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CHAPTERR 5 

AutonomicAutonomic projections to the liver are essential for the SCN-
generatedgenerated rhythm in plasma glucose concentrations 

Susannee E. la Fleur, Andries Kalsbeek, Joke Wortel, Katsuya Nagai, Akira Niijima and Ruud M. Buijs 
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Abstract t 

Recentt studies have demonstrated a 24h-rhythm in plasma glucose con-
centrationss generated by the hypothalamic suprachiasmatic nucleus 
(SCN).. In the present study we aimed to clarify whether the liver, a 
majorr player responsible for maintaining glucose homeostasis, is in-
volvedd in generating this rhythmic pattern. In the classical view, hor-
monall  mechanisms are considered to play a crucial role in maintain-
ingg energy balance and glucose homeostasis, however, recent studies 
alsoo suggest an important role for the autonomic nervous system 
(ANS).. The sympathetic part of the ANS responds to the need for glu-
cosee by increasing hepatic glucose output, whereas activation of the 
parasympatheticc part results in hepatic glycogen storage. First we in-
vestigatedd whether the SCN is able (from a neuroanatomical view) to 
affectt both sympathetic and parasympathetic inputs to the liver to drive 
thee 24h-rhythm in plasma glucose concentrations. Using a transneu-
ronal-virus-tracingg technique, we showed that the SCN is connected 
too the liver via both branches of the ANS. Next, we investigated the 
importancee of these connections for glucose metabolism by selective 
hepaticc denervation. We showed a disruption of the 24h-rhythm in 
plasmaa glucose concentrations after either hepatic sympathectomy or 
hepaticc parasympathectomy. These data strongly suggest that the 24h-
rhythmm in plasma glucose concentrations is due to a direct control on 
liverr metabolism by the SCN and not indirect via hormonal changes. 
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Introduction n 

Thee central nervous system, and in particular the hypothalamus, has an enormous im-

pactt on glucose metabolism61,167. In addition to a neuroendocrine control of metabo-

lism,, an important role for the autonomic nervous system has been suggested17118. One 

off  the mayor players responsible for maintaining the energy balance is the liver. The sym-

patheticc part of the autonomic nervous system (ANS) responds to a perceived need for 

glucosee by stimulating not only glucagon secretion but also hepatic glycogen breakdown 

andd gluconeogenesis. On the other hand, activation of the parasympathetic part of the 

ANS,, results not only in insulin secretion but also in acceleration of hepatic glycogen-

esisesis164164.. Interestingly, the SCN anticipates the future need for glucose by elevating plasma 

glucosee concentrations just before the onset of activity, most likely via increased hepatic 

glucosee production. Recently, we demonstrated an anatomical basis for the SCN control 

off  the liver via autonomic pathways107. 

Twenty-four-hour-rhythmss in peripheral glucose uptake108 and plasma glucose con-

centrations1066 are generated by the SCN. Surprisingly, both rhythms show an increase at 

thee end of the light period. Our data, obtained from rats on a scheduled-feeding regi-

men,, strongly suggest that at the end of the light period increased hepatic glucose pro-

ductionn is necessary to compensate for the increased glucose uptake and to produce the 

increasedd plasma glucose concentrations. Also human studies suggest that the daily 

rhythmm in plasma glucose concentrations is primarily due to differences in hepatic glu-

cosee production and not so much the result of differences in glucose utilization, since 

bothh glucose concentrations and utilization rise before awakening14'15. We hypothesized 

thatt both mechanisms are generated by the SCN via its multisynaptic projections to sym-

patheticc and parasympathetic autonomic motor neurons. Consequently, to study the SCN 

controll  on hepatic glucose production, we initially investigated whether the SCN is con-

nectedd to the liver via one or both branches of the ANS, i.e. parasympathetic and/or 

sympathetic,, by means of pseudorabies virus (PRV) injections in the liver of both he-

paticc parasympathectomized (Hpx) rats and hepatic sympathectomized (Hsx) rats. 

Plasmaa glucose concentrations increase in response to food intake. Since food intake 

iss also rhythmic and under the influence of the SCN133,152, the feeding rhythm by itself 

mayy cause and/or modify the rhythm in plasma glucose concentrations. By using a sched-

uled-feedingg regimen providing six identical meals equally distributed over the light/ 

dark-cyclee the normal daily rhythm in food intake is eliminated. Consequently, the pre-

viouslyy demonstrated persistence of a 24h-rhythm in plasma glucose concentrations is 

independentt of a rhythm in feeding activity106. To investigate the contribution of the 

sympatheticc and the parasympathetic projections to the liver in the control of the daily 

rhythmm in glucose, selective liver denervation experiments were executed under the same 

experimentall  conditions, measuring 24h-plasma-profiles of glucose and insulin. 
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Materialss and methods 

Anatomy Anatomy 

Fiftyy Wistar rats were used in this part of the study and housed at a room temperature of 
200  2 °C, with a 12h:12h light/dark regimen. Experiments were conducted under the 
approvall  of the Dutch Animal Care Committee. The rats were divided into 3 groups: 22 
hepaticc parasympathectomized (Hpx) rats,20 hepatic sympathectomized (Hsx) rats and 
88 both hepatic parasympathectomized and sympathectomized (Htx) rats. Immediately 
afterr the nerve(s) were cut, five (il of the viral suspension of PRV (Bartha -a generous gift 
fromm Dr. C.E. Jacobs (ID-DLO, Lelystad), containing 5 x 106 plaque-forming units, was 
injectedd into the left lobe of the liver. A 30-gauge needle attached to a 1 ml syringe was 
used.. The Bartha strain of PRV has an attenuated infectious ability. It is used as a vaccine 
inn veterinary medicine. There have never been reports of infection of humans with this 
virus.. After surgery, the wound was closed with atraumic sutures. 

Transneuronall  labeling of PRV-Bartha is a well-established technique30"32, based on 
thee uptake of PRV particles by axon terminals of the neurons projecting to the infected 
organ,, retrograde transport of the virus to the neuronal cell bodies, replication in the 
neurons,, release at the site where the cell bodies or dendrites of the PRV filled neurons 
aree synaptically contacted by axon terminals of other neurons, and subsequent uptake 
byy these axon terminals and again retrograde transport. Uptake, but not replication, by 
gliall  cells prevents diffusion of the virus to other neurons that do not contact infected 
neurons30. . 

Too determine first-order, second-order and third-order labeled neurons different sur-
vivalvival times were used. The first neurons to become visible in the CNS (either in the DMV 
orr the preganglionic neurons in the spinal cord) we called the first-order neurons and 
thee neurons labeled immediately afterwards the second-order neurons and so on. 

Ratss were allowed to survive for 4,5, or 6 days and were then deeply anesthetized with 
sodiumm pentobarbital, perfused through the left ventricle of the heart with a saline solu-
tionn followed by a solution of 4% paraformaldehyde, 0.05% glutaraldehyde in phosphate-
bufferedd saline (0.1M Phosphate-buffered saline, pH 7.2). The brains and spinal cords 
weree then removed and kept overnight in the same fixative. Vibratome 40 Jim transverse 
spinall  cord and brain sections were washed extensively in Tris-buffered saline (0.05 M 
Triss buffered saline (TBS), pH 7.4). Every sixth section was incubated overnight in the 
presencee of polyclonal rabbit anti-PRV (anti-alpha Aujerszky) antibodies (diluted: 
1:15000)) (a generous donation by Dr. C.E. Jacobs, ID-DLO, Lelystad, The Netherlands.). 
Thee sections were then incubated for 60 min in the presence of biotinylated goat anti-
rabbitt followed by a 60 min incubation in the presence of a mixture of Vecta stain ABC 
kitt reagents A and B (Vector, Burlingame, CA, USA). The peroxidase antibody complex 
wass visualized by incubating the sections in substrate (0.025% 3,3'-diaminobenzidine 
tetrahydrochloridee in TBS supplemented with 0.05% H202). 
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SurgicalSurgical procedures 

G E N E R AL L 

Ratss were anaesthetized 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). Dur-

ingg surgery, the abdominal cavity was bathed regularly with saline to prevent drying of 

thee viscera. The wound was closed with atraumic sutures and post operative care was 

providedd with a subcutaneous injection of Fynadine® (8 ul/100 g body weight). 

HEPATICC SYMPATHECTOMY 

AA laparotomy was performed in the midline. The liver lobes were gently pushed up and 
ligamentss around the liver lobes were severed to free the bile duct and the portal vein 
complex.. The bile duct was isolated from the portal vein complex. The hepatic artery, a 
branchh of the celiac artery, divides at the level of the hepatic portal vein into the hepatic 
arteryy proper and the gastroduodenal artery. This division occurs on the ventral surface 
off  the portal vein. At this point the arteries were separated via blunt dissection from the 
portall  vein. The nerve bundles running along the hepatic artery proper were visualized 
usingg a myelin-specific dye (Toluidin Blue) and were removed using micro-surgical in-
strumentss under an operating microscope (25x magnification). Any connective tissue 
attachmentss between the hepatic artery and the portal vein were also broken, eliminat-
ingg any possible nerve crossings. To remove the small pieces of nerve tissue from around 
thee artery, a solution of 37% formaldehyde was applied for 1 minute on the surface of the 
hepaticc artery and portal vein. Despite all these extra precautions, the percentage of com-
pletee hepatic sympathetic denervation is only 50%. 

HEPATICC PARASYMPATHECTOMY 

AA laparotomy was performed in the midline. The fascia containing the hepatic branch 

wass stretched by gently moving the stomach and the oesophagus. With a myelin-specific 

dyee (Toluidin Blue) the hepatic branch could be revealed as it separates from the left 

vagall  trunk. With the aid of a binocular operating microscope (10-25 x magnification), 

thee stained neural tissue was transected between the ventral vagus trunk and the liver. 

Alsoo small blue-stained branches running in the fascia between the stomach and the 

liverr were transected. In the first 4 operated rats (anatomy) we did not remove these 

branchess and detected remaining unilateral PRV-staining in the DMV. With the addi-

tionall  lesioning of these parasympathetic branches running between the stomach and 

thee liver the unilateral PRV-staining disappeared in the subsequent rats. Particular care 

wass taken not to damage the dorsal and the ventral trunks innervating the stomach and 

abdominall  tissues and the blood vessels that run along the hepatic vagus branches. 

Physiology Physiology 

A N I M A L SS AN D F O OD INTAK E 

311 Male Wistar rats (300-350gr, Harlan) were used. Rats were housed in separate cages 
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(355 x 35 x 40 cm) at a room temperature of 20°C, with a 12 h:12 h light/dark regimen 
(lightss on at 07.00h, i.e. Zeitgeber time (ZT) 0). Rats were entrained to a feeding sched-
ule.. Food pellets were available in metal food hoppers. A rat could gnaw off pieces of 
foodd through vertical stainless steel bars situated at the front of the food hopper. Access 
too the food could be prevented by a sliding door situated in front of the food hopper. 
Doorr opening and door closing were activated by an electrical motor and controlled by 
aa clock. During all experiments, water was available ad libitum. All experiments were 
performedd in the rat's home cage. 

EXPERIMENTALL PROCEDURE 

Alll  rats were entrained to a feeding schedule of six 10-min-meals spaced equally over 
thee light/dark-cycle. Food became available at ZT2, ZT6, ZT10, ZT14, ZT18 and ZT22. 
Ratss were given two weeks to adapt to the feeding schedule. Adaptation was considered 
completee when rats had learned to consume  3.5g. during every meal. All rats adapted 
readilyy to the feeding schedule and resumed growth (2.7 g/day). The rats were divided 
intoo two groups, one group (n=17) was hepatic sympathectomized, the other group 
(n=8)) was hepatic parasympathectomized and during the same surgical procedure, an 
intra-atriall  silicone cannula was implanted through the jugular vein according to the 
methodd of Steffens174. After two weeks of recovery, plasma profiles of glucose, insulin 
andd corticosterone were determined by taking 0.2 ml of blood once every hour during 
122 consecutive hours on two different occasions within a period of two weeks. The two 
runss started at ZT6.5 and ZT18.5. 

Too verify the sympathetic and the parasympathetic denervations of the liver we used 
transneuronall  virus tracing (with PRV-Bartha as described above). Two days after the 
secondd experiment the viral suspension was injected into the liver (under anaesthesia as 
describedd under Anatomy), and the rats were allowed to survive 5 days. If infected PRV-
labeledd neurons appeared in the IML in Hsx rats, then they were considered to have a 
partiall  hepatic sympathectomy and the data were excluded from further analysis. If in 
Hpxx rats infected PRV-labeled neurons appeared in the DMV and/or second-order PRV-
labeledd neurons were found in the arcuate nucleus those rats were considered to have a 
partiall  hepatic parasympathectomy and their data were excluded from further analysis. 

ACTIVIT YY MEASURES 

Locomotorr activity recordings were carried out using an analog piezo-electric stabilim-

eter,, the signals of which were transmitted to a PC-based analog computer interface (CED 

14011 Cambridge Electronic Design LTD). The rat cages were placed on a baseplate which 

inn turn was placed on 4 parallel-connected piezo-electronic sensors (Murata, 27mm 

roundd disks). The voltage output of the sensors is proportional to relative changes in 

pressure,, i.e. activity of the rat. The activity signals were transmitted directly to the ana-

logg inputs of the interface and with the help of relevant software transformed into abso-

lutee values, i.e. activity bouts. They were summed over a period of 5 minutes and stored 

intoo text files for later analysis. 
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ANALYTICA LL M E T H O DS 

Bloodd samples were immediately chilled at 0 °C and centrifuged at 4 °C, and the plasma 

wass stored at -20 °C until analysis. The plasma glucose concentrations were determined 

usingg a Glucose/GOD-Perid method (Boehringer Mannheim). Plasma immunoreactive 

insulinn concentrations were determined with a radio immuno-assay kit (Linco Research, 

St.Charles);; samples were measured in duplicate. The lower limit of the assay was 10 (J.U/ 

mll  and the coefficient of variation of the immunoassay was < 8%. Plasma corticosterone 

concentrationss were determined with a radio immuno-assay kit (ICN Biomedicals, Costa 

Mesa,, CA); samples were measured in duplicate. From the samples, 10 pi was taken and 

dilutedd in 4 ml of assay buffer. The lower limit of the assay was 1 ng/ml and the coeffi-

cientt of variation of the immunoassay was < 4%. 

C O M P A R I S ONN W I T H P R E V I O US DATA 

Wee were able to compare plasma concentrations of glucose, insulin and corticosterone 

inn Hpx rats and in Hsx rats with those in intact rats that we have published previously106 

becausee the experiments in Hpx rats and in Hsx rats were performed with similar ex-

perimentall  procedures and under similar conditions as for those in intact rats (i.e. same 

sourcee of animals and food, same experimental room, same experimenter). Furthermore, 

plasmaa concentrations of glucose, insulin and corticosterone in Hpx rats, in Hsx rats, 

andd in intact rats were measured with similar analytical methods; the inter-assay varia-

tionss were resp <2.5%, <8% and <5%. The plasma insulin concentrations in Hsx rats 

andd in Hpx rats subjected to a scheduled feeding regimen were determined with a simi-

larr analytical method,but obtained from a different company (Linco Research, St.Charles, 

MOO instead of ICN Biochemicals, Costa Mesa, CA). However, also the insulin data from 

Hpxx rats, Hsx rats and intact rats may be compared because the inter-assay variation 

(comparingg methods of the two companies) was <7%. 

Recentt measurements (Fig. 1) and measurements from 1998106 illustrate the remark-

ablee stability of the plasma concentrations of glucose and insulin in intact rats subjected 

too a scheduled feeding regimen106. Furthermore, for the daily rhythm in plasma corti-

costeronee concentrations in intact rats we demonstrated a similar stability comparing 

dataa from 1992 with those from 199594. Thus, over the years the control values remain 

stablee as measured in our experiments and we, therefore, believe we are justified in using 

historicall  data. Concentrations of glucose, insulin and corticosterone of intact rats from 

thee previous study106 are shown as gray background in the figures, and these data sets 

weree used for statistical analysis. 

STATISTICALL ANALYSI S 

Thee plasma concentrations of glucose, insulin and corticosterone are expressed as per-

centagess of the mean  SEM. Statistical analysis was conducted using a repeated-meas-

uress analysis of variance (ANOVA) to test for an effect of time. If ANOVA detected a 

significantt effect of time, a single cosinor analysis was performed, using the fundamen-
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Fig.. 1 Plasma glucose concentrations in intact rats (A; n=6) and plasma insulin concentrations 
inn intact rats (B; n=3) subjected to the scheduled feeding regimen as measured in October 2000 
comparedd with previously established 24h-profiles of plasma concentrations of glucose and insu-
linn in intact rats (gray background, n=8) subjected to the scheduled feeding regimen as measured 
inn March 1998'06. The new data are not significantly different from previous data (ANOVA did not 
detectt any differences between groups (glucose: p= 0.13; insulin: p= 0.51) or "groups vs. 
time"(glucose:: p= 0.92; insulin p= 0.70). The vertical dotted lines represent the times that food 
wass available for 10 min. The dark bars indicate the dark period, and the white bars indicate the 
light-period. . 

tall  period (24 h) for the individual sets of data points. The statistical significance of the 
cosinee fit is expressed as an F statistic. The fitted function is defined by its mesor (rhythm-
adjustedd mean), amplitude (50% of the difference between the maximum and the mini-
mum),, and acrophase (time of the maximum). The software package Table-Curve (Jandel 
Scientificc GmbH, Erkrath, Germany) was used for fitting cosine functions to the data. 
ANOVAA and the Student's t-test were used to detect significant differences between in-
tactt rats and hepatic denervated rats. For the ANOVA and (paired) t-tests and the cosinor 
analysis,, p<0.05 was considered to be a significant difference. In all cases, statistics and 
cosinee analysis were done on absolute values. 
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Results s 

Anatomy Anatomy 

VIRUSS PATTERN IN HPX RATS 

Inn the spinal cord of rats (n=4) with denervation of only the left hepatic parasympa-
theticc branch, PRV-labeled neurons showed up bilaterally in the intermediolateral col-
umnn (IML) . However, PRV-labeled neurons also appeared unilaterally in the dorsal va-
gall  nucleus (DMV) in the brainstem. This indicates that not all parasympathetic inner-
vationn reaches the liver along this left branch. In the following experiments (including 
thee physiological experiments) we therefore also dissected the nerves running over the 
stomachh to the left lobe of the liver as described by Magni and Carobi'23. This resulted in 
completee absence of any staining in the DMV in Hpx rats with short survival time (i.e. 4 
days).. Infection was limited to first-order neurons in the IML of the spinal cord of Hpx 
ratss (n-4) surviving 4 days after the PRV injection in the liver (Fig. 2B). 

Hpxx rats surviving 5 days (n=8) had no staining in the DMV (Fig. 2D), but showed, 
bilaterally,, PRV-labeled cells in the IML . In addition to labeling in rats surviving only 4 
days,, labeling was found in the dorsal horn of the spinal cord (in layers I and IV) . In the 
brainstem,, second-order labeled neurons were found in the A5 noradrenergic cell groups, 
inn the ventrolateral medulla (VLM) , in the raphe, and in the locus coeruleus (LC). Fur-
thermore,, second-order labeling was found in the paraventricular nucleus of the hy-
pothalamuss (PVN) (Fig. 2F), in the zona incerta (ZI), in the lateral hypothalamic area 
(LHA)) and in the retrochiasmatic area of the hypothalamus (RCH). 

Thee brains of Hpx rats with a survival of 6 days (n=4) contained third-order neurons 
inn addition to the second-order labeled neurons already observed in Hpx rats surviving 
55 days. In the brainstem third-order labeled cells were observed in the nucleus of the 
solitaryy tract (NTS). In the hypothalamus, third-order labeled neurons were observed in 
areass known to project to PVN, e.g. medial preoptic area (MPO), anterior hypothalamic 
areaa (AHA) , dorsomedial hypothalamic nucleus (DMH), arcuate nucleus (Arc),ventro-

Fig.. 2 Transversal sections of the spinal cord (A, B), brainstem (C,D) and hypothalamus (E,F,G,H) 
stainedd for the transneuronal tracer (PRV). A,C,E,G are sections from Hsx rats and B,D,F,H are 
sectionss from Hpx rats. (A,B) Sections of the spinal cord at thoracal level. The surviving time 
afterr PRV-injection in the liver is 4 days. Hsx rats do not show first-order labeling in the interme-
diolaterall  column (IML) (A), while first-order PRV-labeling is observed in the IML of thee Hpx 
ratss (B). (C,D) Sections at the level of the brainstem. The survival time after PRV-injection in the 
liverr is 5 days. PRV-labeling is observed in the dorsal vagus nucleus (DMV) of Hsx rats (C), while 
nott in the DMV of Hpx rats (D). (E,F,G,H) Sections at the level of the hypothalamus. The survival 
timee is 6 days. Intense PRV-labeling is observed in the paraventricular nucleus (PVN) of both 
Hsxx rats (E) and Hpx rats (F). Clearly PRV-labeled neurons are observed in the suprachiasmatic 
nucleuss (SCN) of Hsx rats (G) and Hpx rats (H). AP= area postrema; NTS= nucleus of the soli-
taryy tract. 
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mediall  hypothalamic nucleus (VMH) and circumventricular organs. In the SCN, labeling 
wass present, particularly in the rostral part of the nucleus, as well as the dorsomedial and 
ventrall  medial parts (Fig. 2H). Hpx rats surviving for more then 6 days showed infected 
cellss in a large number of CNS areas. 

VIRUSS PATTERN IN HSX RATS 

Fifteenn out of 24 Hsx rats were completely sympathetic liver denervated, according to 

thee labeling pattern of PRV in the spinal cord, brainstem and hypothalamus (i.e. first-

orderr PRV labeling in the IML , and second-order PRV-labeling in the raphe and LC). 

Completelyy Hsx rats (n= 3) surviving 4 days showed labeled first-order neurons bilater-

allyy in the DMV (Fig. 2C). No staining was detected in the spinal cord, which is evidence 

forr a complete hepatic sympathectomy (Fig. 2A). In the brain of Hsx rats (n= 7) surviv-

ingg 5 days, second-order labeled cells appeared in many cell groups in the brainstem, 

hypothalamuss and limbic structures, such as in the PVN (Fig. 2E), DMH and MPO. These 

aree all nuclei known to receive a projection from the SCN. In Hsx rats surviving 6 days 

(n=5)) additional staining, i.e. third-order labeling, was observed in the SCN (Fig. 2G), 

withh a similar labeling pattern as seen in the SCN of Hpx rats, and in the VMH. 
VIRUSS PATTERN IN HTX RATS 

Afterr total hepatic denervation, PRV injection into the liver resulted in no PRV-positive 
stainingg in the CNS in the three rats surviving for 6 days after injection. 

Physiology Physiology 

VERIFICATIONN OF LIVER DENERVATION WITH PRV-STAINING 

Alll  8 Hpx rats and 7 out of 17 Hsx rats provided with jugular vein catheters were cor-
rectlyy denervated according to the virus patterns. No labeling was detected in the DMV 
(afterr 5 days) in any brain sections from the Hpx rats and no labeling was detected in the 
IMLL (after 5-6 days) in 7 Hsx rats. Longer survival times were necessary to infect neu-
ronss in the brains of Hsx rats as a consequence of a delay in transport of PRV after sym-
patheticc dissection. The data of the 10 Hsx rats that did show labeling in the IML were 
nott included in the final analysis. 

LOCOMOTORR ACTIVIT Y AND GROWTH 

Locomotorr activity patterns in Hpx and Hsx rats were not significantly different from 

thosee of in intact rats (Fig. 3). The Hpx and Hsx rats had difficulties retaining their nor-

mall  growth rate after the operation, however, after a recovery period of 10 days they 

returnedd to pre-operative body weight, and consumed similar amounts of food under 

thee scheduled feeding regimen as compared to intact rats subjected to the same sched-

uledd feeding regimen. The body weights of Hsx, Hpx and intact rats at the beginning of 

thee experiments were not significantly different (Hsx: 338 gr + 5; Hpx: 334 gr  3; intact 

3388 gr  5) and also the growth rates were not significantly different (Hsx: 2.8 gr/day

0.3;; Hpx: 2.9 gr/day  0.2; intact: 2.7 gr/day  0.2). 
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Fig.. 3 Locomotor activity levels (values are percentages of the 24h-mean  SEM) across the light/ 
dark-cyclee in (A) Hpx rats (n=4) and in (B) Hsx rats subjected the 6 meals a day schedule. (C) 
Locomotorr activity levels in the same rats under 6 meals a day schedule before surgery. The dark 
barss indicates the dark-period and the white-bars indicates the light period. The vertical dotted 
liness represent the times that food was available for 10 min. 
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PLASMAA GLUCOSE CONCENTRATIONS IN HPX RATS AND IN HSX RATS 

Plasmaa glucose concentrations in Hpx rats on a scheduled feeding regimen showed con-
stantt high concentrations (i.e. comparable to peak values in intact rats) with a dip in the 
middlee of the light period and in the middle of the dark period, any other 24h-pattern 
wass not observed (Fig. 4A) (repeated-measures ANOVA, F(23,184)= 2.2, p<0.001). Data 
fromm 2 of the 8 Hpx rats could be fitted using a cosinor analysis, however, the peak oc-
curredd in the middle of the dark period (ZT18), and the amplitude was small compared 
too the amplitude of the rhythm observed in intact rats (3% vs. 13% for intact rats). Com-
parisonss of 24h-profiles in plasma glucose concentrations in Hpx rats and intact rats 
indicatedd that those of Hpx rats differed significantly from those of intact rats with sig-
nificantt higher 24h-glucose concentrations in Hpx rats than those of intact rats (6.5
0.11 mmol/1 vs 6.9 1 mmol/1). Repeated-measures ANOVA detected an effect of group 
(F(l,13)== 11.6 , p<0.05), of time (F(23,299)= 4.4, p<0.001) and of'group x time' 
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Fig.. 4 Plasma glucose concentrations across the light/dark-cycle under scheduled feeding con-
ditionss in (A) Hpx rats (n= 8) and in (B) Hsx rats (n= 7). The black bar indicates the dark period. 
Thee gray areas indicate the plasma glucose concentrations in intact rats as measured in our previ-
ouss study. The vertical dotted lines represent the times that food was available for 10 min. 
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(F(23,299)=2.1,p<0.001). . 
Plasmaa glucose concentrations in Hsx rats on a scheduled feeding regimen showed 

reproduciblee major decreases not connected to the meals (Fig. 4B) (ANOVA, 
F(23,184)=3.5,, p<0.001). Data from only one Hsx rat, however, could be fitted with a 
cosinorr analysis, however, the peak occurred at ZT 14 while lowest levels were found 5 
hourss later. This is completely different from the rhythm observed in intact rats106. The 
dataa from the other 6 Hsx rats could not be fitted with a cosinor analysis. Comparisons 
off  24h-profiles in plasma glucose concentrations in Hsx rats and intact rats indicated 
thatt those of Hsx rats significantly differed from those of intact rats and that 24h-mean 
plasmaa glucose concentrations in Hsx rats were also significantly higher than those of 
intactt rats (6.5  0.1 mmol/1 vs 6.8  0.1 mmol/1). Repeated-measures ANOVA detected 
ann effect of group (F(l, 14)= 5,p<0.04), of time (F(23,322)= 4.5, p<0.001) and of'group 
xx time' (F(23,322)= 2.3, p<0.001). 
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Fig.. 5 Plasma insulin concentration across the light/dark-cycle under scheduled feeding condi-
tionss in (A) Hpx rats (n= 8) and in (B) Hsx rats (n= 7). The black bar indicates the dark period. 
Thee gray area indicates the plasma insulin concentrations in intact rats as measured in our previ-
ouss study. The vertical dotted lines represent the times that food was available for 10 min. 
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Comparisonss of 24h-profiles in plasma glucose concentrations in Hpx rats and Hsx 
ratss indicated that they differed significantly, but, 24h-mean plasma glucose concentra-
tionss in Hpx rats were not significant different from those in Hsx rats (6.9  0.1 mmol/1 
vss 6.8  0.1 mmol/1). Repeated measures ANOVA: effect of group (F(l,13)= 2.9, p= 0.1), 
oftime(F(23,299)) = 2.7, p<0.001) and of'group x time' (F(23,299)= 1.6,p<0.03). 

PLASMAA INSULI N CONCENTRATION S IN HPX RATS AND IN HSX RATS 

Plasmaa insulin concentrations in Hpx rats on a scheduled feeding regimen showed clear 
fluctuationss connected to meals and associated with the light/dark-cycle (ANOVA, 
F(23,138)== 5.3, p< 0.001) (Fig.5A). Comparisons of plasma insulin concentrations in-
dicatedd that 24h-average plasma insulin concentrations in Hsx rats were not significantly 
differentt from those in intact rats. The 24h-pattern in plasma insulin concentrations in 
Hpxx rats, however, differed significantly from that in intact rats as is indicated by the 
significantt effect of'time x group'{ANOVA detected an effect of time (F(21,294)= 6.0, 

c c 
0) ) 

c c 

s s 
B B to o o o o o 
t t 
o o 
O O 

150 0 

100 0 

50 0 

&& 150 

100 0 

50 0 

122 16 20 24 

ZTT (hours) 

Fig.. 6 Plasma corticosterone concentration across the light/dark-cycle under scheduled feeding 
conditionss in (A) Hpx rats (n= 8) and in (B) Hsx rats (n= 7). The black bar indicates the dark 
period.. The gray area indicates the plasma corticosterone concentrations in intact rats as meas-
uredd in our previous study. The vertical dotted lines represent the times that food was available for 
100 min. 
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p<0.001)) and of 'time' (F (21,294)= 3.8, p<0.001),but no effect of group(F(l,14)= 2.6, 
p=0.128)}.. Further analysis revealed that plasma insulin concentrations in 6 of the 8 
Hpxx rats could be fitted with a cosinor analysis, with the peak occurring at the begin-
ningg of the light period (ZT 0.6  0.6), with a Goodness of fit  (R2) of 0.31  0.03, and an 
amplitudee of 28  3%, indicating a pronounced 24h-rhythm in plasma insulin concen-
trationss in Hpx rats. At the end of the dark period and the beginning of the light period 
(i.e.. ZT 18, ZT 22 and ZT 2), insulin increases after a meal were significantly higher in 
Hpxx rats than in intact rats (p< 0.05). 

Plasmaa insulin concentrations in Hsx rats on the scheduled feeding regimen showed 
fluctuationsfluctuations over the light/dark-cycle, however, these were not clearly connected to the 
mealss (repeated measures ANOVA, F(23,138)= 5.3, p< 0.001) (Fig. 5B). Comparisons of 
plasmaa insulin concentrations in Hsx rats with those in intact rats showed that those in 
Hsxx rats had a different pattern over the 24h than those in intact rats, i.e. ANOVA indi-
catedd an effect of group x time' (F(23, 299)= 5.8, p<0.001). ANOVA did also detect a 
significantt effect of time (F(23,299)= 5.2,p<0.001),but not an effect of group (F(l,13)= 
0.5,, p=0.5)}, indicating that 24h-mean plasma insulin concentrations in Hsx rats were 
nott significantly different from those in intact rats. For 5 of the 7 rats, data of plasma 
insulinn concentrations could be fitted with a cosinor analysis, indicating a 24h-rhythm 
inn plasma insulin concentrations with the peak occurring at the beginning of the light 
periodd (ZT 1.1  0.7), an R2of 0.37  0.27 and with an amplitude of 33.4  0.1%. 

Comparisonn of plasma insulin concentrations in Hsx rats and in Hpx rats revealed 
thatt the 24h-patterns were different, whereas the 24h-mean plasma concentrations in 
insulinn were similar. ANOVA detected a significant effect of time (F(21,273)=7.1, 
p<0.001),, a significant effect of'group x time' (F(21,273)= 3.1, p<0.001) but did not 
detectt an effect of group (F(l, 13)= 2.5, p=0.14). 

PLASMAA CORTICOSTERONE C O N C E N T R A T I O NS IN HPX RATS AN D IN HSX RATS 

Hepaticc parasympathectomy and hepatic sympathectomy did not change the 24h-rhythm 

inn plasma corticosterone concentrations. For both groups, i.e. Hpx and Hsx, plasma cor-

ticosteronee concentrations are plotted together with those in intact rats observed previ-

ouslyy (Fig. 6). For Hpx group repeated-measures ANOVA did detect a significant effect 

off  time (F(23,322)=23.9, p<0.001) and did not detect significant effects of group 

(F(l,14)=0.5,, p= 0.8) and of group x time' (F(23,322)=1.2, p=0.3). For the Hsx group 

repeated-measuress ANOVA did detect a significant effect of time (F(23,299)=18.6, 

p<0.001)) and did not detect significant effects of group (F(l,13)=0.06, p=0.81) and of 

'groupp x time' (F(23,299)=1.2, p=0.27). 

Discussion n 

Thee present paper provides morphological and physiological evidence that the SCN needs 

bothh branches of the autonomic nervous system to generate a 24h-rhythm in plasma 
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glucosee concentrations. While anatomical tracing experiments reveal that the SCN is 

connectedd to the liver via both the parasympathetic and sympathetic motor neurons, 

physiologicall  experiments showed that dissection of either component of the hepatic 

inputt resulted in a complete disruption of the glucose rhythm. Hepatic denervation did 

nott result in a general disruption of circadian rhythmicity, since locomotor activity pat-

ternss and the 24h-rhythm in plasma corticosterone concentrations were intact in both 

Hsxx and Hpx rats. Therefore, in combination with our previous data106, our present re-

sultss provide further evidence for an SCN-driven 24h-rhythm in plasma glucose con-

centrationss via the ANS input to the liver. 

SCN-liverSCN-liver pathway 

Thee combination of transneuronal virus tracing, specific hepatic denervation, and care-
fullyy timed periods of survival enabled us to provide a detailed scheme of possible path-
wayss by which the SCN influences autonomic input to the liver. The CNS PRV-labeling 
wass derived exclusively from intrahepatic injection (and not from transport via the gen-
erall  circulation) since after total denervation of the liver no labeling was found even 
afterr a survival time of 6 days. For both the Hsx rats and the Hpx rats, third-order labeled 
neuronss were found in the SCN, indicating that the SCN is able to provide signals to the 
liverr through both branches of the ANS. Whether the same or different neurons in the 
SCNN affect the sympathetic and parasympathetic input to the liver remains to be eluci-
dated.. Furthermore, the second-order labeling pattern in the Hsx rats revealed that many 
celll  groups project directly to the DMV. A number of these cell groups that control the 
parasympatheticc input to the liver, i.e. PVN, MPO, Arc and DMH, are known to receive 
inputt from the SCN22'202. The PVN, Arc and DMH are well known for their involvement 
inn the control of energy balance8,38, and glucose regulatory properties have also been 
describedd for the MPO48. From the areas that receive SCN input, only the PVN showed 
second-orderr PRV-labeling in Hpx rats, indicating a possible differentiation between 
thee SCN influence on the parasympathetic and on the sympathetic pathway to the liver. 

TheThe neural control of glucose balance 

Thee elevated plasma glucose concentrations at the end of the dark period and the begin-

ningg of the light period in Hpx rats are probably due to decreased glucose uptake by the 

liverr (due to decreased glycogen synthesis), and/or enhanced hepatic glucose produc-

tion.. This is supported by the finding that selective hepatic denervation decreases glyco-

genn storage when rats are refed after a period of fasting206 and increases basal glucose 

production127.. In addition, activation of the parasympathetic input to the liver results in 

increasedd hepatic glycogen-synthesis and in a reduction of glucose release from the liver110' 
164.. The finding that with dissection of the hepatic parasympathetic branch we disrupted 

thee 24h-rhythm in plasma glucose concentrations may be due to the fact that normally 
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thee parasympathetic input to the liver induces a 24h-rhythm in liver glycogen stores, 

withh higher levels observed at the end of the dark period until the middle of the light 

period126. . 

Surprisingly,, hepatic sympathectomy also resulted in 24h-plasma-glucose-concentra-
tionss at peak-values. All data available on influences of the sympathetic nerves innervat-
ingg the liver, point towards a stimulatory effect of sympathetic activity on hepatic glu-
cosee output. Stimulation of sympathetic nerves of perfused liver has been described to 
stimulatee glucose release165. In addition, stimulation of the SCN resulted in hyperglycemia 
whichh could be blocked by administrating sympathetic blockers131. In view of this evi-
dence,, we expected that hepatic sympathectomy would result in decreased 24h-plasma-
glucose-concentrations.. A main difference between those previous experiments and the 
presentt one is that we investigated plasma glucose concentrations during a complete 
24h-time-periodd and -10 days after denervation, instead of during acute stimulation or 
inin vitro situations. In addition, it may well be that the hepatic sympathetic dissection 
interferess with the parasympathetic nerve activity. During the anatomical verification of 
thee Hsx rats we observed that in the Hsx rats PRV-transport was slowed. Similar find-
ingss with PRV, studying heart, colon and pancreas have been reported23,173,20°. Since the 
transportt of PRV has been suggested to depend on nerve activity200, hepatic sympathec-
tomyy may suppress parasympathetic nerve activity and thereby result in plasma glucose 
concentrationss at peak-values. Alternatively, the afferent fibers from the liver, that are 
intermingledd with the efferent fibers, are also dissected in both Hsx rats and Hpx rats. 
Underr our in vivo circumstances this missing afferent information, during a longer pe-
riod,, may be responsible for the similar outcome in plasma glucose concentrations in 
Hsxx rats and in Hpx rats. In the absence of adequate signaling on the metabolic state of 
thee liver, plasma glucose concentrations may be maintained at a safe (i.e. high) concen-
tration,, i.e. 7 mmol/1. This idea is supported by the finding that total hepatic denervation 
off  both the parasympathetic branch and the sympathetic branch also resulted in peak-
valuess of 24h-plasma-glucose-concentrations (data of 3 rats, not presented). Further stud-
ies,, investigating the activity of liver enzymes involved in gluconeogenesis and glycoly-
sis,, are required to elucidate the exact mechanisms responsible for the increases in glu-
cosee concentrations we found after denervation of either liver branch. 

HormonalHormonal involvement in the regulation of glucose balance 

Thee elevated plasma glucose concentrations in both Hpx and Hsx rats at the end of the 

darkk period and at the beginning of the light period were not due to a lower insulin 

releasee at those times of the light/dark-cycle. On the contrary, higher insulin concentra-

tionss in Hpx rats and in Hsx rats occurred concurrently with the higher glucose concen-

trations,, i.e. around light-onset. Both 24h-patterns in insulin concentrations of Hpx rats 

andd Hsx rats showed a 24h-rhythm with a peak in the beginning of the light period, 
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whereass plasma insulin concentrations in intact rats were not rhythmic106. Both'higher' 
andd 'unchanged' insulin concentrations after hepatic parasympathectomy have been 
described111-113.. We observed elevated insulin concentrations only at times in the light/ 
dark-cyclee when hepatic denervation caused increased plasma glucose concentrations, 
i.e.. more insulin is released at dawn than at dusk, despite comparable 24h-plasma-glu-
cose-concentrationss over the light/dark-cycle. This suggests that in Hpx rats and in Hsx 
rats,, the CNS receives information about peripheral glucose concentrations via afferent 
signalingg (i.e. via the remaining autonomic branch that is still intact) and is able to de-
finefine whether those are elevated for that particular time of the day. The afferent signaling 
too the CNS may ascend from hepatic glucose sensors that are able to relay information 
aboutt glycemia to the CNS83*135. Consequently, integration of signals from the SCN and 
otherr areas in the CNS may provide a time-dependent signal to the pancreas via the 
autonomicc nervous system resulting in an appropriate level of insulin secretion. The 
anatomicall  basis for such interactions exists23. Furthermore, we did not observe these 
dailyy changes in insulin concentrations in totally liver denervated rats, i.e. the 24h-pat-
ternn in total hepatic denervated and intact rats was similar. This suggests the involve-
mentt of afferent signaling from the liver to the CNS resulting in the time-dependent 
insulinn release in relation to similar plasma glucose concentrations. Furthermore, the 
existencee of a time-dependent level of insulin release is supported by the finding that 
mealss given at the end of the light period result in a smaller insulin peak than after a 
meall  given in the remainder of the light/dark-cycle92. 

Likee insulin, corticosterone is often referred to for being involved in the regulation of a 
24h-rhythmm in plasma glucose concentrations. Plasma corticosterone concentrations in 
bothh Hsx rats and Hpx rats, however, showed a clear 24h-rhythm similar to that found in 
intactt rats, indicating that the disruption of the 24h-rhythm in plasma glucose concen-
trationss was not via an effect of these denervations on corticosterone secretion. In addi-
tion,, this is further evidence that such corticosterone levels are not important for induc-
ingg the daily glucose peak. 

InIn summary, these data provide evidence that the SCN needs both hepatic parasympa-
theticc and hepatic sympathetic branches to generate a 24h-rhythm in plasma glucose 
concentrations.. Our data further suggest that the 24h-rhythm in plasma glucose con-
centrationss is due to a direct SCN-control of the liver and not to an indirect SCN-control 
viaa hormonal changes; i.e. insulin concentrations were not decreased after selective 
denervationn of the liver, which could have resulted in increased glucose concentrations. 
Inn addition, corticosterone concentrations still showed a clear 24h-rhythm after selec-
tivee liver denervation and are not responsible for the circadian peak in plasma glucose 
concentrations. . 
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