
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Hypothalamic neural networks in control of glucose homeostasis

Yi, C.X.

Publication date
2010

Link to publication

Citation for published version (APA):
Yi, C. X. (2010). Hypothalamic neural networks in control of glucose homeostasis. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/hypothalamic-neural-networks-in-control-of-glucose-homeostasis(a0271c82-e285-4e91-a594-deb3c3200bb2).html


85

Chapter 5

Dorsomedial hypothalamic neuropeptide FF neurons project to the retinal 
termination site of the suprachiasmatic nucleus 

Submitted

Chun-Xia Yi, Jan van der Vliet, Michael Proper, Manuel Angeles-Castellanos, Valeri Goncharuk, 

Jack H.Jhamandas, Andries Kalsbeek, Carolina Escobar & Ruud M.Buijs

abstract
Food anticipation results in enhanced locomotor activity in rodents, also during peri-
ods when the biological clock normally signals inactivity. In our search for hypotha-
lamic mechanisms involved in inducing this activity, we examined the possible role 
of neuropeptide FF (NPFF) neurons and the suprachiasmatic nucleus (SCN). Food 
anticipatory locomotor activity in rats entrained to food restriction during the day 
period resulted in Fos expression in NPFF neurons located in the ventral part of the 
dorsomedial hypothalamus (DMH). Retrograde tracing from the ventral SCN sug-
gests that the NPFF terminals in the SCN originate from the DMH-NPFF cell bodies. 
Co-staining of NPFF with SCN neuropeptides revealed that NPFF terminals mainly 
target gastrin-releasing peptide neurons in the SCN. Labeling retinal projections in 
combination with NPFF revealed a close association between retinal and NPFF termi-
nals in the SCN. Simultaneous with food anticipation-induced Fos expression in the 
DMH, Fos expression in the ventral SCN decreased, suggesting that DMH input may 
inhibit neurons in the light-receiving part of the SCN. Since daytime as well as light-
induced neuronal activity in the SCN is known to inhibit locomotor activity in rodents, 
it is proposed that, under food anticipatory conditions, activation of the DMH–NPFF 
input to the ventral, retinal termination site of the SCN is involved in inhibiting SCN 
neuronal activity, allowing increased locomotor activity during the light period.

introduction
The suprachiasmatic nucleus (SCN) is responsible for the organization and synchro-
nization of the 24 hour activity/inactivity-cycle in all mammals. Neuronal activity of 
the SCN in night active rodents coincides with the locomotor-inactive daytime, while 
SCN neuronal inactivity coincides with increased locomotor activity in the dark phase 
431. Light stimulates neuronal activity of the ventral, light input-receiving part of the 
SCN, and this light input inhibits locomotor activity also during the active phase of 
the animal 432-434. This light-induced inhibition of locomotor activity can only be ob-
served in SCNintact animals, suggesting that (light-induced) electrical activity of SCN 
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neurons is directly responsible for the inhibition of locomotor activity, also during the 
subjective light phase 435, 436. Interestingly, the reverse, i.e. stimuli that are able to induce 
activity during the light period and thus interfere with normal (locomotor) inactivity, 
are often associated with metabolism. For example, animals entrained to food being 
available only during the day (light) period become active just before the food is made 
available 437-439; apparently in these animals the normal inhibition of locomotor activity 
by light is prevented. We hypothesized that the SCN should be involved in this behav-
ioral activity and we therefore examined the input to the SCN. Specifically, retrograde 
tracer injections into the ventral SCN resulted in labeled neurons in an area of the 
ventral DMH that corresponds with the area that is activated during food anticipatory 
activity (FAA) at daytime 330, 440, 441. The DMH is well known for its The involvement 
of the DMH in wakefulness and sleep is a well-known fact 441, 442, while one of the few 
peptides known to be present in the ventral DMH is neuropeptide FF (NPFF) 443, 444. 
Interestingly, NPFF activity has been related to feeding behavior 445-447. This observa-
tion suggested the involvement of the DMH in the organization of FAA. In the present 
study, the FAA-activated DMH neurons appeared to be positive for neuropeptide FF 
(NPFF). We subsequently showed these DMH-NPFF neurons to project to the SCN. 
In the SCN, we observed NPFF fibers terminating exclusively in its ventral part, and 
targeting preferentially gastrin-releasing peptide (GRP) and vasoactive-intestinal pep-
tide (VIP) neurons. After labeling projections from the retina we also demonstrated 
a close association between NPFF and retinal terminals. Next we showed that FAA 
during the light period induced Fos immunoreactivity in NPFF neurons in the DMH 
area and simultaneously a diminishment of Fos in the ventral part of the SCN. We pro-
pose that the activation of NPFF neurons in the DMH is responsible for the decrease 
of Fos in the ventral SCN during food anticipation, which may reflect a decrease in 
electrical activity of these SCN neurons, thus allowing for increased locomotor activity. 

results
Retrograde tracing revealed ventral SCN innervated by DMH 
In order to identify structures that project to the ventral SCN, CTB-AF555 injections 
were placed into the ventral SCN. Pressure injection of nano-liter amounts of CTB-
AF555 resulted in labeling restricted to the SCN when the tip of glass pipette was 
confined to within the ventral SCN (Fig. 1A). As soon as the tip was outside the SCN, 
no labeling of the SCN itself was observed, only of the area around it. Such injections 
just outside the SCN were compared with injections inside the SCN in order to deter-
mine whether the retrograde labeling was indeed derived from the SCN and not from 
the area around the nucleus. Injections into the dorsal SCN nearly always resulted in 
leakage of tracer outside the SCN but still this did not result in labeling of neurons in 
the DMH. Interestingly, as observed earlier 330, 448, 449, depending on the injection site 



87

chapter 5

in the SCN (dorsal, lateral or ventral), a different pattern in anterograde-labeled fibers 
and retrograde-labeled cell bodies was observed. Labeling of cell bodies in the DMH 
was only reliably obtained when injections of tracer included the ventral SCN. Our 
series of ventral injections (5 animals) all showed clear retrogradely labeled neurons 
in the DMH area (Fig. 1B). The neurons in the DMH were distributed especially in 
the ventral part of the DMH. 

DMH-NPFF neurons project to the SCN
Since the ventral part of the DMH contains NPFF neurons 444, 450 we examined whether 
DMH-NPFF neurons project to the SCN and investigated possible co-localization of 
NPFF with CTB-AF555 injected into the ventral SCN. Clearly, in all animals every 
section of the DMH that contained NPFF neurons showed several NPFF neurons con-
taining CTB-AF555, providing evidence for their projection to the ventral SCN (Fig. 
2A). The injections just outside or even in the dorsal part of the SCN did not result in 
any labeling in the DMH-NPFF neurons. A further confirmation of the projection of 
NPFF neurons to the SCN was obtained by analyzing the innervation pattern of NPFF 
in the SCN; a distribution of very thin NPFF fibers can be detected in the ventral part 
of the SCN (Figs. 3A-C). In the nucleus of the solitary tract (NTS), the only other site 
of NPFF neurons in the brain 451, no evidence was obtained for the presence of CTB-
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Figure 1 NPFF neurons in the DMH project to the ventral SCN. A, A CTB-AF555 injection 
site that was restricted to the ventral SCN and optic nerve. B, Ipsilateral CTB-AF555 labeling 
from ventral SCN injection demonstrates labeled neurons at the level of the dorsomedial 
hypothalamic area. The dense CTB labeling of neurons in the ventral part of the DMH also 
delineates the non-labeled ventromedial hypothalamus (VMH) area. In addition, labeled 
neurons are found in the arcuate nucleus (ARC), i.e., a brain area also known to project to 
the SCN 235. OX: optic chiasm, III: third ventricle. Scale bar: A, 100μm, B, 200μm.
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AF555 in NPFF neurons, indicating that the NPFF neurons in the DMH are the sole 
source of the fiber terminals in the SCN.

Refeeding during the light period activates DMH-NPFF neurons which project to 
the SCN 
This study showed that injection of CTB tracer into the ventral SCN in combination 
with a 48h fast followed by 2h refeeding resulted in the presence of NPFF neurons that 
also contain CTB and Fos (1-3 per brain) (Fig. 2C), confirming the view that NPFF neu-
rons projecting to the SCN can be activated by refeeding in this paradigm. The number 
of neurons showing Fos-NPFF co-localization was approximately 2-3 per section, il-
lustrating a modest activation of this NPFF- containing cell group. Since Fos activation 
was detected after refeeding, also the availability of food and the food intake itself might 
serve as an important stimulus for Fos immunoreactivity. However, these possibilities 
were countered by the observation that refeeding at night after a 48h fast did not result 
in activation of NPFF neurons in the DMH, thus indicating that food intake alone 
or locomotion during the dark period does not activate the DMH-NPFF neurons.

Food anticipation activates NPFF neurons in DMH
The experiment in which animals anticipated food but were not allowed to eat showed 
a high locomotor activity pattern in the hours before sacrifice, which coincided with 
a large number of Fos-positive neurons in the DMH as was demonstrated before 452. 
Many of these Fos-positive neurons were co-localizing NPFF (Fig. 2B), indicating 
that NPFF neurons were activated. Since Fos protein peaks 60-90 minutes after the 
stimulus, the presence of Fos consequently shows the activation of neurons 60-90 
minutes prior to sacrifice. With meal expectancy at ZT5, animals in general start to 
show anticipation to food between ZT3-4. Without feeding, with perfusion at ZT5, 

→ Figure 2 Food anticipation activates DMH-NPFF neurons that project to the ventral SCN. 
A, After CTB injection in SCN, NPFF-containing and CTB labeled neurons can be found 
in the ventral DMH. NPFF neurons (green) are mainly located in the ventral DMH, while 
CTB-labeled neurons (red) from the SCN tracing also cover more dorsal parts of the DMH. 
Arrows indicate two neurons that show NPFF and CTB co-localization (yellow). B, NPFF and 
Fos co-expression in DMH neurons with food anticipation, rats were perfused at ZT6, i.e. 60 
min after food would have become available. Many of the NPFF neurons (green) express Fos 
(red) as shown by arrows. C, Illustration of CTB-AF555, NPFF and Fos co-localization in the 
ventral DMH. CTB tracing combined with fasting-refeeding not only resulted in a similar 
NPFF and CTB-AF555 distribution pattern as shown by Fig. 2A, but neurons co-localizing 
NPFF (green, C1) and CTB-AF555 (red, C2) were also activated by the refeeding stimulus, 
as indicated by Fos immunoreactivity (blue, C3). Arrows in C1-4 indicate the same neuron 
in the ventral DMH area. C4 shows the triple labeling. Double arrows in C3 illustrate another 
Fos- positive neuron. Scale bar: A, 200μm; B and C, 100μm.



89

chapter 5

A B

p

III

III

III

III

III

III

CTB - SCN
NPFF

Fos
NPFF

NPFF CTB - SCN

Fos

C1 C2

C3 C4



90

chapter 5

Fos in the DMH was already clearly increased as compared to control (i.e., non-
restricted) animals, where Fos could hardly be detected. In the DMH this resulted 
in the detection of Fos in NPFF neurons in about 1-2 Fos-NPFF co-localizations per 
section. Animals perfused at ZT6 showed Fos in the DMH (Fig. 4B) at the height of 
behavioral activity during food anticipation. At this time point we detected Fos in 
NPFF neurons with a higher frequency of about 5-8 Fos-NPFF co-localizations per 
section, which meant often that all NPFF neurons were Fos positive, in control rats, 
only few Fos could be detected in the same area. Interestingly, the NPFF neurons in 
the NTS area did not show any co-localization of Fos with NPFF, although the NTS 
clearly shows Fos during FAA, thus illustrating the difference in response of these two 
NPFF systems in our experimental paradigm. These results show that the peak of Fos 
activity in DMH-NPFF neurons reflects the activity of neurons at the height of the 
behavioral activity in the anticipation of food.

NPFF and retinal terminals innervate the same SCN region
Next we analyzed the presence of NPFF fibers in the SCN. In the ventral SCN a 
dense termination of NPFF fibers was found with a distribution that resembled the 
distribution of retinal terminals. In order to investigate this further we examined the 
distribution of NPFF together with SCN peptidergic neurons known to receive retinal 
input. Indeed, NPFF terminals were found in very close apposition to GRP and VIP 
neurons (Fig. 3A), while hardly any NPFF fibers could be detected in the vicinity of 
arginine-vasopressin (AVP) neurons (Fig. 3B). To demonstrate further the overlap 
with retinal termination in the SCN, we performed the NPFF staining in the SCN 
of animals that received a CTB-AF488 injection into the retina. Retinal fibers were 
always found in very close association with NPFF fibers present in the ventral, light 
input receiving part of the SCN (Fig. 3C).

FAA-induced Fos in the DMH correlates with a decrease of Fos in the SCN
In view of the importance of the retinal input for the light activation of SCN neurons we 
analyzed further the presence of Fos staining in the SCN of control animals as compared 
to those perfused during food anticipation. FAA not only increased the expression of Fos 
in the DMH 452, it also changed the expression of Fos in the SCN, but in a mirror image 
of that in the DMH. The SCN of ad libitum fed control animals perfused between ZT5 
and ZT6 expresses Fos over the whole SCN, but with an emphasis on the ventral (light 
receiving) part. In contrast, all the 8 animals with (food anticipatory) locomotor activi-
ty during the light period show a strongly reduced Fos activity, especially in the ventro-
lateral SCN (76±8 in control and 42±3 in food anticipation, P=0.007; Figs. 4C and 4D). 
Compared with the ventrolateral SCN, Fos activity in the dorsomedial SCN did not 
show a significant change (139±18 in control and 125±7 in food anticipation, P = 0.54). 
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Discussion
The present study demonstrates that NPFF-containing neurons of the DMH project to 
the SCN and terminate in close association with retinal terminals. Moreover, DMH-
NPFF neurons are activated during food anticipation, and this activation coincides 
with a decrease of Fos in the ventral light receiving part of the SCN. 
 NPFF neurons in the DMH are labeled after CTB-AF555 injection in the ventral 
SCN, suggesting that the NPFF terminals in the SCN come from the DMH. This is 
confirmed by the fact that NPFF neurons in the NTS, the only other region of NPFF 
neurons in the forebrain, do not show CTB-AF555 after injection of this tracer into 
the SCN. The close proximity of DMH-NPFF terminals and retinal terminals in the 
SCN indicates that the region within the SCN where information from the retina is 
integrated is the same site where non-photic food anticipation information from the 
DMH is transmitted to SCN neurons. Consequently, the role of DMH-NPFF in the 
SCN could be functionally related to that of the light input to the SCN. The dimin-
ishment of Fos staining in the ventral SCN in the daytime during FAA reflects an 
inhibition of daytime SCN neuronal activity. We propose that inhibition of the light-
receiving part of the SCN is essential for the expression of (anticipatory) activity of 
the animal during the light period. 
 The presence of Fos in the DMH only during the day and not during the night when 
animals are active or anticipating food, suggests a ‘gating’ mechanism for which the 
strong input from the SCN to the DMH 453 is proposed to be responsible. Consequently 
we propose that DMH-NPFF-SCN interaction is essential for a normal expression of 
FAA. 

The SCN organizes locomotor activity according to the light/dark cycle
The synchronization of the rest-activity cycle of mammals to the light/dark cycle is 
organized by the SCN. However, it should be possible that, under certain circum-
stances, signals of the biological clock may be overruled or modified such that activity 
occurs at circadian times when activity is normally inhibited. The other condition 
also holds: i.e., the inhibition of activity at times when the animal would normally 
be active. This, for example, is achieved by a light stimulus during the dark (active) 
period of the animal. The light signal activates ventral SCN neurons, resulting in an 
increase in electrical activity 454, the induction of Fos protein (27), and an inhibition 
of locomotor activity 455, 456. The proof that the lightinduced inhibition of locomotor 
activity is mediated by the SCN, is that in SCN-lesioned animals no such inhibition 
of locomotor activity is seen 435, 436.
 On the other hand, the presence of food during the light period after a long period 
of fasting results in voluntary activity during the normally inactive period. The fact 
that only refeeding during the light period and no refeeding during the dark period 
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results in Fos labeling in DMH-NPFF neurons projecting to the SCN suggests that, 
together with the SCN, the DMH-NPFF neurons are implicated in the organization of 
feeding related activity in the light cycle. In order to investigate this further we chose 
another stimulus, the restricted feeding paradigm, in which animals learn to anticipate 
food at a moment they normally do not eat, i.e., during the light period. This protocol 
does not only result in a period of intense locomotor activity in the hours preceding 
the presentation of food, but also in the activation of neurons in the DMH 452. The 
present study shows that many of these Fos-stained neurons contain NPFF, and that 
NPFF-containing fibers terminate in close association with retinal terminals in the 
SCN. In contrast with the increase of Fos-expressing neurons in the DMH, in the SCN 
a diminishment of Fos staining is seen in the ventral part, suggesting an inhibition of 
activity of the ventral SCN neurons. As an explanation, two observations are impor-
tant. First, the DMH is also known to contain a large number of GABA-ergic neurons 
457, 458 It is plausible that some of these neurons, either with or without NPFF as a co-
transmitter, also project to the SCN. In addition, NPFF is also known to reduce gluta-
matergic activation and the electrical activity of neurons in the parabrachial nucleus 
by presynaptic mechanisms 459. These properties of NPFF and the putative presence of 
GABA in these neurons may provide a powerful mechanism to reduce the electrical 
activity of the ventral (retinal input receiving) neurons of the SCN. In this way the 
DMH may decrease the activity of the ventral SCN in order to allow the animal to 
become active during its normal period of inactivity. It is interesting to consider which 
neurotransmitters of the SCN might mediate this light output. Light preferentially 
activates GRP but also VIP- containing neurons 460 These SCN neurons target prefer-
entially the MPO, Sub PVZ and DMH, where locomotor activity, temperature regula-
tion and corticosterone secretion are organized 461-465, suggesting that these peptides 
and their co-transmitters could be involved in the light output pathway of the SCN. 

→ Figure 3 NPFF distribution pattern in the SCN. A, NPFF, GRP and VIP distribution 
pattern in the SCN. NPFF fibers (red) are present in the ventral SCN, VIP neurons (green) 
cover mainly the medial SCN, and partially overlap with the area that contains GRP (blue) 
neurons. NPFF synaptic buttons can be found mainly on GRP (arrow) neurons but also on 
VIP (double arrows) neurons. B, Illustration of NPFF, GRP and AVP distribution pattern in 
the SCN at a lower magnification. NPFF fibers (red) are mainly present in the ventral SCN 
in close apposition to GRP neurons and fibers (blue) which are mainly present in the ventral 
SCN. The part in the dorsomedial SCN that contains AVP neurons (green) does not receive 
NPFF fibers. C, NPFF and retinal fibers terminate in the same area of the ventral SCN. 
CTB-labeled retinal terminals (green) are distributed very close to NPFF fibers (red) in the 
ventral SCN. Since it is well known that retinal terminals do not contain any NPFF peptide, 
the yellow spots which normally indicate co-localization are evidence of the close proximity 
of retinal and NPFF terminals. Due to the close proximity the CLSM image shows overlap-
ping red and green (i.e., yellow) fluorescence signals. Scale bar: A, 100μm; B and C, 200μm.
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The DMH integrates circadian and feeding-related information
The present study shows that food availability after fasting resulted in a marked in-
crease in the number of NPFF neurons in the DMH that express Fos. It is remarkable 
that an identical situation, i.e. fasting for 48 hours and fed at night (at the normal time 
of activity) does not result in Fos in NPFF neurons. The explanation for this discrep-
ancy should be sought for in the massive input of SCN fibers to the DMH. In order to 
analyze this situation we need to consider what information is essential for the DMH 
and where this information is coming from. First, fasting associated with FAA has 
been shown to result in lower blood glucose and in the resetting of liver metabolism 
associated with food presentation 466. In addition, FAA entrains a glucocorticoid peak 
just prior to food presentation 439. This information will reach the DMH via those areas 
that are implicated in the integration of circulating and visceral information such as 
the NTS, parabrachial nucleus and ARC 243, 370. This is emphasized by the observation 
of FAA Fos activity in the NTS 467.
 Thus, the present results show that day-time activation of circuits that relay non-
photic information to the SCN coincides with changes in locomotor activity and with a 
decrease of Fos activation in the ventral SCN. This observation suggests that neuronal 
circuits originating in the DMH and projecting to the SCN have the capacity to change 
SCN activity, and thus its output, in order to allow changes in SCN-dictated activity 
patterns, such that the behavior of the animal can be adapted to meet the (metabolic) 
demands of the organism. 

The location of the food-entrained oscillator(s)
The recent investigations on the role of the DMH in food-entrainable circadian 
rhythms 441, 468-470 and the fact that the SCN is not essential for FAA 471, warrant a care-
ful interpretation of the results of the present study. The Fos expression in the DMH 
441, 469 suggests that activity of DMH neurons is important for a correct display of this 
FAA. Since many studies have demonstrated that the SCN is not essential for FAA, the 
question is: what is the role of the DMH? The answer to this problem is that in intact 
animals the normal function of the SCN is to organize the daily activity/inactivity cy-
cle. Therefore its outputs, also to the DMH, will inhibit or activate the structures in the 
hypothalamus that are responsible for the execution of these functions. Consequently, 
in our view an absence of SCN activity will in fact facilitate the expression of FAA dur-
ing the day, since the active SCN is no longer present to inhibit activity. This is clearly 
illustrated in experiments with SCN-lesioned animals that are active at all moments 
of the light-dark cycle and with SCN-lesioned animals that are perfectly entrained for 
FAA 471. We propose that in circumstances in which the SCN is lesioned, metabolic 
signals (such as the food entrained liver metabolism and the decreasing glucose lev-
els) are sufficient to activate the DMH and initiate FAA via the efferent projections of 
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the DMH. It is clear that the DMH is essential for the expression of wakefulness and 
many activity related behaviors 472, but the many lesion studies performed since the 
first seminal studies of Stephan et al. 473, 474 clearly show that the occurrence of FAA is 
not the sole responsibility of one brain area. Although recently the study of 468 seemed 
to make a strong case for a unique and essential role of the DMH in the organization 
of FAA, follow-up studies have clearly proved otherwise 470, 475, 476.
 The present results indicate that an important function of the DMH in order to al-
low FAA to occur is the removal of the inhibitory influence of the SCN (on locomotor 
activity) at that time of the day. Of all brain structures involved in FAA, the DMH 
might be the most efficient one to shut down the activity of the SCN. This essential 
interaction with the SCN might be an example of how a number of brain structures 
interact to organize FAA.

A B

C D

IIIIII

III III

DMH

VMH

DM

V

Figure 4 Food anticipation correlates with Fos reactivity in DMH and SCN. Animals were 
sacrificed at ZT5, which reveals the induction of Fos to take place at the beginning of the 
anticipatory phase, or at ZT6, which reveals the induction of Fos taking place during the peak 
of anticipation. Fos is strongly expressed in the DMH (ZT6, B) as compared with ad libitum 
fed control animals (ZT6, A), while in the ventral SCN Fos expression decreases significantly 
in feeding-restricted animals (ZT6, D) as compared with ad libitum fed control animals (ZT6, 
C). DM: dorsomedial SCN; V: ventral SCN. Scale bar: A and B, 200μm, C and D, 100μm.
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methods
All experiments were executed with Wistar rats weighing 250-350 g. Animals were 
kept in a humidity and temperature-controlled environment with free access to water 
and food, with lights on from 07:00-19:00. All experiments were conducted with the 
approval of the animal experimental committee of the Royal Netherlands Academy 
of Arts and Sciences.

Experimental design
1. SCN tracing: Investigating DMH projections to the SCN and their co-
localization with NPFF
For anesthesia a mixture of 0.8 ml/kg Hypnorm (Janssen, High Wycombe, Bucking-
hamshire, UK), im, and 0.4 ml/kg Dormicum (Roche, Almere, The Netherlands), sc. 
was used. Thirty-three animals were mounted in a David Kopf stereotact and received 
a 50nl 0.25% fluorophore conjugated cholera toxin B (CTB-AF555, Molecular Probes, 
Eugene, OR). CTB-AF555 was taken up in the glass capillary (80μm diameter) by 
capillary force (max. 50nl), and pressure injected (10 mbar, 5 seconds) into the ventral 
part of the SCN using the following coordinates: toothbar +5; 1.4 rostral from bregma; 
0.05 lateral and 0.86 ventral from dura under an angle of 2o. Animals were allowed to 
survive for at least one week, after which they were sacrificed by perfusion fixation to 
validate tracing and consequently NPFF co-staining.
2. SCN tracing in combination with a fasting-refeeding protocol: ex-
amining whether the SCN-projecting NPFF neurons in the DMH have a 
relationship with feeding
In this study, SCN tracing was carried out in animals that were voluntarily active in 
the daytime. After a minimum period of 10 days after ventral SCN tracer injection, 16 
rats were deprived of food for 48h starting at ZT1 (ZT0 = onset of light period). Two 
hours after food had become available again, the rats were perfused (i.e., at ZT3). Three 
intact rats without tract tracing underwent the same fasting and refeeding protocol and 
were sacrificed to check whether tract tracing into the SCN influenced Fos expression 
in the brain. In order to examine whether refeeding also induced Fos expression in the 
DMH during the dark period, another group of three rats underwent the same 48h 
fasting process from ZT12 onwards. These were refed 48h later, starting at the onset 
of the dark period (i.e., ZT12) and perfused at ZT14.
3. Food anticipation: to study the neurochemical character of antic-
ipation-activated neurons in the DMH as well as Fos-immunoreactive 
patterns in the SCN
Eight rats were entrained to a restricted feeding schedule (RFS), with food available 
for only 2h each day, from ZT5-ZT7. After three weeks of food restriction, four RFS 
rats were perfused at ZT5 and four at ZT6 without food becoming available (see also 
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Angeles-Castellanos et al. 452 for the detailed experimental protocol). Four normal ad 
libitum rats were perfused at ZT6 as controls. Considering the time needed for Fos 
protein expression (for a minimum of 60-90 minutes), the Fos immunoreactivity at 
ZT 5 represents activity in the neurons no later than ZT4 and the animals perfused 
at ZT6 show Fos of neurons that became active no later than ZT5. Fos and NPFF co-
localization were carried out in DMH and NTS with all animals. Fos immunoreactive 
nuclei in the SCN were quantified by an automated cell counting program.
4. Retinal tracing and analysis of NPFF innervation in the SCN: to explore 
the possible functionality of NPFF in the SCN
In order to investigate the relationship between NPFF and retinal innervation in the 
SCN, CTB-AF488 (Molecular Probes, Eugene, OR) 0.2% 0.1μl was injected into the 
vitreous of the left eye, under brief isofluorane gas anesthesia, to label the retinal 
terminals in combination with NPFF staining in the SCN. Animals were allowed to 
survive for at least one week, after which they were sacrificed by perfusion fixation.
 To analyze NPFF target neurons in the SCN, NPFF staining was combined with 
staining for GRP, VIP or AVP, by immunocytochemistry and confocal laser scanning 
microscopy (CLSM) in the ventral part of the SCN.

Immunocytochemical staining
All animals were perfused under a lethal sodium pentobarbital anesthesia, first with 
100ml saline, followed by 4% freshly prepared paraformaldehyde in 0.1 M phosphate 
buffered saline (PBS, pH 7.2). Post-fixation took place in the same buffer for 24h, after 
which the brains were immersed for at least 24h in 30% sucrose in 0.1 M PBS (pH 7.2). 
Sections of 30um were made on a cryostat, collected and stained for tracer or other 
markers that were detected by means of immunocytochemistry.
 Free-floating sections from rats after SCN tracing were rinsed in 0.1M Tris buffered 
saline (TBS, pH7.2) and then incubated overnight at 4°C with primary rabbit anti-CTB 
antibody (1:100,000, Sigma-Aldrich Corp., St. Louis, MO); following incubation in the 
primary antibody, sections were incubated with biotinylated anti-rabbit IgG made in 
goat for 1h and avidin–biotin–peroxidase complex (ABC Vecta Stain Kit, Vector Labo-
ratories, Burlingame, CA) 1h; following incubation with the ABC reagents, sections 
were visualized with 0.025% 3,3’-diaminobenzidine (DAB)/Tris–HCl together with 
0.01% H2O2 and 8% NiCl2. Sections were rinsed, mounted, dehydrated and covered 
for light microscopic observation. 
 For RFS rats, goat anti-Fos (1:1500, Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA) antibody was used to examine neuronal activation in the DMH, NTS and SCN 
with the DAB/NiCl2 staining protocol as described above. 
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Analysis of Fos immunoreactivity
For identification and display of Fos immunoreactivity in the SCN, tiled images were 
captured by a computerized image analysis system consisting of a Zeiss Axioskop and 
a 9811-Sony XC77 black and white video camera (Sony Corp., Tokyo, Japan). In the 
images, both sides of the middle portion of the SCN were manually outlined. The Fos-
positive nuclear profiles were automatically segmented by a dedicated macro written 
within the ImagePro programming environment. For each rat, three sections were 
measured every 90 μm (from bregma -1.20 to -1.40 mm); the automatic segmenta-
tion (see Fig. 4) were divided into ventral SCN (v) and dorsomedial (dm) SCN and 
the mean number of Fos-positive cells per section of these two separated regions was 
calculated. All values are expressed as the means ± SEM. Data were analyzed using 
one-way ANOVA. Statistical significance was set at P < 0.01.

Confocal laser scanning microscopy
All multi-labeled fluorophores conjugated with second antibodies and streptoavidin 
conjugated with Cy2, Cy3 or Cy5 were obtained from Jackson Immuno Research 
Laboratories (Westgrove, PA). Sections from the rats with a successful injection of 
CTB-AF555 into the ventral SCN were incubated overnight at 4°C in a polyclonal 
antiserum against the neuropeptides NPFF (1:1500, kindly provided by Dr Yang H-YT, 
NIMH, Washington, DC) 435, 477-480. Afterwards donkey anti-rabbit-Cy2 was applied 
to examine the co-localization of CTB-AF555 and NPFF neurons in DMH. Sections 
from RFS and SCN tracing-refeeding rats were incubated overnight at 4°C in rabbit 
anti-NPFF and goat anti-Fos, and sections were further incubated with second horse 
anti-goat IgG for 1h. For RFS sections, donkey anti-rabbit-Cy2 and streptoavidin-Cy3 
were co-incubated for 1h to check colocalization of NPFF in DMH or NTS with Fos. 
For SCN tracing-fasting-refeeding sections, donkey anti-rabbit-Cy2 and streptoavi-
din-Cy5 were used to check colocalization of NPFF and Fos in neurons in the DMH 
projecting to the SCN (containing CTB-AF555).
 By combining NPFF anti-rabbit antibody either with a monoclonal mouse anti-
AVP (1:2000, NP-AVP, PS41, a generous gift from Drs Gainer H and Key SH, NIH, 
Bethesda, MD) 480, a sheep anti-VIP or a goat anti-GRP (Charles River Laboratories, 
Southbridge, MA), then using a goat anti-rabbit-Cy3 (for NPFF) in combination with 
respectively goat anti-mouse-FITC (for AVP), goat anti-sheep-FITC (for VIP), or 
sheep anti-goat-Cy5 (for GRP), enabled us to examine the NPFF staining in combina-
tion with AVP/GRP or VIP/GRP peptides of the SCN from intact rats.
The relation of NPFF with retinal terminals in the SCN was investigated in sections 
with CTB-AF488 injection in the retina. After overnight incubation with primary 
rabbit anti-NPFF antibody, the combination of NPFF with CTB-AF488 in retinal 
terminals in SCN was detected by goat anti-rabbit-Cy3 incubation.




