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Abstract

Behavioral assessments in rats are overwhelmingly conducted during the day, albeit that is when
they are least active. This incongruity may preclude optimal performance. Hence, the goal of this
study was to determine if differences in neurobehavior exist in traumatic brain injured (TBI) rats
when assessed during the day vs. night. The hypothesis was that the night group would perform
better than the day group on all behavioral tasks. Anesthetized adult male rats received either a
cortical impact or sham injury and then were randomly assigned to either Day (1:00 — 3:00 p.m.)
or Night (7:30 — 9:30 p.m.) testing. Motor function (beam-balance/walk) was conducted on
postoperative days 1-5 and cognitive performance (spatial learning) was assessed on days 14-18.
Corticosterone (CORT) levels were quantified at 24 hr and 21 days after TBI. No significant
differences were revealed between the TBI rats tested during the Day vs. Night for motor or
cognition (ps < 0.05). CORT levels were higher in the Night-tested TBI and sham groups at 24 hr
(p < 0.05), but returned to baseline and were no longer different by day 21 (p> 0.05), suggesting
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an initial, but transient, stress response that did not affect neurobehavioral outcome. These data
suggest that the time rats are tested has no noticeable impact on their performance, which does not
support the hypothesis. The finding validates the interpretations from numerous studies conducted
when rats were tested during the day vs. their natural active period.
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beam-walk; controlled cortical impact; CORT; functional recovery; learning and memory; Morris
water maze; traumatic brain injury

1. Introduction

Traumatic brain injury (TBI) affects two million people in the United States each year and
several million more worldwide [1]. Survivors of TBI are often left with long-term motor
and cognitive disabilities [2] and unfortunately limited treatment options. Therefore,
evaluating therapeutic strategies in the laboratory that may translate to the clinic is of utmost
importance. To this end, numerous studies have been conducted assessing various forms of
therapeutic interventions [3-5]. Nevertheless, while some preclinical studies are positive, the
lack of translational success indicates that something is amiss between the bench-and-
bedside [6,7]. Several explanations exist, such as heterogeneity of the injury in the clinic vs.
homogeneity in the laboratory, differences in therapeutic dosing regimens, and timing of
drug administration. However, another important, and often overlooked, methodological
issue is timing of behavioral manipulations. Specifically, when during the circadian cycle are
the subjects tested?

In preclinical TBI studies, rats are the overwhelming animal model used to assess the
efficacy of various therapies. However, rats are nocturnal and therefore may be more
engaged in the tasks at hand (i.e., behavioral assessments) when evaluated during their
natural activity state. Moreover, most of the experimental manipulations are conducted
during the day when the research laboratories, but not the rats, are most active, which
suggests that the traditional experimental paradigm may not be ideal. Hence, the primary
goal of this study was to investigate the relationship between circadian phase and
neurobehavioral performance after TBI. The hypothesis was that the night group would
perform better than the day group in all behavioral tasks. The secondary goal was to
determine whether stress, as determined by increased corticosterone (CORT) levels might
mitigate behavioral differences. The rationale is based on the hypothalamic-pituitary-adrenal
(HPA) axis displaying a characteristic circadian pattern of corticosterone release, with lower
levels at the beginning of the light phase and higher levels at the onset of the active dark
phase. Rodents display a differential HPA axis response after behavioral testing depending
of the circadian phase [8]. Changes in CORT levels modify the sensibility to stress [9], affect
performance in behavioral tasks [10], and could influence the susceptibility to TBI. It has
been proposed that TBI increases HPA axis reactivity during the post-injury period [11] and
causes a blunted response on the chronic phase [12]. However, this evidence is still
controversial, as corticosteroid insufficiency has also been observed after TBI [13].
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Moreover, light exposure during testing could act as a potent zeitgeber altering the circadian
HPA axis response.

The findings will yield important insight regarding whether the behavioral evaluations
currently being conducted during the light phase are appropriate or if researchers need to be
more cognizant regarding circadian rhythms.

2. Materials and methods

2.1. Subjects

2.2. Surgery

Fifty-three adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 300-325 ¢
on the day of surgery were paired housed in ventilated polycarbonate rat cages and
maintained in a temperature (21 + 1°C) and light (on 7:00 a.m. to 7:00 p.m.) controlled
environment with food and water available ad /ibitum. After one week of acclimatization all
rats underwent a single day of beam-walk training, which consisted of 3-5 successive
approximation trials to traverse the beam. Following training the rats were randomly
assigned to TBI + Day testing (n=14), TBI + Night testing (n=14), Sham + Day testing
(n=5), and Sham + Night testing (n=5) groups that underwent all behavioral assessments and
were sacrificed at 3 weeks to quantify corticosterone (CORT) levels. Groups assigned to day
testing were assessed from 1:00 — 3:00 p.m., while those assigned to testing after the lights
went out were evaluated from 7:30 — 9:30 p.m. An additional 20 rats were assigned to the
same group conditions (n=5 each), but were sacrificed for acute CORT assessment at 24-hr
(Day testing) or 30.5-hr (Night testing), which was immediately after motor behavior. All
experimental procedures were approved by the Institutional Animal Care and Use
Committee at the University of Pittsburgh. Every attempt was made to limit the number of
rats used and to minimize suffering.

TBI was produced during the light phase (1:00 p.m. to 3:00 p.m.), for all groups, as
previously described [14,15]. Briefly, following surgical anesthesia with 4% isoflurane, a
controlled cortical impact (CCl) injury of moderate severity (2.8 mm tissue deformation at 4
m/sec) was produced. Immediately after the CCI, anesthesia was discontinued and the
incision was promptly sutured. The rats were subsequently extubated and assessed for acute
neurological outcome. Sham rats underwent similar surgical procedures, but were not
subjected to the impact.

2.3. Acute neurological evaluation

Hind limb reflexive ability was assessed immediately after the cessation of anesthesia by
gently squeezing the rats” hind paw every 5 sec and recording the time to elicit a withdrawal
response. Return of the righting reflex was determined by the time required to turn from the
supine to prone position three consecutive times.

2.4. Motor performance

Established beam-balance and beam-walk tasks were used to assess motor function. Briefly,
the beam-balance task consists of placing the rat on an elevated and narrow beam (1.5 cm
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wide) and recording the time it remains on for a maximum of 60 sec. The beam-walk task,
modified from that originally devised by Feeney and colleagues [16], consists of training/
assessing rats using a negative-reinforcement paradigm to escape a bright light and white
noise by traversing an elevated narrow beam (2.5 x 100 cm) and entering a darkened goal
box. Performance was assessed by recording the elapsed time to traverse the beam. Rats
were tested for beam-balance and beam-walk performance prior to surgery to establish a
baseline measure and again on post-operative days 1-5 (except the groups sacrificed at 24-hr
who only received testing on day 1). Testing consisted of three trials (60 sec allotted time
with an inter-trial interval of 30 sec) per day on each task. If a rat was unable to traverse the
beam the maximum time of 60 sec was recorded. The average daily scores for each rat were
used in the statistical analyses.

2.5. Cognitive function: acquisition of spatial learning

A Morris water maze (MWM) task that is sensitive to cognitive function after TBI was
utilized [14,15,17]. The pool (180 cm diameter; 60 cm high) was filled with tap water (26

+ 1°C) to a depth of 28 cm and was situated in a room with salient visual cues. The platform,
a clear Plexiglas stand (10 cm diameter, 26 cm high), was positioned 26 cm from the maze
wall in the southwest quadrant and held constant for each rat. Spatial learning began on post-
operative day 14 and consisted of providing a block of four daily trials (4-min inter-trial
interval) for five consecutive days (14-18) to locate the submerged platform (i.e., invisible to
the rat). On day 19 the platform was raised 2 cm above the water surface (i.e., visible to the
rat) as a control procedure to determine the contributions of non-spatial factors on cognitive
performance. For each daily block of trials, the rats were placed in the pool facing the wall
at each of the four possible start locations in a randomized manner. Each trial lasted until the
rat climbed onto the platform or until 120 sec had elapsed, whichever occurred first. Rats
that failed to locate the platform within the allotted time were manually guided to it. Once
on the platform the rats remained on it for 30 sec before being placed in a heated incubator
between trials. The times of the 4 daily trials for each rat were averaged and used in the
statistical analyses.

2.6. Cognitive function: probe trial (memory retention)

One day after the final acquisition training session (i.e., day 19), all rats were given a single
probe trial to measure retention. Briefly, the platform was removed and the rats explored the
pool for 30 sec. The percent time spent in the target quadrant was used in the statistical
analysis. The data were obtained using ANY-maze video tracking software.

2.7. Corticosterone (CORT) levels

CORT levels were quantified with a commercially available ELISA kit (R&D Systems,
Parameter ™, Minneapolis, MN, USA, Cat# KGE009). Serum samples were obtained from
trunk blood at 24 hr for the Day tested groups and approximately 30.5 — 32.5 hr for the
Night tested rats and again at 21 days after TBI or sham injury for both groups (during the
day or night paralleling the behavioral schedule). Briefly, anesthetized rats underwent a
thoracotomy and ~5 mL of blood was taken via the heart, then allowed to clot in BD
(Franklin Lakes, NJ, USA) red top collection vacutainers, and subsequently spun at 4000 g
for 10 min. Serum was collected, aliquoted, and stored at —80°C until use. Assay procedures
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followed the manufacturer’s instructions. Optical densities were obtained at an absorbance
wavelength of 450 nm with a plate correction of 570 nm. A 4-parameter logarithmic curve
for standards was established and the results were calculated based on these plate standards.
All samples were run in duplicate.

2.8. Data analyses

3. Results

Statistical analyses were performed using StatView 5.0.1 (Abacus Concepts, Inc., Berkeley,
CA) by a researcher blinded to group conditions. Only after the analyses were concluded
and the code was broken did the statistician know the correct order of the groups. The motor
and cognitive data were analyzed by repeated-measures analysis of variance (ANOVA). The
acute neurological assessment, probe trial, visible platform, swim speed, and CORT levels
were analyzed by one-factor ANOVAs. When the ANOVA showed a significant effect, the
Newman-Keuls post-hoc test was utilized to determine specific group differences. The
results are expressed as the mean = standard error of the mean (S.E.M.) and are considered
significant when p values were < 0.05.

3.1. Acute neurological evaluation

No significant differences were observed among the TBI groups for return of hind limb
reflex ability after a brief paw pinch (right TBI Day = 140.6 + 5.3 sec and right TBI Night =
146.3 £ 4.2 sec; left TBI Day = 145.3 £ 5.3 and left TBI Night = 151.0 + 4.2 sec) or righting
reflex latency (TBI Day = 352.7 + 16.5 sec and TBI Night = 368.5 + 11.5 sec) following the
cessation of anesthesia [p’s > 0.05]. As expected, the sham controls had significantly shorter
hind limb reflexes (right TBI Day = 13.2 + 0.6 sec and right TBI Night = 14.6 + 1.6 sec; left
TBI Day = 17.2 + 1.0 and left TBI Night = 19.0 + 1.7 sec) and righting reflex latency (TBI
Day = 109.8 + 6.0 sec and TBI Night = 120.8 + 4.1 sec).

3.2. Motor performance: beam-balance and beam-walk

No baseline differences were observed among the groups as all rats balanced on the beam
for the full 60 sec (Fig. 1A). For the post-surgical data, the repeated-measures ANOVA
revealed significant Group [F3 34 = 8.559, p = 0.0002] and Day [Fs 170 = 10.476, p < 0.0001]
differences, as well as a significant Group x Day interaction [F15 170 = 4.14, p < 0.0001].
The post-hoc analysis revealed that the Sham controls, which were able to balance for the
full 60 sec were significantly better than both TBI groups [p < 0.05], regardless of when
tested, and did not differ from one another [p > 0.05]. Additionally, no difference was
revealed between the TBI Day and TBI Night groups [p > 0.05]. Regarding the beam-walk
data, no significant differences were observed among any of the groups in the time to
traverse the beam prior to surgery (Fig. 1B). However, after surgery, the repeated-measures
ANOVA revealed significant Group [F3 34 = 28.236, p < 0.0001] and Day [Fs 170 = 32.389, p
< 0.0001] differences, as well as a significant Group x Day interaction [F15 170 = 10.652, p<
0.0001]. Like the beam-balance findings, the post-hoc analysis revealed that the Sham
controls were significantly better than both TBI groups [p < 0.05], and did not differ from
one another [p> 0.05]. No difference was revealed between the TBI Day and TBI Night
groups [p> 0.05].
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3.3. Cognitive function: acquisition of spatial learning and probe trial (memory retention)

Analysis of the spatial learning data revealed significant Group [F3 34 = 21.501, p < 0.0001]
and Day [F4 136 = 16.616, p < 0.0001] differences. The post-hoc analysis revealed that the
Sham groups did not differ from one another [p > 0.05] and were significantly better at
learning the location of the escape platform relative to both the TBI Day and TBI Night
groups [p < 0.05]. No difference was revealed between the TBI Day and TBI Night groups
[p> 0.05; Fig. 2A]. Analysis of the probe trial (i.e., memory retention) data revealed a
significant Group effect [F3 34 = 9.698, p < 0.0001]. The post-hoc revealed that the Sham
Day and Sham Night groups spent a greater percentage of the allotted time in the target
quadrant (41.3 £ 1.9 % and 38.7 = 2.1 %, respectively) relative to the TBI Day and TBI
Night groups (26.9 = 2.0 % and 27.8 + 1.6 %, respectively) [¢’s < 0.05]. No difference was
revealed between the TBI Day and TBI Night groups [p > 0.05; Fig. 2B]. Lastly, no
significant differences in swim speed (range = 28.8 + 2.1 cm/sec to 36.2 + 3.3 cm/sec) were
observed among the TBI or Sham groups [p > 0.05], but there was a difference in the time to
reach the visible platform, with both Sham groups locating the platform quicker than the
TBI groups [p < 0.05; Fig. 2A].

3.4. Corticosterone (CORT) levels

Analysis of the CORT data showed a significant Group [F7 29 = 4.812, p= 0.0011]
difference. The post-hoc analysis revealed that the TBI Night and Sham Night groups
exhibited higher CORT levels 24-hr after surgery relative to the Sham Day group at 24-hr [p
< 0.05]. Additionally, the TBI Night group differed from the TBI Day group at 24-hr [p <
0.05]. No differences were observed among any of the groups at 21 days [p > 0.05; Fig. 3].

4. Discussion

The present study was designed to test the hypothesis that rats sustaining a TBI would
recover motor and cognitive function better when tested during the night versus the day. The
basis for the rationale is that rats are nocturnal, and therefore should be more active and alert
during the dark phase, which would lead to optimal performance via focused symptom
relevant experience. In contrast, albeit awake, rats that are tested during the day would
presumably be less alert and would not perform to their full ability.

No significant differences were revealed between the TBI groups regardless of whether
tested during the day or during the night in any of the behavioral assessments. Beam-balance
performance was fully recovered in both groups by the last day of testing, whereas beam-
walking ability was still significantly, and equally, impaired in both TBI groups relative to
the sham controls at the end of the five days of testing. There was also no difference in the
acquisition of spatial learning, assessed in a MWM task, between the two TBI groups as
they performed almost identically to one another and both were significantly impaired
relative to the sham controls, which were also not impacted by the time of testing as both
performed similarly.

These behavioral findings do not support the hypothesis, and indeed contrast with studies in
non-TBI rats reporting better MWM performance during night testing [18,19]. However, the
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effects of circadian rhythms on MWM outcomes are not clear as some studies suggest that
day and night differences in cognitive outcome may be dependent on the complexity of the
task with less complex tests failing to show differences [20] while more complex tasks, such
as the evaluation of working memory, do show differences [20,21]. Additionally, others
report strain dependent effects [22]. One possible explanation regarding the lack of
behavioral differences between groups tested during the day or night is that TBI disrupted
circadian rhythms. Indeed, studies in both rodents and humans have shown such disruptions
[23,24]. Disrupting circadian rhythms may manifest in the lack of day-night continuity,
which in turn does not impact behavioral outcome. Nonetheless, that the uninjured sham
controls did not differ from one another in any behavioral task whether tested during the day
or night suggests that a TBI-induced disruption of circadian rhythms does not fully account
for the findings.

Behavioral testing was not affected by changes in CORT levels after TBI. Twenty-four hours
after surgery, we observed an increase in CORT levels in response to behavioral testing only
during the night in both TBI and sham rats. Light, noise, and exposure to the elevated beam
are mildly aversive stimuli that could elicit the activation of the HPA axis during the first
days of testing; however, both day and night tested rats showed similar CORT levels 21 days
after surgery, suggesting that they habituate to handling regardless of the injury. Studies of
HPA axis reactivity after TBI are conflicting. While some groups report that the stress
response is heightened during the sub-acute post-injury period [11] and blunted in the
chronic phase [12], other groups observe a critical illness-related corticosteroid insufficiency
during the first week after TBI [13]. However, these effects are dependent on injury severity
[25]. Here, CORT levels after testing did not differ between TBI and sham groups, thus
indicating that increased CORT observed during the night could be related to behavioral
manipulations rather than TBI-induced stress hyperactivity. In agreement with this, it has
been observed that one day post-injury, plasma CORT levels were comparable in sham and
injured animals after a mild stressor [26]. Moreover, forced, but not voluntary, exercise
continuously elevated nocturnal CORT levels in both fluid percussion injured and sham
control rats during the first week after injury [27]. Additionally, recent studies suggest that
TBI has no effect on basal or foot shock induced CORT levels 34 days after injury [28], thus
suggesting a differential CORT stress response conditional on the nature and time of day of
the stimulus. Lastly, the decrease in CORT at 21 days may be due to handling over the two
weeks of behavioral manipulations [29].

5. Conclusion

In summary, the results suggest that the neurobehavioral and cognitive assays evaluated in
this study after TBI do not appear to be circadian-phase dependent as there were no
differences in outcomes between rats when tested either during the day or the night, despite
similar injury severities. Additionally, while CORT levels were higher in the TBI and sham
groups tested at night 24 hr after surgery, they returned to baseline and were no longer
different by day 21, which suggests an initial, but transient, stress response that did not
affect neurobehavioral outcome. Hence, these data suggest that the time rats are tested has
no measurable impact on their performance, which does not support the hypothesis. The
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finding validates the interpretations from numerous studies conducted when rats were tested
during the day vs. their natural active period.
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Highlihts

. Neither motor nor cognitive recovery differed between rats tested during the
day vs. the night, for their respective TBI and sham groups

. CORT levels were higher in the night-tested rats on day 1, but returned to
baseline by day 21

. The findings validate interpretations from studies conducted during the day
vs. the rats’ natural active period.

Neurosci Lett. Author manuscript; available in PMC 2019 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Niesman et al. Page 11

>

60 A ! o o

50 -
Kl
‘E’ 40 ~ —o—Sham Day
g 30 - —a—TBIl Day*
< ——Sham Night
@ 20 1 —a—TBI Night*
F 4.

0

PRE 1 2 3 4 5

Time after injury (days)

D
o
J

—o—Sham Day
—o—TBI Day*
——Sham Night
—a—TBI Night *

(7))
o
L

NN
o
1

o]
o
L

(Y
o
1

Time to traverse beam (sec)
w
o
L

o

Time after injury (days)

Fig. 1.

Fig. 1AB. Mean (£ S.E.M.) time (sec) balancing on an elevated narrow beam prior to, and
after, TBI or sham injury (A). * p< 0.05 vs. Sham Day and Sham Night. No differences
were revealed between the TBI groups, regardless of when tested, nor between the Sham
controls [p> 0.05]. Mean (x S.E.M.) time (sec) to traverse an elevated narrow beam after
TBI or sham injury (B). * p< 0.05 vs. Sham Day and Sham Night. No differences were
revealed between the TBI groups, regardless of when tested, nor between the Sham controls
[o>0.05].
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Fig. 2AB. Mean (x S.E.M.) time (sec) to locate a hidden and visible platform in the MWM
(A). * p<0.05 vs. Sham Day and Sham Night. No differences were revealed between the
TBI groups, regardless of when tested, nor between the Sham controls [p > 0.05]. Mean (£
S.E.M.) percent time spent in the target quadrant (B). The histogram shows the % time that
each group spent in the target quadrant and the horizontal dashed line at depicts chance
(25%) level of exploration of the target quadrant. * p < 0.05 vs. Sham Day and Sham Night.
No differences were revealed between the TBI groups, regardless of when tested, nor
between the Sham controls [p> 0.05].

Neurosci Lett. Author manuscript; available in PMC 2019 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Niesman et al.

70 -
60 -

—

50 A

—t—

ng/mL
B
o

30 A

—t—i

20 A
10 -

Page 13

O Sham
& TBI

——

Day Night Day
1 1 21
Time after injury (days)

Fig. 3.

Night
21

Mean (x S.E.M.) ng/mL serum CORT concentrations at 24-hr (Day 1) and 21 days after TBI
or sham injury. The Day and Night groups were sacrificed according to their behavioral
testing schedule. CORT levels after behavioral testing were not affected by TBI. No
differences were observed between Sham and TBI animals. The only differences were

between the Night and Day groups at 24-hr (*p < 0.05).
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