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CHAPTERR 4 

PolysynapticPolysynaptic neural pathways between the hypothalamus, 
includingincluding the suprachiasmatic nucleus, and the liver 

Susannee E. la Fleur, Andries Kalsbeek, Joke Wortel and Ruud M. Buijs 

BrainBrain Research (2000) 871: 50-56 

Abstract t 

Thee suprachiasmatic nucleus of the hypothalamus is responsible for a 
24h-- rhythm in basal glucose levels in the rat. The neural pathways used 
byy the suprachiasmatic nucleus to mediate this rhythm in plasma glu-
cosee have not yet been identified. In the present study we examined 
whetherr there are any connections between hypothalamic centers, in-
cludingg the suprachiasmatic nucleus, and the liver, which is the main 
sitee for glucose production and storage. Transneuronal virus tracing 
fromm the liver showed that after injection of pseudorabies virus, spe-
cificc neuronal cell populations in the central nervous system were 
labeledd retrogradely, suggesting that specific sites in the central nerv-
ouss system may control liver metabolism. First-order neurons belonged 
too the sympathetic and parasympathetic system, while second-order 
andd third-order neurons were present in both the brainstem and hy-
pothalamus.. The presence of third-order neurons in the suprachias-
maticc nucleus suggests an involvement of the biological clock in the 
neurall  control of the liver. 
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CHAPTERR 4 

Introductio n n 

Thee circadian pacemaker of the mammalian brain is situated in the suprachiasmatic 

nucleuss of the hypothalamus (SCN)75. The SCN projects to a number of areas in the 

hypothalamus25,2022 and in doing so it is able to modulate not only behavioral activities, 

suchh as sleep/wake rhythms, but also several hormonal and autonomic functions26,88. 

Ourr recent study has shown that the SCN also controls basal levels of plasma glucose in 

thee rat, resulting in a clear 24h-rhythm, with a rise at the end of the light period106. The 

neurall  pathways used by the SCN to mediate the observed rhythm in plasma glucose 

havee not yet been identified. 

Nucleii  in the hypothalamus, such as the lateral hypothalamic area (LHA) and the ven-

tromediall  hypothalamic nucleus (VMH),are involved in the regulation of energy me-

tabolismm via the sympathetic and parasympathetic nervous system. Stimulation of the 

LHAA leads to a slow and small reduction on plasma glucose levels through activation of 

hepaticc glycogen synthase and inhibition of phosphoenolpyruvate carboxykinase 

(PEPCK),, the rate limiting enzyme in gluconeogenesis168. Electrical stimulation of the 

VM HH causes glycogenosis and glucose output from the liver through the activation of 

thee sympathetic nerves that innervate the liver185. The SCN may also control liver func-

tionn since electrical stimulation of the SCN causes hyperglycemia, which is prevented by 

givingg autonomic blockers62131. 

Too investigate the possibility that hypothalamic centers, including the SCN, have a 

multisynapticc neural-connection to the liver, we injected pseudorabies virus (PRV) in 

thee left lobe of the liver of the rat. Patterns of infection produced by PRV result from 

passagee of (replicated) virus particles. Glial cells take up the virus but no viral replica-

tionn is seen in these cells. This prevents diffusion of the virus over the CNS and prevents 

uptakee in nerve terminals that do not contact infected neurons57, l24, m. We examined the 

locationn of the infected neurons in tissue of the spinal cord and the brain after a survival 

periodd ranging from 3 to 6 days 

Material ss and methods 

Materials Materials 

AA stock of pseudorabies virus (PRV) (Bartha strain), containing 1 x 106 plaque-forming 

unitss was used. The virus was a generous gift from Dr. C.E. Jacobs (ID-DLO, Lelystad, 

Thee Netherlands). The Bartha strain of PRV has an attenuated infectious ability. It is 

usedd as a vaccine in veterinary medicine. There have never been reports of infection of 

humanss with this virus. 

AnimalsAnimals and surgical procedures 

Sixteenn male Wistar rats (200-300 gr; WU, Harlan, Zeist, the Netherlands) were anaes-
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thetizedd using a mixture of Hypnorm® (Janssen, 0.05 ml/100 g body weight, i.m.) and 

Dormicum®® (Roche Nederland, 0.04 ml/ 100 g body weight, s.c). Five LÜ of the viral 

suspensionn was injected under pressure into the left lobe of the liver using a 30-gauge 

needlee attached to a 1 ml syringe. The wound was closed after surgery. After the rats had 

recoveredd from the anesthesia, they were given a subcutaneous injection of Temgesic® 

(0.033 ml/ 100 g body weight), a pain killer. After a survival period of between 3 and 6 

dayss the rats were deeply anesthetized with sodium pentobarbital and then perfused 

throughh the left ventricle of thee heart with a saline solution followed by a solution of 4% 

paraformaldehydee in phosphate-buffered saline (0.1M Phosphate-buffered saline, pH 

7.2).. The brains and spinal cords were then removed and kept overnight in the same 

fixative.. All experiments were conducted under the approval of the local Animal Care 

Committee e 

Histology Histology 

Vibratomee m transverse brain sections were washed extensively in 0.05 M Tris buff-
eredd saline (TBS),pH 7.4. Every fifth section was incubated overnight in the presence of 
polyclonall  rabbit anti-PRV (anti-alpha Aujerszky) antibodies (diluted: 1:15000) (a gen-
erouss donation by Dr. C.E. Jacobs, ID-DLO, Lelystad, The Netherlands.). The sections 
weree then incubated for 90 min in the presence of biotinylated goat anti-rabbit followed 
byy a 90 min incubation in the presence of a mixture of Vecta stain ABC kit reagents A 
andd B (Vector, Burlingame, CA, USA). The peroxidase antibody complex was visualized 
byy incubating the sections in substrate (0.025% 3,3'-diaminobenzidine tetrahydro-
chloridee in TBS supplemented with 0.05% H202). 

Results s 

Fifteenn out of sixteen of the thirteen rats injected with PRV in the left liver lobe showed 

infectionn in the central nervous system (CNS) following a PRV-injection in the liver. 

Thee rat that did not show any infection had the shortest survival time (3 days). The spread 

off  the infection increased with increase in survival time. A general and reproducible 

infectionn pattern was seen, enabling us to determine different stages of infection, reflect-

ingg the transport of the virus along the various pathways from the liver, via the spinal 

cordd and the brainstem to the hypothalamus and other brain structures. 

Thee identity and temporal appearance of viral immunoreactivity in cell groups in the 

CNSS after an injection in the liver is shown in detail in Table 1. Rats surviving for 3 days 

(threee animals) either did not show any infection (one animal) or had an infection that 

wass limited to neurons in the intermediolateral column (IML ) in the thoracic part of the 

spinall  cord (Figl A). In these animals no PRV-labeled first-order neurons were observed 

inn any parasympathetic cell groups. 
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Survivall  t im e 

SpinalSpinal cord 
Intermediolaterall  nucleus 
Intercalatedd nucleus 
Laterall  funiculus 

Layerss VII , X 

Brainstem Brainstem 
Nucleuss of the solitary tract 

Dorsall  vagal nucleus, caudal/ rostral 
Ventrolaterall  medulla 
Raphee - pallidus nucleus 
Raphee - magnus 

Raphee - obscurus 
Gigantocellularr reticular nucleus 
Magnocellularr reticular nucleus 
Paragigantoo cellular nucleus 
C1/C3,, adrenalin cell groups 

A5,, noradrenaline cell groups 
Locuss coeruleus 
Areaa postrema 

Hypothalamus Hypothalamus 
Laterall  hypothalamic area 

Retrochiasmaticc area 
Paraventricularr nucleus 

dorsaldorsal cap 

ventromedialventromedial parvocellular subd. 
periventricularperiventricular subdivision 

laterallateral parvocellular subd. 

Suprachiasmaticc nucleus 
rostralrostral part 

dorsomedialdorsomedial part 
ventrolateralventrolateral part 

Dorsomediall  hypothalamic nucleus 
Anteriorr hypothalamic area 
Arcuatee nucleus 
Ventromediall  hypothalamic nucleus 
Mediall  preoptic area 
Subfornicall  organ 

Organumm vasculosum lamina terminalis 

OtherOther areas 
Zonaa incerta 
Periaquaductall  grey 

Bedd nucleus of the stria terminalis 
Amygdala,, central part 
Cingulatee cortex 

Prefontall  cortex 

33 days 
(nn = 3) 

+ + 

4~5days s 
(nn = 6) 

++ + 
+ + 
+ + 

+ + 
+ + 

+(+) ) 
+ + 
+ + 

(+) ) 

+ + 
+ + 
+ + 

+ + 
+ + 

+ + 
+ + 

+ + 

+ + 

+ + 

5-5 '«days s 
(nn = 4) 

+++ + 
++ + 
++ + 
+ + 

++ + 
++ + 

++ + 
++ + 
++ + 
+ + 
++ + 
+ + 
+ + 
++ + 
++ + 

++ + 
+ + 

++ + 
++ + 

+++ + 
+++ + 
++ + 

+ + 

+ + 
+ + 

(+) ) 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

++ + 

++ + 
+ + 
+ + 

+ + 
+ + 
+ + 

66 days 
(nn = 3) 

++++ + 
++++ + 

++++ + 
++++ + 

+++ + 

+++ + 
++++ + 
+++ + 
+++ + 
++ + 
++++ + 
+++ + 
+++ + 
+++ + 

+++ + 
++ + 
++ + 

++++ + 

++++ + 

++++ + 
++++ + 
+++ + 

+++ + 

++ + 

++ + 
++ + 
+ + 
++ + 
++ + 
+ + 
++ + 
++ + 

+++ + 
++ + 

++ + 
++ + 
++ + 

++ + 

54 4 



NEURALL CONNECTIONS 

Ratss (n = 6) with intermediate survival time (4-5 days) showed, in addition to the 
labelingg in the IML in the spinal cord, PRV-labeled neurons bilaterally in the intercalated 
nucleuss and lateral funiculus, and in the lamina VII and X. At the same time, first-order 
parasympatheticc neurons infected with PRV were observed in caudal and rostral parts 
off  the dorsal vagal nucleus (DMV) (Fig IB). Furthermore, in the brainstem, PRV-labeled 
second-orderr neurons were found in the ventrolateral medulla (VLM ) (Fig. 2A), in the 
nucleuss of the solitary tract (NTS), in C1/C3 adrenaline cell groups, in A5 noradrenaline 
celll  groups, in the locus coeruleus and in the raphe pallidus nucleus (and magnus). In 
addition,, PRV-labeled second-order neurons order were observed in the paraventricu-
larr nucleus of the hypothalamus (PVN), especially in the dorsal cap (dPVN) and in the 
ventromediall  parvocellular subdivision (mvPVN) (Fig. 2C). Labeled cells were also found 
inn the zona incerta (ZI), in the LHA (Fig. 2B), and in the retrochiasmatic area of the 
hypothalamuss (RCH). 

Thee brains of the rats (n = 4) with a survival time of 5 to 5,5 days contained PRV-
labeledd third-order neurons, as well as PRV-labeled second-order neurons. In the 
brainstem,, labeled cells were observed in the magnocellular reticular nucleus, in the 
paragigantoo cellular nucleus, and in the giganto cellular reticular nucleus (a-part). In 
thee hypothalamus, labeled neurons were observed in areas known to project to the PVN, 
e.g.. the medial preoptic area, anterior hypothalamic area , dorsomedial hypothalamic 
nucleus,, arcuate nucleus, and circumventricular organs. Also labeled cells were found in 
limbicc structures as the central amygdala and the bed nucleus of the stria terminalis. A 
smalll  number of labeled neurons were observed in the VMH. In the SCN, labeling was 
presentt (Fig. 2D), particularly in the rostral part of the nucleus, as well as in the 
dorsomediall  and ventromedial parts. 

Thee three rats with a survival time of 6 days showed infected cells in a large number of 
areass of the CNS (for details see Table 1). 

Discussion n 

Thee present study demonstrates the presence of polysynaptic parasympathetic and sym-

patheticc pathways to the liver. After injection of a transneural PRV-virus in the liver, 

neuronss in the CNS are retrogradely labeled in order of appearance, thus identifying 

Tablee 1 This table summarizes the distribution of infected neurons in different regions of the 
centrall  nervous system at different survival times. The relative number of infected neurons in 
eachh region is represented by + symbols with larger numbers of neurons represented by increas-
ingg numbers of + symbols. Parentheses surrounding a + indicates that there was variability in the 
infectionn of the specific region at that survival time. 
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Fig.. 1 Transverse sections of the rat spinal cord and brainstem stained for the transneuronal tracer 
(PRV).. (A) Section of the spinal cord at the thoracal level. The survival time after PRV injection in 
thee liver is 3 days. The arrow points to a PRV-positive neuron that is located in the intermedi-
olaterall  column. (B) Section at the level of the brainstem. The survival time after PRV injection in 
thee liver is 4 days. PRV-labeled neurons illustrate parasympathetic cell groups, the arrow points to 
PRV-positivee neurons in the dorsal vagal nucleus (DMx). Please note PRV-labeled profiles ex-
tendingg into the nucleus of the solitary tract (NTS). Bar 100 urn, c = central column. 
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Fig.. 2 Transversal sections of the rat brain stained for the transneuronal tracer (PRV). (A) PRV-
labeledd neurons located in sympathetic cell groups of the brainstem, the arrow points to PRV-
positivee neurons in the ventrolateral medulla (VLM) . 
(B,, C) Transversal sections at the level of the lateral hypothalamic area (LHA) and paraventricular 
nucleuss of the hypothalamus (PVN). Survival time after PRV injection in the liver is 4 days. (B) 
PRVV positive neurons in the LHA and in the retrochiasmatic area (RCH). (C) PRV positive neu-
ronss are seen in the ventrolateral part of the PVN. (D) Hypothalamic section at the level of the 
SCN.. Survival time after PRV injection in the liver is more than 5 days. Clearly, PRV neurons are 
locatedd in the mediodorsal part of the SCN. Bar for (A) 250u.m, for (B) 250Lim, for (C) 1 OOum and 
forr (D) 150um. ON = optic nerve. 
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thosee pathways in the CNS that affect liver metabolism. Apart from the sympathetic 

motor-neuronss and the parasympathetic motor-neurons of the first-order, second-or-

derr neurons and third-order neurons were present in the brainstem, in the hypothala-

muss and in limbic structures. The localization of third-order neurons in the SCN shows 

thee existence of anatomical pathways that enable the biological clock to affect autonomic 

inputt to the liver. 

Itt is thought that the transmission of (para)sympathetic nerve signals to the liver is 

bothh direct on hepatocytes and via sinusoidal cells, from which chemical mediators act 

onn neighbouring hepatocytes166. PRV, injected in the liver, is taken up by nerve endings 

nearr these hepatocytes and sinusoidal cells. Although there is an enormous liver blood 

floww through the liver, virus particles do not reach the CNS via the blood stream. This is 

supportedd by several studies109189, including our own unpublished observations that have 

shownn that an intravenous injection of PRV does not result in labeling in the CNS. Also 

PRVV injections in the cerebrospinal fluid did not result in PRV labeling in the CNS 188. 

Furthermoree the fact that circumventricular organs that are known to project to the DMV 

aree only labeled after the labeling of the DMV illustrates that these regions are labeled 

viaa these motor nuclei. The same holds for the neurons projecting to the median emi-

nencee or neural lobe, i.e. the magnocellular neurons of PVN and/or SON are not labeled 

att all. All this suggests that leakage around the injection side did not result in uptake via 

circumventricularr organs. 

Mostt hypothalamic second-order neurons were found in autonomic parts of the PVN, 

aa nucleus that is known to project to the IML andd to the DMV21>77,120,184. Evidence that 

sympatheticc PRV-labeled neurons in the spinal cord receive an input from hypothalamic 

PVNN neurons has come from a study in which PRV was injected in the adrenal gland. A 

numberr of PRV-labeled cells in the PVN were found to contain oxytocin and, in the 

spinall  cord, oxytocin containing fibers contacted PRV-labeled first-order neurons27. 

Thesee observations thus suggest that the PVN is an important hypothalamic site for 

autonomicc interaction. This notion is further supported by studies in which the pan-

creas,, adrenal, kidney, pineal and heart were injected with PRV, showing similar labeling 

off  PVN neurons27-78~109,177,178'188, ,89. It is known that the PVN, especially its autonomic 

parts,, receives SCN input27187, and indeed, labeled neurons of the third-order were found 

inn the SCN. The presence of labeled neurons in the IML (3 days after a PRV-injection in 

thee liver), in the PVN (4-5 days after a PRV-injection in the liver) and in the SCN (more 

thenn 5 days after a PRV-injection in the liver) strongly argues for a polysynaptic sympa-

theticc connection between the SCN and the liver. This connection may be responsible 

forr the daily rhythm in basal glucose106. Functional studies are supporting this notion. 

Theyy show that electrical stimulation of the SCN causes hyperglycemia via activation of 

thee autonomic nervous system62,131 and changes glycogen phosphorylase-a activity and 

glycogenn content of the rat liver62. 
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Nott surprisingly we observed second-order labeling in the LHA. As for the PVN, the 
LHAA is known to project to the IML , and to the NTS120121, which may indicate that the 
LHAA is an other important area for autonomic regulation of the liver. Furthermore, third-
orderr labeling was observed in the VMH. Since the VMH is projecting to the autonomic 
partss of the PVN (unpublished results Chun, Buijs, Nagai), this observation suggests 
thatt the PVN is an area via which the VMH is able to send signals via the autonomic 
nervouss system to the liver. Both the LHA and the VMH play an important role in en-
ergyy metabolism. Stimulation of the LHA leads to a slow and small reduction in plasma 
glucosee levels through activation of hepatic glycogen synthase and inhibition of PEPCK, 
thee rate limiting enzyme in gluconeogenesis168. Electrical stimulation of the VMH causes 
thee opposite, i.e. glycogenolysis and glucose output from the liver185. This effect is con-
ductedd through the sympathetic nerves that innervate the liver and not only via adrenal 
medullaryy activity, since bilateral adrenalectomy did not abolish the glycogenolysis in-
ducedd by VMH stimulation185. In a third area involved in energy metabolism, the arcuate 
nucleus,, we found PRV-labeled third-order neurons. Neuropeptide Y neurons located in 
thiss nucleus project to the PVN3 and are thought to be important central integrators of 
variouss metabolic signals from the periphery116117158159 and appear to be involved in 
energyy uptake and storage9. Recently, a projection from neurons in the arcuate nucleus 
too cells in the LHA was identified19,57. Taken together, this suggests several pathways for 
thee arcuate nucleus to affect the liver. 

Labeledd second-order neurons were found in the RCH, an area situated immediately 
ventrall  to the third ventricle, caudal from the SCN. Several studies have shown that pro-
jectionss from neurons in the RCH to dorsomedial parts of the medulla and to the spinal 
cordd exist151,183. Recently, cocaine- and amphetamine-regulated transcript (CART)/ 
proopiomelanocortinn (POMC) neurons have been identified in the RCA that project to 
thee sympathetic preganglionic neurons in the spinal cord56. These CART/POMC neu-
ronss are activated following leptin administration, suggesting a role of this pathway in 
energyy metabolism. However, the specific role of the connection between the RCH and 
thee liver still has to be established. 

Thee question remains to what extent the PRV-labeling of the second-order in the PVN 
andd the third-order in the SCN and in other areas, is derived from the parasympathetic 
neuronss or the sympathetic neurons. In principle, PVN neurons make contact with both 
typess of neurons 12!>184. Further experiments, aimed at investigating the specific contri-
butionn of the sympathetic and the parasympathetic nervous system, are planned. 

Inn summary, the present study provides anatomical evidence for the existence of pol-
ysynapticc SCN-liver pathways. Together with the observation that electrical stimulation 
off  the SCN causes hyperglycemia62,13\ the present finding indicates that SCN control of 
thee autonomic input to the liver may be responsible for the daily rhythm in basal levels 
off  plasma glucose, previously described by us106. 
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