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Abstract This review summarizes the data obtained with

the aid of the recently introduced dual viral tracing tech-

nique, which uses isogenic recombinants of pseudorabies

virus that express unique reporter gene. This approach

made possible to explore simultaneously neural circuits of

two organs. The results of these studies indicate: (1) there

are neurons innervating exclusively a given organ; (2) left-

sided predominance in the supraspinal innervation of the

endocrine glands (adrenal, ovary) studied, so far; (3) viral

co-infection of neurons, i.e., special neuronal populations

coexist in different brain areas that are transsynaptically

connected with both paired endocrine and non-endocrine

organs, endocrine glands and non-endocrine organs, and

organs of bodily systems other than the endocrine one. The

number of common neurons seems to be related to the need

of coordinating action of different systems. The data on co-

infection of neurons suggest that the central nervous sys-

tem has the capacity to coordinate different organ functions

via common brain neurons providing supraspinal innerva-

tion of the organs.
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Introduction

The nervous system plays a significant role in the control of

all bodily systems including the endocrine one. In addition,

the nervous system coordinates regulatory processes of

different systems which enable the organism to respond

properly to external and internal stimuli. The innervation of

the endocrine organs and other viscera has been extensively

studied. The autonomic and sensory nerves to and from the

organs, together with the related pre- and postganglionic

neurons have been described in detail. Because of the lim-

itation of the classical anterograde and retrograde tracing

methods, i.e., the techniques do not permit to follow a

pathway beyond the first synapse, the neural connections of

the internal organs with cerebral areas could not be studied.

The introduction of the transneuronal viral tracing

technique overcame this problem. This multisynaptic tract-

tracing method using pseudorabies virus, in most cases

Bartha’s strain [1] of Aujeszky’s disease virus [2], became

a commonly used tool for delineation of hierarchically

organized neural pathways [3–5]. Injection of pseudorabies

virus into a peripheral organ or into a brain area is followed

by the uptake of the virus by nerve endings of the infected

region. The virus then travels retrogradely along the axons

to the cell bodies of the first-order neurons (peripheral

ganglion), where reproductive infection takes place, sub-

sequently the virus crosses synapses selectively and repli-

cates in each successive retrogradely infected (second-,

third-, fourth-order) neurons. The virus-infected neurons

and thus the organization of neural circuitry can be
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Neuromorphological and Neuroendocrine Research Laboratory,

Department of Human Morphology and Developmental Biology,

Hungarian Academy of Sciences and Semmelweis University,
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visualized by immunocytochemical localization of the

virus. With the aid of this retrogradely labeling technique

the supraspinal innervation of different bodily system has

been described.

The results of these investigations indicated that several

common cerebral cell groups are involved in the innerva-

tion of different organs. The virus-infected areas usually

included cerebral structures known to project directly

(third-order neurons) to the sympathetic preganglionic

neurons of the intermediolateral cell column of the spinal

cord or in the case of pelvic organs also to the sacral

parasympathetic preganglionic neurons (second-order

neurons) (Fig. 1). Third-order neurons include the ventro-

lateral medulla, caudal raphe nuclei, A5 cell group, locus

coeruleus, the Barrington’s nucleus, periaqueductal gray,

hypothalamic paraventricular nucleus, and the lateral

hypothalamic area. Other common sites of supraspinal

connections of the internal organs are the nucleus of the

solitary tract and dorsal nucleus of the vagus that provide

viscerosensory and visceromotor innervation, respectively,

to several organs. Following infection of cerebral cell

groups monosynaptically connected with the sympathetic

and/or parasympathetic preganglionic neurons of the spinal

cord, and the vagal nuclei, the infection progresses and

fourth-order neurons, such as the medial preoptic area,

hypothalamic arcuate nucleus, the suprachiasmatic

nucleus, the perifornical region, zona incerta, bed nucleus

of the stria terminalis, central amygdala, and in some cases

cortical cell groups can be revealed.

On the basis of the observations that organs belonging to

different bodily systems are transneuronally connected

with neurons of the same cell group, together with physi-

ological data that indicate the presence and need of coor-

dinated action among different systems, the question raised

as to whether there are distinct groups of neurons that are

involved in the innervation of not just one organ, but of

more organs. The use of the dual viral transsynaptic

labeling technique employing recombinant strains of

pseudorabies virus Bartha engineered to express different

reporter genes [6] has made possible to study this question.

Using genetically altered viruses, different strains of

pseudorabies virus can be injected into various organs of

the same animal and different multisynaptic pathways

belonging to different organs or bodily systems can be

identified (Fig. 2). In the present review, first we briefly

deal with the dual viral tract-tracing technique and the field

of application of this method. Then we summarize the

findings indicating the presence of common neuronal

populations in the innervation of paired endocrine and non-

endocrine organs, and in the innervation of the adrenal

gland and non-endocrine systems. Finally a few observa-

tions on the existence of cerebral neurons connected with

two different organs/structures outside the endocrine sys-

tem are reviewed.

Fig. 1 Simplified schematic

drawing illustrating the first-,

second-, third-, and fourth-order

of neurons involved in the

innervation of the endocrine

glands. A5 A5

catecholaminergic cell group;

CR caudal raphe nuclei; GGL
peripheral ganglion; IML
intermediolateral cell column;

LH lateral hypothalamus; PVN
hypothalamic paraventricular

nucleus; VLM ventrolateral

medulla
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The dual viral transneuronal tracing technique

and fields of application

As mentioned in the section Introduction, using two viru-

ses expressing unique reporters, different circuitries

belonging to different systems can be defined. There are,

however, important considerations in the mapping of two

different pathways in the same animal. Kim et al. [7] using

two antigenetically distinct recombinants of the

pseudorabies virus in single- and double-infection studies,

observed that neurons previously infected with one strain

(PRV D: expresses the PRV membrane protein gI) of the

virus reduced invasiveness of the other strain (PRV-BaBlu:

expresses beta-galactosidase). The authors concluded that

the viruses to be used should express equivalent infection

and transportation dynamics. These criteria can be

achieved by generation of viruses that possess the same

genetic background, but contain two distinct markers,

whereby they can be distinguished. The new generation of

tracing viruses, i.e., isogenic strains of viruses fulfills the

crucial criteria of ability to co-infect neurons (similar

invasiveness, the same rate of transport, similar replication)

[8–14]. The most commonly used isogenic pseudorabies

recombinants are: PRV-152, Ba-Blu (expressing beta-

galactosidase) [9, 13, 15], Ba-PRV (expressing green

fluorescence protein [10, 11], and PRV 614 (expressing red

fluorescent reporter) [8].

The ability of isogenic recombinant viruses to investi-

gate distinct multisynaptic neuronal circuits made possible:

(a) to define connections of single cerebral neurons to

multiple bodily systems, (b) to localize distinct cerebral

connections of different organs, and (c) to reveal supra-

spinal connections of different areas of the same organ.

The common neural innervation of different organs has

been widely studied in the recent years and is dealt with in

the present review focusing on the endocrine glands.

Findings indicating the existence of common neuronal

populations participating in the innervation of paired

endocrine glands/other symmetric structures

Left and right adrenal gland

The control of adrenal functions, catecholamine release,

and steroid secretion, is complex and multifactorial, and

includes both hormonal and neural regulatory processes.

Besides the well-known corticotropin-releasing hormone-

ACTH-cortisol/corticosterone system, adrenal cortical

functions are also regulated by nerves to and from the

gland [16–18]. In addition to the extremely rich sympa-

thetic innervation of the adrenal medulla, sympathetic

fibers supply also the cortical cells. Furthermore, para-

sympathetic fibers from the dorsal nucleus of the vagus

project directly or via the celiac or suprarenal ganglion to

the gland [19, 20]. Afferent (viscerosensory) fibers from

the adrenal cortex towards the central nervous system have

also been demonstrated [21]. Using the transneuronal virus

labeling technique, following inoculation of neurotropic

virus into the adrenal gland, infected neurons could be

detected among others in the sympathetic preganglionic

neurons of the spinal cord, in the ventromedial and rostral

Fig. 2 Schematic drawing illustrating in a very simplified form the

labeling by the dual viral tracing technique. Two different organs are

inoculated with isogenic recombinants of pseudorabies virus that

express unique reporter gene (organ 1 injected with virus expressing

green fluorescence; organ 2 injected with virus expressing red

fluorescence). The viruses are taken up by nerve terminals of the

infected area, then they travel along the axons to the postganglionic

neurons, where reproductive infection takes place. Subsequently, the

viruses cross synapses selectively and replicate in each, successive

retrogradely infected neurons (preganglionic neurons, cell groups of

the brain stem, and the hypothalamus). ‘‘Green’’ and ‘‘red’’ neurons

represent cells transneuronally connected exclusively with organ 1

and organ 2, respectively (organ-specific neurons). ‘‘Yellow’’ cells are

special co-infected neurons that are involved in the innervation of

both organs (coordinating neurons)
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ventrolateral medulla, in the caudal raphe nuclei, in the A5

cell group, in the locus coeruleus, in the hypothalamic

paraventricular nucleus, and in the lateral hypothalamus

[14, 16, 22–24]. The demonstration of a multisynaptic

pathway between the brain and the adrenal gland supports

the view that the brain controls several functions of the

organ including catecholamine release, compensatory

adrenal hypertrophy [25], circadian rhythm of corticoste-

rone secretion [26–28], and regeneration of the organ [29].

Using the double-viral transneuronal tracing technique,

the supraspinal innervation of the left and right adrenal

gland was investigated in the same animal. Isogenic

recombinant viruses expressing different marker genes

were injected into the left and right adrenal [30]. The

pattern and distribution of virus-infected neurons following

inoculation of the adrenal glands was similar to that pre-

viously demonstrated using Bartha strain of pseudorabies

virus [14, 16, 22–24]. In addition, the labeling of cerebral

structures transneuronally connected to the left adrenal

gland was more abundant than that from the right organ

indicating asymmetry in the supraspinal innervation of the

left and right adrenal gland, i.e., the supraspinal innervation

of the left adrenal predominates. Furthermore, double-

labeled neurons could also be observed. Such nerve cells

were detected in the ventrolateral medulla, in the nucleus

of the solitary tract, in the raphe nuclei, in the A5 cate-

cholaminergic cell group, and in the hypothalamic para-

ventricular nucleus.

Left and right ovary

Several physiological studies indicated that the nerves to

and from the ovary (superior ovarian nerve, ovarian plexus,

vagus nerve) exert regulatory actions on ovarian functions

including the timing of puberty, ovulation, development of

compensatory hypertrophy, and in the pathogenesis of

polycystic ovarian syndrome (see for review [31]). Fur-

thermore, convincing experimental data have been accu-

mulated suggesting that the brain controls ovarian

functions also by a pituitary-independent, purely neural

mechanism [31]. Using the transneuronal viral tracing

technique, we demonstrated the existence of a multisy-

naptic pathway between the brain and the ovary [32]. To

investigate the supraspinal innervation of the left and right

ovary in individual rats [33], the left- and right-sided ovary

were inoculated with genetically engineered pseudorabies

virus expressing a red or a green fluorescent protein gene.

The pattern of localization of infected neurons in the brain

following injection of recombinant viruses into the ovary

was similar to that observed earlier [32]. Infected neurons

were present in the ventrolateral medulla, in the giganto-

cellular nucleus, in the area postrema, in vagal nuclei

(nucleus of the solitary tract, dorsal nucleus of the vagus),

in the A1 and A5 noradrenergic cell groups, in the caudal

raphe nuclei, in the locus coeruleus, in the hypothalamic

paraventricular nucleus, and in the lateral hypothalamus. In

addition, viral infection of brain nuclei including the dorsal

vagal nucleus, caudal raphe nuclei, A5 noradrenergic cell

group, hypothalamic paraventricular nucleus was enhanced

from the left ovary, when compared to labeling from the

right ovary. Double-labeled cells, i.e., neurons transneur-

onally connected with both ovaries were also observed.

Such neurons were detected in the nucleus of the solitary

tract, in the dorsal nucleus of the vagus, in the A5 norad-

renergic cell group, in the raphe magnus, and in the

hypothalamic paraventricular nucleus.

Left and right kidney

Interestingly enough, the results of studies aimed to

determine the extent of overlap of cerebral neurons

involved in the transneuronal innervation of the two kid-

neys [13] showed pattern of infection similar to the

supraspinal innervation of the adrenal gland or the ovary.

Following injection of recombinants of pseudorabies virus

into the left and right kidney infected neurons were

observed in the classical sympathetic premotor regions

(ventrolateral medulla, caudal raphe nuclei, ventromedial

medulla, nucleus of the solitary tract, locus coeruleus,

Barrington nucleus, periaqueductal gray, perifacial zone,

A5 cell group, hypothalamic paraventricular nucleus, lat-

eral hypothalamus). Analysis of double-labeled neurons at

the intermediate survival interval indicated the presence of

dual-infected neurons in all areas, but the percentage of

them differed across infected structures. Highest incidence

of double-labeled neurons (more than half of total infected

neurons) was found in the rostral ventrolateral medulla, the

A5 cell group and in the perifacial zone. In the hypotha-

lamic paraventricular nuclei somewhat lower percentage

(36–41%) of dual-infected neurons occurred.

Regulation of blood flow of the hindlimb muscles

The observations of Lee et al. [34] indicate that the regu-

lation of blood flow in the hindlimb muscles is not exerted

only by side-specific neurons, but also by special popula-

tion of cells that provides bilateral innervation and coor-

dinating action of the hindlimb muscles.

Functional considerations

The observations obtained by the use of viral transneuronal

tracing technique using isogenic recombinants of pseudo-

rabies virus in individual rats indicate that the supraspinal

innervation of the endocrine (adrenal, ovary) and non-

endocrine organs (kidney) or non-endocrine structures
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(vessels to hindlimb muscles) includes two populations of

neurons. One population of neurons exhibits single label-

ing, i.e., these neurons are transneuronally connected with

the left or the right organ. The other population includes

dually labeled neurons that are co-infected from the cir-

cuitry innervating both the left and right organ. Single-

labeled neurons are considered organ- and side-specific

cells that control the function of the left or the right organ.

By contrast, the co-infected neuronal population may

coordinate the function of the paired organ. Side-specific

and coordinating neurons are present at the same level of

the circuitry; however, the ratio of single- and double-

labeled neurons varies across regions. Physiological studies

are needed to demonstrate the functional significance of the

common neurons in the coordination of the left- and right-

sided adrenal glands and ovaries.

The other observation of these studies is the asymmetry

in the supraspinal innervation of the adrenal gland and the

ovary. Both the left adrenal gland and the left ovary receive

denser innervation from the brain stem and the hypothal-

amus than the right organs. Only a few data are available

on the asymmetry of the adrenal gland and structures

controlling the function of the organ. Gross anatomical

asymmetry of the adrenal gland is well known (the left

organ weighing more than the right one, the venous

drainage of the two adrenals is different). Functional

asymmetry of the medial prefrontal cortex that controls

neuroendocrine and stress responses have been described

[35]. There are clinical observations that indicate that

adrenal tumors causing primary aldosteronism are 2 or 3

times more likely to occur on the left than on the right side

[36]. Furthermore, several data indicate associations

between cerebral dominance, the reactivity of the hypo-

thalamo–pituitary–adrenal axis and the pathogenesis of

certain immune-mediated diseases [37].

More data are available on the morphological, bio-

chemical, functional asymmetry of the ovary and structures

involved in the control of the organ (see for reviews [38,

39]). Asymmetry of the ovary, such as difference in venous

drainage, response to hemicastration, and to transection of

the superior ovarian nerve [40–43] has been described.

Chavez et al. [44] provided evidence on the predominance

of the left vagus nerve in the control of ovulation. Cerebral

structures involved in the control of ovarian functions also

exhibit asymmetry. Asymmetry in gonadotrope hormone-

releasing hormone content in the hypothalamus, asym-

metric expression of estrogen receptors in the preoptic and

anterior hypothalamic area [45, 46], and functional asym-

metry of the anterior hypothalamus [47, 48], and the pre-

optic area [49, 50] have been reported. The

neuromorphological evidence of the asymmetry of the

transneuronal innervation of the ovary completed our

knowledge on the presence of asymmetry at all levels of

the regulatory system of the ovary: asymmetry of the

hypothalamus and extrahypothalamic structures, asymme-

try of cerebral structures transneuronally connected with

the ovary, and asymmetry of peripheral nerves supplying

the gland.

Neurons contributing to the innervation of both

the adrenal gland and other systems

Most physiological and behavioral responses of the

organism are coordinated actions of different bodily sys-

tems. The autonomic changes of visceral functions are

coordinated actions and are supposed to be controlled by

central command neurons. The double-virus transneuronal

technique was applied to localize common set of cerebral

neurons transneuronally innervating organs that respond

simultaneously to appropriate stimuli. Here we summarize

the data on the presence of cerebral neurons that trans-

neuronally innervate both the adrenal gland and other

viscera and are presumably involved in the coordination of

actions of different bodily systems that affect adrenal

functions.

Adrenal gland and ovary

Previous studies have indicated that following inoculation

of neurotropic virus into the adrenal gland [14, 22–24] or

into the ovary [32, 51] infected neurons can be detected in

similar central nervous system structures (intermediolateral

cell column of the spinal cord, ventrolateral medulla, dorsal

nucleus of the vagus, nucleus of the solitary tract, caudal

raphe nuclei, A5 cell group, hypothalamic paraventricular

nucleus, and the lateral hypothalamus).

Furthermore, it is well documented that the hypothal-

amo–pituitary–adrenal axis and the hypothalamo–pitui-

tary–ovarian axis are closely related and different

mechanisms are involved in the complex neuroendocrine

interactions controlling adrenal and ovarian functions.

Recently, we investigated whether there are populations of

neurons in the brain which are transneuronally connected

both with the adrenal gland and the ovary (isogenic viruses

expressing two different fluorescence protein were injected

into the adrenal and into the ovary) [52]. Double-infected

neurons could be observed in the ventrolateral medulla, the

nucleus of the solitary tract, the caudal raphe nuclei, the A5

cell group (Fig. 3), and in the hypothalamic paraventricular

nucleus, but not in the dorsal nucleus of the vagus. The

presence of double-labeled neurons at different levels of

the neuronal circuitry innervating both the adrenal gland

and the ovary provides the anatomical correlate to the

mutual physiological and pathophysiological influence of

the two neuroendocrine systems.
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Adrenal gland and heart

Stress is known to activate the sympathetic nervous system

including stimulation of adrenal catecholamine release and

cardiovascular function. In order to study the localization

of common cerebral neurons transneuronally connected

both with the adrenal gland and the heart, two different

genetically engineered forms of Bartha strain of pseudo-

rabies virus were used [14]. One virus was injected into the

adrenal gland, while the other one into the ipsilateral

stellate ganglion—the major sympathetic ganglion inner-

vating the heart [53]. Double-labeled neurons were detec-

ted in the ventrolateral medulla, lateral paragigantocellular

nucleus, the dorsal medulla (neurons exhibiting adrenaline

immunochemistry), the dorsal raphe nuclei (identified for

serotonin), the A5 area (noradrenaline positivity), and the

paraventricular hypothalamic nucleus (less than 10% of

double-labeled cells contained oxytocin immunopositivi-

ty), while in the spinal cord small number of infected

neurons were observed in the sympathetic preganglionic

neurons of the intermediolateral cell column and in the

dorsal horn (T5–T7 spinal cord segments). These results

indicate that the sympathetic innervation of the adrenal

gland and the heart includes brain structures that contain

neurons that project along synapses to both organs pro-

viding the neuromorphological basis of coordinated

response to stressful stimuli.

Adrenal gland and submandibular gland

Another important question concerning the organization of

the autonomic nervous system is whether cerebral nuclei

connected transneuronally with different endocrine or non-

endocrine organs and involved both in the sympathetic and

parasympathetic innervation, have also common or just

separate population of neurons belonging to the sympa-

thetic and the parasympathetic output. The suprachiasmatic

nucleus, site of the biological clock, plays a significant role

in the control of daily rhythms of the organism. It has been

demonstrated that the suprachiasmatic nucleus is involved

in the transneuronal sympathetic innervation of several

organs including the thyroid gland, adrenal medulla,

adrenal cortex, pancreas, kidney, urinary bladder, brown

adipose tissue, while parasympathetic neurons of the

nucleus are transneuronally connected with the thyroid

gland, pancreas, liver, and submandibular gland (see for

review Bartness et al. [54]). To study whether the sup-

rachiasmatic nucleus is connected to multiple autonomic

motor outputs, double-virus tracing experiments using two

Bartha pseudorabies mutants were performed [55]. When

one of the viruses was injected into the adrenal gland and

the other one into the ipsilateral stellate ganglion (major

source of cardiac innervation), double-labeled neurons

could be detected in the suprachiasmatic nucleus. If the

submandibular gland, subjected previously to sympathetic

or parasympathetic denervation, was injected with one

isogenic virus, and the ipsilateral adrenal gland with the

other one, common group of suprachiasmatic neurons was

observed. These findings suggest that the same set of

neurons of the suprachiasmatic nucleus transmit sympa-

thetic input to different organs, and further that single

suprachiasmatic neurons might belong to both the sympa-

thetic and parasympathetic system.

Adrenal gland and liver

Buijs et al. [22] studied whether neurons of the suprach-

iasmatic and hypothalamic paraventricular nucleus, trans-

synaptically connected both to the adrenal gland and to the

liver, belong to the sympathetic or parasympathetic output

or to both autonomic systems. Injecting one isogenic virus

strain into the adrenal gland and the other one into the

sympathetic denervated liver (forcing the virus to infect the

brain via the vagus nerve), separate population of neurons

exhibited infection in the hypothalamic paraventricular and

in the suprachiasmatic nucleus. These data are not in line

with the previously mentioned results of Ueyama et al.

[55], and indicate specialization of function (sympathetic

versus parasympathetic) within the central nervous system.

Adrenal gland and small intestine

Levatte et al. [56] studied in individual hamsters the local-

ization of sympathetic preganglionic neurons connected

with the small intestine and the adrenal medulla.

Fig. 3 Fluorescent micrograph of a part of the rat brain stem (coronal

section) showing the autofluorescence of the virus-infected neurons.

The left ovary was injected with pseudorabies virus expressing green

fluorescent protein (BDG), while the left adrenal was inoculated with

a recombinant strain expressing DS-RED. Neurons connected solely

with the left ovary (green) or the left adrenal gland (red) are well-

distinguished. A few neurons (yellow, arrowheads) are double-

labeled indicating that they project to both organs
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Alkalinephosphatase-expressing herpes simplex virus was

injected into the adrenal gland, while the muscular wall of

the small intestine was inoculated with a b-galactosidase-

expressing herpes simplex virus. After virus administration

neurons labeled from the intestine were observed bilaterally

along the intermediolateral cell column, while those related

to the adrenal gland were found along the ipsilateral cell

column. In addition, scattered labeled cells were present in

the nucleus intermediolateralis, pars funicularis. The per-

centage of double-labeled cells was low: about 3% in the

ipsilateral intermediolateral cell column and about 7% along

the ipsilateral nucleus intermediolateralis, pars funicularis.

These data suggest that the sympathetic preganglionic

neurons involved in the innervation of the adrenal gland and

the small intestine are almost completely distinct.

Adrenal gland and gastrocnemius muscle

It is well established that the motor and autonomic activity

is coordinated by the nervous system [57, 58], however, the

neural circuit that is dedicated to coordinate motor and

sympathetic output was unknown before the observations

of Kerman et al. [59]. They investigated whether there are

overlapping neuron populations that are involved in the

coordination of the motor and the autonomic system. Fol-

lowing injection of distinct recombinants of pseudorabies

virus into the adrenal gland and the ipsilateral gastrocne-

mius muscle (subjected previously to sympathectomy),

double-labeled neurons were recorded in several brain

areas including the rostral ventromedial medullary areas,

the A5 cell groups, and the dorsolateral pons (A7 cell

group, locus coeruleus, locus subcoeruleus). The greater

number of co-infected neurons was localized in the ven-

tromedial medullary nuclei (gigantocellular nucleus pars

alpha, ventral gigantocellular nucleus, raphe obscurus, and

raphe magnus) indicating that a substantial number of

neurons from this region project both to sympathetic pre-

ganglionic neurons, as well as to motoneurons. These cells

are supposed to act as central command neurons to regulate

the concomitant motor and autonomic activity.

Functional considerations

The results mentioned suggest that there are neural path-

ways involved in the coordinated action of adrenal func-

tions and other bodies systems, such as the reproductive,

the cardiovascular, and motor system, and organs of the

digestive system.

It is well established that dysfunction of the hypothal-

amo–pituitary–adrenal axis might result in failure in female

reproductive processes [60–62]. Multiple mechanisms are

responsible for this inhibitory action: gonadotrope hor-

mone-releasing hormone directly suppresses ACTH release

[63], ACTH reduces LH and FSH secretion [64], and

corticoids are capable to inhibit gonadotropin release [65,

66]. On the other hand, ovarian hormones have been

reported to be involved in the activity of the hypothalamo–

pituitary–adrenal axis and can alter stress response [67].

The demonstration of common set of neurons projecting

transneuronally both to the adrenal gland and ovary sug-

gests that the interaction between the two neuroendocrine

axes includes, besides the mutual hormonal effects, a novel

mechanism: integration at the level of specific sets of

cerebral neurons, i.e., regulatory action at cellular level.

The neural mechanism that contributes to the integrated

response to stressful stimuli includes also neural circuits that

are dedicated to coordination of adrenal and cardiac func-

tions, and adrenal and motor functions. Furthermore, in the

integration of the cardiovascular and the somatomotor sys-

tem special group of neurons (in the lateral hypothalamus

and in the lateral parafascicular thalamic nucleus) are

involved [68]. In addition, the presence of neurons, co-

linked to the sympathetic outflow to the heart and the medial

prefrontal cortex involved in mental stress and mood dis-

orders [69], might provide the morphological substrate of

the underlying mechanism involved in the blood pressure

changes during stress and in mood disorders.

Interestingly enough, the innervation of the organs of

the digestive system and that of the adrenal gland includes

only a modest number of overlapping neurons suggesting

that the common neural circuitry might play only a minor

role in the integrated control of the two systems.

Neurons involved in the innervation of two structures

outside the endocrine system

Experimental data indicate that the integrated control is

characteristic not only for endocrine glands but also for

structures outside the endocrine system. To illustrate this a

few examples are mentioned.

The central coordination of different bodily systems

seems to be involved in visceral functions and in visceral

pathology. Coexistence of multiple pelvic symptoms (colo-

nic symptoms, irritable bladder, pelvic pain, colonic hyper-

sensitivity) [70–73] suggests that specific neuronal

populations could participate in the innervation of pelvic

viscera. Following injection of two antigenetically distinct

recombinant strains of pseudorabies virus into the bladder

and distal colon, three populations of neurons were observed

in the Barrington’s nucleus: one transneuronally connected

with both the bladder and the colon and the other two sets of

neurons specifically innervated the two organs. In addition,

single-labeled neurons from either viscera exhibited a vis-

cerotropic organisation [74]. These findings provide mor-

phological evidence for integrated control of the two viscera.
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The integration of the somatomotor and cardiovascular

system occurs during locomotion [75]. Physiological

studies indicate that the stimulation of the lateral hypo-

thalamus or the mesencephalic locomotor region induces

both cardiovascular and locomotor responses [76, 77].

Using the double-virus tracing technique, Krout et al. [68]

investigated whether the simultaneous coordinated altera-

tions in the locomotor and cardiovascular system are due,

at least in part, to neuronal populations that are transsy-

naptically linked to both systems. For this purpose, one

strain of isogenic Bartha pseudorabies virus was injected

into the primary motor cortex and the other strain into the

stellate ganglion. Many double-labeled cells were observed

in the lateral hypothalamus and in the lateral parafascicular

thalamic nucleus (connected with both the motor cortex

and the striatum). Other regions exhibiting double-labeled

neurons were the amygdalohippocampal transition zone

and the lateral entorhinal cortex. These results indicate that

a special group of neurons in the lateral hypothalamus

plays an integrative role in adjustment of cardiovascular

functions during locomotion. Furthermore, these findings

also suggest that a set of neurons in the lateral parafasci-

cular thalamic nucleus may coordinate cardiovascular

changes and locomotor activity.

It is known that during a number of behaviours, such as

vomiting and postural adjustment, the diaphragm and the

abdominal muscles are simultaneously activated. Studies in

which one strain of recombinant isogenic virus was injec-

ted into the diaphragm and the other strain into the rectus

abdominis muscle, immunofluorescence localization of the

unique reporter genes of each virus in the magnocellular

part of the medullary reticular formation revealed labeled

neurons transneuronally connected with the diaphragm or

the rectus abdominis muscle. A third population of neurons

exhibited double-labeling. These observations indicate that

under certain conditions when the inspiratory and expira-

tory muscles work together, the coordination of muscle

activity is elicited by a particular cell group in the med-

ullary reticular formation, whose axons project, through

collateralized projections, to motoneurons innervating both

the diaphragm and the abdominal muscles [9].

Special neuronal populations participating in the inner-

vation of pelvic viscera [74], and different muscle groups

[9, 78] indicate that these neural circuitries might have

functional and/or pathological role (development of mul-

tiple pelvic symptoms) in the central control of the pelvic

organs, while the discrete common descending pathways to

different muscles (muscle groups) seem to participate in

the coordination of muscle action (working together or

independently).

Taken together the results of these studies indicate a

new type of control mechanism: regulation of different

organs by common cerebral neurons. However, the data

available are sporadic, it seems that the novel type of

control mechanism might be a general phenomenon.

Conclusions

The dual viral transneuronal tracing technique has been

proved to be a powerful and at present, a unique tool to

reveal central neural circuitry involved in the innervation

of two different organs. Using this technique novel infor-

mation became available on the complexity of the cerebral

control systems regulating and integrating visceral func-

tions and activity of other bodily systems. The most

important observation of these studies is that in different

areas of the brain there are special populations of neurons

transneuronally connected to more than one organ. We

learned that the organs studied so far (adrenal gland, ovary,

kidney, heart, etc.) are transneuronally connected with

neurons that innervate exclusively the given organ (organ-

specific neurons) and with neurons that innervate more

than one organ or in the case of paired organs, the organ on

the other side (coordinating neurons). Data suggest that the

neural input to the endocrine glands and other internal

organs is an integrated signal that is formed, at least in part,

by cerebral cell groups that are involved in the supraspinal

innervation of multiple organs. The ratio of neurons pro-

jecting uniquely or simultaneously to a bodily system(s)

largely depends on whether the central neuronal circuitries

in question are co-activated or not for homeostatic adjust-

ment. The findings obtained by the dual transneuronal

tracing technique also demonstrate asymmetry in the

intensity of the supraspinal innervation of the adrenal gland

and the ovary: the left organs receive more cerebral neural

inputs than the contralateral ones.
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