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Abstract
A series of well-described anabolic and catabolic neuropeptides are known to provide short-term, homeostatic control of energy balance. The 
mechanisms that govern long-term, rheostatic control of regulated changes in energy balance are less well characterized. Using the robust 
and repeatable seasonal changes in body mass observed in Siberian hamsters, this report examined the role of prolactin in providing long- 
term rheostatic control of body mass and photoinduced changes in organ mass (ie, kidney, brown adipose tissue, uterine, and spleen). 
Endogenous circannual interval timing was observed after 4 months in a short photoperiod, indicated by a significant increase in body mass 
and prolactin mRNA expression in the pituitary gland. There was an inverse relationship between body mass and the expression of 
somatostatin (Sst) and cocaine- and amphetamine-regulated transcript (Cart). Pharmacological inhibition of prolactin release (via bromocriptine 
injection), reduced body mass of animals maintained in long photoperiods to winter–short photoperiod levels and was associated with a 
significant increase in hypothalamic Cart expression. Administration of ovine prolactin significantly increased body mass 24 hours after a 
single injection and the effect persisted after 3 consecutive daily injections. The data indicate that prolactin has pleiotropic effects on 
homeostatic sensors of energy balance (ie, Cart) and physiological effectors (ie, kidney, BAT). We propose that prolactin release from the 
pituitary gland acts as an output signal of the hypothalamic rheostat controller to regulate adaptive changes in body mass.
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Abbreviations: Agrp, agouti-related peptide; BAT, brown adipose tissue; Bromo, bromocriptine; Cart, cocaine- and amphetamine-regulated transcript; LD, long 
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somatostatin; Th, tyrosine hydroxylase; Vgf, VGF nerve growth factor inducible.
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Homeostasis is a fundamental concept used to describe how 
endocrine systems maintain stability despite significant envir-
onmental change (1). The principles of control theory were 
used to define how a physiological variable is regulated, 
around a specific set point, using sensors, error detection, con-
trollers, and effectors (2). However, homeostasis is limited to 
the explanation of short-term responses to external and in-
ternal physiological perturbations. Long-term daily and sea-
sonal changes in physiological set points, sensory detection 
systems, controllers, and effector function do not adhere to 
homeostatic principles ((3); also see (4) for an exhaustive 
list). The concept of rheostasis, or programmed, regulated 
changes in set points was therefore proposed to account for 
long-term oscillations in physiological systems (4). Since the gen-
etic revolution of the 1990s, massive gains in our understanding 
of the genetic, cellular, and systems control of homeostasis (in-
cluding energy regulation) have been achieved. However, less 
is known about the “controller” mechanisms that govern pro-
grammed rheostatic regulation of energy balance.

With regard to the short-term homeostatic regulation of en-
ergy balance in mammals, a series of neuroendocrine peptides 

in the arcuate nucleus such as neuropeptide Y (Npy) and 
agouti-related peptide (Agrp), are key targets of autonomic 
and endocrine feedback signals from peripheral tissues (eg, 
adipose tissue) (5, 6). These neuropeptides are highly sensitive 
to acute challenges in energy balance associated with meal 
timing or food restriction and trigger compensatory changes, 
often mediated by changes in circulating leptin (7). In con-
trast, these orexigenic neuropeptides are not involved in the 
regulation of the long-term oscillations in food intake and 
body mass that occur across seasons (8).

The Siberian hamster (Phodopus sungorus) is an excellent 
animal model to examine these programmed rheostatic 
changes in energy balance due to its robust, reliable, and re-
peatable seasonal oscillations in body mass (9, 10). In labora-
tory conditions, under a long summer photoperiod (eg, light 
for 16 hours, darkness for 8 hours), hamsters maintain a large 
body mass and high daily food intake. A simple shift to a short 
winter photoperiod (eg, 8 light:16 dark), will induce a 30% to 
40% reduction in body mass (11-14), decreased daily food in-
take (12) and loss of intra-abdominal adipose tissue (15). 
However, prolonged exposure to short photoperiod results 
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in the spontaneous reversion back to heavier body mass and 
increased food intake observed in the long photoperiod 
physiological condition (14). This long-term programmed 
change in energy metabolism is controlled by an endogenous 
circannual timer that is approximately 6 months in length 
and serves to anticipate spring environmental conditions 
(16). The photoperiod-induced change in body mass provides 
a powerful model to examine the regulated changes in physio-
logical set points of programmed energy rheostasis.

In hamsters, anorexigenic neuropeptides neuropeptide y 
(Npy) and agouti-related peptide (Agrp) and circulating hor-
mones (ie, leptin) remain sensitive to short-term, homeostatic 
challenges, such as food restriction, and increase transcript ex-
pression in both long- and short-photoperiod conditions 
(14, 17, 18). Multiple studies have established that many of 
the neuropeptides associated with food intake and energy 
homeostasis, including Npy and Agrp, are constitutively ex-
pressed across photoinduced seasonal energy states (14, 16). 
Under short photoperiod conditions, hamsters become leptin- 
resistant and hypophagic compared with hamsters maintained 
in long photoperiod (19). It is known that several neuropeptides 
that control growth, such as somatostatin (Sst; also abbreviated 
Srif) (20), cocaine- and amphetamine-regulated transcript (Cart) 
(21) and VGF nerve growth factor inducible (Vgf) (22, 23) are 
regulated by photoperiod. Pro-opiomelanocortin (Pomc) has 
also been implicated in the control of seasonal energy balance 
(8). Studies taking advantage of pasireotide, a potent somato-
statin agonist, established that pharmaceutical reduction in the 
growth hormone axis activity mimicked short-photoperiod- 
induced changes in body mass (24-26). Sst is a prime candidate 
for regulation of photoperiod-induced changes in energy metab-
olism due to strong inhibitory effects on both growth hormone 
and prolactin release from the pituitary gland (27).

Prolactin is an evolutionarily conserved hormone produced 
in the pituitary gland that impacts a multitude of neuroendo-
crine systems (28, 29). Of relevance, prolactin regulates 
longer-term changes in energy homeostasis during pregnancy 
and lactation (30). In hamsters, prolactin mRNA changes ac-
cording to the photoinduced seasonal state, with a positive re-
lationship between transcript expression in the pars distalis 
and body mass (14). Previous studies have shown prolactin 
can prevent short-photoperiod-induced changes in pelage col-
or (31) and reduced body mass (32) in Siberian hamsters. 
Conversely, daily administration of bromoergocryptine, a po-
tent inhibitor of prolactin release, can maintain the long 
photoperiod pelage (31). Despite clear links between prolactin 
and photoinduced changes in peripheral physiology, the evi-
dence for any change in the neuroendocrine control mecha-
nisms, such as orexigenic or anorexigenic neuropeptides is 
uncharacterized. In sheep, the secretion of prolactin oscillates 
with a period that nearly matches an annual cycle, with a peak 
in spring and a nadir in autumn or winter, and the lactotrophs 
are proposed to provide an endogenous circannual timing 
mechanism (33). We have recently established using transcrip-
tomic profiling in Siberian hamsters, that the prolactin mRNA 
receptor is widely expressed in peripheral tissues such as the 
uterus, kidneys, and adipose tissue (34). Given that changes 
in prolactin mRNA expression coincide with changes in ham-
ster body mass, and prolactin receptors are expressed in a 
range of peripheral tissues (eg, adipose), it could be hypothe-
sized that prolactin may function as an output of the neuroen-
docrine controller necessary for programmed rheostatic 
changes in seasonal body mass.

To test this hypothesis 3 studies were conducted. The first 
study investigated the impact of photoperiod-induced de-
crease in body mass and the subsequent endogenous circan-
nual interval timer induced growth in hamster body mass. 
By taking a high-sampling resolution during onset and 
progression of the circannual interval provided a unique op-
portunity to identify programmed changes in key neuroendo-
crine peptides such as Sst, and Cart expression. Neuropeptide 
expression could then be examined to map out the relation-
ship with long-term regulated programmed changes in prolac-
tin mRNA expression. The second study used the dopamine 
receptor agonist bromocriptine to investigate the impact of re-
duced prolactin on hamster body mass and neuroendocrine 
peptides associated with long-term control of energy balance. 
The third study investigated the acute effects of ovine prolac-
tin on hypothalamic Sst and Cart expression and its ability to 
induce growth of peripheral tissues and increase body mass. 
The findings illustrate that prolactin has robust and repeatable 
effects on long-term changes in hamster body mass and has 
pleiotropic effects in the hypothalamus and on several periph-
eral tissues.

Materials and Methods
Ethical Permission
All procedures were approved by the University of Glasgow 
Animal Welfare and Ethics Review Board and conducted 
under the UK Home Office Project License.

Animals
Female Siberian hamsters (Phodopus sungorus) were housed 
in the Veterinary Research Facility, University of Glasgow 
on a long-day (LD) photoperiod (16 light:8 dark) and humid-
ity at 55%. Hamsters were group housed with ad libitum ac-
cess to rodent chow (Harlan Tekland) and water.

Study 1: Circannual Interval Timing
N = 53 female hamsters were used to examine the endogenous 
and long-term control of energy balance (Fig. 1A). A subset of 
juvenile hamsters (2 months of age [2 m]; n = 4) was selected 
as a pre-photoperiod manipulation reference group. Then 
hamsters were divided into 2 photoperiod treatment groups: 
(i) animals held on long-day photoperiod (n = 13) that served 
as a reference group; or (ii) animals transferred to short-day 
(SD) photoperiod (n = 36) (8 light:16 dark) to allow the inves-
tigation of the endogenous change in energy balance driven by 
the circannual interval timer (35). The long-day photoperiod 
reference groups were killed, and tissues collected at either 3 
months (LD3; n = 7) or 10 (LD10; n = 6) months of age. To 
obtain high-resolution data from the circannual interval timer 
sampling group, hamsters transferred to SD were euthanized 
and tissues were collected at 3 (SD3; n = 7), 4 (SD4; n = 4), 
5 (SD5; n = 9), 6 (SD6; n = 9), and 7 (SD7; n = 7) months of 
age. Prior to euthanasia, pelage color and body mass were 
measured. Animals were euthanized by cervical dislocation 
followed by rapid decapitation during the early light phase 
(3-5 hours after light onset) and the brain and pituitary gland 
tissues were dissected and immediately frozen on dry ice. 
Tissues were stored at −70 °C until RNA extraction. The ex-
periment used archived tissue samples for LD2 and LD3, but 
unfortunately, molecular analyses of the pituitary gland could 
not be conducted in these animals. Archival tissue provides a 
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valuable approach to reduce the need for extra animals and 
directly addresses the mission of the National Centre for the 
Replacement, Reduction, and Refinement of animals in 
research.

Study 2: Necessity of Prolactin for Long-Term 
Control of Energy Balance
A total of N = 23 female hamsters were used to examine 
the effects of pharmaceutically reduced prolactin on 
photoperiod-induced changes in body mass, neuroendocrine 
and pituitary gland transcripts, and tissue mass (Fig. 2A). 
Adult (3-8 months of age) females were raised in a long-day 
photoperiod. Hamsters were pseudorandomly assigned by 
body mass to either long (n = 15) or short (n = 8) day photo-
period treatments for 4 weeks. Long-day photoperiod ham-
sters were further divided into 2 groups. The first group 
(n = 8) served as the long-day photoperiod reference group 
and received subcutaneous injections of saline for 4 weeks. 
The second group (n = 7) received daily injections (12 µg/g 
body mass) of the dopamine receptor agonist bromocriptine 
(Bromo) (Sigma-Aldrich; cat# B2134) in saline to reduce cir-
culating prolactin. This dose was selected based on previous 
work using Bromo in Siberian hamsters (32). The short-day 
photoperiod control treatment hamsters received daily sub-
cutaneous injections of saline for the duration of the study. 
All injections started when hamsters were moved to short-day 
photoperiod and occurred during the light phase (7-8 hours 
after lights on). Body mass and daily food intake were 

measured before photoperiod treatment (Pre) and then at 1, 
2, 3, and 4 weeks of treatment. Body mass and food weight 
were collected at the midpoint of the light phase. At 4 weeks, 
hamsters were humanely euthanized by cervical dislocation 
followed by rapid decapitation 3 to 5 hours after light onset, 
and brain and pituitary tissues harvested and stored, consist-
ent with Study 1. Brown adipose tissue (BAT), kidney, uterine, 
and splenic tissues were also dissected, weighed to the nearest 
milligram, frozen on dry ice and stored at −70 °C until RNA 
extraction.

Study 3: Sufficiency of Prolactin for Short-Term 
Control of Energy Balance
The impact of prolactin on the short-term neuroendocrine 
control of photoperiod-induced changes in body mass was in-
vestigated with N = 25 hamsters (Fig. 3A). Adult (3-8 months 
of age) females raised in the long-day photoperiod were trans-
ferred to short-day photoperiod for 8 weeks to induce body 
mass loss and low circulating prolactin concentrations. 
Hamsters were then pseudorandomly assigned by body mass 
to daily intraperitoneal injections of either 100 µL vehicle con-
trol (50% dimethyl sulfoxide + 50% saline) (n = 12) or 18 µg 
prolactin (NIAMDD-O-PRL) dissolved in vehicle (n = 13). 
This dose was similar to those used in previous research, dem-
onstrating that established long-term prolactin administration 
could induce agouti hair pelage in short-day photoperiod 
Siberian hamsters (32, 36). Hamsters were injected (vehicle 
or prolactin) during the middle of the light phase and either 

Figure 1. Circannual interval timer programs changes in hamster energy balance. (A) Schematic representation of the experimental design. (B) 
hamsters kept in the long photoperiod (LD) condition maintained heavy body mass from 2 months of age (ie, juvenile) to 10 months of age (ie, adult). 
Hamsters transferred to short photoperiod (SD) had lower body mass until 5 months of age (5 m). The endogenous circannual timing of growth is 
reflected by the gradual increase in body mass in short photoperiod hamsters from 4 months (4 m) of age to 6 months of age (6 m). (C) Hamster 
maintained in LD have a dark agouti pelage (score 1), transfer to SD induced a white pelage color (score 3) which reverts to the agouti color. (D) 
Hypothalamic expression of deiodinase type 3 (Dio3) is significantly increased in hamsters exposed to SD (ie, 3 m) which then is reduced to LD levels. 
(E) Somatostatin (Sst) expression was significantly increased after transfer to SD and then after 2 months there was a significant inhibition which 
returned to LD levels. (F) Cocaine- and amphetamine-regulated transcript (Cart) displayed a transient increase in expression when exposed to SD, which 
was subsequently decreased to LD levels. (G) Prolactin (Prl) gradually increased in hamsters’ exposure to SD. Hamsters in LD had significantly greater 
Prl expression compared with all SD groups. X-axis is the age of hamster for all panels. Letters denote significant differences between treatment 
groups. The gray box denotes LD housed juvenile hamsters, downward white triangles indicate LD, and upward black triangles indicate SD light 
conditions. Residual plots indicate individual data points. All data are mean ± SEM.
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injected and killed 24 hours later (1d; 6-7 hours after light on-
set) or received injections on 3 consecutive days (3d). The in-
jection schedule was oriented so that all hamsters were 
euthanized on the same calendar day. On the last day, body 
mass was measured, and animals were humanely killed by cer-
vical dislocation followed by rapid decapitation. Kidneys, 
BAT, uteri, and spleens were weighed on to the nearest milli-
gram, frozen on dry ice and stored at −70 °C.

Tissue Preparation, RNA Extraction, and cDNA 
Synthesis
Prior to hypothalamic tissue dissection, the brain was placed 
in a Leica CM1850 cryostat chamber (Leica Biosystems, 
Germany) and warmed to −20 °C for 30 minutes. Each brain 
was placed within a steel coronal mouse brain matrix (1.0-mm 
thickness) with the ventral surface of the brain exposed. Brain 
slices were collected between −0.34 mm and −2.46 mm to iso-
late tissue containing the posterior hypothalamus (PH). The 
PH was then separated from other brain structures by a trans-
verse cut aligning the dorsal aspect of the optic tracts. This tis-
sue dissection of the PH is specific to the arcuate nucleus and 
cells surrounding the third ventricle as evidenced by molecular 
localization demonstrated in our previous publication (37). 
All samples were returned to −70 °C until RNA extraction.

Tissue was homogenized in TRIzol reagent (ThermoFisher 
Scientific), and RNA was extracted according to manufacturer 
instructions. Genomic DNA and trace organic contaminants 
were removed from each sample using RNase-free DNase 
(Qiagen), followed by purification using RNeasy MinElute 
Cleanup kit (Qiagen). RNA concentrations were measured 
via NanoDrop (A260/280 ratio). cDNA was synthesized 
using a Precision nanoScript 2 Reverse Transcription kit 
(PrimerDesign). RNA concentration was normalized across 
samples to either 1 µg (PH samples) or 200 ng (pituitary sam-
ples) up to a total of 9 µL in RNase-free water and 1 µL of oli-
go dT primer added. The cDNA synthesis was performed per 
manufacturer instructions, and samples were brought to a to-
tal volume of 100 µL and stored at −20 °C.

Quantitative Polymerase Chain Reaction
Quantitative polymerase chain reaction (qPCR) was per-
formed on cDNA samples to measure the relative expression 
of transcripts of interest. Samples were run using a 96-well 
plate, with each reaction consisting of 4.8 µL of Brilliant II 
SYBR green qPCR master mix (Agilent) with forward and re-
verse primers of the transcripts of interest (24:1 ratio) and 
4.8 µL of cDNA. To examine molecular substrates that under-
lie programmed rheostatic control of energy balance, primer 

Figure 2. Necessity of prolactin to drive long-term changes in hamster body mass. (A) Schematic representation of the experimental design. (B) Short 
photoperiod (SD) and bromocriptine (Bromo) treatment significantly reduced hamster body mass. (C) Hamsters housed in SD ate significantly less food 
over a 24-hour sampling period compared with both long photoperiod (LD) controls and Bromo-treated groups. (D) BAT mass (E) Somatostatin (Sst) (F) 
Cocaine- and amphetamine-regulated transcript (Cart) expression was significantly elevated in SD hamsters. There was no significant effect of 
photoperiod or Bromo treatment on neuropeptide Y (Npy) (G) or agouti-related peptide (Agrp) (H). Letters denote significant differences between 
treatment groups. Downward white triangles indicate LD, downward gray triangles indicate Bromo treatment, and upward dark triangles indicate SD 
condition. Residual plots indicate individual data points. All data are mean ± SEM.
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pairs were used that targeted Sst, Cart, Npy, Agrp, Dio3, Th, 
Tshβ, Prl, Prlr, and Gh (Supplementary Table S1 (38)). 
Reference transcripts that were selected based on a previous 
publication (39) that demonstrated high stability included 
18 seconds, Gapdh and Hprt (Supplementary Table S1 
(38)). Reactions were carried out in duplicate and run with 
non-template negative controls in an Mx3000P qPCR system 
(Agilent) using the following thermal cycling conditions: (i) 
initial denaturation at 95 °C for 7.5 minutes followed by 
40-45 cycles of (ii) denaturation at 95 °C for 30 seconds, 
(iii) annealing at temperature specified for each respective 
gene in Supplementary Table S1 (38) for 30 seconds, and (iv) 
extension at 72 °C for 30 seconds. Melt curves were generated 
for each sample to confirm the specificity of each reaction. 
Reaction efficiency and cycle threshold were assessed in PCR 
Miner (40). The relative mRNA expression of each gene was 
determined in relation to the mean Ct and normalized to the ref-
erence gene with the best stability and then calculated as fold 
difference from the control group using the formula 2−ΔΔCt.

Statistical Analyses
Raw data are provided in Supplementary Table S2 (38). 
One-way ANOVAs were used to examine statistical significance 
of all dependent variables for Study 1. In Study 2, a 2-way re-
peated ANOVA (factors: week and treatment) was conducted 
on body mass and food intake. One-way ANOVAs were con-
ducted to examine the effect of treatment on tissue mass, and 
hypothalamic and pituitary transcript expression. For Study 3, 

a 2-way ANOVA was conducted on body mass, tissue mass, 
and transcript expression levels. Kolmogorov-Smirnov tests 
were conducted to confirm normality; when violation of 
normality was identified, the data were log-transformed before 
statistical analyses. Statistical significance was determined as 
P < .05. Data are presented as mean ± standard error of the mean.

Results
Study 1: Circannual Interval Timing of Body Mass 
Involves Programmed Changes in Neuropeptides
As anticipated, there was a significant effect of photoperiod on 
female body mass (F7,45 = 4.89; P < .001). Body mass in female 
hamsters transferred to short-day photoperiods did not change 
from 3 (SD3) to 4 (SD4) months of age (Fig. 1B). Body mass of 
short-day-photoperiod housed females was significantly in-
creased by 6 (SD6) months of age (P < .05). There were no sig-
nificant differences between hamsters housed in short day 
photoperiod for either 6 or 7 (SD7) months and they did not 
differ compared with long-day photoperiod control adults 
(LD10) (P > .96). Pelage color changed significantly with 
the onset of the circannual interval timer (F7,45 = 22.29; 
P < .001) (Fig. 1C). All hamsters in long-day photoperiod 
maintained the dark agouti pelage color (ie, rated 1) through-
out. Exposure to short-day photoperiod (SD3, SD4, SD5, and 
SD6) increased (P < .05) the pelage color rank, indicative of a 
white fur coat. All SD7 hamsters had returned to pelage color 
seen in the LD10 reference group.

Figure 3. Prolactin is sufficient to increase hamster body mass. (A) Schematic representation of the experimental design. (B) Prolactin was sufficient to 
increase body mass 24 hours after a single injection, and after 3 consecutive daily injections. (C) Prolactin significantly increased kidney mass after 3 
days, reduced BAT mass after 3 days and had no effect on spleen mass. (D) Somatostatin (Sst) was higher in hamsters injected with prolactin for 3 days 
compared with vehicle-treated animals. (E) There was no significant effect of prolactin on agouti-related peptide (Agrp) or neuropeptide Y (Npy) 
expression. Prolactin injections were sufficient to inhibit pituitary gland pituitary mRNA (Prl) expression compared with vehicle controls. Letters denote 
significant differences between treatment groups. Upward triangles indicate animals injected once (1d) and circles indicate animals injected for 3 days 
(3d). Black filled objects denote short photoperiod vehicle control groups and gray filled objects indicate prolactin-treated hamsters. Residual plots 
indicate individual data points. All data are mean ± SEM.
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Hypothalamic Dio3 expression varied significantly with 
photoperiod (F7,45 = 4.58; P < .001) (Fig. 1D). Hamsters in 
SD3 had a significant (P < .05) but transient increase in hypothal-
amic Dio3 expression, and thereafter levels were comparable to 
LD10 controls. Pars tuberalis Tshβ expression varied significant-
ly across photoperiod treatment groups (F7,40 = 3.62; P < .005) 
(Supplementary Fig. S1A (38)). LD10 controls had significantly 
higher Tshβ expression compared with SD5 hamsters. There 
was a trend for significantly higher levels of Tshβ in LD10 com-
pared with SD4 (P = .05).

To explore potential changes in neuropeptides involved in 
long-term programmed changes in energy balance and prolac-
tin secretion, we examined the expression profile of hypothal-
amic Sst, Cart, and Th, respectively. We identified that 
hypothalamic Sst expression was significantly affected by 
photoperiodic condition (F7,45 = 7.82; P < .001) (Fig. 1E). 
Sst expression was significantly higher in hamsters housed in 
short photoperiod during SD3 and SD4 (P < .05) before de-
clining to long photoperiod levels. There was no significant 
difference between LD3 and LD10 photoperiod groups. 
Hypothalamic tyrosine hydroxylase (Th) expression exhibited 
similar significant changes in expression when animals were 
transferred to short photoperiod (F7,45 = 9.41; P < .001) 
(Supplementary Fig. S1B (38)). Th expression was higher 
(P < .05) in SD3 and SD4 compared with LD3 and LD4 ham-
sters. Hypothalamic Cart expression varied significantly 
across the photoperiod treatment groups (F7,45 = 2.45; 
P < .05) (Fig. 1F). Transfer to a short photoperiod induced a 
significant (P < .05) increase in Cart expression in SD3 com-
pared with LD3 hamsters. These data demonstrate a rapid 
and significant increase in multiple transcripts associated 
with the inhibition of growth (ie, Sst, Cart) and prolactin re-
lease (ie, Th) during early exposure to short photoperiods 
and then subsequently a decline in expression during the pro-
gression of the endogenously increases in body mass.

Next, we examined expression levels of Prl and Gh mRNA in 
the pituitary gland. Pituitary Prl expression changed significant-
ly during short photoperiod exposure (F5,33 = 9.22; P < .001) 
(Fig. 1G). There was a rise in Prl levels from SD3 to SD4 
(P < .05). SD3, SD4 and SD5 were significantly lower com-
pared with LD10 (P < .05). There was a significant difference 
in Gh expression across the treatment groups (F5,33 = 4.8; 
P < .005) (Supplementary Fig. S1C (38)). LD10 hamsters had 
significantly higher Gh expression compared with all SD animals 
(P < .001). There was no significant difference in Gh expression 
between the short photoperiod treatment groups (P > .88).

Study 2: Bromocriptine Induced Body Mass 
Reductions and Hypothalamic Neuropeptide 
Expression
There was a significant interaction between effect of treatment 
and time on body mass (F8,80 = 4.18; P < .001) (Fig. 2B). One 
week after treatment, the Bromo-injected long-day (Bromo) 
hamsters had significantly (P = .01) lower body mass com-
pared with control LD hamsters, and a trend (P = .05) was 
noted for a lower body mass in Bromo compared with SD 
hamsters. There was no significant difference between SD 
and LD (P = .49). After 2 weeks, LD hamsters were signifi-
cantly heavier compared with the Bromo (P < .001) and SD 
(P < .05) hamsters, with no significant difference between 
Bromo and SD animals (P = .39). At 3 weeks and 4 weeks, 
the pattern continued, with Bromo and SD hamsters both 

having significantly reduced body mass compared with LD 
hamsters (P < .005). There was no significant difference 
between Bromo and SD hamsters (P > .61). There was a 
significant treatment by week interaction for food intake 
(F8,72 = 2.36; P < .05) (Fig. 2C). There was no significant dif-
ference between any treatment group during 1 week (P = .61). 
During 3 to 4 weeks, SD hamsters ate significantly (P < .05) 
less food compared with LD and Bromo-injected hamsters. 
There was no difference (P = .76) between LD and Bromo- 
injected hamsters at any time point studied. These data estab-
lish that long-term changes in body mass but not food intake 
are impacted by Bromo treatment in hamsters.

Neither BAT mass (F2,20 = 1.82; P = .18) (Fig. 2D), uterine 
mass (F2,20 = 2.21; P = .13) (Supplementary Fig. S2A (38)), 
kidney mass (F2,20 = 0.03; P = .97) (Supplementary Fig. S2B 
(38)), or spleen mass (F2,20 = 0.06; P = .94) (Supplementary 
Fig. S2C (38)) were affected by photoperiod or treatment.

To determine if the long-term changes in body mass were im-
pacted by hypothalamic neuropeptides, we measured Cart 
and Sst expression. There was a significant effect of treatment 
on hypothalamic Cart expression (F2,19 = 11.1; P < .001) 
(Fig. 2E). Cart expression was significantly lower in LD com-
pared with Bromo (P < .05) and SD (P < .001) hamsters. 
There was no significant difference between Bromo and SD 
hamsters (P = .27). There were no effects of photoperiod or 
treatment on Sst (F2,19 = 1.16; P = .33) (Fig. 2F). These data es-
tablish that Cart expression is significantly impacted by long- 
term treatment with Bromo and suggests that prolactin may 
provide inhibitory input to at least one neuropeptide involved 
in energy balance. To determine whether neuropeptides associ-
ated with food intake and appetite were impacted by Bromo 
treatment, we measured hypothalamic Npy and Agrp expres-
sion. There was no significant effect on Npy (F2,20 = 1.94; 
P = .16) (Fig. 2G) or Agrp (F2,20= 0.71; P = .51) (Fig. 2H).

To establish the predicted effect of Bromo on circulating 
prolactin levels, we measured pituitary prolactin mRNA and 
hypothalamic Th and prolactin receptor (Prlr) expression. 
Hypothalamic Th expression was significantly different across 
the treatment groups (F2,19 = 5.83; P < .01). In long-day 
photoperiod hamsters, there was significantly lower hypothal-
amic Th expression compared with SD controls (P < .01). 
There was no significant difference between Bromo and LD 
(P = .34) and Bromo vs SD (P = .17). However, there was 
one outlier in the LD reference group with a fold-expression 
value of 3.48 (> 3 standard deviations). Removal of the 
single measurement shows a significant one-way ANOVA 
(F2,18= 13.56; P < .001) with significantly more Th in both 
Bromo (P < .05) and SD (P < .001) compared with LD ham-
sters (Supplementary Fig. S2D (38)).

There was no significant effect of treatment or photoperiod 
on hypothalamic Prlr expression (F2,19 = 1.53; P = .24) 
(Supplementary Fig. S2E (38)). There was a significant effect 
on Prl expression (F2,19 = 5.35; P = .01) (Supplementary 
Fig. S2F (38)) which was significantly higher in Bromo treat-
ment compared with SD (P < .01). There was no significant 
difference between LD and Bromo (P = .77), but there was a 
trend for higher Prl in LD compared with SD (P = .06).

Study 3: Prolactin Is Sufficient to Induce Body Mass 
Growth in Hamsters
Hamsters injected with prolactin were found to have a signifi-
cant increase in body mass (F1,21 = 12.7; P < .005), but there 
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was no significant effect of day (F1,21 = 0.62; P = .44) or 
interaction (F1,21 = 0.04; P = .83) (Fig. 3B). Injection of 
prolactin was found to significantly increase kidney 
mass (F1,21 = 8.71; P < .01), but there was no significant effect 
of day (F1,21 = 1.65; P = .21) or interaction (F1,21 = 2.42; 
P = .12) (Fig. 3C). There was a significant interaction between 
prolactin and day on BAT (F1,21 = 4.52; P < .05) (Fig. 3C). 
However, prolactin injections did not significantly change 
BAT mass (F1,21 = 0.89; P = .35) nor was there a significant 
effect of day (F1,21 = 0.88; P = .37). There was no significant 
effect of day (F1,21 = 1.21; P = .28), prolactin (F1,21 = 0.26; 
P = .61), or interaction (F1,21 = 0.44; P = .51) on spleen 
mass (Fig. 3C). There was no significant effect on uterine 
mass for prolactin (F1,21 = 0.32; P = .57), day (F1,21 = 1.89; 
P = .18), or interaction (F1,21 = 0.06; P = .79) (Supplementary 
Fig. S3A (38)).

Sst expression was found to change depending on the 
day and whether hamsters received a prolactin injection 
(F1,20 = 4.85; P < .05) (Fig. 3D). Sst expression was significant-
ly (P < .05) higher in prolactin-treated hamsters on day 3 com-
pared with saline-treated hamsters (P < .05). But this may be 
due to the significant reduction in Sst expression on day 3 com-
pared with day 1 of saline treatment (P < .001). There was a 
significant effect of day (F1,20 = 7.28; P < .05), but no effect 
of prolactin treatment (F1,20 = 0.90; P = .35). There was no 
significant effect of day (F1,20 = 2.75; P = .11), treatment 
(F1,20 = 3.31; P = .08), or interaction (F1,20 = 3.62; P = .07) 
on Cart expression (Fig. 3D). Agrp was not significantly differ-
ent between treatment day (F1,20 = 1.47; P = .23), prolactin 
(F1,20 = 0.13; P = .71) or interaction (F1,20 = 1.56; P = .22) 
(Fig. 3E). Similarly, there was no significant day (F1,21 = 0.08; 
P = .77), prolactin (F1,21 = 1.18; P = .28), or interaction 
(F1,21 = 1.75; P = .20) on Npy expression (Fig. 3E).

To confirm prolactin injections were sufficient to mimic 
circulating hormonal effects we measured pituitary Prl expres-
sion as a marker of negative feedback. Prolactin injections sig-
nificantly reduced Prl expression (F1,21 = 14.52; P < .001). 
There was no effect of day (F1,21 = 0.13; P = .71) or 
interaction (F1,21 = 0.04; P = .83) (Fig. 3F). These data dem-
onstrate that the prolactin dose, and injections were sufficient 
to activate short-term homeostatic negative feedback mecha-
nisms in female hamsters.

Discussion
This report has shown that Prl expression in the pituitary 
gland is a molecular marker of circannual interval timing of 
body mass in the Siberian hamster. Increased Prl mRNA pre-
ceded the endogenous increase in body mass and reversion of 
pelage color from the winter white fur to the summer agouti 
color. Using a pharmacological approach, the studies demon-
strated the necessity and sufficiency of prolactin to drive a de-
crease and increase in body mass, respectively. Prolactin 
effects on body mass appear independent of any change in ap-
petite as Bromo-treated hamsters did not decrease food intake 
levels. Bromocriptine treatment facilitated an increase, but 
there was no effect of prolactin administration on hypothal-
amic Cart expression. While prolactin had no effect on BAT 
or spleen mass, daily prolactin injections significantly in-
creased kidney mass suggesting a role for osmoregulation. 
These data indicate a robust effect of prolactin on body 
mass, but no effect on food intake and only minor effects on 
tissue mass (ie, BAT, kidney) and therefore, suggest that 

prolactin induces small effects across tissues which accumu-
late into a large-scale change in body mass.

Prolactin secretion from the pituitary gland provides an evo-
lutionary conserved output signal for the neuroendocrine con-
trol of seasonal physiology (29). Across seasonally breeding 
animals there is increased secretion of prolactin during periods 
of breeding and high energy demands. Prior work in Siberian 
hamsters indicated long-term treatment with bromoergocryp-
tine, to decrease prolactin concentrations, induced the winter 
white pelage in long-day housed hamsters (31). Conversely, 
prolactin injection inhibited the development of the white win-
ter pelage in hamsters housed in short-day photoperiod 
(31, 36). The results of this study demonstrate that 4 weeks 
of bromocriptine administration reduced body mass to short 
photoperiod levels, consistent with previous reports in 
Siberian hamsters (32). Furthermore, daily administration of 
prolactin increased body mass which supports previous studies 
in which loss of body mass in hypophysectomized hamsters was 
restored to long photoperiod levels with exogenous prolactin 
administration (41). The data presented here demonstrate 
that increased circulating prolactin concentrations act to facili-
tate seasonally programmed changes in body mass.

As an endocrine factor, prolactin can be a powerful output 
signal to multiple physiological “effector” tissues. Prolactin 
receptors are distributed widely across many tissues, including 
those essential for reproduction (ie, uterine, ovary, and testes), 
osmoregulation (ie, kidney), and energy balance (eg, adipose, 
liver) (39). Prolactin receptors belong to the cytokine receptor 
family and ligand binding leads to tyrosine phosphorylation 
of several cellular proteins via the Janus kinase (JAK)—signal 
transducers and activators of transcription 5 (STAT) pathway 
(42). In rabbits, prolactin increased the transport of potassium 
and decreased the transport of sodium across mammary epi-
thelial cells (43). Prolactin has also been observed to increase 
the uptake of amino acids in the rat mammary gland (44). In 
rat intestinal epithelial membranes, there is a significant trans-
fer of fluid and calcium stimulated by prolactin (45, 46, re-
spectively). In the current study, Bromo treatment resulted 
in lower BAT mass in LD hamsters. Previous work has shown 
that in BAT, prolactin regulates UCP1 expression (47) and 
maintains thermogenic function (48). In white adipose tissue, 
prolactin regulates adipogenesis (49) and maintains fat depos-
ition and leptin signaling (50). We also observed that 3 con-
secutive daily injections of prolactin were sufficient to 
increase kidney mass in hamsters. While the effects of prolac-
tin on kidney mass have not been reported previously, prolac-
tin infusions in rats significantly reduced urinary sodium, 
potassium, and water excretion (51). The observed changes 
in kidney mass may, therefore, reflect a long-term program 
to decrease water and electrolyte excretion and contribute to 
the increase in body mass.

Prolactin secretion from the pituitary is governed, in part, 
by tuberoinfundibular dopamine (TIDA) neurons expressed 
in the dorsomedial arcuate nucleus of the hypothalamus. 
These TIDA neurons signal via the D2 receptor (52) and func-
tion to inhibit the spontaneous electrical activity of lacto-
trophs and decrease prolactin release (53, 54). We used 
tyrosine hydroxylase, the rate-limiting enzyme for the synthe-
sis of dopamine, as a proxy to examine long-term changes in 
prolactin regulation. Th expression was significantly elevated 
in short-day photoperiod hamsters, consistent with studies in 
seasonally breeding animals including sheep (55), golden 
hamster (56), and redheaded buntings (57). Somatostatin is 
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another neuropeptide that exerts inhibitory effects on prolac-
tin secretion in mammals (27). Consistent with previous re-
ports in hamsters (19), short photoperiod significantly 
increases Sst expression in the arcuate nucleus of the hypothal-
amus. The increase in both Th and Sst suggests that these 2 
neuropeptides may regulate the release of prolactin from the 
pituitary gland.

Tanycytes are proposed to provide the long-term seasonal 
programmed change in body mass (12). In adult hamsters, 
Dio3 expression is significantly upregulated in the ependymal 
layer of the third ventricle after prolonged exposure to short 
photoperiod (11, 58, 59). Here we confirm that Dio3 expres-
sion is rapidly, and transiently upregulated in the short-day 
photoperiod condition (ie, SD3) (59). Thus, photoperiod- 
induced changes in triiodothyronine act to adjust the set point 
for the maintenance of seasonal body mass (12). Taken to-
gether, we propose that the seasonal regulation of body 
mass set point is established by a circannual timer residing 
in tanycytes and neuropeptides (ie, Cart, Sst) act as the con-
trollers to regulate long-term changes in body mass.

Prolactin receptor is also expressed in the mediobasal hypo-
thalamus, preoptic area, and choroid plexus in Siberian 

hamsters and the sibling species Phodopus campbelli (60). 
Dense levels of Prlr expression are identified primarily in the 
arcuate nucleus and ventromedial nucleus in mice (61). Both 
Sst (19) and Cart (62) are expressed in the hamster arcuate nu-
cleus and are significantly increased in short photoperiod con-
ditions. Previous work using in situ hybridization found that 
the dorsomedial posterior arcuate nucleus has multiple tran-
scripts that exhibit localized, photoperiodic changes in expres-
sion levels, including VGF nerve growth factor inducible, 
histamine H3 receptor, cellular retinoic acid binding 
protein-2, cellular retinol binding protein 1, retinoic acid re-
ceptor alpha, and retinoid X receptor gamma (see (63) for a 
review). This paper used a PCR-based approach to quantita-
tively assess transcript levels in a hypothalamic region that in-
cludes the arcuate nucleus and surrounding regions (eg, third 
ventricle). Consequently, the current study lacks the anatom-
ical precision to identify any regional change of Sst and Prlr 
expression in the dorsomedial posterior arcuate nucleus. 
Recent single-cell sequencing in murine hypothalamic indi-
cates co-localization of the prolactin receptor with both Sst 
and Cart expressing cells (64). Bromo-treated hamsters were 
found to have significantly increased Cart expression, but 

Figure 4. Model of programmed rheostatic regulation of seasonal body mass by prolactin. Annual set point in body mass is established by tanycytes 
along the third ventricle in the hypothalamus. Tanycyte expression of deiodinase type-3 (Dio3) governs the annual change in triiodothyronine (T3) 
production. T3 signals to adjacent neurons to convey time of year information to hypothalamic controllers of energy balance. Hypothalamic neurons 
expressing tyrosine hydroxylase (Th) and somatostatin are photoperiodically regulated and act as “controllers” of prolactin secretion from lactotrophs in 
the pars distalis. In the absence of inhibitory input, lactotrophs release prolactin into the circulatory system and act on multiple effector endocrine 
organs. Prolactin acts as a pleiotropic hormone to regulate energy storage, thermogenesis, reproduction, osmoregulation, growth, and metabolism. 
Prolactin is also necessary for short-feedback loops to inhibit cocaine- and amphetamine-regulated transcript (Cart) expression in the arcuate nucleus. 
Effector tissues (eg, adipose, liver) have well-characterized feedback mechanisms to regulate neuroendocrine control of energy balance. The figure 
was created using BioRender.
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there was no effect on Sst expression. Moreover, prolactin ad-
ministration had no impact on either Sst or Cart expression. 
These findings indicate that prolactin is necessary, but not suf-
ficient for the long photoperiod-induced inhibition of Cart 
expression.

There are a few limitations to the current work that are im-
portant to highlight. First, the studies only examined tran-
scriptional regulation of mRNA expression and not 
translational or circulating levels of target hormones. 
Further work is required to assess the link between prolactin 
signaling and protein levels of anorexigenic and/or orexigenic 
neuropeptides. Second, it remains possible the effects of 
bromocriptine on body mass are mediated by other non-
specific dopamine pathways. Bromocriptine has potent ac-
tions as a D2 receptor agonist and D1 receptor antagonist 
and is used to reduce growth hormone levels in patients 
with acromegaly (65). It remains possible that the reduction 
in body mass observed in Study 2 occurred in response to a re-
duction in circulating growth hormone levels in hamsters (24- 
26). Finally, radioimmunoassay has identified that plasma 
prolactin concentrations range from 100 to 600 ng/mL in 
Siberian hamsters (66). Unfortunately, the radioimmunoassay 
reagents for the assay could not be obtained and several 
enzyme-linked immunoassays were found to be nonspecific. 
Establishing changes in prolactin hormone during pro-
grammed rheostatic changes body mass will be important to 
examine the links between hormone signaling and changes 
in effector tissues.

Most research has focused on the role of prolactin in the 
hypothalamus to regulate parental behavior ((67); see (68) 
and (69) for reviews). The data provided here indicate that 
prolactin hormone is an output signal of the hypothalamus 
to control long-term programmed rheostatic regulation of 
body mass (Fig. 4). We show a strong positive relationship be-
tween the expression of prolactin mRNA and the increase in 
body mass during the onset of the annual interval timer. 
Then using daily bromocriptine injections, we show robust 
body mass loss that can be attributed to reduced circulating 
prolactin concentrations. Reduced body mass may be a result 
of increased hypothalamic Cart expression. Then we show 
that short-term administration of prolactin can increase 
body mass. Prolactin injections significantly increased kidney 
mass suggesting a potential link between lactotroph function 
and seasonal changes in osmoregulation. We propose that 
the photoperiod-induced changes in Sst and Cart act as the 
rheostatic controller of seasonal body mass and regulate the 
release of prolactin from the pituitary gland. Future studies 
are needed to (i) uncover the mechanistic link between Sst 
and Cart signaling to regulate prolactin mRNA expression; 
and (ii) determine tissue-specific effects of prolactin on periph-
eral tissues.
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