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Short-term acute bright light exposure induces a 
prolonged anxiogenic effect in mice via a retinal ipRGC- 
CeA circuit 
Ge Wang1, Yun-Feng Liu1, Zhe Yang1, Chen-Xi Yu1, Qiuping Tong1, Yu-Long Tang1, Yu-Qi Shao1,  
Li-Qin Wang1, Xun Xu2, Hong Cao1, Yu-Qiu Zhang1, Yong-Mei Zhong1, Shi-Jun Weng1*,  
Xiong-Li Yang1* 

Light modulates mood through various retina-brain pathways. We showed that mice treated with short-term 
acute bright light exposure displayed anxiety-related phenotypes in a prolonged manner even after the termi-
nation of the exposure. Such a postexposure anxiogenic effect depended upon melanopsin-based intrinsically 
photosensitive retinal ganglion cell (ipRGC) activities rather than rod/cone photoreceptor inputs. Chemogenetic 
manipulation of specific central nuclei demonstrated that the ipRGC–central amygdala (CeA) visual circuit 
played a key role in this effect. The corticosterone system was likely to be involved in this effect, as evidenced 
by enhanced expression of the glucocorticoid receptor (GR) protein in the CeA and the bed nucleus of the stria 
terminalis and by the absence of this effect in animals treated with the GR antagonist. Together, our findings 
reveal a non-image forming visual circuit specifically designed for “the delayed” extinction of anxiety against 
potential threats, thus conferring a survival advantage. 
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INTRODUCTION 
Anxiety disorder is the most prevailing mental disorder, affecting 
7.3% of the global population (1), whereas anxiety itself is a benefi-
cial adaptive response in all species, allowing the assessment of po-
tential threats and keeping an organism alert to increase survival 
(2). There is mounting evidence that anxiety levels could be sub-
stantially modulated by lighting conditions (3–5). For example, 
nightly exposure to dim light at early life leads to anxiety-like behav-
iors in adult mice (6); meanwhile, decreased daytime illumination 
for 2 weeks has an anxiogenic effect on diurnal rats (7). In addition 
to the aforementioned chronic effects, a few studies also revealed 
acutely induced anxiety-like symptoms during bright light expo-
sure, which were characterized by longer latency to enter the 
open arena and lower number of entries in the defensive withdrawal 
test in rats (8) and by abruptly reduced time in the center in the 
open-field test (OFT) in mice (9). However, it is unclear whether 
such an anxiogenic effect is prolonged, remaining even after the 
removal of light exposure, and if so, how long such postexposure 
anxiety-like behaviors could last and what kind of visual circuit(s) 
underlie it. 

Beyond rod and cone photoreceptors, a small subset of retinal 
ganglion cells (RGCs) that detect ambient illumination levels, 
named intrinsically photosensitive RGCs (ipRGCs), can be directly 
excited by light due to the expression of a unique photopigment, 
melanopsin (10, 11). Initially, ipRGCs were found to be involved 
in the so-called non-image forming (NIF) visual functions, such 

as photic regulation of circadian rhythms and pupillary light 
reflex (12–14), but subsequent studies have shown that ipRGCs 
project to a broad range of brain targets, modulating various non-
visual functions such as body temperature (15), sleep and arousal 
(15–20), learning (21, 22), memory performance (23), and affective 
behaviors including anxiety (21, 22, 24, 25). Specifically, ipRGCs in-
nervate several brain regions, which are shown to underlie anxiety, 
such as the lateral habenula, the bed nucleus of the stria terminalis 
(BNST), and the central/medial amygdala (26–28). Furthermore, 
anxiety-like behaviors have been observed in mice with chemoge-
netic selective activation of ipRGCs (29). Together, these results 
support the involvement of ipRGCs in light-induced anxiety-like 
behaviors. 

In this study, we showed that C57BL/6 mice treated with short- 
term (25 min) acute bright light exposure displayed anxiety-like be-
haviors, which could be observed for at least 20 min after the termi-
nation of exposure. Experiments further showed that this anxiety- 
like behavior was driven by increased melanopsin-driven ipRGC 
inputs to central amygdala (CeA), and associated with up-regulated 
corticosterone (CORT) system activity. This response allows 
animals to maintain alertness for a considerably long period when 
encountering potential threats associated with high ambient illumi-
nation levels, thereby minimizing risks and helping survival. 

RESULTS 
Short-term acute bright light exposure causes prolonged 
postexposure anxiety-like behaviors 
All behavioral tests were carried out during the nocturnal active 
phase [zeitgeber time (ZT) 14 to ZT17]. Given the marked persis-
tence of melanopsin-based photoresponse and its slow recovery 
from bleaching (30–32), all animals were dark-adapted for 
>26 hours before light pulse application to uncouple any behavioral 
changes from recent lighting history. C57BL/6 mice were exposed to 
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1000-lux full-field white light for 25 min. After light pulse removal, 
the animals were redark-adapted for 60 s and then challenged with 
the OFT or elevated plus maze (EPM) test in darkness under infra-
red illumination (Fig. 1A). This paradigm ensured that behavioral 
responses were tested in a physiologically “active” status, rather than 
in the “resting” status caused by longer light exposure; moreover, it 
allowed us to evaluate the prolonged, postexposure effects of light. 

Compared to control mice without light pulse treatment 
(denoted “dark group”), light pulse–treated mice (denoted “light 
group”) exhibited reduced interest in exploring the central region 
in the OFT (P = 0.017 for center entries and P = 0.001 for center 
time; Fig. 1B) and significantly more thigmotaxis (P = 0.001; fig. 
S1A). Consistently, in the EPM, light group showed decreased 
number of entries to, and time spent in, the open arms compared 
with dark group (P = 0.020 for open entries and P = 0.002 for open 
time; Fig. 1C). Moreover, similar results were obtained at ZT2 to 
ZT5 (>14 hours of dark adaptation) (fig. S2), suggesting little 
diurnal variation of this light-induced effect. In addition, the anxi-
olytic agent estazolam, intraperitoneally applied 1 to 2 hours before 
light pulse treatment, completely abolished such anxiety-like behav-
iors, validating that the phenotypes observed were associated with 
increased anxiety (fig. S3). Collectively, these results strongly 
suggest the emergence of prolonged anxiety-like behaviors follow-
ing the 1000-lux light pulse administration. 

The irradiance-response profile of the anxiety-like behaviors was 
explored with three additional light intensities: 150, 600, and 3000 
lux (fig. S4). Whereas a 150-lux pulse did not significantly affect ac-
tivity preferences in both the OFT and EPM (P > 0.05 for all param-
eters analyzed), after the 600-lux light treatment, the time the mice 
spent in the center and open arms became less (P = 0.025 and 0.043, 
respectively), suggesting an irradiance-dependent feature. 

After a 3000-lux light pulse treatment, despite of decreased 
number of entries to/time spent in the center (OFT) and open 
arms (EPM) (fig. S4, A to C), the mice exhibited a significantly 
reduced total distance traveled and an attenuated movement veloc-
ity (P = 0.030 in both cases; fig. S4D), suggesting severely perturbed 
locomotor activity. On the basis of these data, the illumination level 
of 1000 lux, which was effective in evoking the prolonged anxiety- 
like behaviors, but without causing locomotor inhibition, was used 
for all these experiments throughout the study. 

The persistence of anxiogenic effect was investigated by con-
ducting the OFT and EPM tests at various intervals after a 25- 
min light pulse application. Compared to dark group, light group 
showed significantly increased anxiety-like behaviors revealed at 
20 min after light pulse removal (P = 0.002 for center entries, 
P = 0.034 for center time, P = 0.017 for open entries, and 
P = 0.003 for open time; Fig. 1, D and E). Unexpectedly, in the 
EPM, a significantly lower number of entries to open arms were 
still revealed in light group than in dark group even at 1 hour 
after light pulse removal (P = 0.017; Fig. 1E). At 2 hours after 
removal of the light pulse, the results obtained in the two groups 
were comparable in all behavioral parameters analyzed (all 
P > 0.05; Fig. 1, D and E), suggesting the complete extinction of 
the anxiogenic effect. 

Rod/cone inputs are less important for light-induced 
anxiety-like behaviors 
To characterize the photoreceptor inputs that drive the prolonged 
anxiety-like behaviors, we first injected (intraperitoneally) C57BL/6 
mice with N-methyl-N-nitrosourea (MNU; 65 mg/kg), a direct- 
acting alkylating agent inducing rapid and specific rod/cone photo-
receptor apoptosis (33). At 1 week after injection, the immunosig-
nals of rhodopsin (rod marker) and peanut agglutinin (PNA) (cone 
marker) viewed from retinal sections were both extremely weak, and 
virtually lost, in MNU-injected animals (Fig. 2, A and B), suggesting 
the severe ablation of rod/cone photoreceptors. Furthermore, 

Fig. 1. Short-term acute bright light exposure resulted in prolonged postex-
posure anxiety-like behaviors in C57BL/6 mice. (A) Flow diagram showing the 
experimental procedures for investigating the light-induced anxiety-like behav-
iors. (B and C) Representative tracks/heat maps (left) and pooled data (right) 
showing that previous 25-min light pulse treatment at 1000 lux significantly 
reduced the time spent in/number of entries to the center [open-field test (OFT) 
(B)] and open arm [elevated plus maze (EPM) (C)]. *P < 0.05; **P < 0.01, unpaired t 
test; n = 10 in each group for both tests. (D and E) Bar charts illustrating the per-
sistence of light-induced anxiety-like behaviors, which remained at 20 min after 
the removal of the light pulse (1000 lux, 25 min) as revealed by either the OFT 
(D) or EPM (E) but gradually disappeared within 2 hours. *P < 0.05; **P < 0.01, un-
paired t test; n = 8 to 11. In all bar charts, data are presented as the means ± SEM. 
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hematoxylin and eosin histological staining of the whole eyecup 
confirmed that the vast majority of these photoreceptors were 
ablated, and such ablation seems consistent along the entire 
length of the retina (fig. S5). 

In line with this, electroretinographic (ERG) responses recorded 
in dark-adapted MNU-treated mice underwent great changes. As 
shown in Fig. 2 (D to G), both the b-waves (P < 0.001) evoked by 
dim flashes (0.007 cd·s/m2 for rod-dominant responses) and the a- 
and b-waves (both P < 0.001) evoked by bright flashes (4 cd·s/m2 for 
mixed rod/cone responses) were virtually abolished in MNU- 

treated animals, indicating the dysfunction of rod/cone photorecep-
tors. In addition, multielectrode array (MEA) recording demon-
strated that light stimuli at intensities lower than the melanopsin 
activation threshold virtually failed to induce photoresponses in 
any channels in MNU-treated retinal whole mounts (fig. S6, A 
and B), suggesting that, although there might be a few residual 
rod/cone photoreceptors spared by MNU, they were unlikely to 
be functional. 

Meanwhile, the gross morphology and the cell density in the 
inner retina, revealed by DAPI (4e,6-diamidino-2-phenylindole) 

Fig. 2. The prolonged anxiogenic effect of light exposure is not dependent on rod/cone inputs. (A) Representative micrographs of retinal slices showing peanut 
agglutinin (PNA; cone marker, red), rhodopsin (rod marker, green), and DAPI (4′,6-diamidino-2-phenylindole; blue) staining captured from vehicle- and N-methyl-N-nitro-
sourea (MNU)–treated C57BL/6 mice. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar, 50 μm. (B and C) Cell counts revealing that 
neurons positive for PNA/rhodopsin (B) and DAPI-stained nuclei in the ONL (C) were virtually missing after MNU treatment, whereas no apparent cell loss was observed in 
the GCL and INL. **P < 0.01; ***P < 0.001, unpaired t test; n = 3 in each group. (D and F) Representative dark-adapted electroretinographic (ERG) recordings from mice with 
vehicle or MNU injections. Electroretinograms were evoked by dim [0.007 cd·s/m2 (D)] and bright [4 cd·s/m2 (F)] flashes (3 ms, arrows). (E and G) Compared to those in 
vehicle-injected animals, amplitudes of b-waves elicited by dim flashes (E) and a-/b-waves elicited by bright flashes (G) were all tremendously reduced in MNU-treated 
mice. ***P < 0.001, unpaired t test; n = 5 in each group. (H and I) Representative tracks (left) and pooled data (right) illustrating the effect of previous light pulse application 
(1000 lux, 25 min) on anxiety-like behaviors, as assessed by the OFT (H) and EPM (I), in vehicle- and MNU-treated animals. *P < 0.05; **P < 0.01, Sidak’s multiple com-
parisons test; n = 9 to 11 in each group. (J and K) Representative tracks/heat maps (left) and pooled data (right) obtained from the OFT (J) and EPM (K) showing that the 
light-induced anxiety-like behaviors were largely preserved in rd/rd cl mice, which lack rods and cones. *P < 0.05; **P < 0.01, Sidak’s multiple comparisons test; n = 5 to 17 
in each group. All bar charts depict the means ± SEM. WT, wild type. 
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staining, were similar between the vehicle- and MNU-treated mice 
[P > 0.05 for both the ganglion cell layer (GCL) and the inner 
nuclear layer (INL); Fig. 2, A and C], although there appeared to 
be a tendency of reduced soma densities. Moreover, cells positive 
for melanopsin (ipRGC marker) and Brn3a (conventional RGC 
marker) in the GCL were both comparable between the two 
groups (both P > 0.05; fig. S7). Consistently, the “intrinsic” (rod/ 
cone-independent) melanopsin-driven photoresponses of 
ipRGCs, isolated by a glutamatergic cocktail, remained normal in 
MNU group (fig. S6, C and D). These results indicated that MNU 
caused rapid apoptosis of the vast majority of rod/cone photorecep-
tors with high specificity. 

When challenged with the OFT and EPM at 1 to 2 weeks after 
MNU injection, the results obtained in MNU-injected animals were 
largely similar to those obtained in vehicle-injected control animals 
(Fig. 2, H and I, and figs. S1B and S8A). That is, after light exposure, 
both the number of entries to the center (OFT, P = 0.049) and the 
time spent in the open arms (EPM, P = 0.020) were significantly 
reduced. A significantly increased thigmotaxis was also observed 
(P = 0.042). The time in the center (OFT, P = 0.145) and number 
of entries to the open arms (EPM, P = 0.217) of MNU-light group 
both showed a declining tendency, although the effect was not sig-
nificant. The total distance traveled was not changed by the light 
exposure (P = 0.075). 

A small fraction of rod/cone photoreceptors might survive the 
MNU treatment. Although the results of MEA recording argue 
for the dysfunction of these residual cells, MEAs only record a spe-
cific region of the retina and could miss areas of healthy surviving 
photoreceptors. Therefore, to confirm the minor role of the rod/ 
cone photoreceptors in light-induced anxiety-like behaviors, rd/rd 
cl mice, which undergo rod/cone degeneration (34, 35), were sub-
jected to behavioral tests after light pulse application (Fig. 2, J and K, 
and figs. S1C and S8B). Similar to MNU-treated animals, rd/rd cl 
mice exhibited apparent light-induced anxiety-like behaviors, as 
suggested by reduced time spent in the center (P = 0.042) and in-
creased thigmotaxis (P = 0.0003) in the OFT as well as reduced 
number of entries to and time spent in the open arms in the EPM 
(P = 0.009 and 0.020, respectively) after light exposure, although the 
number of entries to the center was not significantly changed in the 
OFT (P = 0.667). The total distance traveled was not significantly 
affected (P = 0.840). Together, we conclude that the prolonged 
light-induced anxiety-like behaviors can be produced almost inde-
pendent of rod/cone inputs. 

Melanopsin-driven ipRGC activities are indispensable for 
light-induced anxiety-like behaviors 
To test the role of melanopsin, the newly identified nonrod, 
noncone photosensitive opsin (36), in the anxiogenic effect ob-
served, Opn4−/− mice (37) and their wild-type (WT) littermates 
were challenged with the OFT and EPM (Fig. 3, A to C, and figs. 
S1D and S8C) after light pulse treatment. In contrast to the WTs, 
the experiments conducted in Opn4−/− mice showed that the 
number of entries to (P = 0.240) and time spent in the center 
(P = 0.571) in the OFT, as well as the thigmotactic behaviors 
(P = 0.126), were hardly changed, in addition to unchanged 
number of entries to and time spent in the open arms in the EPM 
(P = 0.834 and 0.357, respectively) after light pulse treatment. 
Meanwhile, the total distance traveled was also unaffected by the 

light exposure (P = 0.877). These results suggest that melanopsin- 
based phototransduction mediates the anxiety-like behaviors. 

Melanopsin is predominantly expressed in ipRGCs. It was rea-
sonable to speculate that ipRGCs may be the major retinal conduits 
for generating the anxiety-like behaviors that require melanopsin. 
To confirm the speculation, we conducted behavioral tests on 
ipRGC-ablated C57BL/6 mice. Selective ablation of ipRGCs was 
achieved by intravitreal injection of the immunotoxin melanop-
sin-saporin (SAP) (12). As shown in Fig. 3D, cell counting revealed 
that a single injection of 100 ng of SAP reduced the melanopsin- 
positive cell number by ~90% at 21 days after injection 
(P < 0.001). By contrast, the single injection of 100 ng of SAP did 
not affect the densities of conventional RGCs, cones, or rods (fig. S9, 
A to D) or did it significantly alter gross retinal structure or DAPI- 
stained nucleus densities in the outer nuclear layer (ONL), INL, and 
GCL (fig. S9, E and F). Furthermore, neither the b-wave (P = 0.625) 
evoked by dim flashes nor a- (P = 0.877) and b-waves (P = 0.973) 
evoked by bright flashes were significantly changed by the SAP in-
jection (fig. S9, G to K), suggesting largely unchanged overall retinal 
function. In addition, in Opn4Cre/+; Ai14 mice, in which all mela-
nopsin-expressing cells are labeled by tdTomato fluorescence 
(38), SAP did not cause appreciable changes in tdTomato-positive 
fibers within the cornea, arguing against a collateral damage of non-
retinal ocular tissues (fig. S10). Thus, the SAP-induced ablation was 
highly specific to ipRGCs. 

The OFT and EPM tests run on SAP-injected animals at 21 days 
after injection demonstrated that no significant changes were de-
tected in all the parameters analyzed after light pulse application 
(OFT, P = 0.954 for center entries, P = 0.543 for center time, 
P = 0.613 for total distance, and P = 0.113 for thigmotaxis; EPM, 
P = 0.999 for open entries and P = 0.974 for open time), quite com-
parable with those obtained from Opn4−/− mice (Fig. 3, E and F, 
figs. S1E and S8D), suggesting that light-induced anxiety-like be-
haviors were absent in ipRGC-ablated C57BL/6 mice. 

ipRGC-CeA circuit mediates light-induced anxiety-like 
behaviors 
To determine the potential brain areas that may be associated with 
the light-induced anxiety-like behaviors, we first examined the 
effects of light exposure (1000 lux, 25 min) on the overall activity 
of different brain areas. To reflect the overall activity of an activi-
ty-associated nucleus, the expression levels of the immediate early 
gene c-fos, as represented by the number of neurons immuno-pos-
itive for its protein product c-Fos, were quantified (Fig. 4, A and B). 
As expected, in the suprachiasmatic nucleus (SCN), a brain nucleus 
receiving intense ipRGC projection, c-Foslevels were significantly 
higher in mice in light group than those in dark group 
(P = 0.002). In addition, significant bilateral c-Fos induction was 
detected in a battery of ipRGC-projected areas known to be involved 
in anxiety (2, 39), such as the ventral lateral geniculate nucleus/in-
tergeniculate leaflet (vLGN/IGL) (P = 0.001), CeA (P = 0.027), and 
BNST (P = 0.036). By contrast, c-Fos-positive cell numbers in the 
dorsal raphe nuclei (DRN), an anxiety-associated region lacking 
ipRGC projections (40), were comparable between light and dark 
groups (P = 0.796), disputing against its role in the observed anxio-
genic effect. 

Whether vLGN/IGL, CeA, and BNST are responsible for the 
light-induced anxiety-like behaviors was tested by inactivating 
neurons in these regions in a nonselective manner using an 
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adeno-associated virus (AAV) expressing the enhanced green fluo-
rescent protein (EGFP)–tagged chemogenetic inhibitor hM4Di 
(AAV-hSyn-hM4Di-EGFP). hM4Di was activated by intraperitone-
al injection of clozapine N-oxide (CNO) at 3 weeks after viral deliv-
ery. However, for both the vLGN/IGL and BNST, which are 
innervated by ipRGCs (28), such chemogenetic manipulation re-
sulted in significantly increased (~30%) baseline anxiety levels in 
darkness as revealed by the OFT (fig. S11), which would make it 
quite complicated to explain any data obtained with light pulse 
treatment. Thus, we chose not to conduct any further experiments 
on these two nuclei. 

A previous anterograde tracing study revealed sparse ipRGC 
axons innervating the CeA (27). In this study, stereotaxic delivery 
of CTB-488 into the CeA of Opn4Cre/+; Ai14 mice, in which 
ipRGCs are labeled by tdTomato fluorescence, showed that the 
vast majority (78.20%) of retrogradely stained RGCs were positive 

for tdTomato, verifying a direct CeA-ipRGC input (Fig. 4, C and D). 
In C57BL/6 mice, hM4Di/CNO treatment of the CeA led to a sig-
nificant decline in light-induced c-Fos expression in the CeA, con-
firming effective neuronal inhibition (P = 0.009; Fig. 4, E and F). 

Effects of hM4Di/CNO-mediated CeA inhibition on anxiety-like 
behaviors were further examined (Fig. 4, G and H). CeA inhibition 
did not change the basal anxiety-like responses in darkness. 
However, unlike those observed in hM4Di/saline-treated control 
mice, it was found that in hM4Di/CNO-treated animals, none of 
the behavioral parameters of the OFT and EPM obtained in light 
group were significantly different from those obtained in dark 
group (OFT, P = 0.586 for center entries and P = 0.859 for center 
time; EPM, P = 0.561 for open entries and P = 0.757 for open time). 
Thus, CeA activation seems to be indispensable for light-induced 
anxiety-like behaviors. 

Fig. 3. Both melanopsin knockout and ipRGC ablation eliminate light-induced anxiety-like behaviors. (A) Melanopsin-immunoreactive signals were completely 
absent in an Opn4−/− retina (bottom), whereas a mosaic of melanopsin-positive cells was observed in the retina of a WT littermate (top). Scale bar, 100 μm. (B and C) 
Representative tracks (left) and pooled data (right) showing that unlike their WT littermates, Opn4−/− mice did not exhibit reduced number of entries to/time spent in the 
center [OFT (B)] and open arm [EPM (C)] after light pulse treatment (1000 lux, 25 min). *P < 0.05; **P < 0.01, Sidak’s multiple comparisons test; n = 6 to 10 in each group. (D) 
Microscopic images of retinal whole mounts stained with the melanopsin antibody, which were harvested from C57BL/6 mice injected with phosphate-buffered saline 
(PBS; top) or 100 ng of melanopsin-saporin (SAP; bottom). The boxed regions are enlarged and shown in the insets. Average numbers of melanopsin-positive cells per 
retina are listed in each panel. Scale bars, 500 μm in bottom panel and 100 μm in its inset. (E and F) Representative tracks (left) and pooled data (right) of the OFT (E) and 
EPM (F) illustrating the loss of the light-induced (1000-lux, 25-min) anxiety-like behaviors in SAP-injected animals. *P < 0.05; **P < 0.01, Sidak’s multiple comparisons test; 
n = 7 to 9 in each group. All values are expressed as the means ± SEM. 
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We further tried to determine whether activation of the ipRGC- 
CeA circuit causes anxiogenic effects. For targetedly activating this 
circuit, we injected a retrograde AAV (AAV-retro-EF1α-DIO- 
hM3Dq-mCherry) encoding the mCherry-tagged hM3Dq chemo-
genetic activator in a Cre-dependent manner into the CeA of 
Opn4Cre/+ mice (Fig. 4I). After 3 weeks, hM3Dq was found to be 
selectively expressed by CeA-projecting ipRGCs, and 

intraperitoneal CNO administration resulted in c-Fos induction 
in these cells in darkness (Fig. 4J), verifying that hM3Dq/CNO 
treatment could activate the ipRGC-CeA circuit. 

In darkness, hM3Dq/CNO-treated Opn4Cre/+ mice were chal-
lenged with behavioral tests at 60 min after CNO injection. They 
exhibited increased anxiety-like phenotypes in both the OFT 
(P = 0.004 for center entries and P = 0.008 for center time; 

Fig. 4. The ipRGC-CeA projection is in-
volved in the light-induced anxiogenic 
effects. (A) Representative micrographs 
showing c-Fos labeling in different brain 
regions in C57BL/6 mice treated with 
darkness or 1000-lux, 25-min light pulse. 
(B) Light treatment caused c-Fos induc-
tion in multiple brain nuclei including the 
central amygdala (CeA). n = 3 to 4. (C) 
Schematic and micrograph showing 
stereotaxic delivery of CTB-488 to the CeA 
and injection site in Opn4Cre/+; Ai14 mice. 
(D) Representative images and pie chart 
illustrating that most of CTB-488–retrola-
beled retinal ganglion cells (RGCs) ex-
hibited tdTomato fluorescence. n = 4 
retinas; in each retina, 78 ± 6 CTB-488– 
positive RGCs were found. (E) Schematic 
of delivery of hM4Di-EGFP (enhanced 
green fluorescent protein) to the CeA of 
C57BL/6 mice and representative image 
showing the injection site. (F) Represen-
tative photomicrographs and grouped 
data showing reduced light-evoked c-Fos 
expression in the CeA in hM4Di/clozapine 
N-oxide (CNO)–treated mice. n = 892 cells 
(three mice) for saline and 1430 cells (four 
mice) for CNO. (G and H) Chemogenetic 
inhibition of CeA neurons eliminated the 
light-induced anxiety-like behaviors in 
C57BL/6 mice. n = 6 to 11. (I) Diagram of 
stereotaxic delivery of a Cre-inducible 
retrograde hM3Dq-mCherry virus to the 
CeA in Opn4Cre/+ mice and representative 
image of the injection site. (J) Represen-
tative images and pooled data showing 
that CNO application increased the c-Fos 
expression in hM3Dq-mCherry–infected, 
CeA-projecting intrinsically photosensi-
tive RGCs (ipRGCs) in Opn4Cre/+ mice. 
n = 72 cells (three retinas) for saline and 
62 cells (three retinas) for CNO. (K and L) 
Chemogenetic activation of CeA-project-
ing ipRGCs induced anxiety-like behav-
iors in darkness, which mimicked the 
light-induced anxiety-like behaviors. 
n = 3 to 5. Data are the means ± SEM. 
*P < 0.05; **P < 0.01; unpaired t test in (B), 
(F), and (J); Sidak’s multiple comparisons 
test in (G) and (H); least significant diff-
erence (LSD) multiple comparisons test in 
(K) and (L). Scale bars, 200 μm in (A), (C), 
(E), and (I) and 20 μm in (D), (F), and (J). 
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Fig. 4K) and EPM (P = 0.009 for open entries and P = 0.048 for open 
time; Fig. 4L), as compared to saline-injected controls, and such 
effects were generally comparable to the anxiogenic effects observed 
in hM3Dq/saline-treated animals with light pulse application. 
Meanwhile, when the CeA of Opn4Cre/+ mice was injected with 
the nonactive viral construct (AAV2-retro-DIO-mCherry), CNO 
failed to induce any appreciable anxiety-like behaviors, thus 
arguing against a direct, hM3Dq-independent contribution of 
CNO (fig. S12). All these results provide further evidence that the 
ipRGC-CeA innervation dominantly mediates light-induced 
anxiety-like behaviors. 

The role of CORT system 
Whether the anxiogenic effect may be accompanied by elevated 
levels of CORT release and GR expression, which have been 
shown to mediate anxiety-like symptoms (41–43), was investigated. 
First, enzyme-linked immunosorbent assay (ELISA) showed that 
neither the serum (P = 0.637) nor the cerebrospinal fluid (CSF) 
(P = 0.475) CORT levels were significantly changed after light 
pulse treatment (Fig. 5, A and B). However, quantitative Western 
blot analysis, conducted on samples harvested from various brain 
regions, revealed that the protein levels of GRs in the CeA and 
BNST were both significantly increased (P = 0.043 for CeA and 
P = 0.011 for BNST; Fig. 5, C and D). Meanwhile, light pulse appli-
cation promoted the phosphorylation of GRs in both the CeA and 
BNST (P = 0.035 for CeA and P = 0.004 for BNST; Fig. 5, C and E). 
Moreover, subcutaneous injection of the specific GR antagonist 
RU486 (100 mg/kg) (Fig. 5, F and G) completely eliminated the 
light-induced anxiety-like behaviors, as shown by highly compara-
ble parameters yielded by the OFT (P = 1.000 for center entries and 
P = 0.426 for center time) and EPM (P = 0.994 for open entries and 
P = 0.427 for open time) between light and dark groups. 

DISCUSSION 
In this study, we uncovered that short-term bright light exposure 
induces prolonged anxiety-like behaviors, which are mainly medi-
ated by melanopsin-driven ipRGC activity. Because the two genet-
ically deficient mice, rd/rd cl and Opn4−/−, might have 
developmental reorganization of visual circuits that add to the dif-
ficulty of data explanation, the same behavioral experiments were 
also conducted on adult WT C57BL/6 mice with MNU/SAP treat-
ment. Highly comparable results from both genetically and phar-
macologically manipulated mice were obtained. 

The anxiety-like behaviors could only be induced by high-inten-
sity light, but were notably persistent, lasting for a period even 
longer than the light exposure. These features may be derived 
from the well-documented characteristics of melanopsin-mediated 
photoresponses with rather higher light threshold and long-lasting 
time course (32, 44), although the prolonged characteristic could 
also be ascribed to certain biochemical effects, such as those medi-
ated by CORT. It is of interest that some other NIF visual functions 
requiring persistent light, such as light aversion (45), sustained 
phase of the pupillary light reflex (46), and maintenance of light- 
induced sleep (47), are invariably associated with melanop-
sin signals. 

Six subtypes of ipRGCs with distinct structural-functional pro-
files have been characterized in mice (48, 49). The exact ipRGC sub-
type(s) mediating the anxiogenic effect observed in this study have 

yet to be determined. The anxiety-like responses seen in the chemo-
genetically manipulated dark group Opn4Cre/+ mice (Fig. 4, I to L) 
could be due to the activation of any of subtypes, considering that 
hM3Dq (Gq)–mediated activation of ipRGCs in these mice seems 
not to bias toward a specific subtype (29, 50). Meanwhile, the 
results that anxiety-like behaviors were eliminated by SAP treat-
ment suggests a possibility that they may be caused by the activation 
of M1 to M3 subtypes, because this immunotoxin is made on the 
basis of the antibody preferentially targeting these three subtypes 
with relatively higher melanopsin expression (51, 52). Transgenic 
mice (53, 54) and genetic tools (16) that enable the manipulation 
of specific ipRGC subtypes could be used to resolve this issue. 
However, M1s are primarily driven by melanopsin phototransduc-
tion, whereas the photoresponses of M2s and M3s are mainly me-
diated by rod/cone inputs (55). Given that loss of melanopsin alone 
can abolish the light-induced anxiogenic effect, it is reasonable to 
consider that M1s are the key ipRGC subtype for the anxiogenic 
effect that we observed, although the involvement of M2s and/or 
M3s is also possible. On the other hand, it may be that central 
neurons are able to distinguish melanopsin signals from rod/cone 
signals, both routed via ipRGCs, based on their distinct photosen-
sitivity, spectral sensitivity, response dynamics, etc. (46). For in-
stance, a recent study shows that melanopsin signals specifically 
modulate ocular axial changes during eye growth, while rod/cone 
signals of ipRGCs mainly contribute to the corneal develop-
ment (56). 

Note that in MNU-treated animals, the time in the center (OFT) 
and number of entries to the open arms (EPM) of light group were 
not statistically distinct from those of dark group (Fig. 2, H and I). 
Similarly, the number of entries to the center (OFT) was not 
changed by light exposure in rd/rd cl mice (Fig. 2J). Although 
these results might simply reflect variability across tests, they 
could also be attributable to a relatively minor influence of rod/ 
cone photoreceptors. Meanwhile, ~20% of CeA-projecting RGCs 
were found to be tdTomato-negative in Opn4Cre/+; Ai14 mice 
(Fig. 4D). These cells are very likely to be conventional RGCs and 
might constitute another, although less important, retinal conduit 
for the light-induced anxiety-like behaviors. 

Our data shown in Fig. 4 (G and H), in particular, the result 
showing almost complete suppression of the light-induced 
anxiety-like behaviors, by hM4Di/CNO-elicited chemogenetic inhi-
bition of CeA, demonstrated a critical role of this brain area in this 
anxiogenic effect. It should be emphasized that the involvement of 
other ipRGC-innervated areas related to anxiety, such as the BNST 
and vLGN, could not be ruled out. It is known that there are 
complex interactions between the CeA and other brain regions (2, 
57). Moreover, because ipRGCs have diverse targets (26–28, 58), 
chemogenetic activation of CeA-projecting ipRGCs might lead to 
the activation of other regions regulating anxiety levels. Notably, 
the master circadian pacemaker SCN, one of the primary targets 
of ipRGCs that exhibits high c-Fos expression in response to our 
light exposure paradigm (Fig. 4, A and B), is recently found to reg-
ulate anxiety-related behaviors in mice (59). In addition, circadian 
expression of PER2 protein in the CeA is reportedly controlled by 
inputs from the SCN together with hormonal/neurochemical circa-
dian alterations (60). Therefore, the ipRGC–SCN circuit might be 
another, circadian rhythm-based, mechanism underlying the 
light-induced anxiogenic effect observed in this study, either in a 
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Fig. 5. Blocking the action of glucocorticoids eliminates light-induced anxiety-like behaviors. (A and B) Bart charts showing that neither the serum (A) nor CSF (B) 
corticosterone (CORT) levels were altered following the 1000-lux, 25-min light pulse treatment in C57BL/6 mice. Unpaired t test, n = 6 to 8 in each group. (C to E) Rep-
resentative photographs of Western blots (C) and pooled data (D and E) showing a significant increase in protein levels of glucocorticoid receptor (GR) and its phosphoiso-
form (p-GR) in the CeA, bed nucleus of the stria terminalis (BNST), basolateral amygdala (BLA), dorsal raphe nuclei (DRN), medial prefrontal cortex (mPFC), and nucleus 
accumbens (NAc) of light pulse–treated animals. *P < 0.05; **P < 0.01, unpaired t test; n = 3 in each group. (F and G) Representative tracks (left) and pooled data (right) 
showing that C57BL/6 mice injected with RU486, a GR antagonist, no longer exhibited reduced number of entries to/time spent in the center [OFT (F)] and open arm [EPM 
(G)] after light pulse treatment. *P < 0.05; **P < 0.01, Sidak’s multiple comparisons test; n = 7 to 11 in each group. All bar charts depict the means ± SEM. 
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separate or a synergistic manner. More exquisite approaches could 
shed more light on this issue. 

Although ELISA showed that neither the serum nor the CSF 
CORT levels changed significantly, the protein levels of GRs and 
phosphorylation of GRs in the CeA and BNST were significantly 
increased after light pulse exposure, strongly suggesting the possible 
involvement of the CORT system. This possibility was further 
strengthened by the result showing a complete elimination of the 
prolonged anxiogenic effect by subcutaneous injection of the spe-
cific GR antagonist RU486. While previous studies revealed fast GR 
expression in various regions in the CNS (61, 62), the mechanisms 
underlying the observed rapid GR-level increment and how it could 
account for the anxiogenic effect remain to be further explored. The 
activities mediated by CORT, a stress hormone, may last for a long 
period of time (63, 64), thus being responsible for the post-effect of 
light, as observed in this study. 

From an evolutionary perspective, anxiety serves as an adaptive 
function, prompting an animal to evaluate the confronting threats 
and respond in an appropriate and timely manner (65). For the 
mouse, a nocturnal animal, abrupt exposure to bright light would 
invariably indicate a situation of incoming danger, such as loss of 
shelter and emergence of fire. In some circumstances, temporary 
disappearance of the signs of danger does not necessarily mean 
the complete extinction of it. In this context, an appropriately 
“delayed” removal of anxiety status, just like the postexposure anx-
iogenic effects observed in this study, is likely to further minimize 
attacks from temporally invisible threats, conferring a survival 
advantage. 

It is of interest that light pulse exposure did not modulate depres-
sive-like behaviors, another class of mood-relevant effects closely 
associated with anxiety-like behaviors, although both chronic and 
acute light at night provokes depressive-like phenotypes (24, 66– 
69). The results yielded by the tail suspension test (TST) and 
forced swimming test (FST), two standard behavioral paradigms 
for evaluating depressive-like behaviors, in an independent cohort 
of C57BL/6 mice (fig. S13) revealed that immobile durations in the 
TST (P = 0.697) and FST (P = 0.581) in 1000-lux light pulse-treated 
mice were not significantly different from those of dark group. The 
immobile durations of the TST and FST were hardly changed even 
following a 3000-lux light pulse (P = 0.903 for TST and P = 0.743 
for FST). 

It has been shown that brief light exposure to nocturnal animals 
acutely induces locomotor suppression and sleep (70). This seems at 
odds with the increased anxiety-like responses (generally thought to 
be linked to enhanced arousal rather than sleep) that we observed in 
light pulse–treated mice. Even during the 25-min light application 
period, no evident signs of sleep-promoting effects were observed; 
instead, increased arousal/anxiety was seen, consistent with the 
results of two recent studies (9, 29). This may be accounted for by 
the fact that we chose to apply the light exposure during the noctur-
nal active period (ZT14 to ZT17) of mice with low homeostatic sleep 
pressure. In addition, it could be explained by the recently identi-
fied, intricate role of light in regulating mouse sleep: Blue light (470 
nm) causes behavioral arousal, whereas green light (530 nm) pro-
duces sleep induction (17). The light pulse used in this study was 
provided by a 6500-K light source, the emission spectrum of 
which contains more “blue” components than “green” ones; there-
fore, the overall effect was arousal/alertness promoting but not sleep 
inducing. 

Whether the results obtained in mice in this study could be 
readily applicable to diurnal humans awaits further study. 
However, acute light exposure has direct impacts on alertness and 
electroencephalogram in humans (71). Bright light exposure could 
also represent potential threats (e.g., fire and weather changes) to 
humans. Therefore, it is likely that the human nervous system has 
also developed a mechanism controlling an analog of the mouse 
light-induced anxiety-like behaviors during evolution. Given the in-
creasing application of artificial lighting in the human environment, 
such a mechanism might result in “unnecessary” anxiety, leading to 
pathological conditions. Our findings might inspire future studies 
focusing on the mechanisms and intervention strategies for patho-
logical postlight effects in human patients. 

MATERIALS AND METHODS 
Animals 
Adult (>6 weeks) C57BL/6, melanopsin knockout (Opn4−/−) (37), 
Opn4Cre/+; Ai14 [a cross of Opn4Cre/+ (72) and Ai14 reporter line] 
and rodless-coneless (rd/rd cl) mice [generated by crossing the rd1 
mouse, which has a PDE6b variant causing rod degeneration, with 
the Cone-DTA mouse, which has an additional allele driving diph-
theria toxin A (DTA) expression under the human cone opsin pro-
moter to ablate cones] (34, 35) were used in this study. For 
experiments using knockout/mutant animals, WT littermates 
were used as controls. All animal procedures were approved by 
the Fudan University Institutional Animal Care and Use 
Committee. 

Behavioral tests 
Before experiments, mice were housed in a timer-controlled 12- 
hour light/12-hour dark (LD) cycle (lights on at 7:00 a.m., ~150- 
lux white ambient illumination) for at least 14 days. The mice 
were then kept in the dark (DD) for 26 to 29 hours. The dark adap-
tation always started at ZT12, and the light stimulation and behav-
ioral tests were conducted between ZT14 and ZT17 of the next day. 
Because the time in DD was short (<29 hours) and the free running 
period of mice is known to be close to 24 hours [~23.3 hours in C57 
mice (73)], the circadian time (CT) at the time of light stimulation 
approximately equals to the ZT in the previous LD cycle, i.e., 
CT = ZT. Therefore, actually, for all mice, light exposure was invari-
ably applied in the early dark phase (approximately CT14 to CT17). 
Full-spectrum light pulses were generated by an array of light-emit-
ting diode (LED) lamps (6500 K; Philips, Netherlands). In a pilot 
experiment, we used a light pulse (1000-lux) series with ascending 
durations (10, 20, 25, 30 min, etc.), trying to determine the most 
“appropriate” light exposure duration. We found that a 10-min ex-
posure only generated a small anxiogenic effect, and the effect of 
light exposure from 10 to 25 min was increased as a function of ex-
posure time (fig. S14). However, when the exposure time was ex-
tended to 30 min or longer, sleep was induced in some of the 
animals tested, which would obviously perturb subsequent behav-
ioral experiments. Therefore, we lastly decided to use 25 min 
throughout this study. After the 25-min light pulse application, 
animals were readapted to the dark for 1 min (for most experi-
ments) or for 20, 60, and 120 min (for experiments examining the 
persistence of the postexposure anxiety-like behaviors) and then 
transferred to the testing device, after which the behavioral activities 
were recorded in darkness under far-red illumination. In the OFT, 
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mice were placed at the center of a square box (40 by 40 by 40 cm) 
and allowed to explore for 10 min. Time spent in and number of 
entries to the center area (24 by 24 cm), time spent close the walls 
(<2.5 cm), and the total distance travelled were recorded and ana-
lyzed by a computerized tracking system (EthoVision XT12, Noldus 
Information Technology, USA). In the EPM, mice were placed in 
the center of the maze (open arms: 30 by 5 cm, closed arms: 
30 by 5 by 18 cm, and central platform: 5 by 5 cm) facing an 
open arm and allowed to freely explore the arena during the 5- 
min test session. Time spent in and number of entries to the open 
arms were measured with the EthoVision system. 

ERG recording 
Mice were dark-adapted overnight, then anesthetized (0.6% pento-
barbital sodium, 12 μl/g ip), and moved into the Ganzfeld dome. 
ERG responses were recorded as previously described (74). Three- 
millisecond white light flashes (6000 K, 0.007 or 4 cd·s/m2) were 
applied at 3-min intervals. Amplitudes of a-waves were measured 
from baseline, and amplitudes of b-waves were measured from 
the maximum negative to positive peaks of the recorded responses. 

Intracranial injection and chemogenetic manipulation 
Mice were anesthetized with pentobarbital sodium. Injections were 
performed stereotaxically using a microinjector (Nanoliter 2010, 
World Precision Instruments, USA). To specifically inhibit 
neurons in the BNST, vLGN/IGL, and CeA in C57BL/6 mice, 
rAAV2/9-hSyn-hM4Di-EYFP (2 to 4 × 1012 particles per ml; 
BrainVTA, China) was bilaterally injected (200 to 350 nl in each 
site). Because this virus is not Cre dependent and thus nonselec-
tively inhibiting any neurons expressing it, the injection sites were 
checked carefully to make sure that no obvious off-target expression 
of hM4Di occurred during penetration and withdrawal of the mi-
croinjector. To selectively activate CeA-projecting ipRGCs, AAV2/ 
retro-EF1α-DIO-hM3Dq-mCherry (1 × 1013 particles per ml; 
BrainVTA, China) was bilaterally injected into the CeA of 
Opn4Cre/+ mice. On the day of the behavioral tests, mice were inject-
ed (intraperitoneally) with either saline or CNO (5 mg/kg; A3317, 
APExBIO, USA) 60 min before testing. 

Enzyme linked immunosorbent assay 
CSF samples were obtained as previously described (75). Briefly, the 
mouse was head-fixed at a 90° angle. A sharpened needle was used 
to penetrate the cisterna magna membrane to collect the CSF, which 
was transferred to a 0.6-ml microfuge tube, snap-frozen, and stored. 
Blood samples were harvested from the angular vein. After clot for-
mation, the samples were centrifuged at 3000g, and the serum was 
obtained. CORT levels were measured from 1:10 diluted samples 
using an ELISA kit (R&D Systems, USA) according to the manufac-
turer’s instructions. 

Western blot analysis 
Mice were euthanized at ~30 min after the termination of the light 
exposure; and the CeA, BNST, basolateral amygdala (BLA), DRN, 
medial prefrontal cortex (mPFC), and nucleus accumbens (NAc) 
were dissected and processed with a protein extraction kit (K268- 
50, BioVision, USA). Samples (50 μg per lane) were processed as 
previously described with the primary antibodies [rabbit anti-GR 
(1:500; A2164, ABclonal, China), rabbit anti–phospho-GR (1:500; 
AP0759, ABclonal, China), and mouse anti–β-actin (1:1000; Cell 

Signaling Technology, USA)] at 4°C for 24 hours. The membrane 
was incubated with horseradish peroxidase–conjugated secondary 
antibodies (1:5000; Cell Signaling Technology, USA) and processed 
with an enhanced chemiluminescence detection system (Amer-
sham Pharmacia Biotech, USA). 

Immunofluorescence 
Mice were anesthetized and perfused intracardially with 0.9% saline, 
followed by 4% paraformaldehyde in phosphate buffer. Cone and 
rod photoreceptors were probed with PNA (1:500; RL-1072-5, 
Vector, USA) and a rhodopsin antibody (1:500; MAB5356, Chem-
icon, USA), respectively, in retinal sections (20 μm), while ipRGCs 
and conventional RGCs were stained with a melanopsin antibody 
[1:10000; AB-N38 (UF008), Advanced Targeting Systems, USA] 
and a Brn3a antibody (1:1000; 31984, Santa Cruz Biotechnology, 
USA), respectively, in retinal whole mounts. To quantify light- 
induced c-Fos expression, after the 25-min light exposure, mice 
were kept in DD for 90 min and then anesthetized and perfused. 
c-Fos signals were detected in brain slices (40 μm) or retinal 
whole mounts with a polyclonal antibody (1:1000; 226 004, Synaptic 
Systems, Germany). All Alexa Fluor dye–conjugated secondary an-
tibodies were used at a dilution of 1:400. 

MEA recording 
Dark-adapted (>12 hour) mice were overdosed with 0.6% pentobar-
bital sodium. One eye was enucleated and transferred into Ames’ 
medium equilibrated with 95% O2 and 5% CO2 under dim red 
light. The retina was dissected, mounted on a piece of Anodisc 
filter membrane (Whatman, USA), and transferred into the record-
ing chamber of an MEA chip (60MEA200/30iR-ITO-gr, Multi 
Channel Systems, Germany) and then continuously superfused at 
5 to 6 ml/min with Ames’ medium. Voltage data were high-pass fil-
tered at 200 Hz, digitized at 10 kHz, and amplified and acquired 
using the USB-MEA60-Inv-BC-System and MC_Rack Software 
(Multi Channel Systems). The retina was stimulated with full-field 
light flashes generated by an LED illuminator (Model 66991, DiCon 
Fiberoptics Inc., USA) and delivered onto the retina by a fiber optic 
cable. Wavelength and light intensity were adjusted by introducing 
narrowband interference filters and neutral density filters (Edmund 
Optics Inc., USA) into the light path. Melanopsin-based ipRGC re-
sponses were isolated with a glutamatergic blocker cocktail, which 
consisted of 50 μM L-AP4 (group III metabotropic glutamate recep-
tor agonist; Tocris), 40 μM DNQX (AMPA/kainate receptor antag-
onist; Tocris), 30 μM D-AP5 (N-methyl-D-aspartate receptor 
antagonist, Tocris), and 2 μM ACET (kainate receptor antago-
nist, Tocris). 

Statistical analyses 
Comparisons between two independent groups were conducted 
with an unpaired t test. Comparisons among three groups were con-
ducted with one-way analysis of variance (ANOVA), followed by 
least significant difference (LSD) post hoc comparisons. Two-way 
ANOVA was used to test for effects of light condition (light or 
dark), genotype/toxin/reagent or their interaction on anxiety-like 
behaviors (see data file S1 for detailed information). If a light, 
mutant/treatment, or interaction effect was detected, then post 
hoc Sidak’s multiple comparisons test was used to determine differ-
ences between individual groups. P < 0.05 was considered statisti-
cally significant. 
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