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Abstract

The advent and wide-spread adoption of electric lighting over the past century has profoundly 

affected the circadian organization of physiology and behavior for many individuals in 

industrialized nations; electric lighting in homes, work environments, and public areas has 

extended daytime activities into the evening, thus, increasing night-time exposure to light. 

Although initially assumed to be innocuous, chronic exposure to light at night (LAN) is now 

associated with increased incidence of cancer, metabolic disorders, and affective problems in 

humans. However, little is known about potential acute effects of LAN. To determine whether 

acute exposure to low level LAN alters brain function, adult male and female mice were housed in 

either light days and dark nights (LD; 14h of 150 lux:10 h of 0 lux) or light days and low level 

light at night (LAN; 14h of 150 lux:10 h of 5 lux). Mice exposed to LAN on three consecutive 

nights increased depressive-like responses compared to mice housed in dark nights. Additionally, 

female mice exposed to LAN increased central tendency in the open field. LAN was associated 

with reduced hippocampal vascular endothelial growth factor-A (VEGF-A) in both male and 

female mice, as well as increased VEGFR1 and interleukin-1β mRNA expression in females, and 

reduced brain derived neurotrophic factor mRNA in males. Further, LAN significantly altered 

circadian rhythms (activity and temperature) and circadian gene expression in female and male 

mice respectively. Altogether, this study demonstrates that acute exposure to LAN alters brain 

physiology and can be detrimental to wellbeing in otherwise healthy individuals.
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INTRODUCTION

Circadian rhythms are adaptations to the predictable daily cycles of alternating light and 

darkness under which life on Earth evolved. Indeed, the synchronization of vital biological 

and behavioral processes is crucial for achieving and maintaining optimal health and 

wellness. Among humans, light is a powerful zeitgeber (“time giver” or environmental cue), 

entraining endogenous circadian rhythms to the solar day. Consequently, disruption of 

circadian rhythms has become increasingly common in industrialized countries over the past 

century as the use of artificial lighting and electric devices at night have been widely 

adopted. Indeed, prior to the invention of electric lights, most humans were exposed to 

minimal light at night. For example, a full moon on a cloudless night typically provides <1 

lux of light1. By comparison, nighttime light intensities on urban streets in industrialized 

countries are typically ~5–15 lux, and as a result of modernization it is estimated that greater 

than 80% of the World’s population and 99% of individuals in the United States and Europe 

live among light pollution2. Additionally, there has been a profound shift in indoor nighttime 

light exposure; whereas a single candle flame casts ~11 lux of light on an object one foot 

away, nighttime lighting in a typical, modern living room is between 100–300 lux1. Many 

humans are exposed to additional sources of light at night, including appliances, television, 

computer screens, smart phones, and tablets. Thus, during the past 130 years, there has been 

a dramatic increase in exposure of people to light at night (LAN), in terms of both the 

intensity of the light and the duration of exposure past sunset.

Although widely assumed to be innocuous, the detrimental consequences of chronic 

exposure to LAN are becoming increasingly apparent3. Indeed, long-term exposure to 

artificial LAN is linked to increased risk of cancer (breast and prostate), metabolic disorders, 

cardiovascular disease, and psychiatric disorders in humans4–10. The reported clinical effects 

are remarkably consistent across studies and several aspects of these conditions have been 

recapitulated in rodent models of chronic LAN exposure11–17.The majority of these studies 

report adverse health outcomes precipitated by weeks to years of LAN exposure. Given the 

unexplained rise in major depressive disorder (MDD) among people living in industrialized 

countries and the enormous escalation in night time light exposure that has occurred over the 

past century, it is important to understand the extent to which LAN and mood are linked3. 

Previous studies examining the effects of chronic (3–8 weeks) LAN exposure on affective 

behavior in rodents have demonstrated that LAN alters hippocampal neuroplasticity by 

reducing spine density and dendritic length, thus provoking a depressive-like 

response15,16,18,19. Additionally, these studies have suggested that increased 

neuroinflammation and reduced hippocampal neurotrophin expression underlie these 

changes in hippocampal circuitry. Increased neuroinflammation and reduced hippocampal 

neurotrophin expression have long been associated with depressive-like behavior20–23. 

Specifically, brain-derived neurotrophic factor (BDNF), insulin-like growth factor (IGF), 

and vascular endothelial growth factor (VEGF) modulate neuronal plasticity23. Indeed, 

infusion or overexpression of BDNF increased neuronal complexity and neurogenesis within 

the hippocampus24,25 and upregulation of BDNF has been shown to be necessary for the 

action of anti-depressants26,27. Further, administration of anti-depressants is associated with 

increases in IGF and VEGF within the hippocampus and similar effects on neurogenesis and 
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neuronal plasticity have been reported28–33. Additionally, increased neuroinflammation 

reduces neurogenesis and neuronal complexity within the hippocampus34–36. Thus, the 

current experiment sought to examine the acute effects (up to 4 nights) of 5 lux of LAN on 

the expression of depressive-like behavior in male and female mice, as well as measures of 

neuroinflammation and neurotrophin expression within the hippocampus. Specifically, we 

hypothesized that altered neurotrophin expression and/or neuroinflammation are associated 

with depressive-like behavior in mice exposed to acute low level light at night.

MATERIALS AND METHODS

Mice and Lighting Conditions.

The experiments used adult (> 8weeks) female and male Swiss Webster mice (Charles River 

Laboratories, MA). Upon arrival in the vivarium, the mice were acclimated to LD conditions 

(14 h 150 lux light: 10 h dark 0 lux) for one week prior to any experimental manipulation. A 

subset of mice was randomly selected by block randomization in excel, and then transferred 

to the low level light at night (LAN) condition (14 h 150 lux light: 10 h dark 5 lux) while the 

remainder remained in LD. Sample sizes were determined based on previous studies 

examining the effects of chronic LAN exposure. Low level light at night was supplied using 

standard LUMA5 LED light strips (Hitlights Inc; 1.5W/ft, 5000K “cool white”, 1200 

lumens). Cages were placed equidistant from the light strip and light levels were measured 

inside each cage, from the center, with the light meter facing upward to ensure ~5 lux of 

light exposure. Behavioral testing occurred during the light phase following three nights of 

LAN and consisted of five cohorts of mice (female LD n=31, female LAN n=31; male LD 

n=31, male LAN n=31). Tissue collection occurred in separate cohorts during the 

subsequent light phase and included processing for ELISA (VEGF-A; female LD n=15, 

female LAN n=15; male LD n=15, male LAN n=15) and RT-qPCR (female LD n=15, 

female LAN n=15; male LD n=15, male LAN n=15). An additional cohort of mice were 

implanted with a wireless telemetry device (G2 E-Mitter; Star Life Science, Oakmont, PA) 

to assess activity and body temperature rhythms throughout the experiment (female LD n=7, 

female LAN n=8; male LD n=9, male LAN n=8). Further, a final cohort of mice was used to 

assess circadian gene expression within the hippocampus, as well as serum corticosterone 

concentrations at 4 time points throughout the day; mice were placed in their randomly 

assigned lighting conditions and tissue was collected at six hour intervals starting at ZT14 on 

day three and concluding at ZT8 on day four (female LD n=8, female LAN n=8; male LD 

n=8, male LAN n=8 per time point). Throughout the experiment, the mice had ad libitum 
access to food and filtered water. All experiments were performed in accordance with NIH 

Animal Welfare guidelines and were approved The Ohio State University and West Virginia 

University Institutional Animal Care and Use Committee. Behavioral testing was scored by 

an independent blinded investigator. Additionally, investigators processing tissues for ELISA 

and PCR were blinded to groups until data analysis.

Behavioral Testing.

Behavioral testing (16 mice/group) was performed during the light phase from ZT5-ZT8 

following the third night of LAN exposure so that mice from all of the groups would be 

tested under the same lighting parameters. The tasks were performed in a fixed consecutive 
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order (open field, elevated plus maze, then forced swim test). Approximately 30 min elapsed 

between tests. The behavioral testing occurred for four cohorts tested on separate days with 

equal representation from all experimental groups. The individual collecting and scoring the 

behavioral data was unaware of group assignment.

The mice were tested for novelty-induced locomotor activity in the open field, the elevated 

plus maze to assess anxiety-like behavior, and the forced swim test to assess depressive-like 

behavior. The open field test (30 min) was performed in an enclosed polypropylene insert 

(36 cm × 36 cm × 36 cm) with two rows of infrared sensors to detect horizontal and vertical 

movement (Photobeam Activity System, San Diego Instruments Inc., CA). Total activity, 

center versus peripheral activity, and number of rears were recorded. Next, the mice were 

tested in a 5-min elevated plus maze (EPM) task; it uses a plus-shaped apparatus, elevated a 

meter above the floor, with two enclosed arms and two open arms (112 cm each). The mouse 

was placed in the center of the apparatus and the number of entries and time spent on each 

arm type was recorded. Lastly, mice were tested in the forced swim test (FST); mice were 

placed for 5 min in a 5000 ml beaker filled with 3500 ml of water maintained at 27±1 °C. 

Latency to float, time spent floating, and number of floating bouts were determined. 

Behavior in the EPM and FST was recorded and later scored using The Observer XT 8.0 

software (Noldus, Leesburg, VA). Additionally, a fifth cohort of mice (female LD n=15, 

female LAN n=15; male LD n=15, male LAN n=15) underwent sucrose preference testing 

to further assess depressive-like behavior. Sucrose preference testing was similar to 

previously described12. To allow for habituation to the modified water bottles, mice were 

presented with two modified water bottles each containing tap water from ZT14-ZT19 for 

three consecutive nights prior to placing mice in LAN. At the start of the third night of LAN 

(ZT14) mice were presented with two modified water bottles for 5 hr, one containing a 3% 

sucrose solution and the other containing tap water. The modified water bottles were 

weighed prior to and after the 5 hr testing period. Sucrose preference was determined using 

the following formula (amount of sucrose consumed/total amount of liquid consumption 

*100). Notably, sucrose preference occurred during the dark phase as mice typically only 

consume water and food during the dark phase.

VEGF ELISA.

Protein Extraction and ELISA followed a protocol previously described37,38. Once extracted 

hippocampi were placed in a 1.5 ml tube containing a solution of RIPA buffer (Thermo 

Fisher Scientific, Waltham, MA) and Halt Protease and Phosphatase Inhibitor Cocktail 

(Thermo Fisher Scientific, Waltham, MA) at a concentration of 1ml/100mg of tissue. Next 

hippocampi were homogenized via sonication and allowed to sit on ice for 30 min. After 30 

min, samples were centrifuged at 13,300 rpm for 15 min at 4°C. The supernatant was 

removed and placed in a new 1.5 ml tube. Next, a Pierce BCA Protein Assay (Thermo Fisher 

Scientific, Waltham, MA) was performed according to the manufacturer’s instructions to 

determine the protein concentration in each sample and to ensure for equal amounts of 

protein load during the subsequent ELISA. To determine the concentration of VEGF-A in 

each hippocampus (350μg of protein), a mouse VEGF ELISA (MMV00, R&D Systems, 

Minneapolis, MN) was performed according to the manufacturer’s instructions (assay range 
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7.8–500 pg/ml); samples were run in duplicate. The plates were read using a SPECTRAmax 

Plus plate reader (Molecular Devices, San Jose, CA).

Serum Corticosterone.

Serum corticosterone was determined using an enzyme immunoassay kit (K014-H5, Arbor 

Assays, Ann Arbor, MI) according to the manufactures instructions. Serum samples were 

diluted (1/100) in assay buffer. Plates were read using a SPECTRAmax Plus plate reader 

(Molecular Devices, San Jose, CA) at 450nm and concentrations were determined using a 4-

parameter logistic curve.

RNA extraction, cDNA, and qRT-PCR.

RNA extraction, cDNA, and qRT-PCR followed a protocol previously described38. RNA was 

extracted from hippocampi using Trizol Reagent according to the manufacturer’s 

instructions (Ambion, Waltham, MA). RNA quantity and quality was assessed using a 

spectrophotometer (Nanodrop One, Wilmington, DE) and then cDNA was synthesized using 

M-MLV reverse transcriptase and diluted 1:10 for subsequent analysis via PCR. For qRT-

PCR, 4μl (40μg) of diluted cDNA was combined with 16μl of master mix solution 

containing: Taqman Fast Advanced Master Mix (Life Technologies, Carlsbad, CA), an 

inventoried probe from Applied Biosystems (Life Technologies, Carlsbad, CA) (Table 1), a 

primer-limited probe for the endogenous control GAPDH, and water. Each sample was run 

in duplicate. The 2-step real-time PCR cycling conditions used were 95 °C for 20 s, 40 

cycles of 95 °C for 3 s, and then 60 °C for 30 s. Gene expression was quantified using the 

Pfaffl Method39.

Telemetry Implantation.

Following a one week recovery period from shipping, mice were deeply anesthetized and 

implanted with a wireless telemetry device (G2 E-Mitter; Star Life Science, Oakmont, PA). 

A small incision (~8 mm) was made in the abdominal flank and peritoneum to allow for 

insertion of the E-Mitter into the abdominal cavity. Following insertion, the peritoneum and 

skin were sutured to insure containment within the abdominal cavity. After surgery mice 

were singly housed and allowed one week to recover before being placed in the appropriate 

lighting conditions. To assess body temperature and activity counts, mouse cages were 

placed on top of receiver boards (ER-4000) on static racks in the appropriate lights 

conditions. These boards relayed the data to a computer running VitalView Telemetry 

Software version 5.1 (Star Life Science, Oakmont, PA). Recording began at ZT6 on day 1 

and concluded at ZT6 on day 4 of the experiment.

Statistical Analyses.

Outliers were removed a priori. An outlier was defined as having a within-group Z score 

greater than 2; no more than one outlier was removed from each group. The behavioral and 

tissue data (Figs 1–3; 4 D–F and J–L) were analyzed using a 2-Way ANOVA, with sex and 

lighting condition as independent factors. Post-hoc comparisons were made using Tukey’s 

multiple comparisons test. Gene expression data were collected at 4 time points throughout 

the day (Fig. 5); the data were analyzed using a 3-Way ANOVA with sex, time, and lighting 
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condition as independent factors. Post-hoc comparisons were made using Tukey’s multiple 

comparisons test. Notably, each time point was treated as a separate family and multiple 

comparisons were only made within one timepoint. Differences were considered statistically 

significant when p<0.05. Data were tested for homoscedasticity using Spearman’s test for 

heteroscedasticity and normality was tested using the Shapiro-Wilk test. If data failed to 

meet the assumptions of an ANOVA, then data were first log2 transformed then square root 

transformed. If data failed to meet the assumptions of an ANOVA after being log2 and 

square root transformed, then multiple t-tests were run with a Bonferroni correction applied 

(0.05/number of t-tests run). For data analyzed using Bonferroni correction, p<0.008 was 

considered statistically significant (0.05/6 = 0.008). All statistical analyses were performed 

using GraphPad Prism 8.0 software. The data are graphed as mean ± SEM.

RESULTS

Acute Exposure to Low Level LAN Alters Behavior.

Because long term (3–4 weeks) exposure to LAN has previously been demonstrated to have 

detrimental effects on behavior12–15; we first sought to determine whether acute (3 nights) 

LAN exposure was sufficient to alter behavior in mice. Among females, LAN significantly 

increased floating duration relative to LD (t= 3.133; p<0.008; Bonferroni correction). In 

contrast, among males time spent floating was not significant different between groups 

(t=2.114; p=0.04; Bonferroni correction). There was a significant effect of both sex and 

lighting on number of floating bouts (F1,58=7.568, p<0.01; F1,58=20.63, p<0.001; Figure 1B) 

in the FST; specifically, LAN increased the number of floating bouts in males (p<0.01; 

Tukey’s multiple comparisons) and females (p<0.05; Tukey’s multiple comparisons) relative 

to their sex matched controls. However, there was no significant effect of LAN on the 

latency to float (p>0.008 for all t-tests; Bonferroni correction; Figure 1C). An additional 

cohort of mice underwent sucrose preference testing to further assess the effects of LAN on 

depressive-like behavior. LAN reduced sucrose preference in both females (t=5.043; 

p<0.0001; Bonferroni correction; Figure 1D) and males (t=3.893; p<0.001; Bonferroni 

correction; Figure 1D) relative to their sex matched controls. Additionally, there was a 

significant reduction in total consumption of liquid during sucrose preference testing in 

females exposed to LAN compared to males housed in normal lighting conditions (t=3.320; 

p<0.008; Bonferroni correction; Figure 1E). However, there were no significant differences 

among mice exposed to LAN compared to their sex match controls (p>0.008 for all t-tests; 

Bonferroni correction; Figure 1E). Together, these data demonstrate increased depressive-

like behavior following acute exposure to LAN. In the open field, there was a significant 

increase in total locomotor activity of males housed in LAN compared to females housed in 

normal lighting conditions (t=3.051, p<0.008; Figure 2A). However, there were no 

significant differences in total locomotor activity among mice exposed to LAN compared to 

their sex match controls (p>0.008 for all t-tests; Bonferroni correction; Figure 2A). 

Additionally, there was a main effect of sex in central tendency, with males increasing time 

spent in the center (F1,43=10.42, p<0.01; Figure 2B), and rearing behavior, with females 

rearing more frequently than males (F1,43= 6.062, p<0.05; Figure 2C). Further, there was a 

significant effect of lighting on central tendency, with LAN increasing the time spent in the 

center of the open field (F=1,43=5.338, p<0.05; Figure 2B), and number of rears, with LAN 
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increasing the number of rears (F=1,43=4.783, p<0.05; Figure 2C). Females exposed to LAN 

significantly increased the amount of time spent in the center of the open field relative to 

females housed in normal lighting conditions (p<0.05; Tukey’s multiple comparisons), 

demonstrating an anxiolytic effect of LAN in females. However, there were no significant 

differences among males. In the EPM, there was a significant effect of lighting on total 

number of arm entries (F1,58=8.709, p<0.01; Figure 2D); specifically, LAN significantly 

increased the number of arm entries among females (p<0.05; Tukey’s multiple 

comparisons). However, there were no group differences in time spent in the open or closed 

arms (p>0.05 Figure 2E and F).

Acute Exposure to Low Level LAN Reduces Hippocampal VEGF and BDNF and Increases 
IL-1β.

Considering that acute (3 nights) LAN exposure increased depressive-like behavior in mice, 

we next sought to examine the effects of acute LAN on the expression of neurotrophic 

factors and proinflammatory cytokines. There was a significant effect of lighting 

(F1,51=26.66, p<0.001; Figure 3A), sex (F1,51=29.52, p<0.001; Figure 3A), and a sex by 

lighting interaction (F1,51=15.57, p<0.001; Figure 3A) on the expression of brain derived 

neurotrophic factor (bdnf); specifically, LAN reduced hippocampal bdnf expression in males 

relative to all other groups (p<0.001; Tukey’s multiple comparisons). There were no group 

differences on the expression of insulin growth factor-1 (igf1) in the hippocampus (p>.05; 

Figure 3B). Additionally, there was a significant effect of lighting (F1,53=34.32, p<0.001; 

Figure 3C), and sex (F1,53=8.392, p<0.01; Figure 3C), on VEGF-A protein concentration in 

the hippocampus; specifically, LAN significantly reduced hippocampal VEGF-A protein 

concertation in both females and males relative to their same sex controls (p<0.001 and 

p<0.01, respectively; Tukey’s multiple comparisons). Further, there was an interaction 

between sex and lighting condition in the expression of VEGF Receptor 1 (vegfr1) 

(F1,49=21.03, p<0.001, Figure 3D) such that among females, but not males, LAN 

significantly increases expression of vegfr1 (p<.001; Tukey’s multiple comparisons). In 

contrast, there was a significant effect of sex (F1,54=7.078, p<0.05, Figure 3E) and a sex by 

lighting interaction (F1,54=6.528, p<0.05, Figure 3E) on vegfr2 gene expression. 

Additionally, two proinflammatory cytokines were also examined in the hippocampus; there 

was no main effect of either lighting or sex on interleukin-1β mRNA (il-1β), but there was a 

significant interaction (F1,53=10.31, p<0.01, Figure 3F) between these variables; specifically, 

among females LAN significantly increased il-1β expression relative to LD (p<0.05; 

Tukey’s multiple comparisons). Although there was no significant effect of lighting on 

tumor necrosis factor alpha (tnf-α), there was a significant main effect of sex (F1,46=15.87, 

p<0.001, Figure 3G), such that the concentration of tnf- α was significantly greater among 

males than females.

Acute Exposure to Low Level LAN Alters Activity Rhythms, Body Temperature Rhythms, 
and Circadian Gene Expression within the Hippocampus.

Considering that chronic exposure (2–4 weeks) to low level light at night is associated with 

changes in circadian rhythms and circadian gene expression15,16,40,41, we next sought to 

assess the effects of acute exposure to low level light at night on body temperature and 

activity rhythms, as well as circadian gene expression within the hippocampus. To determine 
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the effects of LAN on body temperature and activity rhythms an mFourfit analysis was 

performed to calculate tau (τ; period), phi (Φ; phase), and amplitude of each group using 

BioDare2 analysis software42. There was a significant effect of lighting on period (τ), with 

LAN increasing τ length in activity rhythms (F1,28=12.41, p<0.01, Figure 4A–B and D). 

However, there were no significant differences in τ among mice exposed to LAN compared 

to their sex match controls (p>0.05; Tukey’s multiple comparisons; Figure 4A–B and D). 

Additionally, there was a significant effect of lighting (F1,25=48.16, p<0.0001; Figure 4A–B 

and E), sex (F1,25=21.51, p<0.0001; Figure 4A–B and E), and a sex by lighting interaction 

(F1,25=11.24, p<0.01; Figure 4A–B and E) on the phase (Φ) of activity rhythms; specifically, 

LAN delayed the acrophase of activity rhythms in female mice compared to all other groups 

(p<0.0001;Tukey’s multiple comparisons; Figure 4E). However, there were no group 

differences in the amplitude of activity rhythms (p>0.05; Figure 4A–B and F). Additionally, 

there was a significant effect of lighting on the period of body temperature rhythms 

(F1,28=10.24, p<0.01; Figure 4G–H and J), with mice exposed to LAN displaying longer 

periods and delayed phase of peak amplitude (F1,26=15.59, p<0.001; Figure 4G–H and K); 

specifically, female mice housed in LAN displayed significant delay in the acrophase of 

body temperature rhythms compared to females housed in normal lighting conditions 

(p<0.05; Tukey’s multiple comparisons; Figure 4K). There were no differences in the τ of 

body temperature rhythms within groups (p>0.05; Tukey’s multiple comparisons; Figure 

4J). Further, the amplitude of body temperature rhythms demonstrated a significant effect of 

sex (F1,28=41.16; p<0.0001; Figure 4G–H and L), with males displaying higher amplitudes, 

and lighting (F1,28=10.23; p<0.01; Figure 4G–H and L), with LAN reducing the amplitude 

of body temperature rhythms; specifically, male and female mice housed in LAN 

demonstrated reduced amplitude in body temperature rhythms compared to male mice 

housed in normal lighting conditions (p<0.05; Tukey’s multiple comparisons; Figure 4L).

Next, we sought to assess the effects of acute LAN exposure on the expression of circadian 

genes within the hippocampus “around the clock”. We chose to assess circadian gene 

expression within the hippocampus exclusively as the hippocampus was the site of reduced 

neurotrophin expression (males and females) and increased neuroinflammation (females) 

following exposure to LAN. There was significant effect of sex (F1,105=4.486; p<0.05; 

Figure 5A–B) on expression of clock within the hippocampus, with females displaying 

increased expression of clock, and a time × lighting interaction (F3,105=3.018; p<0.05; 

Figure 5A–B); specifically, males exposed to acute LAN demonstrated increased clock 
expression at ZT2 relative to males housed in normal lighting conditions (p<0.01; Tukey’s 

multiple comparisons; Figure 5B). Additionally, there was a significant effect of time 

(F3,108=6.917; p<0.001; Figure 5C–D) on the expression of bmal1 (arntl) within the 

hippocampus. However, there were no significant differences within groups (p>0.05; 

Tukey’s multiple comparisons; Figure 5C–D). Further, there was a significant effect of time 

(F3,106=8.378; p<0.0001; Figure 5K–L) and a time × lighting interaction (F3,106=3.480; 

p<0.05; Figure 5K–L) on the expression of cry1 within the hippocampus; specifically, males 

housed in LAN demonstrated increased cry1 expression at ZT2 compared to males housed 

in normal lighting conditions (p<0.01; Tukey’s multiple comparisons; Figure 5L). However 

there were no differences between groups in the expression of per1, per2, rev-erbα, or cry2 
(p>0.008 for all t-tests; Bonferroni correction; Figure 5E–J and M–N). A summary of 
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hippocampal clock gene changes are included in Table 2. Additionally, we sought to assess 

the effects of acute LAN exposure on the hypothalamic-pituitary-adrenal axis by measuring 

corticosterone concentrations within the serum, as well as the expression of glucocorticoid 

receptor (GR) and mineralocorticoid receptor (MR) within the hippocampus every six hours. 

There were no differences in serum corticosterone concentrations or hippocampal GR 

expression between groups (p>0.008 for all t-tests; Bonferroni correction; data not shown). 

However, there was a significant time × lighting interaction on the expression of 

hippocampal MR (F3,104=2.983; p<0.05; Figure 5O–P); specifically males housed in LAN 

increased MR expression at ZT2 compared to LD males (p<0.05; Tukey’s multiple 

comparisons).

DISCUSSION

The current study sought to examine the rapid effects of LAN (5 lux) on the expression of 

depressive-like behavior in male and female mice, as well as measures of neuroinflammation 

and neurotrophin expression within the hippocampus. Taken together, our results establish 

that acute exposure to low level light at night (LAN) induces depressive-like behavior with 

concurrent changes in hippocampal expression of neurotrophins, clock genes, and a 

proinflammatory cytokine. Similar changes in neurotrophins and cytokine expression are 

associated with alterations in mood. Previous studies examining chronic LAN exposure in 

several nocturnal and diurnal rodent species demonstrate increased depressive-like behavior 

following 3–4 weeks of exposure to LAN12–15. However, there are studies demonstrating no 

association between LAN an mood in C57Bl/6 mice; suggesting a potential strain specific 

effect of LAN in rodents76–77. The current study establishes that in Swiss Webster mice the 

depressive-like behavioral effects of LAN emerge within the first three nights of exposure 

(Figure 1A–E), and when considered in the context of prior studies, suggests that the 

depressive effects of LAN may persist for weeks. Additionally, these behavioral data are 

consistent with two recent cross-sectional studies which report an association between 

increased nighttime light exposure and depressive symptomology in middle-aged and elderly 

people8,43. The rapid onset of the neurological and behavioral changes associated with LAN 

may also have implications for critically ill patients because 3.28 days is the average length 

of stay in intensive care units within the United States44 and maintaining dim lighting 

throughout the night in patient rooms is standard practice.

As part of this study, we sought to determine a potential mechanism by which acute LAN 

may be increasing depressive-like behavior in male and female mice. The neurotrophic 

hypothesis of major depressive disorder (MDD) postulates that a reduction in neurotrophin 

signaling is a contributing factor to the development of depression. Indeed, multiple studies 

have linked changes in bdnf, igf1, and VEGF with the development of MDD45–49. In the 

present study both male and female mice housed in LAN had reduced hippocampal VEGF-

A concentrations (Figure 3C); additionally, male LAN mice had reduced hippocampal 

BDNF mRNA relative to mice housed in dark nights (Figure 3A). However, there were no 

changes in IGF1 mRNA expression (Figure 3B), suggesting LAN may have targeted effects 

on neurotrophin expression. Importantly, this reduction of neurotrophic signaling (BDNF 

and VEGF) within the hippocampus may contribute to the development of the observed 

depressive-like phenotype. Notably, the BDNF data presented here for males (Figure 2A) are 
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consistent with a previous study demonstrating depressive-like behavior and reduced BDNF 

following chronic (4 weeks) exposure to LAN in a different mouse strain (C3H/HeNHsd)14. 

Additionally, converging evidence from post mortem tissue and serum samples suggest a 

role for reduced BDNF in clinical MDD; specifically, BDNF is reduced in post-mortem 

brain tissue and serum from individuals with MDD45,50,51. Further, antidepressant treatment 

increases hippocampal BDNF, and both antidepressant therapy and electroconvulsive shock 

therapy increase BDNF in blood52. A similar role in MDD has been proposed for VEGF, 

although the clinical data are not as compelling as for BDNF and a comprehensive analysis 

of VEGF in post-mortem brain tissue of individuals with MDD has not yet been reported52. 

However, clinical studies have demonstrated an association between alterations in the 

concentration of VEGF in the serum and plasma with the development of MDD53–55. 

Additionally, a recent clinical study has identified VEGF related polymorphisms as a risk 

factor for the development of MDD49. Rodent studies have confirmed causal relationships 

between both BDNF and VEGF and the expression of depressive-like behavior under a 

variety of conditions23,56. Together, these data indicate that LAN results in a rapid decline in 

hippocampal VEGF in both males and females, and a decline in BDNF mRNA in males that 

appears to persist across weeks of exposure to LAN. Although, the effect of acute LAN on 

VEGF-A was comparable in male and female mice, the apparent sex difference in 

hippocampal BDNF mRNA expression after acute LAN suggests that BDNF 

downregulation is not essential for the development of the depressive-like phenotype in 

females. Additional studies are needed to determine whether the reduction in VEGF and 

BDNF described here contributes to the decreased neurogenesis or alteration in spine density 

within the hippocampus.

Because of the demonstrated interaction between increased neuroinflammation and reduced 

neurotrophin signaling48, we next sought to examine the effects of acute LAN on 

proinflammatory cytokine expression within the hippocampus. In the present study female 

mice exposed to acute LAN displayed increased hippocampal IL-1β mRNA expression 

(Figure 3F). This increase in hippocampal IL-1β gene expression in females may also 

contribute to the development of the depressive-like phenotype. These data are consistent 

with the cytokine hypothesis of depression, and specifically there are compelling clinical 

and basic science data to support a causal role for increased IL-1β precipitating depressive 

symptoms21,22. Whether IL-1β increases at a later time point in males exposed to LAN 

remains to be determined. In contrast to the effects of chronic LAN, which increases TNF-α 
mRNA in both male mice57 and female hamsters15, there was no effect of 4 nights of LAN 

on hippocampal TNF-α mRNA in either sex in the current study (Figure 3G). Notably, 

IL-1β and TNF-α have interactive effects, and whether they interact over time to promote, 

and then maintain the depressive-like behavior associated with LAN, remains to be 

determined.

Additionally, because of the interaction between IL-1β and the expression of VEGF/

alterations in VEGF signaling58,59, we examined the expression of vegfr1 and vegfr2 within 

the hippocampus. Females housed in LAN displayed increased expression of VEGFR1 

mRNA in the hippocampus relative to female mice exposed to dark nights (Figure 3D). 

However, no changes in VEGFR1 mRNA expression were demonstrated in male mice. 

Additionally, no changes in VEGFR2 mRNA expression were demonstrated in either sex 
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(Figure 3E). Notably, VEGFR1 has additional roles outside of angiogenesis that include 

macrophage activation and monocyte trafficking60,61. Due to the increased expression of 

IL-1β and VEGFR1 specifically in females housed in LAN and recent studies demonstrating 

peripheral monocytes migrating into the brain as the main producers of IL-1β62; future 

studies should examine the effects of acute LAN on monocyte trafficking to determine 

whether increased monocyte trafficking may explain the increased IL-1β and VEGFR1 

mRNA expression in females reported in the current study. Additionally, studies should 

examine the effects of LAN on other VEGF family proteins that bind to VEGFR1 such as 

VEGF-B and PIGF.

Next, we sought to assess the effects of acute LAN exposure on the circadian system by 

examining body temperature rhythms, activity rhythms, and circadian gene expression 

throughout the day within the hippocampus. There were no differences within sexes on the 

period (tau) of activity or body temperature rhythms (Figure 4D). However, there was an 

effect of LAN on acrophase of activity and body temperature rhythms, specifically female 

mice housed in LAN delayed their acrophase relative to their sex matched controls (Figure 

4E and K). Exposure to LAN (light pulse) can advance or delay the phase depending on the 

timing and intensity of the light signal63. Studies examining the effects of low level LAN on 

the phase of activity rhythms have yielded inconsistent results. One such study examining 

changes in the phase of activity rhythms in mice in response to three weeks of low level light 

at night (20 lux) concluded that the phase of activity rhythms remained stable64. However, a 

significant phase change in the activity rhythms of Syrian hamsters has been demonstrated; 

specifically, hamsters transferred from LD conditions to low level LAN increased the 

duration of the active phase by ~3hrs relative to complete darkness65; a similar delay in the 

acrophase of activity rhythms occured in the present study (~4hrs). Notably, no changes 

were detected in the amplitude of activity rhythms, suggesting that the behavioral effects 

were not a side effect of masking (Figure 4F). These data are consistent with previous 

studies in hamsters and rats demonstrating no side effect of masking following low level 

light at night exposure13,65. Circadian gene expression within the hippocampus remained 

largely unchanged (Figure 5 and Table 2). No alterations in bmal1, per1, per2, rev-erbα, or 

cry2 were demonstrated at any time point. Notably, rhythms in per1, per2, and cry2 
expression appear less robust and represent a potential limitation in concluding there were 

no significant changes in per1, per2, and cry2 expression in response to LAN exposure. This 

likely reflects an region specific effect, as clock gene expression was assessed within the 

hippocampus and not within the hypothalamus. However, there were significant increases in 

the expression of clock and cry1 at ZT2 in male mice exposed to LAN relative to sex 

matched controls. Although not explicitly tested, this may represent a potential 

compensatory mechanism in male mice, as a previous study examining the effects of anti-

depressants on clock gene expression within the hippocampus demonstrate increased 

expression of clock and cry1 in response to treatment with an antidepressant (fluoxetine)66. 

Additionally, we sought to assess the effects of acute LAN exposure on the hypothalamic-

pituitary-adrenal axis by measuring corticosterone concentrations within the serum, as well 

as the expression of hippocampal glucocorticoid receptor (GR) and mineralocorticoid 

receptor (MR). There were no significant changes in serum corticosterone concentrations or 

hippocampal GR expression (data not shown). However, males mice exposed to LAN 
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increased the expression of hippocampal MR at ZT2 (Figure 5P). This increase in male 

hippocampal MR expression may explain the male specific reduction in hippocampal bdnf 
expression, as signaling via MR reduces bdnf expression within the hippocampus67

Whereas anxiety-like responses following acute LAN exposure were not the primary focus 

of this study, acute exposure to LAN did produce an anxiolytic effect, with increased central 

tendency during the open field test in females (Figure 2B). However, no changes in anxiety-

like behavior were demonstrated in either sex during elevated plus maze testing (Figure 2D–

F). Studies examining the effects on anxiety following LAN exposure have produced 

varying results. For example, male Swiss-Webster mice exposed to LAN for three weeks 

display increased number of rears during open field testing, increased number of open arm 

entries on the elevated plus maze, reduction in time to enter the open arm12. However, 

another study examining the effects of 5 weeks of LAN in male Swiss-Webster mice 

demonstrated no changes in anxiety-like behavior following LAN exposure68. These 

inconsistencies in anxiety-like behavior following LAN exposure may explain the 

differences between the results of open field testing and elevated plus maze in the current 

study.

In summary, based on this study and the existing literature, we propose that the mechanism 

through which acute LAN increases depressive-like behavior in mice involves an increase in 

neuroinflammation (at least in females), which reduces neurotrophin expression, in turn 

reducing neuronal complexity in the hippocampus and inducing depressive-like behavior. 

Although the neural circuitry underlying the physiological and behavioral responses to 

acute, low level light at night has not been specifically examined, it is known that 

intrinsically photosensitive retinal ganglion cells (ipRGCs) are critical for transducing 

information about environmental light, and that these cells project not only to the 

suprachiasmatic nucleus (SCN, the “master clock”), but also to numerous brain regions 

associated with cognitive and affective behaviors69. Furthermore, we are confident that 

ipRGCs mediate the effects of chronic LAN on depressive-like behavior because these 

changes can only be evoked by light within the wavelength range that stimulate these ipRGC 

cells16. Microglia, the resident macrophages of the central nervous system, are the most 

likely source of increased CNS proinflammatory cytokines after exposure to LAN70. 

Increased CNS proinflammatory cytokine expression precipitates depressive-like behavior in 

a wide range of contexts71. Likewise, our laboratory has previously demonstrated that 

chronic (4 weeks) LAN exposure in hamsters increases neuroinflammation, reduces 

neurotrophin (BDNF) concentrations, and reduces neuronal complexity within the 

hippocampus, concurrent with an increase in depressive-like behavior18. The relationships 

between LAN-induced neuroinflammation and neurotrophin expression, neuroplasticity, and 

depressive-like behavior are likely causal; hippocampal neuroplasticity and depressive-like 

behavior are normalized by ICV administration of a TNFα inhibitor to hamsters maintained 

under chronic LAN conditions15. Furthermore, studies examining the effects of altered 

neurotrophin expression and neuroinflammation have demonstrated that changes in neuronal 

morphology, neuronal excitability, and synaptic transmission begin to occur within 

minutes72–75. Therefore, three nights of LAN is a sufficient amount of time for changes in 

neuronal morphology and synaptic transmission to occur in response to alterations in 

neurotrophin expression and neuroinflammation within the hippocampus.
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In conclusion, the current study supports the hypothesis that increased exposure to LAN may 

be contributing to the rising rates of MDD. Whereas prior research has focused on the 

neurological and behavioral effects of chronic LAN, the current data demonstrates that 

proinflammatory cytokine and neurotrophin concentrations in the hippocampus change 

within days of being exposed to LAN, and there is a concomitant increase in depressive-like 

behavior. Thus, even acute exposure to LAN may result in adverse health effects.
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Figure 1: 
Acute LAN Increases Depressive-like Behavior (A-C) Average time spent floating, number 

of floating bouts, and latency to float during forced swim test. (A) LAN significantly 

increased floating duration in females relative to LD (t= 3.133; p<0.008; Bonferroni 

correction)(F LD n=15; M LD n= 16; F LAN n=16; M LAN n=14). (B) Main effect of 

lighting and sex on the number of floating bouts (F1,58=20.63, p<0.001; F1,58=7.568, 

p<0.01); increased number of floating bouts in males and females housed in LAN relative to 

sex matched controls. (F LD n=15; M LD n= 16; F LAN n=16; M LAN n=15) (C) No group 

differences in latency to float (p>0.008 for all t-tests; Bonferroni correction) (F LD n=15; M 

LD n= 15; F LAN n=16; M LAN n=14). (D-E) Percent sucrose preference and total liquid 

consumption during sucrose preference testing. (D) LAN significantly decreased sucrose 

preference in males and female mice relative to their sex matched controls (males, t=3.893; 

p<0.001; females, t=5.043; p<0.0001; Bonferroni correction)) (F LD n=14; M LD n= 14; F 

LAN n=14; M LAN n=15) (E) LAN reduced total liquid consumption in females relative to 

males house in normal lighting condition (t=3.320; p<0.008; Bonferroni correction). No 

differences in total liquid consumption were detected within sexes (p>0.008 for all t-tests; 

Bonferroni correction) (F LD n=14; M LD n= 14; F LAN n=15; M LAN n=15) Error bars 

represent SEM; # main effect of lighting, * main effect of sex, + sex by lighting interaction; 

(B) two-way ANOVA; Tukey’s multiple comparisons test (A and C-E) multiple t-tests 

between each group with Bonferroni correction. Bars that do not share a letter represent 

Tukey’s multiple comparisons at p<0.05 or Bonferroni correction at p<0.008.
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Figure 2: 
Anxiolytic Effect of LAN in Female Mice (A-C) Total beam break, central tendency, and 

rearing during open field testing. (A) Male mice exposed to LAN demonstrated a significant 

increase in total beam breaks compared to females housed in LD (t=3.051; p<0.01; 

Bonferroni correction. No differences in total beam breaks were detected within sexes 

(p>0.008 for all t-tests; Bonferroni correction) (F LD n=11; M LD n= 12; F LAN n=11; M 

LAN n=12) (B) Main effect of lighting (F=1,43=5.338, p<0.05) and sex (F1,43=10.42, 

p<0.01) on central tendency; females housed in LAN increased the time spent in the center 

relative to females housed in LD. (F LD n=12; M LD n= 11; F LAN n=12; M LAN n=12) 

(C) Main effect of lighting (F=1,43=4.783, p<0.05) and sex (F1,43= 6.062, p<0.05) on 

number of rears. (F LD n=12; M LD n= 11; F LAN n=12; M LAN n=12) (D-F) Total 

entries, time spent in the open arm, and time spent in the closed arm during elevated plus 

maze. (D) Main effect of lighting on total arm entries (F1,58=8.709, p<0.01); increased 

number of total arm entries in females relative to LD. (F LD n=15; M LD n= 16; F LAN 

n=15; M LAN n=16) (E and F) No group differences on time spent in the open or closed 

arms. (E) (F LD n=15; M LD n= 16; F LAN n=15; M LAN n=16) (F) (F LD n=15; M LD 

n= 16; F LAN n=14; M LAN n=16) Error bars represent SEM; # main effect of lighting, * 

main effect of sex, + sex by lighting interaction; (B-F) two-way ANOVA; Tukey’s multiple 

comparisons test (A) multiple t-tests between each group with Bonferroni correction. Bars 

that do not share a letter represent Tukey’s multiple comparisons at p<0.05 or Bonferroni 

correction at p<0.008.
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Figure 3: 
Acute LAN Reduces Neurotrophic Signaling and Increases Neuroinflammation (A-C) 

Measure of neurotrophins in the hippocampus. (A) Main effect of lighting (F1,51=26.66, 

p<0.001), sex (F1,51=29.52, p<0.001), and sex by lighting interaction (F1,51=15.57, p<0.001) 

on bdnf expression in the hippocampus; LAN reduced bdnf expression in males relative to 

same sex controls. (F LD n=14; M LD n= 13; F LAN n=14; M LAN n=14) (B) No group 

differences in igf1 expression in the hippocampus. (F LD n=15; M LD n= 14; F LAN n=14; 

M LAN n=15) (C) Main effect of lighting (F1,53=34.32, p<0.001) and sex (F1,53=8.392, 

p<0.01) on concentration of VEGF-A in the hippocampus; decreased VEGF-A in males and 

females housed in LAN relative to sex matched controls. (F LD n=15; M LD n= 14; F LAN 

n=14; M LAN n=14) (D) Sex by lighting interaction in vegfr1 expression (F1,49=21.03, 

p<0.001); LAN increased the expression of vegfr1 in females relative to LD. (F LD n=14; M 

LD n= 13; F LAN n=13; M LAN n=13) (E) Main effect of sex (F1,54=7.078, p<0.05) and a 

sex by lighting interaction (F1,54=6.528, p<0.05) on vegfr2 expression in the hippocampus. 

(F LD n=15; M LD n= 13; F LAN n=15; M LAN n=15) (F) Sex by lighting interaction in 

il-1β expression in the hippocampus (F1,53=10.31, p<0.01); increased il-1β in females 

housed in LAN relative to LD. (F LD n=15; M LD n= 13; F LAN n=15; M LAN n=14) (G) 

Main effect of sex (F1,46=15.87, p<0.001) in the expression of tnf-α in the hippocampus. (F 

LD n=13; M LD n= 13; F LAN n=12; M LAN n=12) Error bars represent SEM; # main 

effect of lighting, * main effect of sex, + sex by lighting interaction; bars that do not share a 

letter represent multiple comparisons at p<0.05, two-way ANOVA; Tukey’s multiple 

comparisons test.
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Figure 4: 
Acute LAN Alters Activity and Body Temperature Rhythms (A-B) Activity rhythms in 

female and male mice exposed to LAN; 2 hr bins beginning at ZT6 on Day 1 and ending at 

ZT4 on Day 4. (C) Graphic illustrating the phi (phase) of activity rhythms for each group 

from CT0 (D) Main effect of lighting (F1,28=12.41, p<0.01) on tau (period) of activity 

rhythms. (F LD n=7; M LD n= 9; F LAN n=8; M LAN n=8) (E) Main effect of lighting 

(F1,25=48.16, p<0.0001), sex (F1,25=21.51, p<0.0001), and sex by lighting interaction 

(F1,25=11.24, p<0.01) on phi of activity rhythms; LAN increased phi in females relative to 

same sex controls. (F LD n=7; M LD n= 8; F LAN n=7; M LAN n=7) (F) No group 

differences in the amplitude of activity rhythms (F LD n=7; M LD n= 9; F LAN n=7; M 

LAN n=8) (G-H) Body temperature rhythms in female and male mice exposed to LAN; 2 hr 

bins beginning at ZT6 on Day 1 and ending at ZT4 on Day 4. (I) Graphic illustrating the phi 

(phase) of body temperature rhythms for each group from CT0 (J) Main effect of lighting 

(F1,28=12.41, p<0.01) on tau (period) of body temperature rhythms. (F LD n=7; M LD n= 9; 

F LAN n=8; M LAN n=8) (K) Main effect of lighting (F1,26=15.59, p<0.001) on phi (phase) 

of body temperature rhythms; female mice exposed to LAN demonstrate increased phi 

compared to female mice housed in LD. (F LD n=7; M LD n= 8; F LAN n=8; M LAN n=7) 

(L) Main effect of lighting (F1,28=10.23, p<0.01) and sex (F1,28=41.16, p<0.0001) on the 

amplitude of body temperature rhythms; LAN reduced the amplitude of body temperature 

rhythms in male mice relative to sex matched controls. (F LD n=7; M LD n= 9; F LAN n=8; 
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M LAN n=8) Error bars represent SEM; # main effect of lighting, * main effect of sex, + sex 

by lighting interaction; bars that do not share a letter represent multiple comparisons at 

p<0.05, two-way ANOVA; Tukey’s multiple comparisons test.
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Figure 5: 
Acute LAN Alters Hippocampal Circadian Gene Expression in Male Mice (A-N) 

Expression of circadian genes with the hippocampus throughout the day. (A-B) Main effect 

of sex (F1,105=4.486, p<0.05) and time by lighting interaction (F3,105=3.018, p<0.05) on the 

expression of clock within the hippocampus; male mice exposed to LAN demonstrated 

increased clock expression at ZT 2 relative to their sex matched controls. (F LD n=7–8; M 

LD n= 7–8; F LAN n=7–8; M LAN n=7–8 per time point) (C-D) Main effect of time 

(F3,108=15.07, p<0.001) on the expression of bmal1 within the hippocampus. (F LD n=7–8; 

M LD n= 7–8; F LAN n=7–8; M LAN n=7–8 per time point). (E-J) No groups differences in 

the expression of per1, per2, or rev-erbα (p>0.008 for all t-tests; Bonferroni correction) (F 

LD n=7–8; M LD n= 7–8; F LAN n=7–8; M LAN n=7–8 per time point). (K-L) Main effect 

of time (F3,106=8.378, p<0.0001) and time by lighting interaction (F3,106=3.480, p<0.05) on 

the expression of cry1 within the hippocampus; male mice exposed to LAN demonstrated 

increased cry1 expression at ZT 2 relative to their sex matched controls. (F LD n=7–8; M 

LD n= 7–8; F LAN n=7–8; M LAN n=7–8 per time point) (M-N) No groups differences in 

the expression of cry2 (p>0.008 for all t-tests; Bonferroni correction) (F LD n=7–8; M LD 

n= 7–8; F LAN n=6–8; M LAN n=7–8 per time point) (O-P) Time by lighting interaction 

(F3,104=2.983, p<0.05) on the expression of hippocampal nr3c2 (MR); male mice exposed to 

LAN increased MR expression at ZT2 compared to LD males. Error bars represent SEM; # 
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main effect of lighting, * main effect of sex, + sex by lighting interaction, $ main effect of 

time, & time by lighting interaction; (A-D, K-L, and O-P) three-way ANOVA; Tukey’s 

multiple comparisons test (E-J and M-N) multiple t-tests between each group with 

Bonferroni correction. * represent Tukey’s multiple comparisons at p<0.05
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Table 1:

Gene names and assay ids for TaqMan primer/probes used throughout the experiment

Gene Name Assay ID

il-1β Mm00434228_m1

tnfα Mm00443258_m1

bdnf Mm01334044_m1

igf1 Mm00439560_m1

flt1 (vegfr1) Mm00438980_m1

kdr (vegfr2) Mm01222421_m1

clock Mm00455950_m1

arntl (bmal1) Mm00500226_m1

per1 Mm00501813_m1

per2 Mm00478099_m1

cry1 Mm00514392_m1

cry2 Mm01331539_m1

nr3c1 (GR) Mm00433832_m1

nr3c2 (MR) Mm01241596_m1

nr1d1 (rev-erbα) Mm00520708_m1

Gapdh Mm99999915_g1
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Table 2:

Summary of alterations in hippocampal clock gene expression throughout the day. * Significant difference 

between F LD and F LAN, + Significant difference between M LD and M LAN, # Significant difference 

between F LD and M LD, $ Significant difference between F LAN and M LAN, % Significant difference 

between F LD and M LAN, ^ Significant difference between F LAN and M LD.

Gene ZT2 ZT8 ZT14 ZT 20 Statistical Significance

clock +,^ No change No change No change p<0.05 Tukey’s multiple comparisons

bmal1 No change No change No change No change p<0.05 Tukey’s multiple comparisons

per1 No change No change No change No change p<0.008 t-tests with Bonferroni correction

per2 No change No change No change No change p<0.008 t-tests with Bonferroni correction

rev-erbα No change No change No change No change p<0.008 t-tests with Bonferroni correction

cry1 +,^ No change No change No change p<0.05 Tukey’s multiple comparisons

cry2 ^ No change No change No change p<0.008 t-tests with Bonferroni correction
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