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A B S T R A C T   

Shift work is associated with increased risk for vascular disease, including stroke- and cardiovascular-related 
mortality. However, evidence from these studies is inadequate to distinguish the effect of altered circadian 
rhythms in isolation from other risk factors for stroke associated with shift work (e.g., smoking, poor diet, lower 
socioeconomic status). Thus, the present study examined the diathetic effects of exposure to shifted LD cycles 
during early adulthood on circadian rhythmicity, inflammatory signaling and ischemic stroke pathology during 
middle age, when stroke risk is high and outcomes are more severe. Entrainment of circadian activity was stable 
in all animals maintained on a fixed light:dark 12:12 cycle but was severely disrupted during exposure to shifted 
LD cycles (12hr advance/5d). Following treatment, circadian entrainment in the shifted LD group was distin-
guished by increased daytime activity and decreased rhythm amplitude that persisted into middle-age. Circadian 
rhythm desynchronization in shifted LD males and females was accompanied by significant elevations in 
circulating levels of the inflammatory cytokine IL-17A and gut-derived inflammatory mediator lipopolysaccha-
ride (LPS) during the post-treatment period. Middle-cerebral artery occlusion, 3 months after exposure to shifted 
LD cycles, resulted in greater post-stroke mortality in shifted LD females. In surviving subjects, sensorimotor 
performance, assessed 2- and 5-days post-stroke, was impaired in males of both treatment groups, whereas in 
females, recovery of function was observed in fixed but not shifted LD rats. Overall, these results indicate that 
early exposure to shifted LD cycles promotes an inflammatory phenotype that amplifies stroke impairments, 
specifically in females, later in life.   

1. Introduction 

The regulation and light-dark entrainment of circadian rhythms is 
mediated by the master pacemaker in the suprachiasmatic nuclei (SCN) 
of the anterior hypothalamus and by peripheral clocks throughout the 
body. This hierarchical network of cell-autonomous clocks plays an 
important role in human health by coordinating local tissue- and cell- 
specific processes so as to occur at the “right time” relative to each 
other and to the external environment. Desynchronization of these 
circadian clocks and dysregulation of their output rhythms are known to 
occur in response to shift work, jet lag and workplace or social influences 

that commonly impose highly irregular schedules on our sleep-wake 
patterns, mealtimes and other body processes. 

Using genetic mutations in core clock genes or shift work-like par-
adigms, basic research studies have implicated circadian rhythm dys-
regulation in various human health disorders, including vascular disease 
and related risk factors such as metabolic syndrome, obesity, diabetes 
and inflammation (Westgate et al., 2008; Scheer et al., 2009; Huang 
et al., 2011a,b; Xu et al., 2014; Griffin et al., 2019). In Clock mutant 
mice, genetic dysregulation of the core clock mechanism produces al-
terations in circadian rhythmicity that are accompanied by notable risk 
factors for cardiovascular disease including obesity and metabolic 
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syndrome (Marcheva et al., 2010; Huang et al., 2011a,b). In a similar 
manner, chronic modulation of circadian rhythms through periodic 
reversal of the light-dark cycle to simulate shift work schedules expe-
dites the development of coronary pathology and congestive heart 
failure in cardiomyopathic hamsters (Penev et al., 1998). Importantly, 
epidemiological studies have provided supportive evidence implicating 
circadian rhythm dysregulation, due to shift work, as a risk factor for 
both cardio-and cerebrovascular disease (Rosa et al., 2019). 
Meta-analysis of cardiovascular disease in shift workers, including 
subjects in the Nurses Health Study and several Danish cohort studies, 
indicates that cardiovascular-related mortality and morbidity risk were 
at least 20% higher in shift workers than those with no shift work 
experience, with a further increase in risk of 7.1% for every additional 
five years of exposure (Torquati et al., 2018). The susceptibility of the 
vascular system to circadian rhythm disruption was corroborated by a 
Swedish study showing that stroke- and cardiovascular-related mortal-
ity, but not general mortality due to all causes, was significantly 
increased among male shift workers as compared to day workers 
(Karlsson et al., 2005). Furthermore, nurses performing shift work for at 
least 5 years were distinguished by significant increases in risk of 
ischemic stroke relative to non-shift workers (Brown et al., 2009). 

Because shift work is associated with more prevalent risk factors for 
vascular disease, such as smoking, poor diet and lower socioeconomic 
status, these epidemiological studies provide limited opportunity to 
resolve the extent to which circadian rhythm dysregulation by shift 
work schedules differentially contributes to cardiovascular and stroke 
pathology. Recent studies with animal models have provided an 
important complement to epidemiological observations by using 
chronic shifts of the light-dark (LD) cycle to determine whether shift 
work-like modulation of circadian rhythms alone amplifies the extent of 
stroke-induced brain injury and functional impairment. In this regard, 
our recent study indicates that circadian rhythm dysregulation in 
response to chronic shifts (12hr advance/5d) of the LD cycle increases 
the severity of stroke outcomes in 5–7 month old rats (Earnest et al., 
2016). Similar to the key findings of the Swedish epidemiological study, 
exposure to these shifted LD cycles amplified sex differences in stroke 
impairments such that circadian rhythm dysregulation was accompa-
nied by high rates of post-stroke mortality in males, but not females. 
Relative to age demographics for shift work and stroke risk, our study 
was congruent with the chronology of the exposure to the shifted LD 
paradigm (i.e., young adult) but not the age for increased stroke sus-
ceptibility. According to the 2004 Work Schedules and Work at Home 
survey, the proportion of shift workers in full- and part-time jobs was the 
highest in individuals between 16 and 24 years of age and the lowest in 
people 55 and older. In comparison, stroke risk has the opposite relation 
with age; ischemic strokes are most likely to occur in middle age 
whereas stroke risk is low in young individuals (Kelly-Hayes, 2010). 
Therefore, the present experiments coupled the shifted LD paradigm 
with subsequent exposure to the standard fixed LD cycle to: 1) first 
examine the effects shifted LD cycles on circulating levels of the 
gut-derived inflammatory mediator lipopolysaccharide (LPS) and the 
inflammatory cytokine IL-17A; and 2) then determine the “after” or 
diathetic effects of these shift work-like schedules during early adult-
hood on the pathophysiology of ischemic strokes occurring later at 
middle age, when stroke risk is high and outcomes are more severe. 

2. Material and methods 

2.1. Animals 

Adult (5-month old) male (n = 28) and female (n = 36) Sprague 
Dawley rats were purchased from Harlan Laboratories. All animals were 
housed individually in cages equipped with running wheels to provide 
for continuous analysis of wheel-running activity. 

Experiments used a chronic light-dark (LD) cycle shift paradigm that 
has been shown to be effective in desynchronizing circadian rhythms 

and in inducing pathological changes in cardiovascular physiology 
(Penev et al., 1998). After baseline acclimation under standard LD 12:12 
conditions (lights-on at 0600hr) for about 2 weeks, animals (5-months 
old) were randomly divided into 2 groups (n = 13–18/treatment group) 
and exposed for 80 days to either this “fixed” LD 12:12 cycle or to a 
“shifted” LD 12:12 cycle (see Fig. 1). During exposure to the shifted LD 
paradigm, lights-on was advanced by 12hr every 5 days and these shifts 
in the LD cycle were repeated for 8 full cycles. At the conclusion of 
experimental LD cycle manipulations (“treatment period”), animals 
(8-months old) in both groups were exposed to the same standard LD 
12:12 schedule (lights-on at 0600hr) for 3 additional months (“post--
treatment period”) and then subjected to experimental ischemic stroke 
surgery (11-months old) at the same relative time during the circadian 
cycle (i.e., inactive phase; ≈ ZT 2–8). Saphenous blood was collected 
from all animals: 1) immediately before experimental LD cycle manip-
ulations, and 2) following the conclusion of the experimental LD treat-
ment interval (i.e., when both the fixed and shifted LD groups are on the 
same LD 12:12 schedule). Sensorimotor testing was performed 1d before 
as well as 2d and 5d after MCAo surgery at Zeitgeber Time (ZT) 5 (i.e., 
5hr after lights-on) to assess functional deficits. At 5d post-MCAo, brains 
were processed for histological analysis of infarct volume. All animal 
experiments were performed in accordance with the National Institutes 
of Health Guide for the Care and Use of Laboratory Animals. Animal 
procedures used in this study were conducted in compliance with Ani-
mal Use Protocol # 2020–0044 as reviewed and approved by the Insti-
tutional Animal Care and Use Committee at Texas A&M University. 

2.2. Analysis of wheel-running activity 

Wheel-running activity was continuously recorded, stored in 10-min 
bins, graphically depicted in actograms, and analyzed using ClockLab 
data collection and analysis software (ActiMetrics). Entrainment and 
qualitative parameters of the activity rhythm were measured over the 
same interval for all animals. The onset of activity for a given cycle was 
identified as the first bin during which an animal attained 10% of peak 
running-wheel revolutions (i.e., intensity). In addition, Chi-square 
periodogram analysis was used to determine the amplitude of the 
rhythm in wheel-running activity. 

2.3. Middle cerebral artery occlusion 

Animals were subjected to stereotaxic surgery to occlude the left 
middle cerebral artery using endothelin-1 (ET-1) as described previously 
(Selvamani and Sohrabji, 2010; 2010b). Briefly, animals were anes-
thetized (ketamine/xylazine) and placed in a stereotaxic apparatus 
(Kopf). A midline incision was made on the scalp and a craniotomy was 
performed on the left side with a small drill using the following co-
ordinates (relative to Bregma): +0.9 mm anteroposterior, +3.4 mm 
mediolateral, − 8.5 mm dorsoventral. Endothelin (ET)-1 (American 
Peptide Company Inc, CA; 2 μl of 0.5 μg/μl) was injected at a rate of 0.5 
μl per 30 s onto the middle cerebral artery. To minimize backflow, the 

Fig. 1. Experimental Design. At 5-months of age, male and female rats were 
exposed for ≈3 months to fixed or shifted (12hr advance/5d) LD 12:12 cycles. 
Following this treatment period, animals (8-months old) in both groups were 
exposed to the same standard LD 12:12 cycle for 3 additional months and then 
subjected to experimental ischemic stroke surgery (at ≈11 months of age). 
Blood was collected from all animals: immediately before and after experi-
mental LD cycle manipulations as indicated by the red arrows. (For interpre-
tation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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syringe was maintained in place for 4 min following ET-1 administra-
tion. Rats were maintained on heating pads during the procedure and 
then placed under heating lamps during recovery. Post-stroke survival 
was carefully recorded at 24h intervals. All surviving animals were 
sacrificed at day 5 post-MCAo. At termination, the brain was rapidly 
removed and processed for TTC (Triphenyl Tetrazolium Chloride) 
staining to assess infarct volume. 

2.4. Infarct volume 

Infarct volume measurements were performed on animals termi-
nated on day 5 post-stroke using previously described procedures (Sel-
vamani and Sohrabji, 2010). Briefly, brain sections (2 mm) between 
− 2.00 mm and +4.00 mm from Bregma were incubated in a 2% TTC 
solution at 37 ◦C for 20 min and then photographed using a Nikon E950 
digital camera attached to a dissecting microscope. Digitized images 
were coded and analyzed by an investigator blind to the code. Infarct 
volume was determined using the Quantity One software package 
(Bio-Rad CA) and expressed as a percentage of the volume of the 
contralateral (non-occluded) hemisphere. 

2.5. Behavioral assays 

Motor impairment following MCAo was assessed with the vibrissae- 
evoked forelimb placement task as well as the adhesive tape test, using 
procedures reported by Selvamani and Sohrabji (2010a) and Balden 
et al. (2012). The vibrissae-elicited forelimb placement test was used 
both before and after MCAo surgery. Animals were subjected to 
same-side and cross-midline placing trials elicited by stimulating the 
ipsi- and contra-lesional vibrissae. During the same-side forelimb 
placing trials, the animal was gently held such that all four limbs were 
free to move. The animal’s ipsi-lesional vibrissae were brushed against 
the edge of a table to elicit a forelimb placing response, which typically 
involved the forelimb ipsi-lateral to the stimulated vibrissae. Ten trials 
were performed before the same task was repeated for the 
contra-lesional vibrissae. In the cross-midline placing trials, the animal 
was held gently by the upper body such that the ipsi-lesional vibrissae lie 
perpendicular to the tabletop and the forelimb on that side is gently 
restrained as the vibrissae was brushed on the top of the table to evoke a 
response from the contralateral limb and vice versa. Between each trial, 
the animal was allowed to rest all four limbs briefly on the tabletop to 
help relax its muscles. Trials in which the animal seemed to struggle or 
make premature forelimb movements were not counted. Scoring during 
the trials was done by an experimenter blind to the animal’s treatment 
group and was based on a 4-point scale (0–3), with a score of 3 repre-
senting brisk forward and upward movement that ended in the paw pads 
making a flat, full contact with the tabletop. 

The adhesive tape test, which is commonly used in MCAo stroke 
models as a more sensitive indicator of sensorimotor deficits (Zhang 
et al., 2000), was also performed both before and after surgery. Two 
pieces of adhesive-backed foam tape (1 x ½”) were used as a tactile 
stimulus attached to the palmar surface of the paw of each forelimb. For 
each forelimb, the latency time to remove each stimulus (tape) from the 
forelimbs was recorded during three trials per day for each forepaw. 
Animals were allowed to rest for 1 min between sessions, and each test 
session had a maximum time limit of 120 s. 

2.6. ELISA assays 

Circulating levels of the gut-derived inflammatory mediator LPS and 
the proinflammatory cytokine IL-17A were determined using ELISA 
assays. Serum LPS levels were quantitatively measured using a double- 
sandwich ELISA method (MyBiosource, USA) and colorimetric detec-
tion system. Serum and standard samples (100μl/well) were assayed in 
duplicate. Assay sensitivity ranged from 15.6 to 1000 ng/ml. Plates were 
read at 450 nm in a plate reader (BioTek), and sample measurements 

were interpolated from the standard curve. 
As described previously (Bake et al., 2014), serum levels of the 

cytokine IL-17A were measured in blood samples from fixed and shifted 
LD animals using a multiplexed magnetic bead immunoassay (Milipore 
Corp. MA) and a Bio-Plex suspension array system (Bio-Rad Labora-
tories,CA) following manufacturer’s protocols. Cytokine levels were 
normalized to total protein content. 

2.7. Statistical analysis 

Quantitative measurements of daily wheel-running activity were 
analyzed by two-way ANOVA separately for each sex to evaluate LD 
treatment (fixed, shifted) and phase (treatment, post-treatment period) 
differences. A simple linear regression model was used to analyze in 
body weight gain during the LD treatment phase and group differences 
were assessed by comparing the slope. Kaplan-Meier survival plots were 
used to assess post-stroke mortality, and group differences were assessed 
by Log Rank Chi square test. Infarct volume and sensorimotor behavior 
were assessed further in all surviving subjects. For behavioral tests, a 
two-way ANOVA coded for repeated measure was used for each group, 
comparing values obtained pre- and post-stroke. For infarct volume 
analysis, an unpaired t-test was performed. In each case, group differ-
ences were considered significant at p < 0.05. 

3. Results 

3.1. Effect of shifted LD cycles on circadian rhythm of wheel-running 
activity 

Throughout baseline exposure to the standard LD 12:12 cycle, all 
animals exhibited stable entrainment of the circadian rhythm of wheel- 
running activity. During exposure to experimental lighting conditions, 
the activity rhythms of all male and female rats in the fixed LD group 
were stably entrained to the LD 12:12 cycle (Fig. 2, left panel) such that 
their daily onsets of activity consistently occurred around 5–20 min after 
lights-off (1800hr). In comparison, male and female rats exposed to 
shifted LD paradigm (Fig. 2, right panel) were marked by desynchron-
ized rhythms of wheel-running behavior in which the phase relationship 
between the onset of activity and lights-off varied greatly following each 
shift of the LD cycle. When exposed to the same LD 12:12 schedule 
(lights-on at 0600hr) during the post-treatment phase of the experiment, 
photoentrainment of the activity rhythm was maintained in fixed LD 
animals and was restored in the shifted LD group. The post-treatment 
pattern of entrainment remained virtually the same in fixed LD rats 
with most wheel-running activity occurring during the night but was 
altered in the shifted LD group such that activity was diffusely distrib-
uted throughout the day as well (Fig. 2). 

Further differences in circadian behavior between LD treatment 
groups were established by separately analyzing the amplitude of the 
activity rhythm and total daily wheel-running activity during the LD 
“treatment” (fixed, shifted) phase (30-102d), and the subsequent “post- 
treatment” phase (120-192d) of the study when both groups were 
exposed to the same fixed LD cycle. In both shifted LD males and fe-
males, the amplitude of the activity rhythm during the treatment phase 
was significantly (p < 0.05) decreased in comparison with fixed LD 
animals of the same sex (Fig. 3A). During the post-treatment phase, the 
amplitude of the activity rhythm increased in both the fixed and shifted 
LD groups relative to treatment phase values. Despite these post- 
treatment increases in the amplitude of the activity rhythm, the effect 
of shifted LD cycles persisted into middle age such that rhythm ampli-
tude in shifted LD males and females was significantly (p < 0.05) 
decreased by 22–35% in comparison with fixed LD animals of the same 
sex. In contrast to its effects on the entrainment and amplitude of the 
activity rhythm, exposure to shifted LD cycles had no significant effect 
on the total amount of daily wheel-running behavior during either the 
treatment or post-treatment phases relative to that observed in fixed LD 
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Fig. 2. Circadian patterns of wheel-running 
behavior in adult female and male rats exposed 
to fixed or shifted LD cycles. Representative records 
of wheel-running activity in adult male (top panel) 
and female (bottom panel) rats that were maintained 
in a fixed LD 12:12 cycle (left) or exposed to a shifted 
(12hr/5d) LD 12:12 cycle (right). Actograms are 
plotted over a 24-h period. The open and closed bars 
at the top respectively signify the timing of the light 
and dark phase in the fixed and shifted LD 12:12 
cycles. Arrows on the right denote the interval when 
exposure to the shifted LD cycles was initiated 
(“treatment” phase) and when shifted LD animals 
were returned to the same regular LD 12:12 schedule 
as the fixed LD group (post-treatment phase).   

Fig. 3. Effects of experimental LD cycles on circadian entrainment and other properties of the rhythm in wheel-running activity. (A) Rhythm amplitude and 
(B) total daily wheel-running activity (wheel revolutions/24hr) of adult male (top) and female (bottom) rats: during LD “treatment” (fixed, shifted) phase (TX; day 
30–102), and the subsequent post-treatment phase (Post-TX; day 120–192) when both groups were exposed to the same fixed LD cycle. (C) Daytime activity (light 
counts/day) in male (top) and female (bottom) rats following exposure to fixed or shifted LD cycles (Post-TX; day 120–192). Bars depict mean values (+SEM). 
Asterisks indicate significant differences (p < 0.05) between the fixed and shifted LD groups in the amplitude of the rhythm in wheel-running activity. 
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controls over the same intervals (Fig. 3B). Similar to the sex differences 
reported previously in our and other published studies (Schull et al., 
1989; Hagenauer et al., 2011; Earnest et al., 2016), daily activity levels 
(wheel revolutions/24hr) during and after LD cycle manipulations were 
10-fold greater in female subjects than in their male counterparts within 
each treatment group. Consistent with the general patterns of circadian 
entrainment observed when both groups were maintained on same fixed 
LD cycle, further analysis during the post-treatment phase revealed that 
daytime activity in shifted LD males and females was significantly (p <
0.05) increased relative to fixed LD animals of the same sex (Fig. 3C). 

3.2. Effect of shifted LD cycles on body weight and inflammatory 
mediators 

In both females and males, no significant differences were evident in 
the body weights of fixed and shifted LD rats at the onset of experimental 
lighting conditions (Fig. 4). During LD cycle manipulations, rats in both 
groups exhibited progressive increases in body weight. In males, there 
were no significant differences in body weight gain between the fixed 
and shifted LD groups over time, as determined by the slope in a simple 
regression model (fixed males: 2.37; shifted males: 3.58, p = 0.6). 
However, weight gain in females was significantly greater in fixed LD 
rats than in shifted LD controls (slope: fixed females: 4.09; shifted fe-
males: 1.98; p = 0.03). 

Because circadian rhythm dysregulation promotes a persistent 
proinflammatory condition (Xu et al., 2014; Kim et al., 2018) and 

inflammation contributes to the extent of brain injury and functional 
deficits in ischemic stroke, we next examined the effects of the shifted LD 
paradigm on the cytokine IL-17A and endotoxin LPS, which act syner-
gistically to amplify the proinflammatory signaling cascade and activate 
immune cells (Waisman et al., 2015; Kawanokuchi et al., 2008) and 
contribute to the severity of ischemic stroke outcomes (Park et al., 2020; 
El-Hakim et al., 2021). Serum levels of IL-17A (Fig. 5A) and LPS (Fig. 5B) 
were analyzed at baseline (pre-treatment) and immediately after expo-
sure to experimental lighting conditions (post-treatment). In males, 
circulating levels of IL-17A were elevated in both fixed and shifted LD 
rats over time compared to their respective baseline values (F(1, 

16):8.919; p = 0.0087) (Fig. 5A). However, planned post-hoc compari-
sons revealed that post-treatment IL-17A levels were significantly 
elevated by 2.3-fold in the shifted group (p = 0.0447) relative to base-
line values but were not significantly different from basal IL-17A levels 
in fixed LD rats (p = 0.8345). In females, a similar effect was observed in 
which IL-17A levels were elevated in both groups after exposure to 
experimental LD cycles (fixed or shifted) (F(1,16):29.81; p = 0.0001), and 
post-treatment levels of this proinflammatory cytokine were signifi-
cantly increased by 2.8-fold over baseline in shifted LD group (p =
0.0007), but not in fixed LD females. 

With regard to circulating levels of endotoxin LPS, the patterns 
observed in response to experimental lighting conditions were similar to 
that of IL-17A (Fig. 5B). Consistent with previous evidence for sex dif-
ferences in serum levels of these inflammatory mediators (El-Hakim 
et al., 2021), both IL-17A and LPS were considerably higher in males, 
irrespective of treatment (fixed, shifted) and timing (pre-vs 
post-treatment). In males, post-treatment LPS levels were elevated over 
time in both treatment groups (F(1,36): 11.08; p = 0.0020). Furthermore, 
planned post-hoc comparisons indicated that after experimental LD 
treatments LPS was significantly elevated in the shifted LD group rela-
tive to its baseline (p = 0.0044) but showed no significant differences in 
the fixed group when compared to basal levels (p = 0.6601). In females, 
a significant interaction effect was observed (F(1,22):17.55; p = 0.0004) 
between the pre- and post-treatment values, and planned comparisons 
indicate that LPS was significantly elevated in the shifted LD group (p =
0.0044), but not in the fixed group (p = 0.2595). Collectively, these data 
suggest that shifted LD cycles may promote a basal inflammatory state, 
which is a notable risk factor for cardiovascular disease. 

3.3. Effect of shifted LD cycles on ischemic stroke outcomes 

The effects of circadian rhythm dysregulation were manifested in 
stroke-induced pathological outcomes that, in turn, were marked by sex 
differences. Kaplan-Meier survival plots indicate that while post-stroke 
mortality and survival time were similar in fixed LD males and fe-
males, the rate of mortality was significantly higher in females as 
compared to males in the shifted LD group (Fig. 6A). Among male 
subjects, the incidence of mortality in response to MCAo-induced stroke 
was lower, ranging from 12.5% in the fixed LD rats to 8.3% in the shifted 
LD group with all mortalities collectively occurring on day 1 after sur-
gery in both treatment groups. In comparison with males, post-stroke 
mortality was much higher among females, with the greatest inci-
dence (46.7%) in the shifted LD group. 

Subsequent analysis of the extent of infarct volume and functional 
impairment in surviving subjects revealed sex differences in the impact 
of circadian rhythm dysregulation on ischemic stroke outcomes. Based 
on quantitative analysis of TTC staining in brain sections, cortical and 
striatal infarction was observed in all surviving animals in both LD 
treatment groups, ranging in volume from 25 to 30% when normalized 
to the contralateral, non-occluded hemisphere. At 5 days after ET-1- 
induced MCAo, exposure to shifted LD cycles had no significant effect 
on stroke volume in females or males relative to that found in fixed LD 
controls (Fig. 6B).No significant differences in infarct volume were 
observed between male and female rats in either the fixed or shifted LD 
groups. 

Fig. 4. Effects of experimental LD cycles on body weight. Graphs depict 
weekly determinations (mean ± SEM) of body weight in adult male (top) and 
female (bottom) rats during exposure to fixed ( ) or shifted ( ) LD 12:12 
cycles and immediately prior to ET-1-induced MCAo surgery. Simple linear 
regression analysis of LD treatment group differences indicates weight gain was 
significantly greater in fixed, than in shifted, LD females (*p = 0.03). 
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Functional deficits associated with MCAo-induced infarction were 
first assessed using the vibrissae-evoked paw placement task. Forelimb 
placement in response to vibrissae stimulation was completely accurate 
in all animals prior to stroke (Fig. 7A). Following MCAo, performance on 
this sensorimotor task was unchanged with the ipsi-lesional paw as ex-
pected (data not shown) in both males and females. On the contra- 
lesional paw, post-stroke functional deficits were evident such that 
forelimb placement at 2d after stroke was significantly impaired (p <
0.05) in all animals relative to pre-stroke performance in males (main 
effect of time (F(2,31):9.901; p = 0.0005) and females (F(2,32): 6.103 p =
0.0057), and the extent of the contra-lesional impairment on this task 
was comparable in both fixed LD and shifted LD groups. However, this 
impairment of sensorimotor function was temporary as males and fe-
males of both treatment groups showed no significant differences in 
contra-lesional forelimb placement at 5d after stroke relative to pre- 
stroke (-1d) values. 

Analysis of sensorimotor deficits using the adhesive tape test 
revealed treatment group differences in females but not males (Fig. 7B). 
In males, MCAo-induced functional impairment was clearly apparent in 
fixed and shifted LD animals, such that latency to tape removal was 
significantly longer at both 2d and 5d after stroke (main effect of stroke: 
F(2,31): 50.81; p = 0.0001). However, there were no significant differ-
ences in the extent of impairment between the fixed and shifted LD 
groups. Similarly in females, stroke significantly affected latency of tape 

removal (main effect of stroke: F(2,34): 55.55; p = 0.0001), but the extent 
of impairment after stroke differed between the fixed and shifted LD 
groups (interaction effect F(2,34): 4.181; p = 0.0238). In the fixed LD 
group, the latency for tape removal was elevated at 2d post-stroke but 
was not different from pre-stroke (-1d) values at 5d whereas in shifted 
LD rats, there was a significant increase in latency at both 2d and 5d 
after stroke. 

4. Discussion 

Epidemiological studies have implicated circadian rhythm dysregu-
lation, due to shift work, as a risk factor for cardiovascular disease and 
stroke (Karlsson et al., 2005; Torquati et al., 2018; Rosa et al., 2019). 
However, evidence from these studies provides inadequate opportunity 
to uncouple the impact of altered circadian rhythms, per se, from other 
life-style variables associated with shift work that also pose significant 
risk for these vascular diseases. The advantage of this preclinical study is 
that the impact of circadian rhythm dysregulation by shift work-like 
paradigms alone can be precisely isolated. Here we report that chronic 
shifts of the LD cycle induce persistent alterations in circadian rhyth-
micity that are accompanied by elevated levels of the inflammatory 
mediators, Il-17A and LPS. Even after intervening entrainment to a 
stable LD cycle for 3 months, MCAo-induced functional impairments 
were exacerbated in animals in the shifted LD group. 

Fig. 5. Shifted LD cycles alter circulating levels of the inflammatory cytokine IL-17A and lipopolysaccharide (LPS). Serum levels (pg/ml) of IL-17A (A) and 
LPS (B) in male (left) and female (right) rats exposed to fixed or shifted LD cycles. Histograms depict mean IL-17A and LPS levels (+SEM) in saphenous blood 
collected immediately before (PRE) and after (POST) experimental LD cycle manipulations. *, p < 0.05; **, p < 0.01. 
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Age demographics on shift workers and stroke risk are important 
considerations in further development of animal models to study the link 
between shift work-induced circadian rhythm dysregulation and 
ischemic stroke outcomes. In our previous study (Earnest et al., 2016), 
the pathological effects of MCAo-induced stroke immediately after 

exposure to shifted LD cycles were exacerbated in young adult rats (i.e., 
5–7mo) at a human age equivalent of when the highest proportion of 
shift workers in full- and part-time jobs (i.e., 22.3–34.6% at 16–24 years 
of age) in the 2004 Work Schedules and Work at Home survey but when 
stroke risk is low. Importantly, the present findings indicate that the 

Fig. 6. Effects of experimental LD cycles on MCAo-induced mortality and infarct size. (A) Kaplan-Meier survival plots following MCAo-induced stroke in adult 
(female left panel) and male (right panel) rats exposed to fixed or shifted LD 12:12 cycles. The individual plots depict the conditional probability of survival over post- 
surgery days 0–5. Asterisk indicates the rate of mortality was significantly (p < 0.05) increased in females relative to that found in males in the shifted LD group. (B) 
Representative TTC-stained sections (top) illustrating MCAo-induced cortical and striatal infarcts (pale, unstained) in the left hemisphere of adult male (left) and 
female (right) rats exposed to fixed (n = 18) or shifted (n = 18) LD 12:12 cycles. The approximate borders of infarcted tissue are indicated by the dotted black outline 
on each section. Bar graphs (top) depict infarct volumes (cortex and striatum) normalized to the contralateral hemisphere. 

Fig. 7. MCAo-induced impairment of sensori-
motor performance in adult female and male rats 
exposed to fixed or shifted LD cycles. Sensorimotor 
performance was examined 1 day before (PRE) and at 
2 days (2d) and 5 days (5d) after MCAo surgery using 
the (A) vibrissae evoked forelimb placement task 
(VIB) and (B) adhesive tape test (ART) in male (left) 
and female (right) rats exposed to fixed or shifted LD 
cycles. Histograms depict average values (+SEM) for 
percent correct responses for the ipsi-lesional (IPSI) 
and contra-lesional (CONTRA) paw before and after 
stroke (A) and for latency in seconds to remove tape 
from the forepaw (B). *, p < 0.05 (PRE vs 2d; PRE vs 
5d).   
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effects of early exposure to shifted LD cycles persist during aging and 
exacerbate functional impairments in response to ischemic strokes that 
occur later in life (i.e., middle age). Even after intervening exposure to a 
stable LD cycle, circadian desynchronization during early adulthood 
both increased the rate of post-stroke mortality and decreased recovery 
from stroke-induced sensorimotor deficits in shifted LD females. Thus, 
current evidence for the diathetic effects of exposure to shifted LD cycles 
during early adulthood on the pathological outcomes of ischemic strokes 
during middle age is compatible with epidemiological observations on 
the implications of shift work-related circadian dysregulation in cere-
brovascular disease (Karlsson et al., 2005; Brown et al., 2009). 

This study also offers insight into how the persistent or diathetic 
effects of circadian dysregulation following exposure to shifted LD cy-
cles differ from its acute impact. Our previous work (Earnest et al., 
2016), where stroke was induced in young adults immediately after 
experimental LD cycle treatments, resulted in extremely high rates of 
mortality (70%) in shifted LD males but not females. However, the 
present study, where stroke occurred in middle-aged animals after 
intervening exposure to a stable LD cycle for 3 months, yielded con-
trasting results in which male mortality was low in both treatment 
groups and not significantly different. Instead, there was a remarkable 
reversal of outcomes such that among shifted LD animals, mortality in 
females was significantly increased in comparison to males, suggesting 
that circadian dysregulation during early adulthood may affect 
aging-associated resiliency in females. Moreover, the collective results 
of these studies demonstrate how circadian dysregulation interacts with 
other nonmodifiable risk factors to differentially exacerbate stroke 
outcomes in males during early adulthood and in females at middle age. 

Despite the lack of treatment effects on stroke volume among both 
male and female stroke survivors, it is noteworthy that exposure to 
shifted LD cycles during early adulthood still had an impact on MCAo- 
induced impairment of sensorimotor function, especially in females. 
This uncoupling between infarct volume and the extent of sensory motor 
impairment has been similarly noted in other studies, indicating that 
correlations between sensory motor performance and the extent of 
infarction are high in the early acute phase (i.e., 24h post MCAo) (Rogers 
et al., 1997; Wen et al., 2017) but are lost in the late acute phase (7 days 
post MCAo) (Hunter et al., 2000). Age, which significantly impacts brain 
infarction and behavioral deficits, is another variable where studies 
using aged rats indicate that these two outcomes may be poorly corre-
lated (Turner et al., 2016). The observed increase in sensorimotor 
impairment in shifted LD females is consistent with our previous work 
indicating that the resilience of young females in response to 
MCAo-induced stroke is lost at middle-age (Selvamani and Sohrabji, 
2010). Intriguingly, fixed LD females show recovery on the adhesive 
removal test at 5d post stroke whereas the shifted LD group does not, 
suggesting that even among survivors, there is stroke-associated 
impairment. A critical future direction for this research is to follow 
the long-term recovery in response to the effects of shift work schedules 
on stroke, especially in view of the evidence that stroke is a leading risk 
factor for depression and dementia (Liebetrau et al., 2008; Pinkston 
et al., 2009; Makin et al., 2013). 

In summary, the present study underscores the idea that shift work, 
independent of other lifestyle conditions such as diet, should be 
considered a risk factor that contributes to the overall severity of 
ischemic strokes occurring later in life. The two measures selected for 
analysis, circulating levels of IL-17A and endotoxin LPS, are both asso-
ciated with chronic disease including obesity, hypertension and CNS 
inflammation (Harley et al., 2014; Waisman et al., 2015). While not an 
exhaustive list, it is worth noting that these inflammatory mediators are 
significantly elevated in the immediate aftermath of exposure to shifted 
LD cycles, in both males and females. LPS can be derived orally through 
certain foods or through microbial sources, namely gram-negative bac-
teria, that colonize the respiratory, urinary, and GI tracts as well as the 
mouth Colpin et al. (1981)]. The gut also houses a number of T cells, 
many subtypes of which produce IL-17A (Dubin and Kolls, 2008; Ogura 

et al., 2008). Therefore, we propose that circadian dysregulation asso-
ciated with the shifted LD cycles itself may alter gut function, either 
through the expansion of IL-17A-producing T cells, or increased 
permeability of the gut epithelium and in turn, elevated LPS secretion, 
cooperatively resulting in a basal proinflammatory state. In future 
studies, it will thus be necessary to explore the potential role of gut 
pathophysiology in the mechanisms by which shift work-induced 
circadian dysregulation affects stroke severity and interacts with other 
nonmodifiable risk factors to modulate ischemic stroke outcomes. 
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