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Chapter 3

Ventromedial arcuate nucleus communicates peripheral metabolic informa-
tion to the suprachiasmatic nucleus

Endocrinology 147(1):283-294 (2006)

Chun-Xia Yi, Jan van der Vliet, Jiapei Dai, Guangfu Yin, Liqiang Ru & Ruud M. Buijs

abstract
The arcuate nucleus (ARC) is crucial in the maintenance of energy homeostasis as 
an integrator of long- and short-term hunger and satiety signals. The expression of 
receptors for metabolic hormones like insulin, leptin and ghrelin allows the ARC to 
sense information from the periphery and signal it to the central nervous system. 
The ventromedial ARC (vmARC) mainly comprises orexigenic neuropeptide AGRP 
and NPY neurons that are sensitive to circulating signals. To investigate the neural 
connections of vmARC within the central nervous system, we injected the retrograde 
and anterograde neuronal tracer cholera toxin B into vmARC. Due to the variation 
of injection sites, tracer was also injected into the subependymal layer of the median 
eminence (seME) which showed similar projection patterns as the vmARC. The recip-
rocal connections between vmARC-seME and viscerosensory areas in brainstem and 
other circumventricular organs suggest exchange of metabolic and circulating infor-
mation. For the first time the vmARC-seME was shown to have reciprocal interaction 
with the suprachiasmatic nucleus (SCN). Activation of vmARC neurons by systemic 
administration of the ghrelin mimetic GHRP-6 combined with SCN tracing showed 
vmARC neurons to transmit feeding related signals to the SCN. The functionality of 
this pathway was demonstrated by systemic injection of GHRP-6, which induced Fos 
in the vmARC, and resulted in about 40% reduction of early daytime Fos immunore-
activity in the SCN. This observation suggests an anatomical and functional pathway 
for peripheral hormonal feedback to the hypothalamus which may serve to modulate 
the activity of SCN.

introduction
Although most research on non-photic input to the suprachiasmatic nucleus (SCN) 
focused on the intergeniculate leaflet and raphe nuclei, also signals from other parts of 
the brain are possible. Herein, one has to consider that the secretion of many hormones 
is synchronized by the SCN, therefore logically, feedback from peripheral hormones 
to the hypothalamus could also influence this central clock and adjust its output. 
Although many metabolic active peripheral hormones/substances have transport sys-
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tems to pass the blood brain barrier (BBB), still selected areas in the central nervous 
system (CNS) have special sensory functions for circulating substances such as the 
arcuate nucleus (ARC). Several studies analyzing the possibility of the ARC to sense 
blood borne substances, indicate that the ventromedial ARC (vmARC) may sense 
signals directly from the general circulation via the median eminence (ME) 312-314, 
and thus functions as an important sensory “window” for blood born substances 
to the brain 315-317. This is firmly supported by the presence of receptors with high 
expression levels for nearly all known circulating metabolic active hormones such 
as leptin, insulin, glucocorticoid and ghrelin in the vmARC 318-321. These hormones 
and also glucose can modulate the electrical activity of vmARC neurons 54, 322, 323 and 
thus affect the output of vmARC in energy homeostasis. This special role of vmARC 
in integrating hormonal signaling was confirmed by the fact that leptin signaling to 
CNS crucially depends on normal ARC functioning 324, 325.
 The anatomical mapping of ARC in CNS is still updated with different methods 
as trans-synaptic 326 or mono-synaptic tracing studies 324, 327. Since a specific vmARC 
tracing has not been done yet, a systematic retrograde and anterograde tracing study 
is necessary to understand the anatomical relationship of vmARC within CNS.
We therefore studied the connections of vmARC with the CNS and utilized injection 
of fluorophore conjugated cholera toxin B (CTB-Alexa Fluor 555) as retrograde and 
anterograde tracer into this area. The specificity of the projections of vmARC to SCN 
and nucleus of the solitary tract (NTS) were confirmed by control tracing from SCN 
and NTS respectively.
 The functional interaction between vmARC and SCN was demonstrated by the use 
of the natural leptin antagonist, the gut-brain peptide ghrelin 328, which is the only 
metabolic molecule so far that can activate vmARC neurons by targeting specifically 
AGRP/NPY neurons, and stimulates food ingestion 329. With systemic administration 
of the ghrelin mimetic GHRP-6 combined with SCN tracing and AGRP/Fos staining, 
the present data showed that GHRP-6 activated vmARC neurons project to the SCN. 
Finally the influence of systemic GHRP-6 stimulation on diurnal Fos immunoreactiv-
ity in SCN was investigated.

materials and methods
CTB tracing
All of the following experiments were conducted under the approval of the Animal 
Care Committee of the Royal Netherlands Academy of Sciences. Male Wistar rats 
weighing 300±10g (Harlan Nederland, Horst, Netherlands) were housed at room 
temperature with a 12 hr light/dark schedule (lights on at 7:00 A.M.). For tract tracing, 
rats were anesthetized (0.8ml/kg i.m. Hypnorm, 0.4ml/kg s.c. Dormicum), mounted 
with their heads in a standard stereotaxic apparatus, tooth bar set at -3.2 mm, and 
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received tracer injection. Since in contrast to CTB, fluorophore labeled CTB cannot 
be applied by iontophoresis, we have used pressure injection. Thus fluorophore con-
jugated CTB (With Alexa Fluor 555, Molecular Probes, USA, CTB in the text will be 
used as abbreviation of CTB-Alexa Fluor 555 for convenience) was used for purpose 
of combination of neurotransmitter detection in tracing target area. Finally in 30 cases 
CTB injections were aimed at the vmARC. To confirm the reciprocity of connection, 
injections with CTB were also aimed at the SCN (n=30) or NTS (n=10), all coordinates 
for these regions were adapted from the atlas of Paxinos (1998). 
 CTB was injected with optimal blow pressure using a glass pipette with a tip of 
maximally 50 μm in diameter to minize damage of passing fibers; the glass pipette 
was filled with an injection volume of 50-100 nl. For the blowing, we used the similar 
pressure as we tried with in vitro tissue, which is strong enough for pushing out the 
tracer but relatively limiting the tracer around the tip. The coordinates for the vmARC 
injection was 3.3 mm caudal to bregma, 0.4 mm lateral to the midline, and 10.4 mm 
below the dura. The coordinates for SCN injection followed Buijs et al 330, for NTS 
injection, the coordinate was 0.4 lateral to the midline, 13.8 mm caudal to bregma, 5 
mm ventral from dura. After the tracer was injected by pressure injection, the pipettes 
were fixed with dental cement to the skull and left in the brain to minimize leakage 
from the tract till the animals were sacrificed. This procedure did not lead to visible 
extra discomfort of the animals, while the reduction in leakage along the pipette track 
is substantial. 15 rats of the SCN tracing were also combined with the placement of a 
jugular vein catheter for the intravenous injection of GHRP-6. See below for details 
on this operation protocol. 

GHRP-6 intravenous infusion 
For the intravenous infusion of the GHRP-6, a silicone catheter was implanted in the 
right jugular vein according to the method of Steffens (1969). The operation of the 
first group of rats (n=15) was combined with SCN tracing such that both operations 
were carried out at same time. The second group of rats (n=8) received only catheter 
implantation for intravenous infusion of GHRP-6 (n=4) or vehicle (Ringer solution, 
n=4) in order to examine Fos immunoreactivity in vmARC and SCN. After surgery, all 
rats were given 10 days to recover. After the operation the animals were handled every 
day and connected to the jugular catheter to familiarize the rats with experimental 
procedures. At day 9, the rats were connected to a drug administration catheter for 
24 hr which was kept out of reach of the rats by means of counterbalanced beam. This 
allowed all manipulations to be carried out outside the cages without handling the rat. 
All of the experiments were performed in the rat home cage.
 The drug administration catheter was connected to a syringe containing vehicle 
with or without GHRP-6. Infusion into the catheter was initiated at Zeitgeber time 
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(ZT)1, ZT0 being defined as the onset of the light period. GHRP-6 was used at a dose 
of 5 μg/rat dissolved in 0.4 ml Ringer solution, and 0.4 ml Ringer solution was utilized 
as vehicle control infusion, the infusion speed was kept at 0.1 ml/min. All rats were 
sacrificed by perfusion 100 min after the infusion.

Food deprivation 
We found neurons in subependymal layer of ME (seME) have similar projection pat-
tern as vmARC, and previous studies supposed them to be extension of vmARC 331, 
therefore we examine whether seME neurons show a comparable increase in the ex-
pression of NPY/AGRP following food deprivation as observed in vmARC neurons 332, 
food but not water was removed at ZT1 from four intact rats for 48 hr , subsequently, 
animals were sacrificed by perfusion.

Immunocytochemical staining 
All rats were deeply anesthetized with a lethal dose of sodium pentobarbital and per-
fused with saline followed by a solution of 4% paraformaldehyde in 0.1 M phosphate 
buffered saline (PBS, pH 7.4) at 4 °C. The brains were removed and kept in fixative 
at 4 °C for overnight post-fixation, equilibrated 48 hours with 30% sucrose in 0.1 M 
Tris buffered saline (TBS, pH 7.2). Brains were coronal cut in a cryostat into 30μm 
section; sections used for immunolabeling were collected and rinsed in 0.1 M TBS.
With ARC, ME, SCN and NTS tracing, whole brain sections were incubated with 
rabbit anti-CTB primary antibody (Sigma, USA) at 1:100,000 dilution. Sections of 
fasted rats were incubated with rabbit anti-AGRP (1:1500, Phoenix Pharmaceuticals, 
USA) or NPY (1:2000, Niepke 091188, NIBR) primary antibody. Sections of second 
group of GHRP-6 infusion rats were incubated with goat anti-Fos (1:1500, Santa Cruz, 
USA). After all these primary antibody incubation overnight at 4 °C, sections were 
rinsed and incubated in biotinylated secondary antibody (goat anti-rabbit or horse 
anti-goat IgG) for 1 hr; rinsed and incubated in avidin–biotin complex (ABC, Vec-
tor) for 1 hr, reaction product was visualized by incubation in 1% diaminobenzidine 
(DAB) (0.05% nickel ammonium sulfate was added to the DAB solution to darken the 
reaction product) with 0.01% hydrogen peroxide for 5–7 min. Sections were mounted 
on gelatin-coated glass slides, dried, run through ethanol and xylene, covered for 
observation by light microscope. 

Confocal microscopy 
To characterize the functionality of neurons in vmARC that project to the SCN, we 
used triple-labeling immunofluorescence to show the colocalization of GHRP-6 in-
duced Fos with AGRP in retrogradely CTB labeled neurons in vmARC from SCN 
tracing. Hereto, sections were incubated overnight at 4 °C with goat anti-Fos and rab-
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bit anti-AGRP primary antibody, rinsed in 0.1 M TBS, incubated 1 hr in biotinylated 
horse anti-goat IgG, and rinsed and incubated with streptoavidin-Cy5 and donkey 
anti-rabbit-Cy2 for 1 hr, rinsed, mounted on gelatin-coated glass slides, dried and 
covered with glycerol in 0.1 M PBS (PH 9.0) and observed by confocal laser scanning 
microscopy. 

Analysis of Fos immunoreactivity
The effect of GHRP-6 treatment on Fos immunoreactivity in SCN was determined in 
four GHRP-6 or four Ringer solution infusion rats. From SCN sections, tiled images 
were captured by a computerized image analysis system consisting of an Axioskop 
9811 + Sony XC77 black and white video camera. In these images, the right side of 
middle portion SCN was manually outlined. The Fos positive nuclear profiles were 
automatically (no user interaction) segmented by a dedicated macro written within 
the ImagePro programming environment. For each rat, three sections were measured 
90 μm apart (from bregma -1.20 mm to -1.40 mm); the mean number of Fos positive 
nuclear profiles from these three sections was calculated. All values are expressed as 
the mean ± SEM and data were analyzed using one-way ANOVA. Statistical signifi-
cance was set at P < 0.01. 

results
CTB injections into the vmARC and seME
Of all animals injected, two rats had a successful injection within the middle part 
of vmARC along its rostro-caudal extension, and two within the seME. Due to the 
difficulties of accurate vmARC injection, we only focused on middle part (in the an-
terior posterior direction) of the vmARC which guaranteed maximal vmARC space 
for tracing. Misplaced injections were mainly located in a different coronal plane but 
usually with same distance from bregma. The misplaced injections in the parenchymal 
area, including the external zone of the median eminence and the dorsal or ventrola-
teral ARC, served as controls for the specificity of the projections of the vmARC and 
seME. Misplacement and injection in the third ventricle served as control for leakage 
of tracer into cerebral spinal fluid which is almost inevitable. The injections in which 
the small tip of glass pipette was blocked by brain tissue and the tracer could not be 
pushed out by pressure were used as specificity controls of the used antibodies. In 
none of the latter cases any staining was observed which shows that all the observed 
staining is due to CTB. 
 Tracer injections into the vmARC resulted in spread of CTB not only limited to 
the ventromedial part of the nucleus, but expanding also into the ipsilateral and the 
contralateral subependymal layer of the ME (Fig. 1A). After seME injection, the CTB 
distribution covered the dorsal aspect of the ME, between ependymal layer and fibrous 



56

chapter 3

III

A B

C D

E F

p

III

III

III

III

III

III

Figure 1 Coronal sections of the hypothalamus show the injection sites of the ARC and ME 
and immunocytochemical staining for NPY and AGRP in vmARC and seME. A, CTB was 
injected into the vmARC (arrow) and illustrates the spread of tracer into the ipsilateral part 
of the seME (double arrows). B, Control injection into ventrolateral ARC resulted in strong 
terminal labeling in vmARC area which confirms the interaction between the lateral POMC-
CART neuron group with ventromedial AGRP-NPY neuron group. Yet such injection did 
not result in labeling of fibers in SCN or SON in contrast with vmARC injections (see Fig 
2). C, CTB was injected into the middle part of the seME (arrow) and the distribution area 
covers the entire dorsal aspect of the ME. D, Injection site of CTB in the external zone of 
ME. E, F, 48 hr fasting resulted in incremental visualization of AGRP (E) or NPY (F) in the 
ARC neurons, the AGRP and NPY positive neurons are also clearly visible in the seME area 
(arrows). III, Third ventricle. Scale bar: A, B, 100μm; C, D 200μm; E, F, 50μm.
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TABLE 1 Anterograde and retrograde labeling with CTB injection into vmARC and seME

    R122     R173     R121     R144
                vmARC                   seME 
N F N F N F N F 

DPi dorsal endopiriform nucleus 00 – 00 – 0 – * –
Acb nucleus accumbens 00 + 00 + 0 – * –
LSV lateral septal nucleus ventral part 000 + 000 + 00 – 0 –
CLA Claustrum 00 – 00 – 0 – – –
OVLT organum vasculosum lamina termi-
nalis

0 ++ 0 + 0 + 0 ++

VLPO ventrolateral preoptic nucleus 0 * 0 + – * * –
AVPe anteroventral periventricular nucleus 00 ++ 000 ++ 0 + * ++
MPOL medial preoptic nucleus, lateral part 00 + 00 + 00 + * *
VMPO ventromedial preoptic nucleus 0 ++ 00 ++ 0 +++ * ++
BST bed nucleus of the stria terminalis 0 – 0 – 0 – 0 –
SFO subfornical organ 000 ++ 000 + 00 + 00 +
Pe periventricular hypothalamic nucleus 0 ++ 0 ++ 0 + 0 *
PVP paraventricular thalamic nucleus, 
posterior part

0 – – – 0 – – –

LH lateral hypothalamus 0 + 00 + – – – –
SCN suprachiasmatic nucleus 00 + 00 +++ 0 ++ 0 ++
SON supraoptic nucleus – ++ – +++ – ++ – +
RCh retrochiasmatic area – ++ – +++ – ++ – +
TC tuber cinerum area – ++ – ++ – + – *
PVN paraventricular nucleus 0 ++ 00 +++ 0 + 0 +
Sub PVN sub paraventricular nucleus 000 + 00 ++ – – – –
ARCdm arcuate nucleus, dorsomedial part 00 ++ 00 ++ 00 + 00 +
ARCvl arcuate nucleus, ventrolateral part 0 ++ 0 ++ 0 + 0 +
A amygdaloid complex 00 – 00 – – – – –
DMH dorsomedial hypothalamic nucleus 0 +++ 00 ++ 00 + 0 *
VMH ventromedial hypothalamic nucleus 0 + 0 + 0 – 0 –
PMV premammillary nucleus, ventral part 000 + 000 + 00 + 0 +
VTM ventral tuberomammillary nucleus 0 + 00 + 0 + – –
DTM dorsal tuberomammillary nucleus 0 + 0 +++ – ++ 0 +
IGL intergeniculate nucleus – – – + – + – –
PAG periaqueductal grey 0 + 0 + 0 + – –
LC locus coeruleus 00 ++ 0 + 0 – 0 +
Bar Barrington’s nucleus 0 ++ 0 + 0 – – + 
Pr/C1 prepositus nucleus/C1 adrenaline cells 00 – 0 – 0 – 0
PBr parabrachial nucleus, rostral part 00 ++ 000 ++ 00 ++ 0 *
PBc parabrachial nucleus, caudal part 00 ++ – – 00 ++ 0 *
NTS nucleus of the solitary tract 00 ++ 0 + 00 +++ 00 + 
DMNV dorsal motor nucleus of vagus 0 – 0 – 0 – 0 –
AP area postrema 00 ++ 00 + * * 000 +

Column N: retrograde labeling neurons; column F: anterograde labeling fibers and terminals. 
N, –: no neurons, *:faint, 0: a few, 00:modest, 000: strong. 
F, –: no fiber, *:faint, +: a few, ++:modest, +++: strong. 
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layer (Fig. 1C). AGRP and NPY containing cell bodies can more easily be detected 
in the seME as well as in the vmARC after 48 hr fasting (Fig. 1E,F), while with a nor-
mal feeding schedule, we only observed AGRP or NPY fibers and terminals in these 
two areas. This observation together with the distribution pattern of the tracer could 
support the previous suggestion based on development that seME neurons are an 
extension of the ARC 331. Consequently table 1 shows the retrograde and anterograde 
labeling in different areas of the CNS with CTB injections into the vmARC and seME. 

Control injections
Injections in the ventrolateral ARC (Fig. 1B), dorsal ARC, external zone of the ME 
(Fig. 1D) and third ventricle were used as control for specificity of the projections of 
the vmARC and seME and leakage of the tracer. Three rats had tracing into external 
zone of the ME, three rats had ventricle injection only, two rats got ventrolateral ARC 
and dorsal ARC tracing respectively.
 The labeling pattern of external zone tracing was consistent with those from Wi-
egand and Price and Lechan 333, 334. In contrast with the seME injection, it revealed 
mainly retrogradely labeled neurons in parvo-cellular paraventricular nucleus (PVN) 
(Fig. 3E) and several magno-cellular neurons in PVN and supraoptic nucleus (SON) 

Figure 2 Coronal sections of the SCN show reciprocal connection between vmARC and 
SCN, after CTB injection in the vmARC. Several CTB labeled neurons are present in different 
parts of the SCN, fibers and terminals cover the whole nucleus, while around the SCN the la-
beling is less dense, arrow indicates CTB labeled fibers. III, Third ventricle. Scale bar: 100μm. 

III
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(Fig. 3F), as well as the periventricular nucleus and magnocellular dorsal ARC. The 
absence of detectable anterograde tracing confirms the external zone of ME as a pure 
neurosecretory pathway of the hypothalamus. Three control injections into the third 
ventricle resulted in labeling of the ependymal plexus and tanycytes or cerebrospinal 
fluid contacting neurons along the third and lateral ventricles, some neurons in dorsal 
raphe nucleus were also labeled. This pattern was consistent with ventricle tracing 
experiments aiming at detecting cerebrospinal fluid contacting neurons in CNS by 
CTB-HRP injection 335. Injections into the ventrolateral or dorsal part of the ARC had 
projection patterns distinct from that of the vmARC, e.g. with ventrolateral ARC injec-
tion even when very close to the vmARC, we only observed some neurons present in 
the dorsal and medial part of the SCN (Fig. 3G) and no projections to SON or NTS.

Retrograde and anterograde labeling in central nervous system with CTB 
injection into the vmARC and seME.
The injection cases R122 and R173 had their injection tips localized within the 
vmARC, while R121 and R144 had their injection tips in the seME. Cases R122-R173 
and R121-144 showed some similar pattern of retrograde and anterograde labeling in 
CNS, although with several differences exemplified by the presence of retrogradely 
filled neurons and anterogradely filled fibers in a number of additional areas after 
injection in the vmARC as compared to injection in the seME (see table1), and the 
projections of seME area to same brain sites as vmARC are less dense as compared 
to vmARC injections. 

Areas with reciprocal interaction with vmARC and seME
CTB tracer injection into the vmARC and seME revealed several sites that have exten-
sive reciprocal interaction with this area. In the anterior part of the CNS, reciprocal 
connections with this area arise from the anteroventral periventricular nucleus, ven-
tromedial preoptic nucleus and medial preoptic nucleus (lateral part) with labeled cells 
and fibers scattered throughout these areas, the labeled neurons were mainly small 
size. Both lateral septum and accumbens nucleus connect with vmARC reciprocally, 
but labeled fibers were not visible after seME tracing. 
 We observed that all parts of the SCN show labeled neurons with the highest density 
in the medial and dorsal parts. Moreover, abundant labeling of fibers and terminals 
were found in the dorsal and ventral part. Few labeled neurons and fibers were also 
observed in the area around the SCN (Fig. 2). 
 From rostral to caudal, the whole extension of the periventricular hypothalamic 
nucleus is labeled by scattered neurons and fibers.
 Consistent with previously published data about the projection from ARC to the 
PVN 336, 337, with vmARC and seME tracing, the triangular shape of the PVN was full 
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of labeled fibers and terminals (Fig. 3A,B), in contrast with the dense labeling of fib-
ers and terminals, only few PVN neurons were labeled. While when the injection was 
in the external zone of the ME, PVN labeling was characterized by the presence of 
a large number of neurons that by location and appearance can easily be recognized 
as neuroendocrine (Fig. 3E). Also in the SON the contrast is obvious, vmARC and 
seME injection results in a dense innervation in SON (Fig. 3H) while the injection 
in the external zone only shows retrogradely filled neurons (Fig. 3F). After vmARC 
injection a considerable number of fibers and small sized neurons in the subPVN 338 
were also labeled (Fig. 3A). More laterally, the reciprocal connection also only exists 
between lateral hypothalamus (LH) and vmARC but not with seME.
 Within the whole ARC many anterogradely labeled fibers as well as a few retrograde-
ly labeled neurons were present in the dorsal and ventrolateral part of the ARC near 
the border that separates the ARC and ventromedial hypothalamic nucleus (VMH) 
(Fig. 1A,B), this labeling pattern of ARC was consistent from rostral to caudal.
 Another important target of vmARC and seME is the dorsomedial hypothalamic 
nucleus (DMH). Large number of labeled neurons, fibers and terminals visualized 
throughout the DMH demonstrate the reciprocal projection between vmARC and 
DMH (Fig. 3C). Interestingly, the vmARC and seME tracing revealed a very weak ana-
tomical relationship with the VMH, with just a few neurons and fibers being labeled. 
In the posterior hypothalamus, numerous labeled neurons were present in the ventral 
premammillary nucleus while fibers were relatively sparse. Of the tubero-mammilary 
nucleus, the dorsal part received a denser innervation from vmARC and seME than 
the ventral area. 

→ Figure 3 Coronal sections of the hypothalamus illustrating anterograde and retrograde 
labeling in the hypothalamus after vmARC and seME injections or ventrolateral ARC and 
external zone of ME injections. A, vmARC injection results at midlevel of the PVN in many 
labeled terminals and few small, oval or fusiform neurons in the medial and dorsal parvo-
cellular (p in B) subdivision, while the mango-cellular aspect (m in B) mostly contained 
fibers and single large sized neurons. Note just under the triangular shape of the PVN, very 
abundant small sized neurons are distributed over the whole subPVN (arrows), high mag-
nification in B shows more details of the PVN. Nissl counterstaining of same section (D) 
revealed that the magno-cellular (m) and parvo-cellular part (p) of the PVN are innervated 
by CTB labeled fibers. External zone of ME control tracing resulted an abundant labeling 
of the parvo-cellular PVN and several neurons in magno-cellular PVN and SON (E, F). C, 
VmARC tracing results in densely labeled fibers, terminals and cell bodies in the DMH, the 
central part of the DMH (c) has less labeled fibers and terminals than the dorsal and ventral 
part, and the labeled neurons are denser in the ventral part. G, With ventrolateral ARC con-
trol injection, only several neurons could be detected in the SCN (arrows), labeling of fibers 
was absent. H, VmARC injection results in strongly labeled terminals and fibers in the SON, 
labeled neurons are only observed in the peri-nucleus area (arrow). III, Third ventricle. Scale 
bar: A, C, 200μm; B, D, E, F, G, H,100μm.
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In addition, neurons and some axonal terminals were observed in the other three 
circumventricular organs (CVOs) after vmARC and seME injection. In subfornical 
organ (SFO), neurons and fibers were spread over the vascular area (Fig. 4A). In the 
organum vasculosum of the lamina terminals (OVLT), abundant labeling was present 
in neurons and fibers bilaterally located in the vascular zone and peri-nucleus area. 
A strong labeling of fibers as in the ependymal plexus was also seen along the wall of 
the ventricle (Fig. 4B). Similarly, in the area postrema (AP), several fibers and neurons 
were observed in the vascular area (Fig. 4C). At the border area between AP and NTS, 
we visualized strongly labeled fibers, probably derived from the ependymal plexus 
that is often labeled after injection in the seME (Fig. 4C), this labeling pattern in AP 
as well as in OVLT, however, was also seen with the third ventricle control injection, 
while with control incubation of anti-CTB antibody with sections from non-tracing, 
we did not see any such staining, and we also have not found such labeling pattern 
with lateral ARC and SCN CTB tracing animals. 
 In the brainstem, almost all subdivisions of the parabrachial nucleus (PB) contain 
labeled neurons and terminals from the most rostral to the caudal part of the nucleus 
(Fig. 4E,F). In addition scattered neurons and terminals were seen in the peri-aque-
ductal gray, locus coeruleus, Barrington’s nucleus and prepositus nucleus. 
Similarly to the PB, another visceral integration nucleus, the NTS contained also sev-
eral labeled neurons and fibers from the caudal to middle part. Consistent with a 
previous study, after vmARC injection, we observed a dense labeling of fibers in a 
limited area at ipsilateral part in the caudal NTS (Fig. 4H), in view of the paucity of 

→ Figure 4 Coronal sections of the brain illustrate anterograde and retrograde tracing in 
the CVOs, amygdaloid complex, IGL and brain stem after vmARC and seME injection. A, 
Many labeled neurons with their processes are found at the border of SFO and extend to the 
vascular core of this organ (arrows); the core area was rarely labeled. Similarly, CTB labeled 
terminals are also present more heavily in the border area. Abundant processes within OVLT 
(B) and AP (C) are oriented on both sides (double arrows) with almost same orientation on 
the border. In AP the labeled fibers in vascular area were also visible (arrowhead). Moderate 
number of neurons are scattered in the vascular area (arrows) of both OVLT and AP. D, Many 
retrogradely labeled neurons distribute over the whole extension of the medial amygdaloid 
complex with sparse labeling in the central part (Ac). E, F, Along the whole extension of 
the PB, almost all subdivisions of the nucleus are labeled with CTB, E illustrates the pattern 
in lateral PB sub-nucleus (LPB), the central part of the LPB (with high magnification in F) 
contains the most strongly labeled neurons (arrow), fibers and terminals (double arrows). 
G, Labeled fibers in intergeniculate leaflet from injection case R173 is indicated by double 
arrows. H, Labeled neurons are found in both sides of the NTS, some labeled neurons were 
also found in the contra-lateral DMV (arrows), dense labeled fibers and terminals are present 
in the ipsilateral part (right side) of the medial NTS, arrow shows labeled neuron, double 
arrows show fibers and terminals in NTS. ON: optic nerve. Scale bar: A, 50μm; B, C, F, 
100μm; D, E, G, H, 200μm.
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retrogradely labeled neurons we consider these fibers be largely due to anterograde 
transport and not derived from retrogradely-labeled neurons as has been suggested 
to occur with CTB tracing 339. Interestingly some small sized labeled neurons were 
also found in the dorsal motor nucleus of the vagus (DMV) (Fig. 4H). These finding 
corroborate our previous finding that the area of the DMV incorporates neurons are 
present without an autonomic motor function 340. 

Areas with only input to or output from the vmARC and seME
A few regions seem to only provide input to the vmARC and seME as demonstrated 
by the presence of merely retrogradely labeled cell bodies and no clear staining of fib-
ers. Since other brain regions at the same level do show labeled fibers, this does not 
seem to be a technical limitation of the anterograde tracing. Only retrogradely filled 
neurons were detected in the dorsal endopiriform nucleus, claustrum, bed nucleus of 
the stria terminalis and posterior part of the paraventricular thalamic nucleus. The 
whole extension of most of the medial amygdaloid complex was also strongly retro-
gradely labeled (Fig. 4D). 
 With vmARC and seME injections, a dense innervation of the SON, retrochiasmatic 
area and tuber cinereum area, but without retrogradely labeled cell bodies indicate that 
these areas only get input from vmARC and seME. We also found that the vmARC 
and seME tracing resulted in projections to the intergeniculate leaflet (Fig. 4G).

Retrograde tracing from SCN and NTS 
In order to provide further evidence for the projections of the vmARC and seME to 
SCN and NTS, and to ensure that the projections are not due to uptake from passing 
fibers or due to anterograde labeling by retrogradely labeled neurons341, 342, CTB was 
injected into SCN and NTS . 
 Injections of CTB both in SCN and NTS not only revealed neurons in the vmARC 
(Fig. 5A,B,D), but also retrogradely labeled neurons in the subependymal layer of the 
ME with a location just under the ependymal lining of the third ventricle (Fig. 5C). We 
also considered the abundant presence of fibers as evidence for the reciprocity of the 
connection of vmARC and seME with SCN and NTS. The labeled neurons in seME 
area were different from glia. Firstly, the location of these subependymal neurons is 
just under, and very close to the ependymal layer lining the bottom of the third ven-
tricle. In Fig. 5C we can see the difference with ependymal cells that were not labeled 
by CTB; Secondly, the orientation of the oval or fusiform shaped labeled neurons was 
parallel with the border of the third ventricle, while glia cells have much more proc-
esses and may extend to every orientation including the external zone; Thirdly, the 
size of subependymal neurons was far larger than glia, either tanycytes or astrocytes.
After CTB injection into the SCN, fibers and terminals were abundant in the lateral 
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and dorsal part of the ARC where few retrogradely labeled neurons were present (Fig. 
5A,B). Also this projection pattern confirmed the vmARC and seME tracing which 
resulted in labeling of neurons, fibers and terminals in SCN, and by ventrolateral and 
dorsal ARC tracing which resulted in only labeled neurons in SCN without fibers or 
terminals (Fig. 3G). 

Functionality of the connections between vmARC and SCN 
We addressed the possible role of vmARC neurons in the regulation of metabolism 
in relation to their projection to the SCN by examining the induction of Fos in AGRP 

Figure 5 Coronal sections of the hypothalamus illustrate the labeling pattern in vmARC 
and seME after tracer injection into the SCN (A,B,C) or NTS (D); A, Labeled neurons in 
vmARC after SCN injection are more abundant than in dorsal and ventrolateral ARC, while 
fibers and terminals show the opposite labeling pattern. Double arrows show the border 
of the vmARC and lateral ARC. B, High magnification gives details of the labeled neurons 
(arrow shows the same neuron in B), fibers and terminals in vmARC (double arrows). C, 
Labeled neurons (arrow) are present in the seME area after CTB injection into SCN. The 
outline of the ependymal layer is visible just over the seME area; labeled fibers not only exist 
in the seME area (double arrows) but also scatter in fibrous layer of the ME (arrow head). 
D, Labeled neurons (arrows) and fibers (double arrows) in the vmARC and seME area after 
NTS control injection.. III, Third ventricle, Scale bar: A, 100μm; B, C, D, 50μm.
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neurons after systemic administration of GHRP-6 combined with SCN tracing. In 
addition we observed that GHRP-6 stimulation allowed an easier detection of AGRP 
in vmARC neurons, which is normally difficult to detect. Most AGRP positive neu-
rons also expressed Fos and some of these Fos positive AGRP neurons were shown 
to project to the SCN as revealed by colocalization with CTB from SCN tracing (Fig. 
6). Interestingly, both in ad libitum and feeding restricted rats, it is difficult to detect 
AGRP fibers in the SCN, we only observed very thin AGRP positive fibers in the ven-
tral SCN after 2 hr refeeding following 48 hr fasting (data not shown), which suggest 
that although AGRP neurons are target of peripheral GHRP-6 and project to SCN, 
the detection of this peptide is limited probably because of the low quantity of peptide 
present in these nerve terminals. 
 Following SCN tracing, there was no obvious Fos immunoreactivity in ARC neu-
rons and also not in intact rats ARC that were housed and perfused under the same 
conditions as SCN tracing rats, which means SCN tract tracing has no effects on Fos 

Figure 6 Confocal laser scanning micrograph of the vmARC reveals CTB-Alexa Fluor 555 
(red) retrogradely labeled neurons after SCN injection are activated by systemic GHRP-6 
administration. With GHRP-6 stimulation, Fos (Cy5, blue) was only strongly expressed in 
vmARC cells, many of them colocalized with AGRP neurons (Cy2, green) and/or CTB-Alexa 
Fluor 555 neurons, arrows show AGRP colocalized with Fos, arrowhead shows CTB-Alexa 
Fluor 555 colocalized with Fos. Double arrows show AGRP colocalized with CTB-Alexa 
Fluor 555 and Fos, the yellow represents the colocolization of CTB-Alexa Fluor 555 and 
AGRP-Cy2. III, Third ventricle. Scale bar: 100μm.
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immunoreactivity in the ARC. Fos immunoreactivity in vmARC induced by GHRP-6 
is apparent after 5μg i.v. infusion while the Ringer solution infusion remained without 
any detectable Fos in the vmARC (Fig. 7A,B). In addition, Fos immunoreactivity were 
also checked in geniculate area and raphe nucleus which are responsible for non-
photic input to the SCN, there were no significant difference between Ringer control 
and 5μg GHRP-6 administration in both nucleus.
 The number of detectable Fos positive nuclear profiles in middle portion SCN was 
counted, both in controls as well as in GHRP-6 infusion animals. Negatively correlated 
with the same dose of 5 μg GHRP-6 action on vmARC, the number of Fos positive 
nuclei in middle portion SCN was decreased with about 40% as compared with Ringer 
solution infusion (195.33 ± 14.45 vs 116.89 ± 4.7 in Ringer solution and 5μg GHRP-6, 
P<0.01) (Fig. 7C,D).

Figure 7 Coronal sections of middle portion of ARC and SCN illustrate the pattern of Fos 
immunoreactivity in vmARC and SCN after Ringer (A,C) or 5μg GHRP-6 systemic admin-
istration (B,D); A, Low Fos immunoreactivity in ARC after intravenously Ringer solution 
infusion; B, With 5μg GHRP-6 intravenously infusion, Fos is strongly expressed by vmARC 
neurons; C, Diurnal Fos immunoreactivity pattern in SCN with Ringer control infusion at 
ZT1; D, 5μg GHRP-6 infusion resulted in obvious decrease of Fos immunoreactivity in SCN. 
III, Third ventricle, Scale bar: A, B, 150μm; C, D, 100μm.

A B

C D

IIIIII

III III



68

chapter 3

Discussion
In the present study the properties of CTB as anterograde and retrograde tracer was 
confirmed by the presence of tracer labeled terminals and cell bodies for example 
in the NTS after injection into the vmARC, which is consistent with earlier tracing 
studies on the ARC and NTS 327 and consequently allowed us to study input as well as 
output of one area simultaneously.
 To avoid maximally uptake of tracer by damage of fibers of passage, instead of a 
Hamilton Syringe (400μm), glass pipettes with a tip around 50μm of diameter were 
used for pressure injection; thus, the possibility of tracer uptake by passing fibers was 
minimized.
 This is demonstrated by the fact that only injection in the external zone of the me-
dian eminence resulted in retrograde labeling of neuroendocrine neurons in PVN and 
SON, which confirms earlier studies 333, 334. Injections in other areas where neuroen-
docrine fibers pass, such as the subependymal layer- internal zone but also the lateral 
ARC did not result in cell body labeling. In contrast injection in the subependymal 
layer-internal zone resulted only in labeling of fiber terminals in SON and PVN. These 
findings suggest, not only a high specificity of projections between the different layers 
of the median eminence, but also a minimal uptake of fibers of passage by the used 
method. 
 The present results confirm and extend previous anatomical studies of ARC and ME, 
and also provide a more comprehensive view of the organization of the ARC including 
its interaction with the biological clock (Fig. 8). 
 Moreover, we demonstrate for the first time that the vmARC and seME area, where 
the blood brain barrier is operating in a modified manner as other CVOs, which has 
permeable capillary networks for penetration of circulating substances 343, has exten-
sive interaction with the SCN, the sensory CVO’s and other parts of the brain.
 It is proposed that three typical sensory CVO’s, SFO, OVLT and AP have active 
transport systems and receptors for blood borne molecules and play a key role in 
sensing and relaying humoral information to other CNS areas 344. Our present data 
demonstrate that vmARC and seME have similar specific neuronal connections to 
hypothalamic neuroendocrine and autonomic centers as SFO, OVLT and AP. Early 
studies already suggest that the BBB border could reside at the area between the ven-
tromedial (or proximal) part and dorsal-lateral (or distal) part of the ARC, thus the 
perivascular spaces of vmARC could communicate with the neuroheamal area of the 
ME where fenestrated capillaries allow the passage of larger molecules 312-314. Therefore 
the present finding that the SCN receives direct input from the vmARC and seME 
suggests a route of communication between general circulation and the SCN. I.v. 
injection of the ghrelin mimetic GHRP-6 results in Fos positive neurons in a narrow 
band in the vmARC and seME. Of all tracer injections in the ARC (n=30), many were 
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very close to the vmARC; only 4 injections that were inside and covered the same area 
which is known to express Fos after GHRP-6 stimulation had reciprocal interaction 
with the SCN. This suggests that a relatively small area is involved in this exchange 
of information. Furthermore, injections in the SCN also resulted in the combination 
of retrogradely labeled neurons and fibers only in this ventromedial area of the ARC, 
which confirms the reciprocity of this connection. In view of (daily) time dependent 
organization of metabolism, which depends so crucial on the presence of the SCN 345, 
the interaction of vmARC and seME with SCN could serve this timing purpose and 
provide the SCN with information about glucose concentration and the associated 
level of hormones.
 The innervations from vmARC to SCN is a novel finding, however, previous elec-
trophysiological studies on ARC 346 already indicated this connection. Other proof 
for the functional interaction between vmARC and SCN are a number of studies that 
indicate the physiological and behavioral circadian rhythms are also affected by ARC 
malfunction. The fact that ARC lesion by neonatal monosodium glutamate (MSG) 
treatment, which mainly destroys NPY cells 347, can compromise the circadian activity 
while the SCN is intact 348, 349, could be interpreted together with the present data that 
the innervations from vmARC to SCN may relay peripheral hormonal information 
to the SCN, and thus affect circadian activity of SCN. At the same time, input from 
the SCN to the ARC 346, 350, 351 may time the activity of ARC as shown by rhythmic Fos 
expression in the ARC 352 and the rhythmic activity of dopaminergic ARC neurons 
negatively driven by VIP from SCN 353. Actually, such SCN-CVO reciprocal connec-
tion was already demonstrated for the SCN-SFO and SCN-OVLT interaction 354, 355. 
Further evidence for a more general interaction between SCN and CVOs including the 
ARC can be found in studies describing the action of prokineticin 2 that is synthesized 
in the SCN and for which receptors have been shown in SFO and the vmARC 265, 356. 
Together these studies suggest the capacity of the SCN to modulate the properties of 
the CVOs, probably in order to control or regulate the sensitivity of CVOs to periph-
eral signals, and the present study indicates that not only via the SFO and OVLT but 
also via the vmARC and seME these signals may be relayed to the SCN as well. In 
view of the high sensitivity to peripheral metabolic hormones in vmARC, the possible 
feedback pathway for these hormones to the SCN is proposed to be via this area.
 Systemic administration of ghrelin mimetic GHRP-6, combined with SCN tracing 
showed that AGRP neurons activated by GHRP-6 project to the SCN; at same time 
the diurnal Fos immunoreactivity in the SCN was reduced by 40%, suggesting that 
ghrelin mimetic GHRP-6 could interfere with the activity of the SCN via vmARC. 
The obvious decrease of Fos in the ventrolateral SCN suggests a possible regulation 
in the light receiving part of the SCN. The fact that the presence of AGRP in the SCN 
as compared to the PVN is so sparse, may indicate that a certain selection of neurons 
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project to the SCN or that collaterals of vmARC neurons may contain transmitters in 
different proportions. 
 It is well known that most non-photic inputs to the SCN have the ability to reset the 
clock when they are provided at daytime 357, 358, non-photic inputs to the SCN were 
shown to arise from the intergeniculate leaflet 359 and raphe nucleus 360. In addition 
non-photic inputs are also known to inhibit photic responsive Fos expression in the 
SCN at night time 361. In the present study with peripheral GHRP-6 administration, 
there is no obvious variation of Fos immunoreactivity in geniculate area and raphe 
nucleus, which indicates that these areas are not activated. Consequently the GHRP-6 
information relayed by vmARC to SCN as indicated by Fos diminishment in SCN, is 
another functional support of the anatomical connection as presented here between 
vmARC and SCN and suggests that pharmacological effects of ghrelin may inhibit the 
activity of the SCN during the light period. This observation agrees with the fact that 
with a normal feeding schedule ghrelin peaks after dark onset 347, suggesting another 
central function of ghrelin such as interaction between locomotion and metabolism 
362, 363.
 Since the SCN is essential for the organization of the daily metabolic activity such 
that the daily rhythm of plasma glucose and metabolic hormones are driven by the 
SCN 345, the present results provide an anatomical basis for our previous data that 
metabolic cues indeed could influence circadian activity of e.g. vasopressin neurons 
in the SCN 364. Further research is needed to elucidate the effect of the metabolism 
related non-photic input on SCN functionality and the possible neurotransmitters 
that are involved in the signaling.
 Naturally the neuronal connections of vmARC with other areas in the CNS may 
also implicate those areas as potential participants in metabolism. Here we would like 
to stress the role of interaction between vmARC and CVOs, the classical CVOs are 
not only engaged in monitoring changes in metabolic, osmotic, ionic and hormonal 
composition but also show neuronal activation or inhibition by cytokines 365-367. Here 
we show that SFO, OVLT and AP have reciprocal connections with vmARC and seME, 
centers for the control of food intake, this suggests a functional interaction of CVO’s 
for example in cytokine activity and sickness behavior 368, and could be the anatomi-
cal basis for anorexia and weight loss during inflammations. In addition, the present 
result that amygdala complex and nucleus accumbens provide input to the vmARC 
and seME, supports the significance of limbic structures in energy homeostasis. This 
possibility is supported by the fact that chemical manipulation of nucleus accumbens 
induced high Fos expression in ARC neuropeptide Y neurons 369. 
 Moreover, the vmARC and seME area also has reciprocal connections with visceral 
sensory integration sites such as the PB and NTS, as was shown partially before 327, 

370. This indicates that vmARC and seME may integrate hormonal information with 
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signals from first order visceral sensory centers 371, 372. Logically, the outcome of this 
interaction should be signaled to many sites including the SCN and is necessary for 
the multi-level central control of visceral activities. 
 Our present data provide the anatomical and functional basis that both humoral and 
neuronal metabolic information may be relayed back to the SCN via the vmARC and 
seME. Herein the vmARC and seME area is responsible for the first order integration 
of circulating signals. When the normal metabolic balance is seriously disturbed, e.g. 
by night-eating syndrome 373 or stress, this may influence the integrative activity of 
ARC as well as the organizational activity of the SCN. Thus a slight disturbance at the 
level of these essential integration sites raises a serious risk of an unbalanced energy 
state and possibly obesity, diabetes or other metabolic diseases 374. 

Figure 8 Sagittal scheme illustrates the main connections of vmARC within central nervous 
system. Reciprocal connections are shown with blue areas; yellow areas represent input to 
vmARC; red areas represent output from vmARC. For abbreviations, see table1. 
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