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Abstract
A remarkable feature of the seasonal adaptation displayed by the Siberian hamster (Phodopus sungorus) is
the ability to decrease food intake and body weight (by up to 40%) in response to shortening photoperiod.
The regulating neuroendocrine systems involved in this adaptation and their neuroanatomical and
molecular bases are poorly understood. We investigated the effect of photoperiod on the expression of
prohormone convertases 1 (PC1/3) and 2 (PC2) and the endoproteolytic processing of the neuropeptide
precursor pro-opiomelanocortin (POMC) within key energy balance regulating centres of the hypothalamus.
We compared mRNA levels and protein distribution of PC1/3, PC2, POMC, adrenocorticotrophic hormone
(ACTH), a-melanocyte-stimulating hormone (MSH), b-endorphin and orexin-A in selected hypothalamic
areas of long day (LD, 16 : 8 h light : dark), short day (SD, 8 : 16 h light : dark) and natural-day (ND,
photoperiod depending on time of the year) acclimated Siberian hamsters. The gene expression of PC2 was
significantly higher within the arcuate nucleus (ARC, P < 0.01) in SD and in ND (versus LD), and is reflected
in the day length profile between October and April in the latter. PC1/3 gene expression in the ARC and
lateral hypothalamus was higher in ND but not in SD compared to the respective LD controls. The
immunoreactivity of PC1/3 cleaved neuropeptide ACTH in the ARC and PC1/3-colocalised orexin-A in the
latyeral hypothalamus were not affected by photoperiod changes. However, increased levels of PC2 mRNA
and protein were associated with higher abundance of the mature neuropeptides a-MSH and b-endorphin
(P < 0.01) in SD. This study provides a possible explanation for previous paradoxical findings showing lower
food intake in SD associated with decreased POMC mRNA levels. Our results suggest that a major part of
neuroendocrine body weight control in seasonal adaptation may be effected by post-translational processing mediated by the prohormone convertases PC1/3 and PC2, in addition to regulation of gene
expression of neuropeptide precursors.

Seasonal animals such as the Siberian hamster (Phodopus
sungorus) exhibit remarkable physiological and metabolic
adaptations in response to the seasonally changing environment. These adaptations include changes in coat insulation
and colour, reproductive activity, food intake and body
weight (1). The drive to reduce food intake in shortening
winter photoperiod persists even if food is provided ad lib
demonstrating the importance of this regulatory energy

balance mechanism. A key neuronal centre that regulates
these physiological responses is the hypothalamus, an area of
the central nervous system (CNS) that integrates photoperiodic and peripheral inputs in a complex network of interacting orexigenic and anorexigenic neuropeptides (2, 3). The
Siberian hamster processes information on changing photoperiod through the pineal hormone, melatonin, and about
internal energy stores via peripherally released hormones such

Correspondence to: Michael Helwig, Animal Physiology, Department of Biology, Philipps-University, Karl-von-Frisch-Str. 8, 35032 Marburg, Germany
(e-mail: helwigmi@staﬀ.uni-marburg.de).
 2006 The Authors. Journal compilation  2006 Blackwell Publishing Ltd

414 Photoperiod regulates POMC processing in the Siberian hamster
KK

KR

KK

KR

KK
RR

KR

RR

POMC Precursor/pro-opiomelanocortin

Rk

as leptin and ghrelin, to generate appropriate responses in
terms of energy balance regulation (4–6). The voluntary
decrease in food intake and body weight in short day (SD)
presumably reﬂects the increased activity of anorexigenic
components of this neuroendocrine system. One of the
neuropeptides that would meet this criterion is alphamelanocyte-stimulating hormone (a-MSH) (7, 8), a product
of the 30–32 kDa molecule pro-opiomelanocortin (POMC),
which exerts an inhibitory control on food intake and energy
storage through its action in the CNS at the melanocortin 3
and 4 receptors (9). Unexpectedly, previous studies demonstrated decreased gene expression of the precursor POMC in
SD which could in principal result in lower concentrations of
a-MSH during winter (10–12). However, most neuropeptide
precursors such as POMC have to undergo post-translational
processing by proteolytic cleavage before their products
acquire biological activity. The post-translational process is
accomplished by highly speciﬁc cleavage enzymes (prohormone convertases) and is therefore an essential step not only
as a part of the protein biosynthetic process, but also as a
regulatory step in neuropeptide synthesis. In mammals,
prohormone convertases 1/3 (PC1/3) and 2 (PC2), which
are members of the subtilisin-like proprotein convertases,
have been identiﬁed to be responsible for the proteolytic
processing of neuropeptides and peptide hormones in neuronal endocrine tissue (13).
Both PC1/3 and PC2 are expressed in neuroendocrine
tissues such as hypothalamic neurones and cleave prohormones at paired basic residues. The biosynthesis of several
major orexigenic and anorexigenic peptides derived from
precursors within this neuroendocrine network is reliant on
the post-translational activity of these enzymes. Neuropeptides such as neuropeptide-Y (NPY) (14), and cocaine- and
amphetamine-regulated transcript (CART) (15), which are
involved in the regulation of energy homeostasis and feeding,
are subject to enzymatic processing by PC1/3 and PC2.
Consequently, this system must be considered an extensive
control mechanism in neuropeptide maturation. Interestingly,
PC2 has been shown to be mainly involved in the production
of the anorexigenic peptides, a-MSH and CART, whereas
PC1/3 is responsible for the generation of potent orexigenic
NPY in the hypothalamus (16–18).
The cleavage-speciﬁcity of PC1/3 and PC2 in POMC
processing was reported by cell transfection experiments. It
has been demonstrated that PC1/3 cleaves POMC into large
intermediate molecules, such as adrenocorticotrophic hormone (ACTH) and b-lipotrophin, whereas PC2 subsequently
cleaves ACTH and b-lipotrophin into a-MSH and b-endorphin, respectively (Fig. 1) (19, 20). Thus, coordinated cleavage activity of both prohormone convertases is necessary to
process neuropeptide precursors such as POMC into speciﬁc
neuropeptides. Because PC1/3 and PC2 are essential for the
post-translational processing of various neuropeptide precursors, it is likely that changes in gene expression and
biosynthesis have fundamental eﬀects on the maturation of
neuropeptides and hence energy homeostasis.
We hypothesised that POMC processing is photoperiodically regulated by differential expression of PC1/3 and PC2. It
is likely that decreasing body weight in SD acclimated hamsters
is associated with higher levels of anorexigenic neuropeptides
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Fig. 1. Diagrammatic representation of post-translational endoproteolytic
pro-opiomelanocortin (POMC) processing by prohormone convertases 1/3
(PC1/3) and 2 (PC2) and carboxypeptidase E (CPE). Cleavage sites are
marked by paired basic amino acids R (Lysine) and K (Arginine). Sites
believed but not conﬁrmed as being processed by PC2 are indicated by
hatched triangles. ACTH, Adrenocorticotrophic hormone; CLIP, corticotrophin-like intermediate peptide.

such as a-MSH despite down-regulated gene expression of
POMC. We suggest that differential endoproteolytic activity of
prohormone convertases in SD and long day (LD) is responsible for photoperiod-regulated biosynthesis of smaller
POMC-derived neuropeptides. To test this, gene expression
of PC1/3 and PC2 was investigated in hamsters exposed to
ambient photoperiod in winter (October to April) to proﬁle
long-term effects. In addition, we measured mRNA expression
levels of PC1/3 and PC2 following transfer of Siberian hamsters
back into LD, after 14 weeks in artiﬁcial SD photoperiod. This
experimental setup provided a better assessment of the
temporal responsiveness of photoperiod-induced regulation
of gene expression. Neuroanatomical protein distribution and
differential expression of PC1/3, PC2, POMC, ACTH, a-MSH,
and b-endorphin in SD and LD acclimated hamsters were
investigated by immunohistochemistry. In a second approach,
we used dual-ﬂuorescence immunohistochemistry to colocalise
the prohormone convertases with POMC and the derived
neuropeptides to evaluate the ratio of proteolytic activity of
PC1/3 and PC2 in SD and LD, respectively.
Previous reports have indicated neuroanatomical localisation of PC1/3 mRNA in the lateral hypothalamus (LH) (21),
an important region of energy balance regulation (22)
containing various potential targets for PC1/3 cleavage. As
a consequence, we also focused on a neuropeptide precursor
candidate for post-translational modiﬁcation within this
region. Although POMC is not expressed in this region,
several pro-forms of diﬀerent neuropeptides have been
localised in the LH including pro-dynorphin (23), promelanin-concentrating hormone (24) and pro-orexin (25).
All of these molecules are precursors of anabolic neuropeptides that exert opposing eﬀects to those derived from POMC
in the arcuate nucleus (ARC) (26). Pro-orexin was selected for
investigation because we previously observed PC1/3 mRNA
localised in prepro-orexin mRNA expressing neurones in the
LH, which suggested a functional relationship of these
neuroendocrine components. These recent observations at
the mRNA level were extended to the protein level using
immunohistochemical methods.
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All described procedures were performed in accordance with German animal
welfare regulation, or were licensed under the UK Home Ofﬁce Animals
(Scientiﬁc Procedures) Act, 1986, and had local ethical approval.
Siberian hamsters (P. sungorus) were drawn from breeding colonies
established in the Biology Faculty in Marburg (Germany) and at the Rowett
Research Institute in Aberdeen (Scotland). All animals were housed
individually and had ad lib access to food (Marburg: Standard breeding
chow diet, 7014, Altromin, Lage, Germany; Aberdeen: Labsure pelleted diet,
Special Diet Services, Witham, UK) and water. Body weights were assessed
weekly. Photoperiods referred to in this article are deﬁned as LD (long day,
16 : 8 h light : dark), SD (short day, 8 : 16 h light : dark) and ND (natural
day, with day length depending on time of the year).

with a ﬁnal high stringency wash in 0.1 · saline-sodium citrate (SSC) at 60 C
for 30 min. Hybridised slides were apposed with Kodak BioMax MR ﬁlm
(Kodak, Rochester, NY, USA) and, where appropriate, were coated with
LM-1 ﬁlm emulsion (Amersham, Bucks, UK). The levels of hypothalamic
mRNAs were analysed and quantiﬁed by computerised densitometry (Image
Pro-Plus software, Version 5.5.1; Media Cybernetics, Wokingham, Berkshire,
UK) of in situ hybridisation autoradiograms. This determined the intensity
and area of the hybridisation signal on the basis of set parameters; the
integrated intensity was then computed using standard curves generated from
14
C autoradiographic microscales (Amersham). Image analysis was performed
on representative sections, by an observer blind to the respective treatment
groups, on four or ﬁve comparable sections spanning the ARC and three
sections spanning the lateral hypothalamus. Micropictures of emulsion
autoradiography sections were taken by bright ﬁeld microscopy using an
Olympus BX-50 microscope (Olympus Microscopes Ltd, Middlesex, UK)
with attached digital camera system (Hitachi HV-C20, Hitachi Europe Ltd,
Maidenhead, UK).

Experiment 1

Dual immunostaining

Materials and methods
Animals and experimental procedures

Siberian hamsters (n ¼ 72, Marburg colony) were born and reared in ND at
23 C. At the age of 4–6 months, they were divided into two groups. One
group (n ¼ 36, matched for sexes) was transferred to LD whereas the other
(n ¼ 36, matched for sexes) was maintained in ND and exposed to the
progressive change in natural day length from October until April. At
intervals of 40 days (October, November, January, February, March, April),
hamsters from the LD and ND group (three males, three females per group)
were killed with CO2 and decapitated. Brains were immediately dissected,
frozen on dry ice and stored at ) 80 C until required. The day length in ND
photoperiod was calculated using the Sunrise/Sunset Calculator software
(National Oceanic and Atmospheric Administration, Washington, DC, USA)
based on the geographical location of the breeding facility in Marburg
(846¢17, 7¢/5048¢17, 5¢).
Experiment 2
Male Siberian hamsters (n ¼ 32, Aberdeen colony) were housed individually
at 22 C. Hamsters used in this experiment were born and reared in LD. When
they were 4–6 months old, half the animals (n ¼ 16) were transferred to SD.
After 14 weeks (week 0), a group of LD and SD hamsters (n ¼ 4/group) were
killed by cervical dislocation. All the remaining SD hamsters were transferred
back to LD photoperiod. LD controls and hamsters transferred back from SD
to LD (n ¼ 4 per group) were then killed at intervals of 2 weeks (week 2, 4
and 6; 27). Brains were immediately dissected, frozen on dry ice and stored at
)80 C until required.
In situ hybridisation
Messenger RNA levels for PC1/3 and PC2 were quantiﬁed by in situ
hybridisation in 15-lm coronal sections. Sections were collected throughout
the extent of the hypothalamus onto two sets of 12 slides with six or seven
sections mounted on each slide. Accordingly, slides spanned the lateral
hypothalamic region approximating from )1.5 mm to )3.2 mm and the
arcuate nucleus from )1.8 mm to )3.7 mm relative to Bregma, according to
the atlas of the golden hamster brain (27). Two slides (one per set) from each
animal were hybridised with a Siberian hamster speciﬁc PC1/3 or PC2
riboprobe cloned from cDNA, using techniques described in detail elsewhere
(28). A control was performed by hybridising sections with equal length sense
riboprobes of PC1/3 and PC2 resulting in no signal. Riboprobes complementary to partial fragments of PC1/3 and PC2 gene were generated from
cloned Siberian hamster brain cDNA. The ampliﬁcation of the PC1/3 (248 bp,
GenBank AY625692) and PC2 (232 bp GenBank AY625693) fragments was
performed by PCR using the primers: 5¢-ATGGGGGTCGTCAAGGAGATAACT-3¢ and 5¢-GATGCCAGCAGCAGCCAGAGGTG-3¢ (rat PC1/3,
GenBank M76705) and 5¢-GCGGCCGGGCTTCTCTTCT-3¢ and 5¢-GCTGCCGCTTGTGATGTAGG-3¢ (rat PC2, GenBank M76706), respectively.
Both DNA fragments were ligated into pGEM-T-easy (Promega, Madison,
WI, USA), transformed into Escherichia coli DH5a and sequenced. Sequence
alignment of the species-speciﬁc fragments cloned from P. sungorus revealed a
96.4% (PC1/3) and 97% (PC2) identity to rat prohormone convertases at the
nucleotide level. Sections were ﬁxed, acetylated, and hybridised overnight at
58 C using 35S-labelled antisense riboprobes (1–1.5 · 107 d.p.m./ml). Slides
were treated with RNase A to remove unhybridised probe and then desalted

Male Siberian Hamsters (n ¼ 24, Aberdeen colony) were kept under
conditions described above (Experiment 2). Half of them (n ¼ 12) were
transferred to SD. After 14 weeks in LD or SD, hamsters were anaesthetised
with sodium pentobarbital and perfused with 4% paraformaldehyde (PFA)
in 0.1 M phosphate-buffered saline (PBS, pH 7.4). Brains were dissected and
transferred into a 4% PFA-PBS solution (8 h, 4 C), followed by cryoprotection in 30% sucrose)0.1 M PBS (48 h, 4 C), and were deep frozen in
isopentane over dry ice (1 min). Coronal sections (35 lm) of the brain,
corresponding to )1.5 to )3.7 mm relative to Bregma (27), were processed
on a cryostat. Free-ﬂoating sections were treated with blocking solution (BS)
containing 3% bovine serum albumin (BSA) in 0.5% Triton X-100–0.1 M
PBS (0.5% PBS-T) for 1 h to block nonspeciﬁc reactions. Then, sections of
LD (n ¼ 3) and SD (n ¼ 3) hamster brains were incubated with polyclonal
rabbit anti-orexin-A (dilution 1 : 200, H-003–30, Phoenix Pharmaceuticals
Inc., Belmont, CA, USA), anti-POMC (dilution 1 : 100, H-029–30, Phoenix),
or anti-b-endorphin (dilution 1 : 100, H-022–33, Phoenix) in BS overnight
(4 C). Following washes in 0.25% PBS-T, sections were incubated for 2 h
with unconjugated goat anti-rabbit Fab-fragment antibody (111-007-003,
Jackson ImmunoResearch, West Grove, PA, USA) diluted 1 : 60 in BS at
room temperature (RT). Sections were rinsed brieﬂy in 0.25% PBS-T and
incubated with Cy3 (Exmax 554 nm, Emmax 566 nm) conjugated donkey antigoat secondary antibody in BS (dilution 1 : 250, 705-165-147, Jackson) for
2 h at RT, rinsed again in 0.25% PBS-T and incubated with the second
polyclonal rabbit anti-PC1/3 primary antibody (dilution 1 : 400, AB1260,
Chemicon Inc., Temecula, CA, USA) or anti-PC2 (dilution 1 : 400, AB1262,
Chemicon), in BS overnight at 4 C. Sections were incubated with Alexa 488
dye (Exmax 492 nm, Emmax 520 nm) conjugated goat anti-rabbit secondary
antibody (dilution 1 : 250, Molecular Probes, Eugene, OR, USA) in BS for
2 h at RT. Colocalisation for a-MSH was performed with polyclonal sheep
anti-a-MSH antibody (dilution 1 : 15.000, Chemicon) in BS overnight at
4 C. In this case, different host species in which the applied primary
antibodies were raised made an intermediate step of Fab-fragment incubation obsolete. a-MSH was visualised by incubation with Fluorescein (Exmax
494 nm, Emmax 520 nm) conjugated donkey anti-sheep secondary antibody
(dilution 1 : 100, AP184F, Chemicon) in BS for 2 h at RT. Incubation with
the second primary antibodies and secondary antibody matched the steps
described above. Sections were then rinsed in PBS, mounted on gelatincoated slides, air-dried, dehydrated in graded alcohol, cleared in xylene and
coverslipped with Enthelan (Merck Biosciences, Darmstadt, Germany).
Sections were examined under a conventional Leica DMR epiﬂuorescent
microscope (Leica Microsystems, Wetzlar, Germany). Cell bodies were
counted in two distinct hypothalamic regions, the lateral hypothalamus and
the arcuate nucleus approximating from )1.5 mm to )3.2 mm (LH) and
)1.8 mm to )3.7 mm (ARC) relative to Bregma, according to the atlas of the
golden hamster brain (27). Immunoreactive (ir) cells in three (ARC) or four
1 (LH) comparable sections of each individual animal were counted without
knowledge of the experimental treatment. Total ir-cell number for each
individual animal from the respective regions was calculated followed by the
assessment of mean values for each experimental group. Images were taken
by a digital camera system mounted on the microscope. Merging of images
was performed by colour channel overlay using image processing software
(Adobe Photoshop version 7.0; Adobe Systems Inc., San Jose, CA, USA).
The anatomical localisation of neuropeptides within the brain of Siberian

 2006 The Authors. Journal compilation  2006 Blackwell Publishing Ltd, Journal of Neuroendocrinology, 18, 413–425

416 Photoperiod regulates POMC processing in the Siberian hamster
hamsters was annotated according to the atlas of the golden hamster brain
(27).
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Female Siberian hamsters (n ¼ 20, Marburg colony) at 7 months of age were
divided into two groups of 10. One group was kept in LD, whereas the other
was transferred to SD. After 14 weeks, hamsters were killed in a CO2
atmosphere and decapitated. Brains were excised, ﬁxed in 4% PFA (48 h,
4 C), and cryoprotected in 20% sucrose in 0.1 M PBS for 24 h at 4 C. Brains
were deep frozen in isopentane over dry ice (1 min) and stored in )80 C until
required. Coronal sections were cut on a cryostat at 30 lm. Endogenous
peroxidase activity was inhibited in sections using 80% PBS, 10% methanol
and 10% H2O2 for 15 min at RT. Free-ﬂoating sections were rinsed in PBS
and 0.5% PBS-T. Following preincubation in a blocking solution containing
0.5% PBS-T and 3% BSA, sections were incubated with primary polyclonal
rabbit anti-ACTH (Phoenix; H-001-21) antibody diluted 1 : 350 in BS
overnight at 4 C. Following washing in 0.5% PBS-T, sections were then
incubated with peroxidase-conjugated goat anti-rabbit antibody (Jackson
Immunoresearch, 111-035-144) diluted 1 : 500 in BS for 1 h at RT. Using
Vector SG substrate kit for peroxidase (SK-4700, Vector Laboratories,
Burlingame, CA, USA), the colour reaction resulted in dark-grey/blue
immunostaining. Sections were then rinsed in PBS, mounted on gelatincoated slides, air-dried, dehydrated in graded alcohol, cleared in xylene and
coverslipped with Enthelan (Merck). Immunoreactive cell bodies were counted
as for the dual-immunostaining protocol, using a Zeiss Axioskop (Carl Zeiss,
Jena, Germany) microscope (objective, · 20). Images were taken by a mounted
digital camera. Quantiﬁcation and illustration of PC1/3, PC2, POMC,
a-MSH, b-endorphin and orexin-A immunohistochemistry was performed
on sections obtained from the dual-staining experiment described above.
Micrographs showing the neuroanatomical distribution were colour inverted
to greyscale mode using image editing software for enhanced visibility.
Controls
The speciﬁcity of primary antibody was tested by adding an excess of ACTH(Phoenix; 001-21) peptide to the primary antibody for 3 h at RT before
application to sections, or by omission of the primary antibody. Brain sections
incubated either with preadsorbed primary antiserum or in the absence of
primary antibodies did not exhibit any ACTH-ir (data not shown).
Statistical analysis
Data were analysed by two-way analysis of variance (ANOVA) followed by the
Student–Newman–Keuls multiple comparison test, where appropriate (for in
situ experiments), and one-way ANOVA (for immunohistochemistry data) using
a statistical software package (SigmaStat, Jandel Corp, Richmond, VA,
USA). Data from in situ hybridisation experiments are presented as
means ± SEM; Data for immunohistochemistry experiments are presented
as percentage values of LD control ± SEM. P < 0.05 was considered
statistically signiﬁcant.

Results

Effect of seasonal changing photoperiod on body weight
The body weight trajectory of ND animals was inversely
related to the seasonal change in ambient photoperiod
(Fig. 2). Beginning with an average body weight of
32.3 ± 3.4 g in October, ND body weight decreased by
17.3% to a minimum of 26.7 ± 2.1 g in January, followed by
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For controls, each of the primary antibodies was preincubated with its
complementary peptide (a-MSH, 043-01, Phoenix; b-endorphin, 022-33,
Phoenix; orexin-A, 003-30, Phoenix; POMC, 029-30, Phoenix; PC 1/3,
AB5011, Abcam; PC2, AB5012, Abcam), prior to application. Incubation
with preadsorbed primary antibodies resulted in no staining. Additional
negative controls were performed by incubation of sections lacking primary
antisera. Labelling of the primary antibodies by incubation with interchanged
secondary antibodies showed an identical staining pattern.

4

APR

Time (month)
Fig. 2. Body weight of Siberian hamsters kept in constant long day (LD)
(16 : 8 h light : dark; dashed line) or dynamic natural-day (ND) photoperiod (day length depending on ambient light during winter; dotted line) over
6 months from October until April (means ± SEM, n ¼ 6 per time point).
Photoperiod ranged from a minimum of 8.07 h light in January to a
maximum of 14.19 h light in April. **P < 0.01; *P < 0.05, ND versus LD.

a weight gain of 53.9% to a body weight of 41.1 ± 3.9 g in
April Control group animals kept in constant LD photoperiod (16 : 8 h light : dark) maintained an average body
weight of 38.3 ± 3.6 g throughout the 6 months of the
experiment. As a result, mean body weights of ND and LD
animals diﬀered by 12 g in January (P < 0.01), and were also
signiﬁcantly different in November (P < 0.05).
Effect of natural photoperiod on gene expression of PC1/3
and PC2
PC1/3 and PC2 mRNA were detected in various areas of
the hamster hypothalamus with region-speciﬁc intensity
differences (Fig. 3). Gene expression of both PC1/3 and
PC2 was observed in ARC, paraventricular nucleus (PVN)
and ventromedial nucleus (VMH), although gene expression
in the PVN and VMH was close to the limit of detection
and consequently was not quantiﬁed. In addition, PC1/3
mRNA was observed in the LH. Autoradiographs of PC1/3
and PC2 in the ARC revealed similar expression patterns
to previously observed POMC mRNA distribution in this
area (10). In addition, high concentrations of PC2 mRNA
were observed in a small group of neurones within the
dorsal medial posterior part of the arcuate nucleus (dmpARC).
Gene expression of PC1/3 within the ARC (Fig. 4A) and
LH (Fig. 4B) revealed a signiﬁcant overall eﬀect of photoperiod (P < 0.05 for both regions) with higher levels of mRNA
in ND (versus LD controls). However, PC1/3 mRNA levels in
the ARC and LH were not correlated with the proﬁle of
changing photoperiod in ND; there were no effects of time
(month) and no time · photoperiod interaction. In the LH
(Fig. 4B), the apparent reﬂection of ND photoperiod in trends
to increased levels of PC1/3 mRNA from October until
January followed by a decline to February were not statistically signiﬁcant.
Gene expression of PC2 in the ARC (Fig. 4C) and the
dmpARC (Fig. 4D) also revealed strong eﬀects of photoperiod with higher levels of mRNA in ND (P < 0.001 for both
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Fig. 3. Representative dark-ﬁeld micrographs of autoradiographs showing
gene expression of prohormone convertases 1/3 (PC1/3) and 2 (PC2) in
quantiﬁed areas of the hypothalamus in long day (LD) and short day (SD)
animals. Scale bars ¼ 80 lm (A–B, E–H) and 100 lm (C–D).

regions). In addition, a seasonal pattern of PC2 gene
expression in the ARC (Fig. 4C, quantiﬁed area excluding
the dmpARC) was observed in ND hamsters (two-way ANOVA: P < 0.01 for effect of time; P < 0.05 for time ·
photoperiod interaction) with maximal mRNA levels
observed in January (multiple comparison: P < 0.05).
Although a similar temporal gene expression proﬁle was
apparent for gene expression of PC2 in the dmpARC (and for
PC1/3 in LH), this could not be consolidated statistically
(Fig. 4D).
Effect of transfer of hamsters from SD to LD on body weight
Body weights of the Siberian hamsters used in these experiments have been documented previously (29). Fourteen weeks
in SD resulted in a 27% reduction in body weight, compared
to LD controls. Transfer back to LD had little eﬀect on body
weight for the ﬁrst 2 weeks but, thereafter, body weight
increased signiﬁcantly (P < 0.001) and achieved a level
similar to that of LD controls by 6 weeks.
Effect of transfer of hamsters from SD to LD on gene
expression of PC1/3 and PC2
Gene expression of PC1/3 in the ARC and LH did not change
signiﬁcantly after 14 weeks in SD (Fig. 4E,F, week 0). PC1/3
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mRNA levels in the ARC and LH were unaﬀected by transfer
from SD back to LD photoperiod (week 2, week 4, week 6)
and were similar to those of LD controls. There were no
eﬀects of photoperiod or time, and no interaction. Neuroanatomical distribution patterns of PC1/3 mRNA analysed by
emulsion autoradiography in the ARC (Fig. 3A–B) and LH
(Fig. 3C–D) of SD and LD (week 0) also showed no apparent
diﬀerences.
Photoperiod had no overall effect on PC2 gene expression in
the ARC (Fig. 4G) or dmpARC (Fig. 4H) but PC2 gene
expression revealed a signiﬁcant eﬀect of time (P < 0.001 for
both regions), and a time · photoperiod interaction
(P < 0.001 for both regions). Signiﬁcantly higher levels of
PC2 mRNA were found in the ARC (P < 0.05) and
dmpARC (P < 0.05) of SD animals compared to LD controls
after 14 weeks in SD photoperiod (week 0). This observation
was corroborated by emulsion autoradiographs showing a
higher content of silver grains with PC2 probes within the
ARC (Fig. 3E–F) and dmpARC (Fig. 3G–H) of SD hamsters at
time point week 0. Following the transfer from SD back to LD
photoperiod, gene expression of PC2 in the ARC decreased to
a nadir at week 4. A signiﬁcant down regulation of gene
expression was observed after transfer from SD back to LD at
all three time points (week 2, week 4, week 6; P < 0.05, versus
week 0 SD, respectively). Between 4 and 6 weeks after transfer
back to LD, mRNA levels of PC2 increased signiﬁcantly
(P < 0.05). In the dmpARC, gene expression of PC2 was
decreased after 2 weeks and remained signiﬁcantly lower until
6 weeks (week 2, week 4, week 6; P < 0.05, versus week 0 SD,
respectively) after transfer back to LD.
Effect of photoperiod on protein expression of PC1/3, PC2,
POMC, ACTH, a-MSH, b-endorphin and orexin-A
Immunoreactive cells and ﬁbres for PC1/3, PC2, POMC,
ACTH, a-MSH, b-endorphin and orexin-A were observed in
different hypothalamic areas of the Siberian hamster brain.
Immunolocalised distribution patterns of PC1/3 and PC2
protein matched the mRNA pattern, except for a lack of PC2-ir
in the dmpARC. Unlike the strong signal detected for PC2
mRNA in this region, little immunoreactivity for its protein
could be observed (data not shown).
In the ARC, there was no effect of photoperiod on the
number of counted PC1/3-ir cells (Fig. 5A,B, a-b); hamsters
kept in LD had 167 ± 15 ir-cells and those in SD 153 ± 11
ir-cells within the investigated region of the ARC. However
immunohistochemical staining of PC2 in the ARC showed
125% more ir-cells in SD (88 ± 19 ir-cells), leading to a
signiﬁcant diﬀerence (P < 0.01) compared to those counted
in LD controls (39 ± 6 ir-cells) (Fig. 5A,B, c-d). POMC-ir in
LD (178 ± 22 ir-cells) and SD (156 ± 10 ir-cells) revealed
no signiﬁcant diﬀerence in ir-cell number (Fig. 5A,B, e-f).
ACTH-ir (LD, 105 ± 14; SD, 81 ± 9 ir-cells) as well as
a-MSH-ir (LD, 47 ± 11; SD, 54 ± 13 ir-cells) levels in the
ARC were also unaﬀected by photoperiod (Fig. 5A,B, g–h,k–l).
By contrast, the density of a-MSH-ir ﬁbres appeared greater
in SD, but was not quantiﬁable (Fig. 5A,B, k–l). The
neuroanatomical distribution pattern of b-endorphin-ir was
similar to that of a-MSH-ir, but was mainly concentrated in
cell bodies. Counting of b-endorphin-ir cells revealed 76%
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Fig. 4. Gene expression of prohormone convertases 1/3 (PC1/3) and 2 (PC2) in selected areas of the Siberian hamster hypothalamus. (A–D) Eﬀect of changing
photoperiod during winter on expression of PC1/3 (A, ARC; B, LH) and PC2 (C, ARC; D, dmpARC) genes. mRNA levels are expressed as mean percentages of
LD controls in October (± SEM, n ¼ 6 per time point). (E–H) PC1/3 (E, ARC; F, LH) and PC2 (G, ARC; H, dmpARC) gene expression after switch from SD
(week 0) back to LD (week 2, week 4, week 6) photoperiod. mRNA levels are expressed as mean percentages of LD controls at week 0 (± SEM, n ¼ 4 per
group). LD is indicated by dashed lines, whereas dotted curves mark ND (A–D) or SD (E–H). Signiﬁcances (P < 0.05) are marked by asterisks (*) for same time
points but diﬀerent photoperiods and crosses (+) for the same photoperiod (ND or SD, respectively) but at diﬀerent time points.
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Fig. 5. (A) Quantitative analysis of immunoreactive (-ir) cells in selected areas of the Siberian hamster hypothalamus. Data are number of ir-cells expressed as
percentage of long day (LD) controls (**P < 0.01, n ¼ 3 per group). (B) Representative photomicrographs showing neuroanatomical distribution of
immunoreactive cells in comparable hypothalamic areas of LD and short day (SD) animals. Colour inverted images of immunoﬂuorescence stained sections
(a–f, i–p) or peroxidase/substrate stained sections (g–h). 3V, Third ventricle; ARC, arcuate nucleus; LH, lateral hypothalamus. Scale bars ¼ 100 lm (a–l) and
180 lm (m–p).

(P < 0.01) more neurones in SD (74 ± 18 ir-cells) compared to LD (42 ± 9 ir-cells) (Fig. 5A,B, i–j). Quantiﬁcation
of PC1/3-ir (LD, 119 ± 16; SD, 104 ± 13 ir-cells) and

orexin-A-ir (LD, 105 ± 14; SD, 97 ± 11 ir-cells) within the
LH did not reveal diﬀerences between SD and LD controls
(Fig. 5A,B, m–p).
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Effect of photoperiod on colocalisation of PC1/3 and PC2 with
POMC, a-MSH, b-endorphin and orexin-A immunoreactivity
Dual ﬂuorescence immunohistochemistry in the ARC
showed no signiﬁcant differences between the proportion
of POMC-ir cells colocalised with PC1/3-ir cells in SD and
LD. In both LD (87.5 ± 21%) and SD (94.1 ± 14.7%),
nearly all POMC-ir cells were also PC1/3-ir positive
(Fig. 6A,F). By contrast, the overall level of PC2-ir colocalisation with POMC-ir was lower and revealed signiﬁcantly (P < 0.01) more POMC-ir cells which also
contained PC2-ir in SD (59.14 ± 12.9%) than in LD

(22.9 ± 8%) (Fig. 6B,F). Colocalisation of PC2-ir cells with
a-MSH and b-endorphin immunoreactivity (Fig. 6C,D)
revealed a nearly complete match of these POMC derived
neuropeptides and the cleavage mediating prohormone
convertase in SD and LD (Fig. 6F; a-MSH, LD,
89.1 ± 12.6%; SD, 93.2 ± 21.5%; b-endorphin, LD,
90.9 ± 13.5%; SD, 86.4 ± 16.3%). In the LH, there was
no eﬀect of photoperiod on the colocalisation of orexinA-ir and PC1/3-ir (Fig. 6E,F); the neuropeptide product of
prepro-orexin was localised with the majority of PC1/3-ir
cells in this area in both LD (92 ± 18.4%) and SD
(83.2 ± 18.7%).
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Discussion

Seasonal body weight in mammals is regulated by a complex
interaction of neuropeptides in a hypothalamic network of
neurones that integrates environmental photoperiod inputs.
Most of these energy balance-regulating neuropeptides are
derived from larger biologically inactive precursors and have
to undergo post-translational processing by endoproteolytic
cleavage. The present study presents evidence substantiating
the hypothesis that an important part of the photoperioddriven regulation of POMC product biosynthesis is mediated
by post-translational processing through PC1/3 and PC2, and
thus provides valuable information over and above the
control of precursor gene expression at a transcriptional level.
Neuroanatomical distribution patterns of PC1/3 and PC2
transcripts in the hamster hypothalamus match with previously described localisations in other rodent species such as
rats and mice (21, 30). Hamsters kept in ND and SD
displayed typical physiological adaptations to shortening or
short photoperiod, including change of coat colour, reduction
of reproductive tissue, reduced food intake and body weight
loss. These photoperiod-induced physiological changes were
not accompanied by temporal change in PC1/3 mRNA levels.
Gene expression of PC1/3 in ARC and LH was higher overall
in ND (versus LD) but this eﬀect was not observed after
14 weeks in SD (versus LD) artiﬁcial photoperiod, suggesting
some impact of prior photoperiodic history. At present, there
is no clear explanation for this unexpected diﬀerence between
ND and SD because gene expression of PC1/3 in summer ND
(May to September) was not measured. Furthermore, shortterm change of photoperiod induced by transfer from SD to
LD was also without discernible eﬀect on gene expression of
PC1/3 in ARC and LH, suggesting that, on a transcriptional
level, PC1/3 is not directly regulated by photoperiodic inputs.
However, previous observations have demonstrated a regulatory eﬀect of the adipose tissue hormone, leptin, on gene
expression of PC1/3 in LH and ARC because reduced PC1/3
mRNA levels observed in obese ob/ob mice were up-regulated
in response to leptin injection (31). Although PC1/3 gene
expression appears to be sensitive to leptin in this natural
knockout model, contrary to expectation, in Siberian hamsters, PC1/3 gene expression appears to be independent of
seasonal modulation of leptin, despite the eﬀect of photoperiod on this hormone (32). This suggests that the adipose
tissue signal may be responsible for the maintenance of basal
PC1/3 gene expression level.
By contrast to PC1/3, gene expression of PC2 in the ARC
and dmpARC broadly paralleled the proﬁle of changing
ambient ND photoperiod in winter resulting in elevated
mRNA when photoperiod was shortest. This photoperiod
dependency was substantiated by up-regulated PC2 gene
expression in hamsters kept in SD for 14 weeks. After
transfer from SD to LD, mRNA levels of PC2 decreased
rapidly and, within 2 weeks, levels were similar to those in
LD. This acute regulatory change in PC2 gene expression
preceded body weight loss and is therefore unlikely to be a
secondary effect of metabolic and physiological changes. The
photoperiod-driven gene expression proﬁle suggests that PC2
may be an important part of a molecular neuroendocrine
mechanism that is closely related to the integration of

421

photoperiod information and the mediation of seasonal
responses. Previous studies demonstrated a photoperioddependent differential gene expression of the neuropeptide
precursor POMC in the ARC with lower mRNA levels in SD
(11, 33). Initially, this observation appears paradoxical
because down-regulation of POMC would most likely result
in lower levels of its derived neuropeptide, a-MSH, whereas
photoperiod-induced changes in metabolism and physiology
such as reduced food intake and body weight loss would
appear to require a higher concentration of the anorexic
peptide, a-MSH. Artiﬁcial square-wave photoperiod transformation did not aﬀect gene expression of PC1/3 and,
consequently, cleavage activity of PC1/3 most likely results in
unaltered levels of larger POMC derivates such as ACTH and
b-lipotrophin, which are generated by PC1/3 cleavage. By
contrast, increased gene expression of PC2 in SD is likely to
increase proteolytic activity of PC2 at speciﬁc cleavage sites
resulting in higher levels of smaller peptides such as a-MSH,
b-MSH, c-MSH, b-endorphin and corticotrophin- like intermediate peptide.
Despite reported decreased gene expression of POMC in
SD, protein distribution in neurones of the ARC remained
unaltered by photoperiod, suggesting that gene expression
may not be the primary regulator of POMC product
biosynthesis. Gene expression of PC1/3 in SD (versus LD)
animals was also unaffected by photoperiod and was reﬂected
in similar levels of PC1/3 protein in SD and LD acclimated
hamsters. The regulation of PC2 transcript by photoperiod in
the ARC was also reﬂected at a translational level because
there was more PC2 protein detected in SD than LD animals.
Similar levels of PC1/3 and POMC protein in SD and LD are
reﬂected in unaltered ACTH-ir, with ACTH peptide known
to be a direct result of POMC cleavage by PC1/3 (34).
Although inhibitory properties of ACTH on food intake (35)
would presume an accumulation of this peptide in SD
animals, our results imply a minor role in regulation of
seasonal body weight. By contrast, increased PC2 protein in
SD animals was accompanied by higher levels of a-MSH-ir
ﬁbres and b-endorphin-ir cells, in line with previous studies
demonstrating that a-MSH production varies directly in
accordance with the expression of PC2 (36). Similar observations were reported for the maturation of b-endorphin (37).
Interestingly, the fate of b-endorphin after its cleavage from
b-lipotrophin is more extensive than that of a-MSH, and the
implications of the observed immunoreactive protein levels
are worthy of further consideration. The initially generated
b-endorphin1)31 is further processed to b-endorphin1)27 and
b-endorphin1)26 (Fig. 1), which are considered to be opiate
receptor antagonists opposing the eﬀects of b-endorphin1)31
(38). Whereas proteolytic processing of b-endorphin1)27 is
solely mediated by PC2 activity (39) and removal of the
terminal basic residue of b-endorphin1)27 by carboxypeptidase’s E yields b-endorphin1)26 (40), the cleavage of
b-lipotrophin to b-endorphin1)31 by PC2 is contentious.
In vivo studies scrutinising b-endorphin1)31 levels by radioimmunoassay in PC2-deﬁcient mouse hypothalamus reported
increased b-endorphin1)31 levels despite PC2 inactivity, suggesting that b-endorphin1)31 is likely to be a PC2 substrate
rather than a direct product (18). In contrast, in vitro studies
performed on AtT-20 anterior pituitary cells overexpressing
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PC2 demonstrated enhanced conversion of b-lipotrophin to
b-endorphin1)31 (41). Another experiment performed in vivo
in the hypothalamus of mice lacking functional PC2 found
the processing of b-lipotrophin to b-endorphin1)31 diminished by two-thirds. This result suggests that a minor part of
the proteolytic conversion from b-lipotrophin to b-endorphin1)31 could be mediated by a supplementary processing of
the b-lipotrophin substrate by PC1/3 (42). The polyclonal
antibody against b-endorphin used in the present study reacts
with epitopes of all three b-endorphin forms (1-31, 1-27, 1-26)
and hence displays immunoreactivity of total b-endorphin.
However, in the hypothalamus, b-endorphin1)31 constitutes
more than 60% of the total b-endorphin-ir, in contrast to less
than 30% b-endorphin1-27 + 1-26-like immunoreactivity (43).
Our results corroborate these ﬁndings because PC2
up-regulation in SD results in higher concentrations of total
b-endorphin. Current opinions on the physiological function
of b-endorphin are conﬂicting; pharmacological studies
generally indicate a short-term stimulatory eﬀect of opioids
on food intake (44, 45), but longer term regulation of energy
balance has not been reported (46, 47), although b-END–/–
mice (48) are characterised by an obese phenotype. This latter
ﬁnding may support our observation of increased b-endorphin protein levels in states of reduced feeding behaviour and
negative energy balance in SD, and the time scale over which
these changes are manifested. These characteristics are
consistent with our results because seasonal regulation of
energy balance is a long-term process rather than an acute
induced inhibition of food intake. An opposing and antagonistic eﬀect of the processed b-endorphin1)27, evidently a
cleavage product mediated exclusively by PC2 activity (39),
on opioid receptors could be an interesting target for further
experiments attempting to explain this observation. By
contrast to immunoreactivity of b-endorphin, which is more
conﬁned to the cell body, a-MSH-ir was widely distributed
throughout ﬁbres and boutons of neurones in the ARC. Thus,
the biological relevance of quantiﬁcation of relative a-MSH
protein content by counting of ir-neurones is questionable.
Appraisal of SD and LD a-MSH-ir distribution patterns
revealed more intense staining of a-MSH-ir ﬁbres in SD and
hence higher levels of protein in SD. This observation is
supported by the fact that the concentrations of a-MSH and
b-endorphin are closely correlated, in agreement with their
production in equimolar amounts as products of the same
precursor (49).
Therefore, it is unlikely that less a-MSH than b-endorphin
is processed and the immunoreactivity patterns observed in
the present study could reﬂect different rates of transport and
routes of intracellular trafﬁcking within the neuronal network. Visually apparent increased levels of a-MSH could be
appropriate to the state of negative energy balance in SD (7,
50). Combined with increased expression of b-endorphin in
SD, these ﬁndings suggest a complementary interaction
between the melanocortin, a-MSH, and the opioid, b-endorphin, on seasonal regulation of energy homeostasis, rather
than opposing eﬀects.
Colocalisation of PC1/3-ir with POMC-ir in ARC showed
almost complete coexpression. This observation implies that
cleavage of POMC by PC1/3 is a fundamental process that
provides the same relative amounts of PC1/3-cleaved POMC-

derived peptides independent of changing photoperiod in SD.
We substantiated this hypothesis by demonstrating levels of
ACTH-ir that were nearly equal in SD and LD. Even though
we did not scrutinise the proteolytic processing fate of
b-lipotrophin, the intermediate precursor of b-endorphin,
similar results would be expected because b-lipotrophin is
cleaved by PC1/3 in a similar manner to ACTH. a-MSH and
b-endorphin were almost completely colocalised with PC2 in
SD and LD reﬂecting their derivation from larger intermediate POMC fragments by proteolytic PC2 processing. As a
result of higher protein concentrations of PC2 in SD (versus
LD), more a-MSH-ir and b-endorphin-ir was processed and
could be observed in animals that were exposed to short
photoperiod.
The precise involvement of the hypocretins, orexins A and
B, in feeding behaviour remains uncertain. Whereas early
studies demonstrated an orexigenic effect (51), more recent
observations suggest a more complex inﬂuence of both
neuropeptides on energy balance. In particular, the role of
orexin-B remains controversial with only a weak eﬀect on
food intake (52). By contrast, the orexin-A-induced hyperphagia and eﬀects (increase) on metabolic rate are more
robust (53). However, the exact mechanism by which orexinA exerts its orexigenic action is not fully elucidated. Orexin-A
and orexin-B are highly speciﬁcally localised in the LH and
are generated by proteolytic processing of the precursor
peptide prepro-orexin (54), whose gene expression in the LH
was previously colocalised with mRNA encoding for PC1/3
(31). To date, the exact post-translational enzymatic mechanism by which prepro-orexin cleavage is mediated is
unknown and there is no evidence from studies performed
in vivo of direct PC1/3 involvement. Immunohistochemical
colocalisation of PC1/3-ir and orexin-A-ir in the present
study suggests a close relationship between these two neuroendocrine components at a protein level. Interestingly,
virtually all orexin-positive neurones in the LH also express
dynorphin (55), whose precursor molecule pro-dynorphin has
been reported to be processed by PC1/3 in studies performed
in vitro (56). Hence pro-dynorphin could be another possible
target of PC1/3 activity within the orexin-ir positive neurones
of the LH. Current evidence indicates that gene expression of
prepro-orexin, such as that of PC1/3 in LH, is unaﬀected by
photoperiod (10, 11). Our observations of equivalent levels of
PC1/3-ir and orexin-A-ir are consistent with these published
studies in SD and LD. In addition, we recently demonstrated
that photoperiod had no eﬀect on the second prepro-orexin
derived neuropeptide, orexin-B, because no diﬀerences of
orexin-B-ir were found in LH of SD and LD acclimated
hamsters (57). Combined, these observations suggest that
PC1/3 does not play a major role in the seasonal regulation of
post translational neuropeptide maturation processes in the
LH and hence in seasonal energy balance.
Interestingly, despite distinct gene expression of PC2 in
dmpARC, immunoreactive protein was not observed and
consequently the function of PC2 mRNA within these
neurones remains unclear. This phenomenon could reﬂect
rapid protein denaturation in this nucleus or the ability of
neuronal cells to transport mRNA and perform protein
biosynthesis in remote locations away from cell bodies (58,
59). Thus, PC2 mRNA could be transported to, and protein
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synthesis located in, regions and areas within the hypothalamus other than its origin in the dmpARC. Post-translational modiﬁcation of proPC2 to PC2 represents another
possible explanation for the failure to detect PC2-ir (60).
However, because of the polyclonal structure of the PC
antibodies, a cross reaction with epitope sequences of the proforms should be possible. Neuronal projections from the
dmpARC to other nuclei and the integration of dmpARC
neurones in the hypothalamic neuroendocrine network
remain to be established. There is growing evidence that the
dmpARC is a functionally important component of the
neuroendocrine network that regulates energy balance during
seasonal adaptation; previous studies have identiﬁed a
number of photoperiod regulated genes in this area (29, 61,
62). One of the identiﬁed neuropeptides within this subdivision of the ARC is the precursor proVGF, which is cleaved by
PC1/3 and PC2 into biological active energy balance regulating peptides (63, 64). By contrast to VGF, where gene
expression is increased in the dmpARC in SD but decreased
in the ARC, gene expression of PC2 was up-regulated in both
hypothalamic areas in SD. Interestingly, VGF-ir in the ARC
is, like PC2-ir, also characterised by the apparent absence of
protein in the dmpARC despite abundant mRNA expressed
in this subnucleus (P. Barrett, unpublished data). Therefore
PC2 might be transported away from its site of synthesis in
the dmpARC very quickly to perform subsequent posttranslational processing of proVGF at a diﬀerent location of
the CNS. ProVGF mRNA in the dmpARC suggests a
possible target of post-translational PC2 activity as mRNA
levels of proVGF are also signiﬁcantly increased in SD
hamsters and respond promptly, like gene expression of PC2,
following photoperiod manipulation.
Thus, our results demonstrate that decreasing photoperiod
up-regulates PC2 gene expression and PC2 protein, whereas
gene expression and protein of PC1/3 are unaffected by SD.
We hypothesise that this intensiﬁes proteolytic processing of
POMC intermediate derivatives (ACTH and b-lipotrophin),
and is the reason for higher concentrations of POMC-derived
a-MSH and b-endorphin in short photoperiod despite
apparently paradoxical ﬁndings showing down-regulated
POMC gene expression in SD. By contrast, unaltered PC1/3
gene expression and protein in LH and ARC suggests that
regulation by photoperiod is not accomplished via proteolytic
processing at PC1/3 speciﬁc sites. Thus, regulation of
proteolytic processing activity by photoperiod via coordinated expression of PC1/3 and PC2 at transcriptional and
translational levels is critical for the maturation of neuropeptide precursors.
Interestingly, the proteolytic enzymes, PC1/3 and PC2 not
only mediate post-translational modiﬁcations, but are also
targets of post-translational modiﬁcation. First, both
enzymes are initially synthesised as inactive precursor molecules, and propeptide cleavage is therefore necessary to
activate the enzymes. Second, interaction with small associated neuroendocrine proteins such as proSAAS with PC1/3
(65) and dimerisation of 7B2 with PC2 (66) leads to an
inhibition of their enzymatic activities, making these proteins
important factors in the intracellular endocrine pathway. In
particular, the dependency of PC2 activity on the presence of
7B2 is highly complex because the neuroendocrine protein
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7B2 has also been implicated in the activation of the
zymogene proPC2 in vivo (67). This initially paradoxical
observation reﬂects the complex dimension of interactions
between small associated neuroendocrine proteins and the
regulation of proteolytic capacity of prohormone convertases.
Because the inﬂuence of these proteins on the proteolytic
activity is evidently most distinct, future studies should
focus on these factors to elucidate the exact mechanisms
by which photoperiodic regulation of propeptide synthesis
is mediated.
The photoperiod-driven regulatory mechanism on a posttranslational level observed in the present study could be an
additional universal control point for other energy balance
related neuropeptide precursors such as proNPY, proTRH
and CART. In addition, we provide further evidence for the
dmpARC as an area with distinct photoperiod inﬂuenced
neuroendocrine activity, suggesting that this subdivision of
hypothalamic arcuate neurones is an important integral part
of the seasonal energy balance regulation network.
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