA. In the pig, infected neurons were
found in the VMN, DMN and POA only after injection of PRV into P adipose tissue, while
intected cells in the LHA projected only to the S adipose tissue depot, suggesting that there are
depot-dependent differences in innervation of adipose tissue at the level of the CNS. Such
differences were previously reported in the pig ANS (Czaja et al., 2002a). These findings
support the concept of depot-dependent functions and regional differences in metabolism of
adipose tissue (Montague et al., 1997; Amer 2001).

Double-labelling immunofluorescence demonstrated that leptin receptor (OBR) co-localised
in almost all virus-infected hypothalamic neurons supplying porcine adipose tissue (Fig. 2). The
presence of OBR on neurons, which are localised in the hypothalamus, and innervate adipose
tissue, was previously reported in both laboratory animals and the pig (Oldfield et al., 2002;
Czaja et al., 2003). Numerous immunohistochemical and physiological studies revealed that
projections of OBR-IR neurons provide a link between the hypothalamus and other brain re-
gions involved in satiety and reproductive functions (Magni et al., 2000; Barb et al., 2001; Lin
et al., 2001; Czaja et al., 2002c). These findings suggest that leptin not only plays an integra-
tive role in feeding behaviour, but also in neuroendocrine activity. The importance of leptin in
feeding behaviour has been reported in different species (Hunter et al., 2004; Matochik et al.,
2005). However, leptin's influence on reproductive function still remains open to discussion.
Recent studies revealed different populations of leptin-target cells, including GnRH neurons
and others, in different regions of the hypothalamus. GnRH neurons express leptin receptors in
different species (Barb et al., 2004; Barb & Kraeling 2004; Thomas et al., 2004; Amstalden et
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Fig. 2 Douhle-Libelling immunolluoreo erg e. Group ol four PRV-IR neurons looted in

PV which proje( t to perirenal (Pi ddipose tissue (Fig. 2a). Three ol them omultaneously

exproo,ed OBR-iihnumore.ilithiihi iFig. 26n. Scale IThr = 2Opm.

al., 2005), therefore, it is possihle that a subpopulation of GnRH neurons, which express leptin

receptors, may mediate ac I ions of leptin on gonadotropM secretion. A variety of ARC neurons,

which synthesise/release NPY and POMC are thought to interact with GnRH neurons and are

candidates tor mediating the effects ot lept in on reproduction. Neuropeptide Y influences GnRH

and LH secretion in rab and other species (Kalra & Kalra 1996), and ARC neuropeptide Y

neurons express OBR. Similarly, many hypothalamic POMC neurons express leptin receptors

(Funahashi et al., 2003; Balthasar et 1., 2004). POMC neurons make direct synaptic contacts
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with GnRH neurons (Leranth et al., 1988) and peptide products of the POMC precursor are
possible mediators of leptin action (Kalra & Kalra 1996). There are several other mechanisms by
which leptin could affect reproductive function, including effects on the hypothalamo—pitu-
itary—adrenal axis, namely secretion of CRH and/or glucocorticoids (Barb & Kraeling 2004),
which in turn, affect LH secretion.

Summary and conclusion

Evidence was presented, which strongly supports the concept of direct connections between
neural regulatory circuits controlling feeding behaviour and reproductive functions. A hypotha-
lamic regulatory network comprising a neural axis linking the ARC to the PVN, with additional
communication via the neighboring lateral hypothalamus and ventromedial hypothalamus, to-
gether integrate responses to and from peripheral visceral organs involved in energy balance
and reproduction (Berthoud 2002; Palkovits 2003; Barb & Kraeling 2004; Kalra & Kalra 2004;
Schneider 2004). Additional research is needed to develop a complete understanding of the
adipose tissue—brain—pituitary axis, which will lead to practical methods of controlling appe-
tite, metabolism and reproduction. Double-labelled transsynaptic tracing from both the adipose
tissue and the reproductive organs performed in the same animal may generate more detailed
and direct neuroanatomical data supporting the hypothesis that feeding and reproduction neural
circuits overlap.
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