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Significance

Light impacts human health by 
reprogramming the central 
circadian clock. Circadian 
responses to light coordinate 
behavior and physiology so that 
it is adjusted to daily and 
seasonal changes in the 
environment. Our work indicates 
that circadian responses to light 
are modulated by somatostatin, 
a peptide widely expressed in the 
brain. We show that light 
modulates the neurochemistry of 
central clock circuits, with long 
days increasing somatostatin 
expression. Further, we show 
that lack of somatostatin 
increases circadian plasticity at 
the behavioral and cellular levels. 
Last, our work reveals sex 
differences in circadian 
responses to light and the role of 
somatostatin. Further work 
comparing photic processing in 
both sexes can provide better 
insight into gender differences in 
circadian responses to light.
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Daily and annual changes in light are processed by central clock circuits that control 
the timing of behavior and physiology. The suprachiasmatic nucleus (SCN) in the 
anterior hypothalamus processes daily photic inputs and encodes changes in day 
length (i.e., photoperiod), but the SCN circuits that regulate circadian and photo-
periodic responses to light remain unclear. Somatostatin (SST) expression in the 
hypothalamus is modulated by photoperiod, but the role of SST in SCN responses to 
light has not been examined. Our results indicate that SST signaling regulates daily 
rhythms in behavior and SCN function in a manner influenced by sex. First, we use 
cell-fate mapping to provide evidence that SST in the SCN is regulated by light via de 
novo Sst activation. Next, we demonstrate that Sst  -/- mice display enhanced circadian 
responses to light, with increased behavioral plasticity to photoperiod, jetlag, and 
constant light conditions. Notably, lack of Sst  -/- eliminated sex differences in photic 
responses due to increased plasticity in males, suggesting that SST interacts with 
clock circuits that process light differently in each sex. Sst  -/- mice also displayed an 
increase in the number of retinorecipient neurons in the SCN core, which express a 
type of SST receptor capable of resetting the molecular clock. Last, we show that lack 
of SST signaling modulates central clock function by influencing SCN photoperiodic 
encoding, network after-effects, and intercellular synchrony in a sex-specific manner. 
Collectively, these results provide insight into peptide signaling mechanisms that 
regulate central clock function and its response to light.

circadian | photoperiod | suprachiasmatic nucleus | somatostatin | behavior

Light modulates brain function in ways that can benefit or disrupt human health. Daytime 
light exposure is critical for the optimal regulation of daily rhythms, but light at night 
increases the risk for pathology (1). Aberrant light exposure affects an estimated 15 to 80% 
of people due to shiftwork, light pollution, and nighttime device use (2–4). In addition, 
human health is influenced by the duration of daily light exposure (i.e., photoperiod). 
Neuropsychiatric disorders display annual fluctuations in symptoms that vary systematically 
across latitude and hemisphere (5). This suggests that daily and annual changes in light 
exposure modulate neural function in humans, but the mechanisms by which light can cause 
adaptive and maladaptive plasticity in neural circuits remain poorly defined.

Circadian and photoperiodic responses to light require the suprachiasmatic nucleus 
(SCN), which is the central daily clock and annual calendar in mammals (6, 7). At the 
cellular level, circadian timekeeping is driven by transcriptional–translational feedback 
loops that program daily rhythms in gene expression and cellular physiology. Daily light 
cues reset the SCN molecular clock, with initial processing in SCN core neurons that 
express GABA and the neuropeptides vasoactive intestinal polypeptide (VIP) and 
gastrin-releasing peptide (GRP, refs. 8–10). Photic inputs are processed and transmitted 
to the broader SCN circuit, then ultimately the larger circadian system to influence the 
phase, period, and waveform of daily rhythms (7). Photoperiodic plasticity in the waveform 
and period of daily rhythms in behavior is associated with reprogramming of SCN circuits 
and intercellular signaling (6, 7). SCN photoperiodic encoding is influenced by both VIP 
and GABA signaling (11–13), but the network-level circuits that regulate circadian 
responses to light have not been fully mapped.

Somatostatin (SST) is an inhibitory neuropeptide produced by a subpopulation of 
SCN neurons with extensive intra-network connections (9, 14, 15). Widely expressed in 
the brain, SST acts via a family of five SST receptors (SSTR) coupled to Gi/o signaling. 
Changes in SST signaling are linked to neuropsychiatric disorders with circadian and 
seasonal components in humans and rodent models (5, 16). Further, photoperiod mod-
ulates SST expression in the rodent hypothalamus, with SST levels in the paraventricular 
nucleus (PVN) and periventricular nucleus (PeVN) associated with light-driven changes 
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in depression- and anxiety-like behavior (17–19). This work sug-
gests that light is able to reprogram neural identity by causing 
neurons to switch neurotransmitter expression between SST and 
dopamine. Recent work indicates that the SCN drives this down-
stream SST–dopamine neurotransmitter switching in the PVN 
(20), but it has not been tested whether SST influences the func-
tion of the circadian clock, its response to light, or changes with 
photoperiod.

Here, we test that SST influences circadian and photoperiodic 
responses to light. First, we map Sst neurons in the SCN network, 
providing genetic evidence that long days increase SCN SST 
expression via de novo Sst transcription. Next, we show that 
germline SST knockout mice (Sst  -/-) display enhanced circadian 
responses to light at the behavioral and cellular levels. Interestingly, 
sex differences in behavioral and cellular responses to light were 
eliminated in Sst  -/- mice due to enhanced plasticity in males. 
Collectively, these data indicate that SCN SST levels are regulated 
by light, and that SST signaling acts to increase circadian robust-
ness in a sexually dimorphic manner.

Results

Spatiotemporal Mapping of Sst Expression in the SCN. First, we 
examined spatial patterning of SCN Sst-expressing neurons using 
a genetic approach (Fig. 1A and SI Appendix, Fig. S1 A  and B). 
The majority of Sst–tdT+ neurons were in the dorsal regions of the 
posterior SCN shell (Fig. 1A and SI Appendix, Fig. S1A), consistent 
with (9). Overall, SCN Sst–tdT+ cells were fewer in number than 
those labeled by Vip–tdT+ and Avp–tdT+ (SI Appendix, Fig.  S1 
C–E). In the sagittal plane, Sst–tdT+ cells were also located dorsal 
and posterior to the SCN (SI Appendix, Fig. S1A), but Sst–tdT+ 

neurons in the SCN were smaller than those in surrounding 
structures (SI Appendix, Fig. S1B, F (2, 9) = 7.65, P = 0.01, Tukey’s 
HSD, P < 0.05). Sst–tdT labeling was complemented with SST 
immunohistochemistry (IHC) at four time points spanning the 
LD12:12 (L12) photocycle (Fig. 1 A–D and SI Appendix, Fig. S2 
A and B). Independent of time, approximately 77% of Sst–tdT+ cells 
expressed SST above background (Fig. 1B). SST was also expressed 
in fiber-like processes clustered in the SCN core, but not Sst–tdT+ 
tracts in the optic nerve (Fig. 1A and SI Appendix, Fig. S1C).

Further, daily expression of SST and Sst was rhythmic in the 
SCN (Fig. 1C and SI Appendix, Fig. S2), consistent with previous 
work (21, 22). SST protein expression was rhythmic at the whole 
SCN level (Fig. 1C; F (2, 28) = 6.3, P = 0.004), with higher ampli-
tude rhythms in posterior slices (SI Appendix, Fig. S2B). Cellular 
SCN expression of SST was also rhythmic (SI Appendix, Fig. S2C, 
t (28) = 3.13, P = 0.004), with a daytime peak in the percentage 
of Sst–tdT+ cells coexpressing SST (Fig. 1D; t (29) = 2.7,  
P = 0.01). The number of SCN Sst–tdT+ cells did not fluctuate 
(SI Appendix, Fig. S2C, t (28) = 0.9, P = 0.4), consistent with 
permanent tdT labeling after the onset of transcription (23). At 
the transcript level, Sst was also expressed largely in the posterior 
SCN shell, with elevated expression during the night (Fig. 1C and 
SI Appendix, Fig. S2 D and E, F (3, 213) = 5.11, P = 0.007). SCN 
SST and Sst expression differed by sex, with daily rhythms detected 
in males but not females (SI Appendix, Fig. S2 E and F). Overall, 
these results indicate that SST and Sst are rhythmically expressed 
in a subset of SCN neurons in a manner that differs by sex.

SCN SST Expression Is Modulated by Photoperiod. Next, we 
examined whether SCN SST levels vary with photoperiod, as seen 
in other hypothalamic structures (17–19). Mice were entrained 

Fig. 1. Spatiotemporal mapping of Sst SCN subpopulation. (A) Genetic approach for labeling Sst–tdT+ cells, with representative images illustrating Sst–tdT and 
SST expression at midday (ZT06) and midnight (ZT18). (B) Percent cells expressing Sst–tdT with and without SST. (C) Daily rhythm in SST and Sst expression, 
double-plotted to facilitate visualization. (D) Day–night difference in SCN expression of Sst–tdT and SST. (E) Photoperiodic modulation of SCN SST expression. 
(F) Photoperiodic modulation of Sst transcription in the hypothalamus. Representative images illustrating SCN Sst–tdT+ cells. Twelve weeks of L20 entrainment 
increased the number of SCN Sst–tdT+ cells. Scale bars, 100 μm, ZT = Zeitgeber time, ZT12 = time of lights off, a.u. = arbitrary units. @Circwave test of rhythmicity, 
P < 0.05. *post hoc comparisons, P < 0.05.
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to short (6  h of light/day, L06), control (L12), or long-day 
photoperiods (L18) prior to receiving 1 μl colchicine injections into 
the third ventricle to slow microtubule transport and visualize total 
peptide production over the circadian cycle. SST levels in SCN cells 
were proportional to day length (Fig. 1E and SI Appendix, Fig. S3A, 
PP: F (2, 17) = 7.8, P = 0.004, Sex: F (1, 17) < 0.1, P = 0.95, 
PP*Sex: F (2, 17) = 2.3, P = 0.14). In the PeVN, SST expression 
also varied with photoperiod, but in a manner that interacted with 
sex (SI Appendix, Fig. S3A, PP*Sex: F (2, 17) = 7.0, P = 0.006). 
Next, we tested whether photoperiod modulates daily rhythms in 
SCN SST expression by exposing male mice to extreme long-day 
photocycles with 20 h of light (L20). SST rhythms in the male 
SCN were affected by L20 (SI Appendix, Fig. S3 B and C, PP*ZT: 
F (3, 90) = 4.4, P = 0.006), with increased expression at the times 
corresponding to dawn and dusk in L12 (SI Appendix, Fig. S3C, 
LSM Contrasts, P < 0.05). Collectively, these results indicate that 
SCN SST levels and rhythms are modulated by photoperiod.

To assess whether long days increase SST via de novo Sst 
transcription, Sst–tdT mice were exposed to L12 or L20 for 12 wk. 
We predicted that the number of Sst–tdT+ labeled cells would be 
higher in L20 than that in L12 if long days activate nascent Sst 
transcription. Sex influenced the number of Sst–tdT+ cells under 
L12 (SI Appendix, Fig. S3D), so data were normalized to 
sex-matched controls to evaluate L20 patterns in both sexes 
(Fig. 1F). L20 exposure for 12 wk increased the number of 
Sst–tdT+ cells in the SCN by 25% (Fig. 1F, PP: t (23) = 4.7,  
P = 0.0001), with the largest increase in the middle and posterior 
SCN (SI Appendix, Fig. S3H). In agreement with previous work, 
L20 also increased Sst–tdT+ cells in the PVN by 34% (SI Appendix, 
Fig. S3 E–H, t (20) = 2.7, P = 0.0001), but we did not detect 
consistent changes in the PeVN (SI Appendix, Fig. S3 E–H t (13) 
= 0.7, P > 0.4). When divided by sex, exposure to L20 first elevated 
Sst–tdT cell counts in the SCN and PVN by 6 and 8 wk, respec-
tively (SI Appendix, Fig. S3I), and there were sex differences in the 
timing and patterning of this response. Collectively, these results 
indicate that Sst is modulated by photoperiod via de novo tran-
scription in both the SCN and PVN.

SST Regulates Photoperiodic Changes in Circadian Behavior. 
Next, we tested that SST is necessary for photoperiodic 
modulation of daily rhythms in locomotor behavior (Fig.  2A 
and SI Appendix, Fig. S4A). Photoperiod modulates the phasing, 
waveform, and period of circadian rhythms (24). Under different 
photoperiods, circadian waveform is typically measured by the 
duration of wake versus sleep over the daily photocycle. In rodents, 
the duration of locomotor activity (i.e., alpha) is proportional to 
the duration of darkness (i.e., scotophase). Systemic changes in 
alpha are indicative of photoperiodic entrainment, but light can 
also acutely suppress or “mask” locomotor activity. Release into 
DD establishes effects of photoperiod in central clock circuits, 
with after-effects in both circadian waveform and period. Sst  -/-
  founder mice were provided generously by Dr. Malcolm Low 
(25, SI Appendix, Fig. S2A). Body weight (Females: F (2, 26) = 
0.04, P = 0.97; Males: F (2, 26) = 0.14, P = 0.8), levels of wheel-
running activity (SI Appendix, Fig. S4B), and L12 entrainment did 
not differ by genotype (Fig. 2 A and B and SI Appendix, Fig. S4 
C–E). This indicates that basic physiology and photoentrainment 
were intact in Sst  -/- mice, consistent with previous work (25, 26).

Relative to controls, Sst  -/- mice displayed larger photoperiodic 
responses under both long and short days (Fig. 2 A and B and 
SI Appendix, Fig. S4D). Under long days, Sst  -/- mice displayed 
greater alpha compression over time (Fig. 2 A and B and SI Appendix, 
Fig. S4 D and E, GT*Week: F (18, 450) = 2.3, P = 0.002; LSM 
Contrasts, P < 0.002), and photophase activity levels were lower in 

Sst  -/- mice (SI Appendix, Fig. S4G). Notably, genotype influenced 
peri-dawn and -dusk activity levels that tracked reentrainment of 
activity into the scotophase (SI Appendix, Fig. S4H). Under short 
days, mice displayed individual differences in the phase angle of 
entrainment independent of genotype (SI Appendix, Fig. S4A). As 
expected, alpha expanded in all groups, and the rate of alpha expan-
sion was initially greater in Sst  -/- mice (Fig. 2B and SI Appendix, 
Fig. S4D, GT: F (2, 55) = 3.5, P = 0.04, Week: F (9, 495) = 24.6, 
P < 0.0001; GT*Week: F (18, 495) = 1.5, P = 0.08; LSM Contrasts, 
Wk4: P < 0.0005, Wk3: P = 0.05, Wk5: P = 0.03). Under both 
long and short days, genotypic differences in circadian waveform 
were driven by changes in activity offset (SI Appendix, Fig. S4 
C and D). Further, genotype influenced sex- and photoperiod-specific 
changes in the architecture of locomotor rhythms (Fig. 2C and 
SI Appendix, Fig. S4F). Consistent with previous work (27), male 
mice displayed more consistent nightly “siestas” (i.e., inactive inter-
val during the scotophase; SI Appendix, Fig. S4A; Sex: F (1, 146) = 
43.3, P < 0.0001). Exposure to short days increased “siesta” duration 
in males (PP: F (2, 146) = 32.3, P < 0.0001; PP*Wk: F (8, 584) = 

Fig.  2. Lack of SST enhances photoperiodic modulation of circadian 
waveform. (A) Representative double-plotted wheel-running actograms from 
male mice of each group. Lighting conditions are illustrated with white:black 
bars and internal shading. (B) Photoperiodic modulation of circadian waveform 
during entrainment. (C) Photoperiodic modulation of daily siesta time during 
entrainment. *post hoc comparisons, P < 0.05.
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2.3, P < 0.05; PP*Sex: F (2, 146) = 13.0, P < 0.0001), with male 
Sst  -/- mice displaying the largest increases (Fig. 2C and SI Appendix, 
Fig. S4F, LSM Contrasts, P < 0.05). Given that activity levels did 
not differ by genotype (SI Appendix, Fig. S4B), this pattern of results 
suggests that lack of SST affects the daily distribution of activity 
rather than masking.

To test photoperiodic after-effects indicative of central clock 
function, mice were released from each photoperiod into constant 
darkness (DD, SI Appendix, Fig. S5A). As expected, mice released 
from long days quickly expanded alpha over the first week of DD. 
Over the next 2 wk, Sst−/− mice displayed a greater rate of alpha 
expansion relative to controls (SI Appendix, Fig. S5B, GT: F (2, 40) 
= 5.2, P < 0.01, LSM Contrasts, P < 0.01), which ultimately nor-
malized alpha across groups (SI Appendix, Fig. S5B). In contrast, 
genotype did not influence photoperiodic after-effects in circadian 
period (SI Appendix, Fig. S5C, PP: F (2, 151) = 285.42, p < 0.0001; 
GT: F (2, 151) = 2.1, P = 0.12, PP*GT: F (4, 151) = 3.2, P = 0.01; 
post hoc ANOVA: GT: L12- P > 0.1, L20- P > 0.1, L04- P > 0.1). 
Following an extended free-run, phase resetting responses to short, 
20 min light pulses differed by circadian phase and sex (SI Appendix, 
Fig. S5D, Sex: F (1, 292) = 4.8, P = 0.03; CT: F (3, 292) = 157.3, 
P = 0.0001; Sex*CT: F (3, 292) = 6.4, P = 0.0005), but photic 
resetting was not affected by photoperiod or genotype (PP: F (2, 
292) = 1.4, P > 0.2; GT: F (2, 292) = 1.9, P > 0.1, PP*GT: F (4, 
292) = 1.5, P > 0.2). Collectively, these results suggest that SST 
modulates circadian responses to light that differ from those required 
for discrete photic resetting and period after-effects.

To examine other types of circadian responses to light, we tested 
genotype differences during simulated jetlag and constant light 
(LL, Fig. 3 and SI Appendix, Fig. S6). In both behavioral assays, 

females displayed larger responses than males, and lack of SST 
eliminated this sex difference by potentiating responses in males. 
During simulated eastward travel, locomotor activity rhythms 
reentrained through phase advances of activity onset in all groups 
(Fig. 3A and SI Appendix, Fig. S6), with days to recovery defined 
as the day on which activity onset advanced by 6 h. Both sex and 
genotype influenced the rate of reentrainment (Fig. 3B, GT: F (2, 
54) = 6.9, P < 0.005, Sex: F (1, 54) = 12.3, P < 0.001; GT*Sex: 
F (1, 54) = 2.4, P = 0.09). Consistent with previous work (28), 
females reentrained in a fewer number of days relative to wild-type 
males (Fig. 3B, LSM Contrasts, P < 0.05). When effects of gen-
otype were assessed separately by sex, male Sst−/− mice displayed 
accelerated recovery from jetlag (Fig. 3B, F (2, 27) = 7.9,  
P < 0.005), but lack of Sst did not further accelerate responses in 
females (Fig. 3B, F (2, 27) = 1.5, P > 0.1). Similarly, under LL, 
wild-type females displayed higher rates of arrhythmia compared 
to wild-type males (Fig. 3C, χ2(1) = 3.8, P = 0.006). Lack of Sst 
increased the incidence of LL-induced arrhythmia in males, but 
not females (Fig. 3C, Male: χ2(1) = 7.6, P = 0.006, Female: χ2(1) = 
0.6, P = 0.4). However, the power of the free-running rhythm was 
lower in Sst−/− mice of each sex (Fig. 3D, LSM Contrasts,  
P < 0.01). Overall, lack of Sst  -/- eliminated the sex difference in 
jetlag and LL behavior observed in wild-type mice (Fig. 3 B and C, 
LSM Contrasts, P > 0.1, χ2(1) = 0.8, P > 0.3). Collectively, these 
results suggest that SST modulates photic responses under circa-
dian assays indicative of SCN reprogramming (7).

Lack of SST Alters SCN Function and Neurochemistry. To 
determine whether SST influences SCN function, we first examined 
genotypic differences in SCN neurochemistry after colchicine 

Fig. 3. Lack of SST enhances circadian responses to light. (A) Representative double-plotted wheel-running actograms from male mice exposed to simulated 
jetlag (6 h advance) and constant light (LL). Lighting conditions are illustrated with white:black bars and internal shading. *post hoc comparisons, P < 0.05.  
(B) Days to reentrain to new LD cycle. (C-D) Incidence of LL-induced arrhythmia and power of χ2 periodogram. †Wild-type sex difference, *Genotype difference, 
post hoc comparisons, P < 0.05.

http://www.pnas.org/lookup/doi/10.1073/pnas.2216820120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216820120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216820120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216820120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216820120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216820120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216820120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216820120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216820120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216820120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216820120#supplementary-materials


PNAS  2023  Vol. 120  No. 18  e2216820120� https://doi.org/10.1073/pnas.2216820120   5 of 10

injections into the third ventricle (Fig. 4A and SI Appendix, Fig. S7). 
Under L12, lack of SST increased the number of SCN core neurons 
expressing VIP and GRP by 30% and 20%, respectively (Fig. 4B, 
VIP: F (2, 24) = 9.7, P = 0.0008; GRP: F (2, 24) = 7.1, P = 0.004). 
No change was detected in the number of AVP cells (Fig.  4B, 
F (2, 24) = 0.4, P > 0.6). Peptide levels were not affected by genotype 
(Fig. 4C, VIP: F (2, 24) = 0.2, P > 0.8; GRP: F (2, 24) = 0.1, P > 0.9; 
AVP: F (2, 24) = 0.2, P > 0.7), suggesting that SST regulates the 
number of retinorecipient neurons in the SCN core. Next, to test 
that SCN neurons can respond to SST signaling, we measured 
SCN expression of Sstr1–4 (Fig. 5A). Highest in situ signals were 
detected for Sstr1 (Fig. 5A, t (4) = 4.6, P < 0.01). In addition, Sstr3 
and Sstr4 were also expressed above background levels (Fig. 5A, 
Sstr3: t (5) = 3.4, P < 0.02; Sstr4: t (5) = 2.57, P < 0.05). Each SST 
receptor displayed modest day–night differences, with Sstr1 above 
background at both dusk and dawn (SI Appendix, Fig. S8A). These 
results demonstrate that SCN neurochemistry is modulated by the 
lack of Sst and the SCN expresses transcripts for SSTR.

Given that lack of Sst modulated SCN VIP/GRP cell number, 
we next investigated whether these retinorecipient SCN neurons 
express Sstr1 (Fig. 5 B and C and SI Appendix, Fig. S8 B–E). As 
expected, Vip and Grp neurons were located primarily in the middle 
SCN (SI Appendix, Fig. S8B, (9), with daily rhythms in peptide 
transcription that differed by sex (SI Appendix, Fig. S8D), consistent 
with previous work (28). Important for colocalization, the number 
of Vip- and Grp- neurons detected did not vary across time of day 
(SI Appendix, Fig. S8C). Both Vip- and Grp- SCN neurons expressed 
Sstr1, with a larger percentage of Vip neurons expressing Sstr1 rel-
ative to Grp neurons (Fig. 5C, t (231) = 2.3, P < 0.0001). Compared 
to females, males displayed a higher percentage of SCN Vip cells 
expressing Sstr1 (Fig. 5C, t (114) = 2.6, P = 0.01), but the percent-
age of Sstr1-expressing Grp neurons did not differ by sex (Fig. 5C, 
t (114) = 1.0, P > 0.3). Further, Sstr1 expression was rhythmic in 
both SCN Vip and Grp neurons in males (SI Appendix, Fig. S8E, 
VipSstr1- F (3, 50) = 4.6, P < 0.05, GrpSstr1- F (3, 50) = 12.5, P < 
0.0001), but Sstr1 expression in females was only rhythmic in SCN 
Vip neurons (SI Appendix, Fig. S8E, VipSstr1- F (3, 60) = 3.5, P < 
0.05; GrpSstr1- F (3, 60) = 1.6, P = 0.2). Interestingly, sex 

differences in the timing of maximum Sstr1 expression matched 
those in maximal Vip and Grp expression (SI Appendix, Fig. S8D). 
Overall, these results indicate that Sstr1 is expressed in SCN core 
neurons, which may modulate SCN clock function and circadian 
responses to light differently in each sex.

Next, we tested whether SSTR1 signaling influences SCN 
molecular clock function by administering the selective SSTR1 
agonist CH-275 (1 μm) ex vivo to SCN slices collected from L12 
PER2::LUC mice (SI Appendix, Fig. S9A). Three consecutive slices 
were collected from the anterior, middle, and posterior SCN to 
test regional differences in molecular response. Administration of 
CH-275 at ZT12 phase delayed PER2::LUC rhythms specifically 
in middle SCN slices of each sex (SI Appendix, Fig. S9B, mSCN- 
F (1, 16) = 9.8, P = 0.01; aSCN- F (3, 15) = 0.2, P > 0.9; pSCN- 
F (3, 14) = 1.7, P > 0.2). In addition, CH-275 increased the 
amplitude of PER2::LUC rhythms in the posterior SCN on the 
cycle following administration (SI Appendix, Fig. S9C). In con-
trast, CH-275 treatment did not modulate SCN period 
(SI Appendix, Fig. S9D), matching results at the behavioral level 
(SI Appendix, Fig. S5C). These data indicate that SSTR1 signaling 
can influence SCN gene expression and reset the molecular clock.

Lack of SST Modulates SCN Network Responses to Long-Day 
Photoperiods. To test how SST influences SCN responses to 
photoperiod, Sst−/− mice were crossed to PER2::LUC mice and 
entrained to either L12 or L20 for ex vivo SCN bioluminescence 
imaging (Fig.  6A and SI  Appendix, Fig.  S10A). We collected 
tissue after 4 wk of entrainment because this was the timepoint 
when behavior first stabilized in each genotype under long days 
(Fig.  2B). Lack of Sst influenced both behavioral and SCN 
responses to L20 (Fig. 6 B and C), but no genotype differences 
were detected after L12 (SI Appendix, Fig. S10B). Behaviorally, 
alpha was again shorter in L20 Sst  -/- mice (Fig. 6B, GT: F  (2, 
46) = 10.6, P < 0.005), although here this effect was driven by 
males (Fig. 6B, Sex: F (1, 46) = 11.5, P < 0.005, GT*Sex: F (1, 
46) = 5.3, P < 0.05, LSM Contrasts, Male: P = 0.0002; Female: 
P = 0.5). Consistent with these behavioral results, the effect of 
Sst  -/-  on SCN responses to L20 differed by sex (Fig.  6C; GT: 

Fig. 4. Lack of SST increases the number of SCN VIP and GRP neurons. (A) Representative, thresholded images illustrating total peptide expression. (B) Average 
number of cells/sample. (C) Average cellular peptide levels. Male n = 4 to 9 mice/genotype, Female n = 3 mice/genotype. Scale bars, 100 μm, a.u. = arbitrary 
units. *post hoc comparisons, P < 0.05.
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F (1, 78) = 4.0, P < 0.05, Sex*GT: F (2, 78) = 5.0, P < 0.05). 
Specifically, male L20 Sst  -/- mice displayed a larger phase difference 
between the SCN core and shell relative to controls (Fig.  6C, 
LSM Contrasts, P = 0.0002). Wild-type females displayed larger 
SCN responses compared to male counterparts (Fig. 6C, LSM 
Contrasts, P = 0.005), and lack of Sst did not further augment 
this response (Fig. 6C, LSM Contrasts, P = 0.4). SCN period after 
ex vivo release from L20 did not differ by genotype (Fig. 6D, F (3, 
44) = 0.7, P < 0.5), also consistent with behavior (SI Appendix, 
Fig. S5C). Taken together, these results indicate that SST regulates 
SCN photoperiodic encoding and that this central clock network 
is sexually dimorphic in its photoperiodic response.

SST could modulate SCN response to long days by altering 
photic processing and/or local network function. To evaluate how 
SST signaling modulates SCN circuitry, PER2::LUC mice of each 
genotype were exposed to L20 for at least 8 wk to maximize SCN 
organization to analyze photoperiodic after-effects driven by net-
work coupling ex vivo (13). In all groups, the SCN core and shell 
displayed a large phase difference on the first cycle in vitro, with 
changes in this phase relationship over time in culture (Fig. 7A). 
As expected (13), the coupling response curve describing these 
changes in SCN organization was biphasic in males (Fig. 7 
B and C), with a negative zone in which SCN core neurons delay 
to resynchronize with the SCN shell and a positive zone in which 

SCN core neurons advance to resynchronize. In wild-type mice, 
sex influenced the shape of this coupling response curve, with a 
smaller positive zone in females (Fig. 7 D and E). When divided 
by sex, lack of Sst influenced SCN synchronization specifically in 
males (Fig. 7 B–E), with a reduction in the positive zone for male 
Sst  -/- SCN (+AUC: t (16) = −5.8, P < 0.001; -AUC: t (16) = 0.4, 
P > 0.1) and no change for the female Sst  -/- SCN (+AUC: t (12) = 
0.3, P > 0.1; -AUC: t (12) = −1.65, P > 0.1). These results indicate 
that lack of SST modulates male SCN responses to long days; how-
ever, changes in network after-effects in this sex could reflect geno-
typic differences in the history of photoperiodic entrainment.

Last, to test the influence of SST signaling on SCN coupling 
while controlling for developmental and photoperiodic history, 
male PER2::LUC mice were exposed to L20 or L12 for at least 
8 wk (SI Appendix, Fig. S10C). SCN slices were collected and 
cultured with or without a broad-spectrum SSTR antagonist 
(cyclosomatostatin, CSST, 20 μM). CSST administration to 
wild-type L12 SCN slices did not alter the phase or period of 
PER2::LUC rhythms (t (8) = 0.8, P > 0.4; t (8) = 0.6, P > 0.6). 
In contrast, CSST modulated SCN function after L20 exposure 
(SI Appendix, Fig. S10 C and D). On the first full cycle after 
tissue collection, CSST increased the phase difference between 
SCN neurons in the core and shell region (SI Appendix, 
Fig. S10C, t (17) = 4.3, P < 0.001), similar to the effects of 
germline Sst deletion in males (Fig. 6). Further, CSST blunted 
network resynchronization when the phase difference between 
SCN core and shell was maximal (SI Appendix, Fig. S10 
C and D), also consistent with genetic results (Fig. 7C). 
Specifically, CSST reduced the positive zone of the coupling 
response curve for the male SCN (SI Appendix, Fig. S10D, 
+AUC: t (12) = 13.5, P < 0.001; -AUC: t (12) = 6.3, P < 0.001), 
suggesting that SST signaling modulates intercellular commu-
nication and network synchrony in the male SCN.

Discussion

Light modulates neural circuits that program daily and annual 
rhythms in behavior and physiology. Here, we complement and 
extend previous work showing that light modulates SCN neuro-
chemistry by providing genetic evidence for photic activation of 
de novo Sst transcription in the central circadian clock. Further, 
this work reveals that SST signaling modulates circadian responses 
to light at the behavioral and cellular levels in a sexually dimorphic 
manner. At the behavioral level, we find that germline deletion of 
Sst enhanced circadian responses to light and eliminated sex dif-
ferences due to increased plasticity in males. Consistent with this 
phenotype, loss of SST signaling augmented SCN responses to 
light and inhibited SCN coupling specifically in males. Collectively, 
these results highlight a mechanism whereby light activates a 
repressive peptide that modulates circadian responses to light and 
interacts with central clock circuits that differ by sex.

Here, we show that photoperiod modulates SST levels, daily SST 
rhythms, and the number of Sst cells in the SCN. Light, food, and 
hormonal signaling can modulate hypothalamic neurochemistry 
(17, 18, 29), with the suggestion that neurotransmitter switching 
may be bioenergetically favorable to structural rewiring in homeo-
static circuits. Neuronal activity has been shown to be required for 
neurotransmitter switching (30), but the precise mechanisms driv-
ing de novo Sst transcription in the hypothalamus require further 
study. Our data indicate that long days increase SCN SST expres-
sion during dawn/dusk transitions, which may be driven by 
light-induced increases in SCN electrical activity and gene expres-
sion at these times of day (7). Further, previous work indicates that 
light can induce epigenetic changes in SCN neurons (31),  

Fig. 5. SCN expression of SSTR. (A) Representative images of Sstr1-4 expression 
and levels in the SCN. Gray bar indicates background levels for each probe 
± the 95% (CI). (B) Representative image illustrating SCN transcription of Vip, 
Grp, and Sstr1 at ZT18. At higher magnification, Vip/Grp cells with and without 
Sstr1 coexpression are indicated by closed and open arrows, respectively. 
(C) Number of Sstr1-expressing Vip and Grp SCN neurons. Scale bar, 100 μm, 
Higher-magnification Scale bar, 25 μm *post hoc comparisons, P < 0.05.
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but it has not been tested whether photoperiod induces epigenetic 
reprogramming in the SCN. In the PVN, light-driven neurotrans-
mitter switching between SST and dopamine expression (17, 18) is 

induced by a subpopulation of SCN NMS neurons (20, 32) that 
coexpress VIP, AVP, or SST (9, 33). Given that VIP-, NMS-, and 
AVP-expressing SCN neurons regulate PVN function to modulate 

Fig. 6. Lack of SST enhances SCN encoding of long day photoperiods. (A) Representative double-plotted wheel-running actograms and individual SCN phase 
maps of mice entrained to L20 for 4 wk. (B) Lack of SST increased alpha compression in L20 males. (C) Lack of SST increased SCN reorganization in L20 males. 
(D) Lack of SST did not affect SCN period. †Wild-type sex difference, *Genotype difference, post hoc comparisons, P < 0.05.

Fig. 7. Lack of SST and sex modulates SCN coupling after exposure to long days. (A) Composite phase maps for L20 SCN over time in culture. (B) Coupling 
response curves illustrating cellular resynchronization in male SCN. Polar plots along Y-axis illustrate that the sign of cellular responses reflects the direction 
of change over time in culture (blue: SCN core neurons, yellow: SCN shell neuron, ψ: phase difference angle). (C) Area under the curve for positive and negative 
regions of the coupling response curve for male SCN. (D and E) Coupling response curves and area under the curve for female SCN. Male n = 6 to 14 mice/
genotype, Female n = 5 to 9 mice/genotype. *post hoc comparisons, P < 0.05.
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daily rhythms in hormone synthesis, sleep, and affective behavior 
(34–37), future studies should test how SST signaling influences 
the physiology of different types of cells in the SCN network and 
the broader circadian system.

Deletion of Sst influenced circadian plasticity under three classic 
assays reflecting light-induced changes in SCN organization 
(13, 38–40). Under long and short days, Sst  -/- mice displayed 
larger and/or faster changes in waveform of daily locomotor 
rhythms. In contrast, genotype did not affect daily rhythms under 
L12 or the photic PRC, indicating that retinal processing and 
SCN responses to discrete light pulses are intact in Sst  -/- mice. 
Further, loss of Sst did not alter circadian period after DD release 
from any photoperiod, suggesting that SST signaling influences 
circadian mechanisms controlling the waveform of daily rhythms 
rather than period or phase (12, 13, 41). Collectively, this pattern 
of results suggests that SST is not necessary for intrinsic circadian 
timekeeping or stable photoentrainment, but instead that SST 
signaling increases circadian robustness after lighting conditions 
change. In line with this interpretation, loss of Sst also enhanced 
circadian responses to simulated jetlag and constant light, which 
likewise reflect SCN reprogramming (13, 38–40). Importantly, 
we find that genetic and pharmacological manipulation of SST 
signaling potentiated SCN responses to long days in a manner 
that aligns with the behavioral phenotype of Sst  -/- mice. This is in 
agreement with previous work that establishes the necessity of the 
SCN in mediating circadian responses to light (42). Further, our 
pharmacological results and previous work (42) provide evidence 
that SST signaling can directly modulate SCN function. However, 
it remains possible that the behavioral phenotype of Sst  -/- mice 
involves SST signaling in non-SCN structures, and future studies 
using conditional approaches will be useful in identifying the pre-
cise pathways by which SST signaling modulates how light affects 
daily rhythms in behavior and SCN function.

The present results highlight a potential network mechanism by 
which SST signaling in the SCN can regulate circadian responses 
to light, specifically by regulating neuropeptide expression in SCN 
core neurons. Notably, we find that Sst deletion increases the num-
ber of VIP and GRP neurons in the retinorecipient SCN core, 
which could serve to enhance circadian responses to light when 
the photic environment changes (8–10). In this manner, the effects 
of Sst deletion are unlike those of other SCN and retinal mutations 
that decrease neuropeptide expression and cause photic deficits 
(e.g., refs. 43 and 44). In the rat SCN, SST neurons have been 
shown to synapse onto VIP neurons, VIP dendrites, and GRP 
neurons (45, 46), which could modulate processing of retinal 
inputs by retinorecipient SCN neurons (47). In addition, depletion 
of SST in the rat SCN has been shown to unmask a daily VIP 
rhythm by increasing VIP expression during the daytime (48). 
Together with our current findings, this pattern of results suggests 
that SST signaling may influence circadian responses to light by 
inhibiting VIP/GRP expression in an expandable pool of SCN 
core neurons (SI Appendix, Fig. S10E). Overall, it is notable that 
both VIP and SST modulate similar circadian behaviors, from 
siestas to seasons (10, 11, 36). Photoperiod regulates SCN expres-
sion of both VIP and SST (present work, refs. 20 and 49), which 
may occur through parallel or multisynaptic pathways. A recent 
study found that long days increase SCN VIP expression within 
2 wk (20), but we did not detect SCN de novo Sst transcription 
until after 6 to 8 wk of long day exposure. This suggests that pho-
toperiod may initially modulate VIP expression, with later upreg-
ulation of SST coincident with the timing of SCN reorganization 
and photoentrainment stabilization (present results; ref. 13). Given 
that VIP is necessary for SCN timekeeping, photic resetting, and 
photoperiodic encoding (8–10), testing the molecular mechanisms 

by which SST signaling regulates VIP neurons represents an excit-
ing direction for future research.

This work also expands insight into sex differences in SCN 
circuits that process light. Loss of SST affected the power of LL 
rhythms and photoperiodic alpha in both sexes, but significantly 
influenced siesta duration, jetlag recovery, and LL-induced 
arrhythmia only in males. Thus, there was SST dependence in 
both sexes, with a more limited phenotypic range in females. 
Notably, the SST knockout phenotype was specific to males under 
assays where there was a strong sex difference in wild-type mice. 
This provides evidence for sex convergence and divergence in the 
circadian system (50), where sex differences in neurobiological 
mechanisms produce similar behavioral end points under baseline 
conditions (convergence) and different responses to perturbation 
(divergence). Wild-type females recovered faster from simulated 
jetlag and displayed higher rates of LL-induced arrhythmia relative 
to males, consistent with previous work (28). Interestingly, Sst 
deletion eliminated this sex difference because Sst  -/- males matched 
the behavioral and cellular responses seen in females. Likewise, 
we discovered that SCN network synchrony and intercellular cou-
pling differ by sex, with loss of Sst eliminating this sex difference. 
The sex-influenced role of SST on SCN physiology may reflect 
sex differences in SST signaling and/or in downstream circuits. 
For instance, we found that SCN expression of SST/Sst was rhyth-
mic only in males, although these results could be influenced by 
the temporal resolution of the time courses used here (i.e., 6 h) 
and/or estrous-induced variability in the timing of daily rhythms 
in females. In addition, the photoperiodic regulation of SST/Sst 
differed by sex in both the SCN and PeVN. Last, we detected sex 
differences in the number of SCN Vip neurons expressing Sstr1, 
as well as sexual variation in daily rhythms of Sstr1, Vip, and Grp 
expression. Given that VIP and GABA modulate SCN coupling 
in the cellular assay employed here (13), sex differences in SCN 
encoding and coupling could reflect variation in these downstream 
signaling pathways (SI Appendix, Fig. S10E). Overall, these data 
suggest that SST is integrated into clock circuits that differ by sex, 
consistent with previous work revealing sex differences in SCN 
neuropeptide expression and photic processing (28). Greater 
understanding of sex differences in clock circuits is an important 
future goal because men and women display differences in the 
effects of circadian disruption (51). Moreover, up to 80% of peo-
ple who suffer from winter depression are women (52, 53), and 
women report being more seasonal (5, 54). Future work compar-
ing photic processing in the brains of both sexes will be important 
to identify neurobiological factors influencing gender disparities 
in circadian clock function and light-driven disease.

Materials and Methods

Mice and Husbandry Conditions. Mice were bred and raised under a 24-h 
light–dark cycle with 12 h of light and 12 h of darkness [L12; lights off: 1800 CST 
defined as Zeitgeber Time 12 (ZT12)]. Both male and female mice were used in all 
experiments unless otherwise noted. All procedures were conducted according 
to the NIH Guide for the Care and Use of Animals and were approved by the 
Institutional Animal Care and Use Committees at Marquette University.

Genetic Labeling of SCN Neurons. To genetically label Sst neurons, Sst-IRES-
Cre mice ((55), JAX#018973, C57Bl/6N background) were crossed to Ai9 mice 
(56). In progeny of this cross, Cre recombinase is expressed under the Sst pro-
moter, causing cell-specific expression of the red fluorescent protein, tdTomato 
(tdT). This genetic approach permanently labels cells after Sst transcription regard-
less of continued expression or daily variation in peptide transcript expression. 
To compare the SCN Sst–tdT+ cells to those of other SCN peptide groups, Ai9 
mice were also crossed to Vip-IRES-Cre mice ((55), JAX# 010908, C57Bl/Jx129S 
background) and Avp-IRES-Cre mice ((23), JAX# 023530, C57Bl/6 background).
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IHC and In Situ Hybridization. Sst–tdT labeling in Sst-IRES-Cre+/;Ai9+/− mice 
was complemented with SST IHC on tissue collected at ZT00, ZT06, ZT12, or 
ZT18. To test photoperiodic changes in overall SST expression, male and female 
PER2::LUC+/+ mice were exposed to a photocycle with either 12 h, 18 h, or 6 h 
of light per day before receiving 1 μL colchicine injection into the third ventricle 
to slow microtubule transport and measure cumulative SCN SST expression over 
the circadian cycle using IHC. Anti-SST antibodies were validated in-house using 
male Sst+/+ and Sst−/− mice (SI Appendix, Fig. S2A). To test that lack of SST alters 
SCN neurochemistry, Sst+/+; Sst+/−; and Sst−/−;PER2::LUC+/+ mice entrained to 
L12 were given 1 μL colchicine injections to analyze cumulative SCN expression of 
VIP, GRP, and AVP over the circadian cycle using IHC. RNA expression was assessed 
in wild-type mice using fluorescent in Situ hybridization and RNA Scope HiPlex 
assays conducted on tissue collected at ZT00, ZT06, ZT12, or ZT18. Processing of 
samples is described in detail in SI Appendix, Methods.

Circadian Behavioral Assays. Mice were transferred to individual cages 
equipped with a running wheel, with wheel-running data collected and ana-
lyzed using ClockLab software (Actimetrics, Wilmette, IL). To test whether SST 
modulates photoperiodic behavior, male and female Sst+/;PER2::LUC mice, 
Sst+/−;PER2::LUC mice, and Sst−/−;PER2::LUC mice were entrained to L12, L20, 
or L04 for 10 wk, respectively, and then released into constant darkness (DD) 
to test free-running period and photic resetting to 20 min light pulses. To test 
whether SST affected response to simulated jetlag, male and female Sst+/+ and 
Sst−/− mice were entrained to L12 prior to a 6 h advance of the light–dark cycle. 
To test whether SST modulates parametric responses to constant light, male and 
female Sst+/+ and Sst−/− mice were transferred from L12 into constant light (LL). 
Analyses of circadian behavior are described in detail in SI Appendix, Methods.

PER2::LUC Assays. SCN slices (150 μm) were collected in the coronal plane using 
a vibratome and cultured as described previously (13). To test the effects of SSTR1 
signaling on SCN timekeeping, the selective SSTR1 agonist CH275 (1 μM, Tocris 
Cat#2454) or volume-matched vehicle (DMEM) was applied directly to each SCN 
slice at ZT12 before luminometry recording for at least 4 d. To test how lack of SST 

influences SCN photoperiodic responses, male and female Sst+/;PER2::LUC mice, 
Sst  +/−;PER2::LUC mice, and Sst−/−;PER2::LUC mice were entrained to L12 or L20 
for at least 4 wk. To test how SSTR antagonism influenced SCN photoperiodic 
responses, SCN slices were collected from male PER2::LUC mice and cultured 
with or without a broad-spectrum SSTR antagonist (20 μM, Tocris Cat#3493) for 
the duration of the experiment. Procedures used for recording and analyses are 
described in detail in SI Appendix, Methods.

Statistical Analysis. Data are represented in figures as mean ± SEM. Cosine 
curve-fitting was performed to detect significant daily rhythms using Circwave 
software (56). Other statistical analyses were performed with JMP software (SAS 
Institute, Cary, NC). When models contained within-subject factors (region, slice 
position, weeks), a mixed linear model was used to parse out random effects 
driven by individual differences among mice. When models only contained 
between-subject factors, a full-factorial ANOVA was used to assess the effects and 
interactions of one to four factors: 1) SST genotype, 2) photoperiod, 3) time of 
day, and/or 4) sex. Data were analyzed for each sex separately where appropriate. 
Post-hoc tests were performed with Tukey’s HSD or least square mean contrasts to 
control for family-wise error. Statistical significance was set at P < 0.05.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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