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Traumatic brain injury (TBI) induces two types of brain damage: primary and secondary.
Damage initiates a series of pathophysiological processes, such as metabolic crisis,
excitotoxicity with oxidative stress-induced damage, and neuroinflammation. The long-
term perpetuation of these processes has deleterious consequences for neuronal
function. However, it remains to be elucidated further whether physiological variation
in the brain microenvironment, depending on diurnal variations, influences the damage,
and consequently, exerts a neuroprotective effect. Here, we established an experimental
rat model of TBI and evaluated the effects of TBI induced at two different time
points of the light–dark cycle. Behavioral responses were assessed using a 21-point
neurobehavioral scale and the cylinder test. Morphological damage was assessed in
different regions of the central nervous system. We found that rats that experienced a
TBI during the dark hours had better behavioral performance than those injured during
the light hours. Differences in behavioral performance correlated with less morphological
damage in the perilesional zone. Moreover, certain brain areas (CA1 and dentate gyrus
subregions of the hippocampus) were less prone to damage in rats that experienced
a TBI during the dark hours. Our results suggest that diurnal variation is a crucial
determinant of TBI outcome, and the hour of the day at which an injury occurs should
be considered for future research.

Keywords: traumatic brain injury, diurnal variation, neuronal damage, behavioral tests, circadian rhythms

INTRODUCTION

Traumatic brain injury (TBI) is defined as the alteration of brain function, or other evidence of
brain pathology, caused by an external force (Menon et al., 2010). TBI is a severe public health
problem: in 2016, the number of new cases of TBI amounted to 27.08 million worldwide (GBD
2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators, 2019). In the United States
alone, the Center for Disease Control and Prevention (CDC) reports 1.7 million cases annually,
including approximately 275,000 hospitalizations and 52,000 deaths (Faul et al., 2010).
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TBI causes two types of brain damage: primary damage
is the result of tearing, shearing and rupture of nervous
tissue and is considered irreversible; secondary damage is a
cascade of pathophysiological processes that could exacerbate
the damage of the primary lesion (Maas et al., 2008). Some
of these pathophysiological processes, namely excitotoxicity
through N-methyl-D-aspartate (NMDA) receptor expression
(Estrada-Rojo et al., 2018), oxidative stress (O’Neill and Feeney,
2014), and neuroinflammation (Griffin et al., 2019) are related to
diurnal variation in the levels of hormones, neurotransmitters,
and metabolic intermediates of cognitive pathways. Fonken
et al. (2015) found that microglia isolated from the rat
hippocampus during the light phase exhibit significantly greater
immune response than those isolated during the dark phase.
They also found that rats injected with lipopolysaccharide
during the light phase have higher sickness behavior scores
and hippocampal cytokine production than rats injected with
lipopolysaccharide during the dark phase. Differences in immune
response activation could be reflected in social behavioral tests.

Several studies have shown that the time at which a
pathological event occurs can influence the extent of the damage.
The time of onset of cerebral vascular accidents and transient
ischemic attacks occurs most often in the early hours of the
morning (Raj et al., 2015; Ripamonti et al., 2017). Animal studies
have also shown diurnal variation in ischemia-induced damage.
For example, Vinall et al. (2000) reported more significant
damage if ischemia was induced in the last hours of darkness,
while Beker et al. (2018) reported less damage if ischemia was
induced during the mid-dark period.

We have previously reported that recovery from TBI varies
depending on the time of the day it occurs. A neurobehavioral
test showed that rats with brain trauma induced during the dark
hours score better than those traumatized during daylight hours
(Martínez-Vargas et al., 2006, 2013; Estrada-Rojo et al., 2018). We
hypothesized that general health parameters (e.g., body weight
and food intake) and neurobehavioral test performance might
also present diurnal variation and correlate with morphological
damage in different areas of the central nervous system (CNS).
Therefore, in this study, we evaluated the effects of TBI
induced at two different time points of the light–dark cycle
using a 21-point neurobehavioral scale and the cylinder test, a
spontaneous motor test. We also correlated diurnal variation
in the responses to TBI with structural damage in specific
areas of the CNS.

MATERIALS AND METHODS

Animals
Male Wistar rats (250–300 g; 10–12 weeks) were housed
individually in a room temperature of 21 ± 2◦C with food and
water ad libitum. Rats were given at least 15 days to acclimate
to the room’s conditions before starting experimentation. All
rats were maintained on a 12:12 h light: dark cycle, with lights
on either at 08:00 or 20:00 h. Measurements of general health
parameters (food intake and body weight) were performed daily
at the same time (12:00 h) before and after the induction

of TBI. All experiments were conducted according to the
recommendations of the Ethics Committee of the Faculty of
Medicine, Universidad Nacional Autonoma de Mexico (UNAM)
(project, 018/2016; approved April 05, 2016), the Animal Care
and Use Committee, and the Mexican Official Regulations
(NOM 062-ZOO-1999).

Experimental Design
Rats were divided into two groups: day and night. Experiments in
the day group were performed during the hours of light, and TBI
was induced at 13:00 h (5 h after the lights were on); experiments
in the night group were performed during the hours of darkness,
and TBI was induced at 01:00 h (5 h after the lights were off).
Behavioral testing was performed at 24 and 72 h after TBI. In
the night group, both, TBI and behavioral testing were performed
in a dark room with a red light at < 10 lx to avoid disturbances
in the sleep-wakefulness cycle (Stenvers et al., 2016; Zhang et al.,
2017). Rats in both groups, day and night, were further divided
into Sham (n = 10) and TBI subgroups (n = 10 per subgroup).

TBI
Rats were anesthetized inside of an acrylic gas-anesthesia
chamber (25 cm × 11 cm × 10 cm). Anesthesia was induced
with 4.0% isoflurane (Sofloran R©Vet, PiSA Agropecuaria, Hgo.,
Mexico) supplemented with O2. Upon loss of righting reflex,
each rat was removed from the chamber and placed in a nose
cone connected to the same isoflurane supply, now adapted to a
stereotaxic device. The concentration of isoflurane was reduced
to 3.0% to maintain an appropriate anesthetic depth during
surgery. Then, the heads were disinfected with chlorhexidine, and
a midline incision was made to expose the skull. Subsequently,
the site of trauma (primary motor cortex) was located with the
stereotaxic device at coordinates P = −2 and L = 1.4 (Paxinos
and Watson, 1998). Trauma was induced with a pneumatic piston
calibrated at 40 psi of pressure and at a depth of 6 mm (Verdugo-
Díaz et al., 2017; Estrada-Rojo et al., 2018). After the induction
of TBI, isoflurane administration was stopped, and the rat was
placed back in its cage. The rat was positioned in a dorsal
recumbency to test reflexes until regaining the righting reflex.
Subjects in the sham group were only anesthetized.

Neurobehavioral Scale
Motor deficit after TBI was measured using a previously
described 21-point neurobehavioral scale (Hunter et al., 2000).
Measurements were taken at baseline (24 h before TBI) as well
as at 24 and 72 h after TBI. A blinded observer recorded the
neurobehavioral scale score for each rat. The following items
were evaluated: paw placement [4 points (pts)], righting reflex
(1 pt), horizontal-bar (3 pts), inclined platform (3 pts), rotation
(2 pts), visual forepaw reaching (2 pts), contralateral reflex
(1 pt), circling (1 pt), motility (2 pts), and general condition
(2 pts). The maximum score in healthy rats was set to 21
pts. Although this scale was primarily designed to evaluate
cerebral ischemia, cerebral ischemia and trauma share similar
pathophysiological mechanisms (Leker and Shohami, 2002). In
fact, we have previously used this scale to assess neurological
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damage after TBI (Martinez-Vargas et al., 2012, 2014; Estrada-
Rojo et al., 2018).

Cylinder Test
Functional recovery is usually assessed with behavioral tests that
measure functional deficits; in this study, we measured the motor
skills associated with damage to specific brain regions. Several
motor control tests indicate trauma- or ischemia-induced brain
damage in the cortex sensorimotor area. The cylinder test is
widely used in rats to evaluate functional deficits in forelimb
activity (Roome and Vanderluit, 2015). To measure spontaneous
motor activity and limb use asymmetry after TBI, we used
the cylinder test as described previously (Rodgers et al., 2014).
Measurements were taken at baseline (24 h before TBI) as well as
at 24 and 72 h after TBI. A 15-cm diameter acrylic cylinder was
used; the rats were placed inside and their activity was recorded.
A blinded observer analyzed the videos at a later time. The
number of times the rat placed the left or right leg, or both, on
the cylinder wall was scored.

Tissue Processing and Staining
Rats (n = 4, per time point) were deeply anesthetized with sodium
pentobarbital (Pisabental R©, 50 mg/kg i.p., PiSA Agropecuaria,
Hgo., México) at 24 or 72 h after induction of TBI. Then,
they were perfused transcardially with sodium phosphate buffer,
followed by 4% buffered paraformaldehyde. The brains were
removed immediately after perfusion and then submerged in
the same fixative for at least 24 h. Then, the brains were rinsed
with tap water, dehydrated by immersion in ascending ethanol
grades, cleared in xylene, and embedded in paraffin with proper
orientation to obtain three series of 4-µm-thick sagittal sections,
from the midline to the left side of the brain (the TBI zone).
The sections were stained with hematoxylin and eosin (HE) to
examine the histopathological changes.

Image Acquisition
Morphological changes were analyzed in four different areas:
three subregions of the hippocampus [CA1, CA2/3, and dentate
gyrus (DG)] and a perilesional cortex (Cx) area adjacent to the
trauma site. We obtained a total of 50 fields with a 40× objective
with an area per field calculated previously at 19.700 µm2. Images
were acquired using a CX31 Olympus microscope equipped with
a digital camera and analyzed with Infinity Analyze R© software
(version 6.3.0).

Morphometric Analysis
Cell counts were obtained from the Cx in all fields of the
three tissue sections. Image analysis was performed to determine
the presence of normal neurons (NN), neurons with changes
(NCh), and degenerating neurons (DN) according to the criteria
established in Table 1. Also, changes in reactivity astrocyte were
assessed based on cellular and nuclear size and the chromatin
aspect (Garman, 2011); as well, vasculature was straightforwardly
observed based on the lumen size compared with its sham
subgroup. Average counts were calculated for each rat from three
experienced blinded observers. In the three subregions of the

TABLE 1 | Criteria for cell count based on neuronal morphology.

NN NCh DN*

• Large nucleus with
open chromatin and
a prominent
nucleolus

• Cell bodies with
abundant
cytoplasm, variable
Nissl substance
(rough endoplasmic
reticulum)

• Shape and size of
the cell body

• Collapsed, dark
nucleus, and poorly
defined nucleolus

• Decreased neuronal
size (shrunken or
contracted)

• Basophilic inclusion
bodies in the
perikaryon

• Cytoplasm appears
condensed and
stains darkly (dark
neurons)

• Cell body shrinkage
• Loss of Nissl

substance
• Small/shrunken,

darkly stained
(pyknotic) nucleus
that might eventually
undergo
fragmentation
(karyorrhexis)

• Cell membrane
rupture Intense
eosinophilic staining
of the cytoplasm

NN, normal neurons; NCh, neurons with changes; DN, degenerating neurons.
*The name and morphological characteristics are based on the work published
by Garman, 2011.

hippocampus, the percentage of DN regarding the total number
of neurons per field was set on to observe the tissue response to
secondary damage. Finally, the counts in the three tissue sections
were averaged. FIJI software (v.2.0.0)1 was used for cell counting
and to determine the field area.

Statistical Analyses
The results are reported as the mean values ± standard
error of mean (SEM). Statistical analyses were performed
using GraphPad Prism software (GraphPad Software Inc.,
San Diego, CA, United States). Unless otherwise indicated,
data met the assumptions of equal variances (Spearman’s test
for heteroscedasticity and homoscedasticity plot). Statistical
significance was assessed with two-way analysis of variance and
Tukey’s multiple comparisons corrections for food intake, body
weight, cylinder test, and neuronal counting, and Kruskal–Wallis
and Mann–Whitney U tests for neurological scores. Differences
were considered to be significant at p < 0.05.

RESULTS

General Health Parameters Vary
Depending Upon the Time of TBI
Induction
To test whether the general health parameters changed
depending upon the time of TBI induction in rats, food intake
and body weight were measured in both sham and TBI subgroups
before and at 24, 48, and 72 h after TBI (Figure 1). Food intake
differed in both day and night groups, at 24, 48, and 72 h after
the TBI, compared to baseline [F(4,64) = 59.05, p < 0.0001].
Moreover, there were significant differences between day and
night groups [F(3,16) = 73.73, p < 0.0001]; food intake decreased
significantly 24 h after TBI in the day group as compared with
the night group (post-hoc p < 0.0001). This difference was

1https://imagej.net/Fiji
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FIGURE 1 | The time of day at which trauma is induced determines the changes in general health parameters in rats. Effect of inducing traumatic brain injury (TBI) at
two different time points, i.e., day (white symbols) and night (black symbols), on food intake (A) and body weight (B) (n = 5 per subgroup). Note the significant
decrease in food intake and body weight in rats with TBI induced during the day (13:00), an effect that was maintained for up to 72 h after TBI. In rats with TBI
induced at night (01:00), the food intake did not differ significantly between the TBI and sham subgroups 72 h after TBI. Data are expressed as the mean ± SEM.
Two-way analysis of variance (ANOVA) and Tukey’s test were used as post-hoc tests (A,B). *p < 0.05 between TBI and sham groups; &p < 0.05 between day and
night groups.

maintained even after 48 h (p < 0.0001), and 72 h (p < 0.0001).
The night group showed an increased food intake compared with
the baseline of the sham subgroup 72 h after TBI; however, this
difference was not statistically significant (p = 0.38; Figure 1A).
Meanwhile, there was a significant decrease in body weight in the
day and night groups at 24, 48, and 72 h after TBI [F(4,64) = 53.07,
p < 0.0001]. Similarly, differences in body weight were observed
between the day and night groups [F(3,16) = 44.69, p < 0.0001],
with more significant weight loss at 24 h after TBI in the day
group than in the night group (p< 0.0001). Finally, a tendency to
regain body weight was observed between 48 and 72 h after TBI;
however, the extent of recovery in body weight did not match that
of the sham subgroup (Figure 1B).

Neurobehavioral Scale and Cylinder Test
Scores Vary Depending Upon the Time of
TBI Induction
Functional changes following TBI were assessed using two
neurobehavioral tests (Figure 2). A comparison of the total score
21-point neurobehavioral scale (Figure 2A) showed a decrease
in the day group as compared with the sham group at both 24 h
(p < 0.0001) and at 72 h after TBI (p < 0.001). Moreover, the
rats with TBI in the night group presented a decrease in the score
at 24 h (p < 0.0001), and 72 h (p < 0.0001), compared with its
corresponding sham group. However, the analysis between the
day and night group showed significant differences in the total
21-neurobehavioral scale score; the score was better in the night
group at both 24 h (p < 0.0001) and 72 h (p < 0.0001 after TBI
than in the day groups.

A detailed description of each specific parameter of the 21-
point neurobehavioral scale is shown in Table 2. We found a
significant decrease compared to its baseline in the day group
at 24 h after TBI in paw placement (p < 0.05), horizontal bar
(p < 0.05), inclined platform (p < 0.05), rotation (p < 0.05),

visual forepaw reaching (p < 0.05), circling (p < 0.05), and
general conditions (p < 0.05). At 72 h after TBI, the overall
score (as well as the score of five parameters) tended to increase
but the differences were not statistically significant. In the night
group, at 24 h after trauma there was a significant decrease
in only three parameters: horizontal bar (p < 0.05), rotation
(p < 0.05), and general conditions (p < 0.05). At 72 h after TBI,
only rotation was significantly increased compared to 24 h time
point (p < 0.05). Other parameters, such as circling, motility,
and general condition, tended to decrease compared to the 24-
h time point but the differences were not statistically significant.
When comparing the day and the night groups at both 24 and
72 h after TBI, we found that paw placement (p < 0.05) and
rotation (p < 0.05) scored better in the night group. Inclined
platform (p < 0.05) and circling (p < 0.05) only scored better
and were statistically significant at 24 h after TBI; and horizontal
bar (p < 0.05) and visual forepaw reaching (p < 0.05) were
significantly different only at 72 h after trauma. Finally, righting
reflex and contralateral reflex were not affected, neither by TBI
nor the time it occurred.

To test spontaneous exploration and limb use asymmetry after
TBI, we used the cylinder test (Figure 2B). In the day group, there
were differences in the time after the induction of the trauma
[F(3,54) = 11.84, p < 0.0001], at both 24 h (p < 0.0001) and 72 h
(p < 0.0001) after TBI, when compared with the sham subgroup.
However, the rats with TBI in the night group did not show
statistically significant differences in total paw placement at 24 h
(p = 0.057) or 72 h (p = 0.999) compared with the corresponding
sham subgroup. Finally, there were significant differences in
spontaneous exploration between both the day and night groups
[F(1,18) = 53.93, p < 0.0001]; compared with the day group, the
score was higher in the night group at both 24 h (p = 0.0004) and
72 h (p < 0.001) after TBI.

A detailed analysis of limb use asymmetry was performed
(Supplementary Figure S1). Contralateral limb use (right paw)

Frontiers in Neuroscience | www.frontiersin.org 4 September 2020 | Volume 14 | Article 564992

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-564992 September 25, 2020 Time: 20:0 # 5

Martinez-Tapia et al. Diurnal Variation in Traumatic Brain Injury

FIGURE 2 | The time of the day at which trauma is induced determines the behavioral response. Differences in the neurobehavioral scale (A) and cylinder test (B)
depending on the time at which traumatic brain injury (TBI) was induced (n = 10 per subgroup). Note the significant decrease in both behavioral tests in rats
undergoing TBI during the day (13:00), a decrease that continued until 72 h after TBI. The group that underwent TBI at night (01:00) shows a decrease at 24 h after
TBI that results in a score that is greater than that in the day group. However, at 72 h, there is a marked increase in the score, which becomes similar to that of the
corresponding sham subgroup (cylinder test). Data are expressed as the mean ± SEM. (A) Kruskal–Wallis and Mann–Whitney U tests. (B) Two-way ANOVA and
Tukey’s test as post-hoc test, *p < 0.05 between TBI and sham groups; &p < 0.05 between day and night groups.

was significantly different between the TBI and sham subgroups
[F(3,54) = 7.208, p = 0.0004, post-hoc: p = 0.0211] of the day
group, at 72 h after TBI. In the night group, a difference in limb
use asymmetry was found only at 24 h after TBI (p = 0.0271),
but not at 72 h (p = 0.418), compared with the corresponding
sham subgroup. There was also a significant difference in limb
use asymmetry between the day and night groups [F(1,18) = 24.19,
p = 0.0001; Supplementary Figure S1A], however, post-hoc
analysis showed no significant difference in the TBI subgroups in
both day and night groups at 24 h (p = 155) and 72 h (p = 0.0750).

Finally, time of TBI induction had no significant effect on the
use of the ipsilateral limb (left paw) [F(3,54) = 1.146, p = 0.338].
Nevertheless, in the day group, post-hoc analysis showed a
significant difference between the TBI and sham subgroups at
24 h (p = 0.0311). However, no such significant difference was
found in the night group. Differences between the day and night
groups were found [F(1,18) = 8.201, p = 0.0103; Supplementary
Figure S1B] only at 72 h after TBI (p = 0.0012).

The Time of Day at Which TBI Occurs
Determines the Degree of Cell Injury in
the Perilesional Zone (Motor Cortex) of
the CNS
To determine whether the damage evaluated by neurobehavioral
tests correlated with morphological damage, formalin-fixed
paraffin-embedded brain tissue sections were obtained and
stained with HE. The perilesional zone of the site of TBI
(motor cortex) was examined with a light microscope. The
histopathological observations are presented in Figure 3. The
figure legends describe the histopathological changes at 24 and
72 h after TBI in the day group (Figures 3A–C) and night
group (Figures 3D–F). Findings such as vascular congestion,
vasodilation, hemorrhage and necrosis in the perilesional zone
at TBI are not shown so as to highlight the neuronal changes.
The total neuron count (Figure 3H) in the perilesional zone
of the site of TBI (motor cortex) varied significantly with time
[F(2,12) = 173.9, p < 0.0001] and experimental groups (day

group vs. night group) [F(1,12) = 33.97, p < 0.0001]. The total
neuron count in the TBI subgroup at 24 h in both the day group
(p < 0.0001) and the night group (p = 0.0008) was significantly
lower than that in the corresponding sham subgroups. However,
at 72 h, the total decrease in neurons was maintained in the
night group (p = 0.0793) but decreased further in the day group
(p < 0.0001). Neuron count between the day and night groups
showed no significant differences at 24 h after TBI (p = 0.6144),
but statistically significant differences were observed at 72 h after
TBI (p < 0.0001). NN count was considerably low, while NCh
and DN counts were high at 24 and 72 h after TBI (Figure 3I) in
both day and night groups.

NN count varied significantly with time (24 and 72 h)
[F(2,12) = 10,748, p < 0.0001] and experimental groups (day and
night groups) [F(2,12) = 29.15, p = 0.0002]. At 24 h after TBI, a
significant decrease in NN was observed in both in the day group
(p < 0.0001) and the night group (p < 0.0001) but no significant
differences were observed between the two groups. However, at
72 h after TBI, there was a significant difference between the day
and night groups (p = 0.0005).

With regard to NCh count, a significant effect was observed
in time [F(2,12) = 105.2, p < 0.0001] and experimental groups
[F(1,12) = 80.46, p < 0.0001]. There were significant differences
in NCh counts between TBI subgroups of day and night groups
at 72 h after TBI (p < 0.0001), but not at 24 h (p = 0.1069).

Finally, DN count, also varied significantly with time
[F(2,12) = 105.2, p < 0.0001] and experimental groups
[F(1,12) = 80.46, p < 0.0001]. There were significant differences
in DN counts between TBI subgroups of day and night groups at
72 h after TBI (p = 0.0058), but not at 24 h (p = 0.2895).

TBI-Induced Neuronal Damage Is
Specific to Certain Hippocampal
Subregions and Follows a Diurnal
Pattern
To study the histopathological extent of secondary brain damage
after TBI, we performed morphometric analysis of DN in three
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TABLE 2 | Specific parameters of the neurobehavioral scale.

Parameter. Description (Maximum score) Day (n = 10) Night (n = 10)

Baseline 24 h 72 h Baseline 24 h 72 h p

Paw placement. The animal held
lengthways at the edge of bench and each
paw placed in turn on the edge of the
bench. Each successful paw placement
back on bench scored 1 point (4)

4 2.6 ± 0.34* 2.8 ± 0.20* 4 3.7 ± 0.15& 3.9 ± 0.10& <0.0001

Righting reflex. The animal is placed on
its back on palm of the hand. Scored 1 if
righted itself (1)

1 1 ± 0.00 1 ± 0.00 1 1 ± 0.0 1 ± 0.0 ns

Horizontal bar. Forepaws placed on
ribbed bar. Score: 3 if both hindlimbs
raised onto the bar, 2 if one hindlimb
raised, 1 if animal just hangs and 0 if
animal falls off (3)

3 1.9 ± 0.18* 2.1 ± 0.28* 3 2.3 ± 0.21* 2.8 ± 0.13& <0.0001

Inclined platform. The animal is placed
facing down at an inclination of 45◦.
Score: 3 if the animal rotates to face
“uphill” within 15 s, 2 if it takes 15–30 s, 1
if it takes longer than 30 s and 0 if the
animal falls off or remains pointing
downwards (3)

3 2.2 ± 0.29* 2.5 ± 0.17* 3 2.9 ± 0.10& 2.9 ± 0.10 0.0011

Rotation. Animal is held by the base of
the tail and rotated clockwise then
anticlockwise. Animal should swivel up
contralaterally to the direction of rotation.
Score 1 for each side (2)

2 0.9 ± 0.10* 1.2 ± 0.20* 2 1.4 ± 0.16*,& 2.0 ± 0.00&,$ <0.0001

Visual forepaw reaching. Ability of
animal to reach to bench when held
slightly away from it. Score 1 for each
successful forepaw placement (2)

2 1.6 ± 0.16* 1.6 ± 0.16* 2 1.7 ± 0.15 2.0 ± 0.00& 0.0178

Contralateral reflex. Gently touch the
animal from the side. Score 0 for a reflex
and 1 for no reflex (1)

1 1 ± 0.00 1 ± 0.00 1 1 ± 0.00 1 ± 0.00 ns

Circling. Score 1 for non-circling, 0 for
circling (1)

1 0.3 ± 0.15* 0.4 ± 0.16* 1 0.9 ± 0.10& 0.8 ± 0.13 0.0002

Motility. Score 2 for normal motility, 1
rocking and unsteady and 0 if immobile (2)

2 1.9 ± 0.10 1.6 ± 0.16* 2 1.9 ± 0.10 1.5 ± 0.17* 0.0104

General condition. Score 2 if normal
(good coat condition, alert, moving about),
1 unkempt (e.g., dirty coat, hunched
posture, aggressive) and 0 if thin, weak
and poor muscle tone (2)

2 1 ± 0.00* 1.0 ± 0.00* 2 1.3 ± 0.15* 1.1 ± 0.10* <0.0001

Total (21) 21 14.4 ± 0.40* 15.2 ± 0.25* 21 18.1 ± 0.27*,& 19 ± 0.29*,& <0.0001

Data are expressed as mean ± SEM. Kruskal-Wallis and Mann-Whitney U-test were used as post-hoc test. ∗p < 0.05 versus sham; &p < 0.05 between day and night;
$p < 0.05 versus 24 h.

different hippocampal subregions–Cornus Ammonis 1, 2, 3 (CA1,
2, and 3) and DG (Figure 4 and Supplementary Figure S2).
The histopathological description is found in their respective
figure caption. Time [F(1,8) = 117, p < 0.0001] and experimental
group [F(1,8) = 26.14, p = 0.0009] had a significant effect on
the percentage of DN in CA1 (Figure 4H). There were no
significant differences in DN at 24 h after TBI between day
and night groups (p = 0.8555); however, at 72 h after TBI,
the day group had a higher percentage of DN than the night
group (p = 0.0009). Meanwhile, the percentage of DN in the
DG (Figure 4P) differed significantly with time [F(1,8) = 37.98,

p = 0.0003] and experimental group [F(1,8) = 15.86, p = 0.0040].
There were no significant differences in DN at 24 h after TBI
between day and night groups (p = 0.6157); however, at 72 h
after TBI, the day group had a higher percentage of DN than
the night group (p = 0.0006). Finally, the percentage of DN
in the hippocampal CA2/3 (Supplementary Figure S2) was
considerably high between 24 and 72 h after TBI in the day
group (p = 0.0173); however, this increase was not observed in
the night group (p = 0.3599). Moreover, there were no significant
differences between the two groups at 24 h (p = 0.8516) or 72 h
(p = 0.5243) after TBI.
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FIGURE 3 | Histopathology of the perilesional motor cortex reveals less morphological damage and fewer degenerating neurons (DN) in the group with traumatic
brain injury (TBI) induced at night. Photomicrographs of the cerebral motor cortex in the day (A–C) and night groups (D–F) (n = 4 per column). Schematic
representation of the rat motor cortex where TBI was induced (G; image modified from Paxinos and Watson, 1998). An increase in neuronal basophilia (arrow) was
observed 24 h after TBI in the lamina 3 (external pyramidal cell layer) of the motor cortex, along with vasodilation (v) in both day (B) and night (E) groups. Note the
presence of DN (arrowhead) in the day group and the better preservation of the neuropil (red asterisk) in the night group. At 72 h after TBI, neuronal changes were
maintained with the persistence of DN (arrowhead) in the day group (C). In the night group (F), the neurons appeared normal (white arrow) and with changes (arrow);
the perineuronal spaces and vasodilation were more prominent in the group with TBI induced during the day (C) than in the group with TBI induced at night (F). The
total neuron count in the perilesional zone to trauma (H), note the similar decrease in both groups at 24 h after TBI, and the large neuronal loss at 72 h after trauma
in the day group. Cell count per mm2, according to the neuronal morphology classification in Table 1 (I). Data are expressed as the mean ± SEM. Two-way ANOVA
and Tukey’s test as pos-hoc test. *p < 0.05 between TBI and sham groups; &p < 0.05 between day and night groups. Bars (A–F, 100 µm; bars in the insets,
25 µm).

DISCUSSION

Circadian variations in an organism’s physiological variables are
essential because they determine the response to environmental
events, for example, an injury. However, there is limited research
on how these variations determine the degree of injury after
TBI. In this study, we showed that general health parameters
and scores in two different neurobehavioral tests vary depending
on the phase of the light–dark cycle at which TBI occurred.
Moreover, these changes correlated with histopathological
damage in specific areas of the CNS.

After a TBI, a series of events occur locally and in various
systems, at both behavioral and cognitive levels. These events
impact the general state of the organism because they can cause
loss of the appetite, so that the body’s reserves are available,

and therefore its use can lead to weight loss (Martínez, 2011).
In a previous study, rats with fluid percussion injury showed a
significant decrease in the food intake and body weight 10 days
after injury; however, the time of trauma was not considered
in the analysis (Moinard et al., 2005). Our results indicated
a decline in food intake at 24 h in rats with TBI induced at
night, and for up to 72 h in rats with TBI induced during the
day. Moreover, rats with TBI induced at night had less weight
loss, which could be indicative of a neuroprotective effect of
daytime variation. This weight loss has been associated with
an increase in hyperglycolysis in the first 24 h after trauma,
during which, stored fats become the primary source of energy
and proteins are preserved until late in the process (Brooks and
Martin, 2015). However, other reports on critical patients have
described that numerous metabolic processes might combine to
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FIGURE 4 | Histopathology of the hippocampal subregion CA1 and DG reveals less morphological damage and a lower percentage of degenerating neurons (DN) in
the group with traumatic brain. Injury (TBI) induced at night. CA1 hippocampal subregion in the day group (A–C) and the night group (E–G). At 24 h after TBI, the
day group (B) did not show remarkable changes in the neuronal morphology, except large vasodilation (white arrowhead) which was not observed in the night group
(F). However, in the night group, the layer of pyramidal neurons had more basophilia (arrow). At 72 h after TBI, the day group (C) had more dead pyramidal neurons,
characterized by pyknotic nuclei, retraction, and cytoplasmic eosinophilia (arrowhead), compared with the well-preserved pyramidal neurons in the night group (G).
In both the day and night groups, a large dispersion of the pyramidal neuron layer was observed both at 24 h (B,F) and 72 h (C,G) after TBI compared with their
respective sham subgroup (A,E). Analysis of the percentage of DN (H) showed an increase in both the day and night groups at 24 h after trauma. However, in the
day group at 72 h after TBI, the percentage of DN was higher than that in the night group. DG in the day group (I–K) and in the night group (M–O). At 24 h after TBI,
the day group (J) showed few DN (arrow) in the granular layer, vasodilation (v), and astrogliosis (asterisk). In contrast, 24 h after TBI, the DG of the night group (N)
showed few histological changes in the granular layer. At 72 h after TBI (K), morphological changes in the day group were accentuated, particularly astrogliosis
(asterisk), and vasodilation (v), and DN (arrowhead). The night group (O) had few shrunken and basophilic neurons (arrow) in the granular layer. The percentage of
DN (P) showed a large increase in the day group, particularly at 72 h after TBI; however, in the night group, the total percentage of DN remained the same at 24 and
72 h. The difference at 72 h between the day group and night groups was significant. Diagrams of the CA1 (D) and DG (L) areas where the photomicrographs from
the tissue sections were acquired, and the percentage of DN was determined. (H,P) Data are expressed as the mean ± SEM. Two-way ANOVA and Tukey’s test as
post-hoc test. &p < 0.05 between day and night groups. HE staining (bars, 25 µm).

induce a hypermetabolic state characterized by a marked negative
nitrogen balance; moreover, the rate of lean tissue loss is 2–3
times higher than that during starvation and lipolysis decreases
as glucose intolerance develops, consequentially raising insulin
levels (Burke et al., 1979; Dabrowski and Rombeau, 2000). Our
results suggest that this hypermetabolic state is more severe in
animals that developed TBI during the day.

Several studies have demonstrated that motor deficits after
a TBI can occur in both focal lesions and diffuse models

(Lindner et al., 1998; Crane et al., 2012; Hehar et al., 2015).
Our study results show failures in the motor skills of rats
with TBI, according to a modified 21-point neurobehavioral
scale (Hunter et al., 2000), which evaluated the motor aspects,
special perception, and reflexes, and on the cylinder test, which
examined motor cortex damage (Roome and Vanderluit, 2015).
Interestingly, statistically significant differences in motor deficits
were found between the day and night groups at 24 and 72 h
after TBI. Nevertheless, our detailed parameter analysis of the
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21-point neurobehavioral test showed that some parameters
improved over time, regardless of the moment at which we
induced the trauma, such as paw placement, horizontal bar,
inclined platform, rotation, and visual forepaw reaching. On
the other hand, although there were parameters whose scores
were decreased, such as cycling, motility and general conditions,
these differences were not statistically significant. We consider
that these changes are related to a diffuse axonal injury (DAI)
generated after TBI. In previous works, it has been reported that
neuronal body loss (which we observed in this work) is related
to white matter atrophy due to DAI (Armstrong et al., 2016).
Diurnal variation in parameters depending of time at which TBI
was induced may be related to changes in neurotransmitters such
as GABA; for example, some studies have shown the diurnal
variation in inhibitory synapses, which increase gradually in
the active phase (night) in the mouse somatosensory cortex
(Jasinska et al., 2014, 2015). Righting reflex and contralateral
reflex were not affected by either TBI or its time of occurrence.
The damage caused in our TBI model was in M1, an area that
does not emit the upper commands that affect these reflexes.
The parameters corresponding to the reflexes are difficult to
change since, as we know, the final integration occurs in the
spinal cord, and in our model, both the upper commands
and those of the spinal cord itself were not affected by TBI
(Møller, 2011).

The cylinder test examines the damage to the sensorimotor
cortex due to the TBI. In this study, the placement of the paws or
the predominance of one when touching the cylinder is a good
measure of damage to the sensorimotor cortex of the anterior
limb and helps detect motor deficits. Moreover, our results
of the analysis of classic forelimb asymmetry (Supplementary
Figure S1) showed differences between the day and night groups,
when evaluated at 24 and 72 h after TBI, which indicates
behavioral deficits most fine and consistent (Farr and Whishaw,
2002; Tennant et al., 2010). The 21-point neurobehavioral test
showed a significant difference between the groups undergoing
TBI during the daytime hours as compared to those with
TBI induced at night; additionally, there was a significant
difference between both day and night groups evaluated at 24
and 72 h after TBI.

During TBI, the damage can be transmitted as a frontal-to-
posterior gradient via a DAI process, but with a greater tendency
to damage the frontal pole (Eierud et al., 2014). This reduces
the cortical control of higher-order motor functions (Tsenter
et al., 2008; Rosenbaum and Lipton, 2012). Our neurobehavioral
test results are consistent with those reported in human patients
who have slow, asymmetric walking, shorter steps, and more
significant mediolateral sway (Ozolins et al., 2016). Additionally,
reports indicate balance and subtle motor alterations after TBI
(Neumann et al., 2009; Finnanger et al., 2013). However, balance
is a complex function, that involves both motor and sensory
aspects; additionally, cerebellum might be involved. Moreover,
the interpretation of results should consider the fact that the rats
use two pairs of limbs for walking, which might compensate for
the imbalance caused by neuronal damage (Namdar et al., 2020).
Our motor deficiency results also correlate with the count of DN
in both the cortex and the hippocampus.

The night group demonstrated less tissue damage in the
perilesional motor cortex area, with a greater count of total
neurons and fewer DN at 72 h after TBI, compared to the day
group. Concerning the pathophysiological complexity after TBI
(Giza and Hovda, 2014), our results are consistent with a previous
report on variation in NMDA receptor expression in the cerebral
cortex through the day, which correlates with a better outcome
after a TBI (Estrada-Rojo et al., 2018). Moreover, the resident
microglia at the sensory-motor cortex have less branching of
cytoplasmic extensions during daylight hours (Hayashi et al.,
2013), but a comparatively higher and longer cellular processes
and branching points at night (Takayama et al., 2016). These
morphological changes suggest a daytime pre-pro-inflammatory
microenvironment in the cortex or variations in microglia-
mediated inflammatory-immune responses. In the hippocampus,
heterogeneity in the cellular response for the CA1, CA2/3, and
DG regions after TBI has been described in controlled cortical
impact models and in a closed head injury model (Grady et al.,
2003; Anderson et al., 2005; Mao et al., 2013; Tsuda et al., 2016),
the latter of which is similar to our TBI model. However, none of
these previous models considered the effect of diurnal variations
at the time of TBI.

Our histopathological findings demonstrated a highly
significant neuronal loss, measured through DN percentage, in
the CA1 and DG hippocampal subregions in the day group.
We consider that the result in the CA1 could be related to a
relatively high oxidative state during the day in the hippocampal
CA1 pyramidal neurons (Naseri Kouzehgarani et al., 2020).
Interestingly, we found that the percentage of DN in the DG
did not increase during the night phase, even at 72 h after
trauma, which could be related to the presence of microglia
in this area, where they could exert an immunoregulatory
function (Savchenko et al., 1997; Appel et al., 2018; Tan et al.,
2020). In contrast, our results showed that the hippocampal
CA3 subregion presented an equal increase in DN in both day
and night groups. Previous reports have established a higher
susceptibility of the CA3 region in the CCI model (Anderson
et al., 2005) and mathematics models (Mao et al., 2013)
suggesting that it could be due to a biomechanical component
following trauma. We consider that CA3 presents unique and
functional specializations made up of DG mossy fiber inputs
and broad axon collateral fibers between CA3 neurons. This
creates not only a highly interconnected net but also excitable,
which could make it especially susceptible, regardless of the
time of day of injury. Nevertheless, this is the first report
of variation in susceptibility in the hippocampal subregions,
depending on the time at which a TBI is induced. Moreover,
depending on the light–dark cycle, pathological changes may
be minor when TBI occurs during the dark phase. This effect
could be physiologically explained as circadian variations of
the expression of pro-inflammatory factors that cause a diurnal
difference in the inflammatory response in the CNS (Fonken
et al., 2015; Martínez-Tapia et al., 2020).

Numerous studies show that there is diurnal variation in the
presentation of acquired brain damage as in the onset of cerebral
vascular events (Raj et al., 2015; Ripamonti et al., 2017). In
animal models of ischemia, a time-dependent variation in the

Frontiers in Neuroscience | www.frontiersin.org 9 September 2020 | Volume 14 | Article 564992

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-564992 September 25, 2020 Time: 20:0 # 10

Martinez-Tapia et al. Diurnal Variation in Traumatic Brain Injury

damage caused by ischemia. Our data are in line with those
reported by Beker et al. (2018), who found less severe neuronal
damage, infarct volume, brain swelling, and neurological scores
with increased neuronal survival in animals subjected to ischemia
during darkness compared to the early light period. However, our
data are not in line with those of Vinall et al. (2000), who found
more damage at the end of the dark period. In the case of TBI,
it is clear that the time of occurrence of this event depends on
the activities of the subjects. However, recognizing that there is
a differential response depending on the time of occurrence and
identifying the systems involved in this response, will provide a
novel approach to treat TBI (Martinez-Vargas et al., 2019).

CONCLUSION

In conclusion, our results indicate that circadian characteristics
of the microenvironment in the area at which TBI occurs are
important and influence the outcome of sensorimotor functions.
It is important to conduct more experiments on the cellular and
molecular characteristics of the microenvironment at time of TBI.
The variation in the excitatory and inhibitory neurotransmitters
and their receptors, the immunological function of the microglia
and astrocytes, and oxidative stress could be main factors that
determining the degree of damage or tissue preservation after
TBI. However, we consider that our results and published
literature corroborate our hypothesis.

LIMITATIONS

Our results show that the morphological damage induced by
TBI depends on the phase of the light–dark cycle in which
it occurs. Furthermore, we found that the damage in the
perilesional zone is correlated with behavioral performance, less
morphological damage, and better behavioral performance in
rats that experienced a TBI during the dark hours compared
with those injured during the light hours. Nevertheless, we
consider that further research is needed on TBI and diurnal
variation, and we are conscious that the findings on this study
have to be seen in the light of some limitations. We performed
the TBI model in the motor cortex. However, we consider the
hippocampus a structure in which we could analyze the extent of
secondary damage. We believe that memory tests could offer us
a more comprehensive approach to hippocampal behavior after
trauma and not just histopathological evaluation. We analyzed
the hippocampus because it is a structure that is very susceptible
to damage from almost any TBI, and given its functions, it is
important to analyze the changes it undergoes. In the future,
we consider performing an analysis using memory tests to get
a better understanding of our results. However, these tests go
beyond this paper’s scope since they are very time-consuming and
require a more in-depth analysis.

Indeed, we are aware that our findings do not offer an
explanatory mechanism for the differences we found. We have
not analyzed the neurotransmitter systems involved, and whether
the hormonal and immune responses are participating in this

diurnal variation in the damage–neuroprotection balance. Our
future works will focus on these mechanisms, mainly on the
difference of the neuroinflammatory response of the microglia,
as we highlighted in a previous review published by our group
(Martínez-Tapia et al., 2020). While it is true that there is still
scope for investigation, the limitations of this research point
toward topics to be addressed in the future.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee of the Faculty of Medicine, Universidad Nacional
Autónoma de México (UNAM) (project, 018/2016; approved
April 05, 2016).

AUTHOR CONTRIBUTIONS

RJM-T performed the anesthesia of animals and the behavioral
experiments. FE-R induced the TBI. TGL-A processed and
obtained the brains. VR-M and AP-T processed and stained the
tissue sections. AP-T made the histopathological sections. AB-M,
SG-V, and PU-M did the cell counting in all tissue sections. LN
performed the statistical analysis. RJM-T and LN designed the
project. All authors contributed to the article and approved the
submitted version.

FUNDING

This project received support from PAPIIT: IN223417
and IN228320.

ACKNOWLEDGMENTS

RJM-T is a doctoral student from the Programa de Doctorado
en Ciencias Biomédicas, Universidad Nacional Autónoma de
México (UNAM) and has received CONACyT fellowship 594665.
We also would like to thank Daniel Gutiérrez Castañeda and
Evelyn Pulido Camarillo for their help with the histological
technique, and Mercedes Graciela Porras Villalobos for assistance
with cell counting, Prof. Norma Bernal González and Francisco
Estrada Bernal for the drawings of the brain and Editage
(www.editage.com) for English language editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnins.2020.
564992/full#supplementary-material

Frontiers in Neuroscience | www.frontiersin.org 10 September 2020 | Volume 14 | Article 564992

https://www.editage.com
https://www.frontiersin.org/articles/10.3389/fnins.2020.564992/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2020.564992/full#supplementary-material
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-564992 September 25, 2020 Time: 20:0 # 11

Martinez-Tapia et al. Diurnal Variation in Traumatic Brain Injury

REFERENCES
Anderson, K. J., Miller, K. M., Fugaccia, I., and Scheff, S. W. (2005). Regional

distribution of Fluoro-Jade B staining in the hippocampus following brain
injury. Exp. Neurol. 193, 125–130. doi: 10.1016/j.expneurol.2004.11.025

Appel, J. R., Ye, S., Tang, F., Sun, D., Zhang, H., Mei, L., et al. (2018). Increased
microglial activity, impaired adult hippocampal neurogenesis, and depressive-
like behavior in microglial VPS35-depleted mice. J. Neurosci. 38, 5949–5968.
doi: 10.1523/JNEUROSCI.3621-17.2018

Armstrong, R. C., Mierzwa, A. J., Marion, C. M., and Sullivan, G. M. (2016). White
matter involvement after TBI: clues to axon and myelin repair capacity. Exp.
Neurol. 275, 328–333. doi: 10.1016/j.expneurol.2015.02.011

Beker, M. C., Caglayan, B., Yalcin, E., Caglayan, A. B., Turkseven, S., Gurel, B.,
et al. (2018). Time-of-day dependent neuronal injury after ischemic stroke:
implication of circadian clock transcriptional factor Bmal1 and survival kinase
AKT. Mol. Neurobiol. 55, 2565–2576. doi: 10.1007/s12035-017-0524-4

Brooks, G. A., and Martin, N. A. (2015). Cerebral metabolism following traumatic
brain injury: new discoveries with implications for treatment. Front. Neurosci.
8:408. doi: 10.3389/fnins.2014.00408

Burke, J. F., Wolfe, R. R., Mullany, C. J., Mathews, D. E., and Bier, D. M. (1979).
Glucose requirements following burn injury. Parameters of optimal glucose
infusion and possible hepatic and respiratory abnormalities following excessive
glucose intake. Ann. Surg. 190, 274–285. doi: 10.1097/00000658-197909000-
00002

Crane, A. T., Fink, K. D., and Smith, J. S. (2012). The effects of acute voluntary
wheel running on recovery of function following medial frontal cortical
contusions in rats. Restor. Neurol. Neurosci. 30, 325–333. doi: 10.3233/RNN-
2012-120232

Dabrowski, G. P., and Rombeau, J. L. (2000). Practical nutritional management
in the trauma intensive care unit. Surg. Clin. North Am. 80, 921–932. doi:
10.1016/s0039-6109(05)70105-5

Eierud, C., Craddock, R. C., Fletcher, S., Aulakh, M., King-Casas, B., Kuehl, D.,
et al. (2014). Neuroimaging after mild traumatic brain injury: review and
meta-analysis. Neuroimage Clin. 4, 283–294. doi: 10.1016/j.nicl.2013.12.009

Estrada-Rojo, F., Morales-Gomez, J., Coballase-Urruria, E., Martínez-Vargas, M.,
and Navarro, L. (2018). Diurnal variation of NMDA receptor expression in the
rat cerebral cortex is associated with traumatic brain injury damage. BMC Res.
Notes 11:150. doi: 10.1186/s13104-018-3258-0

Farr, T. D., and Whishaw, I. Q. (2002). Quantitative and qualitative impairments in
skilled reaching in the mouse (Mus musculus) after a focal motor cortex stroke.
Stroke 33, 1869–1875. doi: 10.1161/01.str.0000020714.48349.4e

Faul, M., Xu, L., Wald, M. M., and Coronado, V. G. (2010). Traumatic Brain Bnjury
in the United States: Emergency Department Visits, Hospitalizations and Deaths
2002–2006. Atlanta, GA: Centers for Disease Control and Prevention.

Finnanger, T. G., Skandsen, T., Andersson, S., Lydersen, S., Vik, A., and Indredavik,
M. (2013). Differentiated patterns of cognitive impairment 12 months after
severe and moderate traumatic brain injury. Brain Inj. 27, 1606–1616. doi:
10.3109/02699052.2013.831127

Fonken, L. K., Frank, M. G., Kitt, M. M., Barrientos, R. M., Watkins, L. R., and
Maier, S. F. (2015). Microglia inflammatory responses are controlled by an
intrinsic circadian clock. Brain Behav. Immun. 45, 171–179. doi: 10.1016/j.bbi.
2014.11.009

Garman, R. H. (2011). Histology of the central nervous system. Toxicol. Pathol. 39,
22–35. doi: 10.1177/0192623310389621

GBD 2016 Traumatic Brain Injury and Spinal Cord Injury Collaborators (2019).
Global, regional, and national burden of traumatic brain injury and spinal cord
injury, 1990–2016: a systematic analysis for the Global Burden of Disease Study
2016. Lancet Neurol. 18, 56–87. doi: 10.1016/S1474-4422(18)30499-X

Giza, C. C., and Hovda, D. A. (2014). The new neurometabolic cascade
of concussion. Neurosurgery 75(Suppl. 4), S24–S33. doi: 10.1227/NEU.
0000000000000505

Grady, M. S., Charleston, J. S., Maris, D., Witgen, B. M., and Lifshitz, J.
(2003). Neuronal and glial cell number in the hippocampus after experimental
traumatic brain injury: analysis by stereological estimation. J. Neurotrauma 20,
929–941. doi: 10.1089/089771503770195786

Griffin, P., Dimitry, J. M., Sheehan, P. W., Lananna, B. V., Guo, C., Robinette, M. L.,
et al. (2019). Circadian clock protein Rev-erbα regulates neuroinflammation.
Proc. Natl. Acad. Sci. U.S.A. 116, 5102–5107. doi: 10.1073/pnas.1812405116

Hayashi, Y., Koyanagi, S., Kusunose, N., Takayama, F., Okada, R., Wu, Z., et al.
(2013). Diurnal spatial rearrangement of microglial processes through the
rhythmic expression of P2Y12 receptors. J. Neurol. Disord. 1:120. doi: 10.4172/
2329-6895.1000120

Hehar, H., Yeates, K., Kolb, B., Esser, M. J., and Mychasiuk, R. (2015). Impulsivity
and concussion in juvenile rats: examining molecular and structural aspects of
the frontostriatal pathway. PLoS One 10:e0139842. doi: 10.1371/journal.pone.
0139842

Hunter, A. J., Hatcher, J., Virley, D., Nelson, P., Irving, E., Handigham, S. J.,
et al. (2000). Functional assessments in mice and rats after focal stroke.
Neuropharmacology 39, 806–816. doi: 10.1016/s0028-3908(99)00262-2

Jasinska, M., Grzegorczyk, A., Jasek, E., Litwin, J. A., Kossut, M., Barbacka-
Surowiak, G., et al. (2014). Daily rhythm of synapse turnover in mouse
somatosensory cortex. Acta Neurobiol. Exp. 74, 104.s–110.s.

Jasinska, M., Grzegorczyk, A., Woznicka, O., Jasek, E., Kossut, M., Barbacka-
Surowiak, G., et al. (2015). Circadian rhythmicity of synapses in mouse
somatosensory cortex. Eur. J. Neurosci. 42, 2585–2594. doi: 10.1111/ejn.13045

Leker, R. R., and Shohami, E. (2002). Cerebral ischemia and trauma–different
etiologies yet similar mechanisms: neuroprotective opportunities. Brain Res.
Rev. 39, 55–73. doi: 10.1016/s0165-0173(02)00157-1

Lindner, M. D., Plone, M. A., Cain, C. K., Frydel, B., Francis, J. M., Emerich,
D. F., et al. (1998). Dissociable long-term cognitive deficits after frontal versus
sensorimotor cortical contusions. J. Neurotrauma 15, 199–216. doi: 10.1089/
neu.1998.15.199

Maas, A. I., Stocchetti, N., and Bullock, R. (2008). Moderate and severe traumatic
brain injury in adults. Lancet Neurol. 7, 728–741. doi: 10.1016/S1474-4422(08)
70164-9

Mao, H., Elkin, B. S., Genthikatti, V. V., Morrison, B. III, and Yang, K. H. (2013).
Why is CA3 more vulnerable than CA1 in experimental models of controlled
cortical impact-induced brain injury? J. Neurotrauma 30, 1521–1530. doi: 10.
1089/neu.2012.2520

Martínez, E. H. (2011). [Traumatismo Craneoencefálico, Fundamentos de
Patología, Fisiopatología Clínica, Diagnóstico Y Tratamiento.], 1st Edn. Mexico:
Trillas.

Martínez-Tapia, R. J., Chavarría, A., and Navarro, L. (2020). Differences in diurnal
variation of immune responses in microglia and macrophages: review and
perspectives. Cell Mol. Neurobiol. 40, 301–309. doi: 10.1007/s10571-019-00736-
x

Martinez-Vargas, M., Estrada-Rojo, F., Tabla-Ramon, E., Navarro-Argüelles, H.,
Ortiz-Lailzon, N., Hernández-Chávez, A., et al. (2012). Sleep deprivation has
a neuroprotective role in a traumatic brain injury of the rat. Neurosci. Lett. 529,
118–122. doi: 10.1016/j.neulet.2012.09.037

Martínez-Vargas, M., Gonzalez-Rivera, R., Soto-Nuñez, M., Cisneros-Martinez,
M., Huerta-Saquero, A., Morales-Gomez, et al. (2006). Recovery after a
traumatic brain injury depends on diurnal variations. Effect of cystatin C.
Neurosci. Lett. 400, 21–24. doi: 10.1016/j.neulet.2006.02.010

Martinez-Vargas, M., Morales-Gomez, J., Gonzalez-Rivera, R., Hernandez-
Enriquez, C., Perez-Arredondo, A., Estrada-Rojo, F., et al. (2013). Does the
neuroprotective role of anandamide display diurnal variations? Int. J. Mol. Sci.
14, 23341–23355. doi: 10.3390/ijms141223341

Martinez-Vargas, M., Porras-Villalobos, M. G., Estrada-Rojo, F., Martinez-
Tapia, R. J., Perez-Arredondo, A., Barajas-Martinez, A., et al. (2019).
“Neuroprotection, photoperiod and sleep,” in Traumatic Brain Injury, ed. Y.
Zhou (London: InTechOpen).

Martinez-Vargas, M., Soto-Nuñez, M., Tabla-Ramon, E., Solis, B., Gonzalez-Rivera,
R., Perez-Arredondo, A., et al. (2014). Cystatin C has a dual role in post-
traumatic brain injury recovery. Int. J Mol Sci. 15, 5807–5820. doi: 10.3390/
ijms15045807

Menon, K. D., Schwab, K., Wright, D. W., Maas, A. I., and Demographics and
Clinical Assessment Working Group of the International and Interagency
Initiative toward Common Data Elements for Research on Traumatic Brain
Injury and Psychological Health (2010). Position statement: definition of
traumatic brain injury. Arch. Phys. Med. Rehabil. 91, 1637–1640. doi: 10.1016/j.
apmr.2010.05.017

Moinard, C., Neveux, N., Royo, N., Genthon, C., Marchand-Verrecchia, C.,
Plotkine, M., et al. (2005). Characterization of the alteration of nutritional state
in brain injury induced by fluid percussion in rats. Intensive Care Med. 31,
281–288. doi: 10.1007/s00134-004-2489-9

Frontiers in Neuroscience | www.frontiersin.org 11 September 2020 | Volume 14 | Article 564992

https://doi.org/10.1016/j.expneurol.2004.11.025
https://doi.org/10.1523/JNEUROSCI.3621-17.2018
https://doi.org/10.1016/j.expneurol.2015.02.011
https://doi.org/10.1007/s12035-017-0524-4
https://doi.org/10.3389/fnins.2014.00408
https://doi.org/10.1097/00000658-197909000-00002
https://doi.org/10.1097/00000658-197909000-00002
https://doi.org/10.3233/RNN-2012-120232
https://doi.org/10.3233/RNN-2012-120232
https://doi.org/10.1016/s0039-6109(05)70105-5
https://doi.org/10.1016/s0039-6109(05)70105-5
https://doi.org/10.1016/j.nicl.2013.12.009
https://doi.org/10.1186/s13104-018-3258-0
https://doi.org/10.1161/01.str.0000020714.48349.4e
https://doi.org/10.3109/02699052.2013.831127
https://doi.org/10.3109/02699052.2013.831127
https://doi.org/10.1016/j.bbi.2014.11.009
https://doi.org/10.1016/j.bbi.2014.11.009
https://doi.org/10.1177/0192623310389621
https://doi.org/10.1016/S1474-4422(18)30499-X
https://doi.org/10.1227/NEU.0000000000000505
https://doi.org/10.1227/NEU.0000000000000505
https://doi.org/10.1089/089771503770195786
https://doi.org/10.1073/pnas.1812405116
https://doi.org/10.4172/2329-6895.1000120
https://doi.org/10.4172/2329-6895.1000120
https://doi.org/10.1371/journal.pone.0139842
https://doi.org/10.1371/journal.pone.0139842
https://doi.org/10.1016/s0028-3908(99)00262-2
https://doi.org/10.1111/ejn.13045
https://doi.org/10.1016/s0165-0173(02)00157-1
https://doi.org/10.1089/neu.1998.15.199
https://doi.org/10.1089/neu.1998.15.199
https://doi.org/10.1016/S1474-4422(08)70164-9
https://doi.org/10.1016/S1474-4422(08)70164-9
https://doi.org/10.1089/neu.2012.2520
https://doi.org/10.1089/neu.2012.2520
https://doi.org/10.1007/s10571-019-00736-x
https://doi.org/10.1007/s10571-019-00736-x
https://doi.org/10.1016/j.neulet.2012.09.037
https://doi.org/10.1016/j.neulet.2006.02.010
https://doi.org/10.3390/ijms141223341
https://doi.org/10.3390/ijms15045807
https://doi.org/10.3390/ijms15045807
https://doi.org/10.1016/j.apmr.2010.05.017
https://doi.org/10.1016/j.apmr.2010.05.017
https://doi.org/10.1007/s00134-004-2489-9
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-564992 September 25, 2020 Time: 20:0 # 12

Martinez-Tapia et al. Diurnal Variation in Traumatic Brain Injury

Møller, A. R. (2011). Anatomy and Physiology of Motor Systems. In: Intraoperative
Neurophysiological Monitoring. New York, NY: Springer.

Namdar, I., Feldman, R., Glazer, S., Meningher, I., Shlobin, N. A., Rubovitch, V.,
et al. (2020). Motor effects of minimal traumatic brain injury in mice. J. Mol.
Neurosci. 70, 365–377. doi: 10.1007/s12031-019-01422-9

Naseri Kouzehgarani, G., Bothwell, M. Y., and Gillette, M. U. (2020). Circadian
rhythm of redox state regulates membrane excitability in hippocampal CA1
neurons. Eur. J. Neurosci. 51, 34–46. doi: 10.1111/ejn.14334

Neumann, M., Wang, Y., Kim, S., Hong, S. M., Jeng, L., Bilgen, M., et al. (2009).
Assessing gait impairment following experimental traumatic brain injury in
mice. J. Neurosci. Methods 176, 34–44. doi: 10.1016/j.jneumeth.2008.08.026

O’Neill, J. S., and Feeney, K. A. (2014). Circadian redox and metabolic oscillations
in mammalian systems. Antioxid. Redox Signal. 20, 2966–2981. doi: 10.1089/
ars.2013.5582

Ozolins, B., Aimers, N., Parrington, L., and Pearce, A. J. (2016). Movement
disorders and motor impairments following repeated head trauma: a systematic
review of the literature 1990–2015. Brain Inj. 30, 937–947. doi: 10.3109/
02699052.2016.1147080

Paxinos, G., and Watson, C. (1998). The Rat Brain Stereotaxic Coordinates. London:
Academic Press.

Raj, K., Bhatia, R., Prasad, K., Srivastava, M. V. P., Vishnubhatla, S., and Bhushan
Singh, M. B. (2015). Seasonal differences and circadian variation in stroke
occurrence and stroke subtypes. J. Stroke Cerebrovasc. Dis 24, 10–16. doi: 10.
1016/j.jstrokecerebrovasdis.2014.07.051

Ripamonti, L., Riva, R., Maioli, F., Zenesini, C., and Procaccianti, G. (2017). Daily
variation in the occurrence of different subtypes of stroke. Stroke Res. Treat.
2017:9091250. doi: 10.1155/2017/9091250

Rodgers, K. M., Deming, Y. K., Bercum, F. M., Chumachenko, S. Y., Wieseler, J. L.,
Johnson, K. W., et al. (2014). Reversal of established traumatic brain injury-
induced, anxiety-like behavior in rats after delayed, post-injury neuroimmune
suppression. J. Neurotrauma. 31, 487–497. doi: 10.1089/neu.2013.3090

Roome, R. B., and Vanderluit, J. L. (2015). Paw-dragging: a novel, sensitive analysis
of the mouse cylinder test. J Vis Exp. 98, e52701. doi: 10.3791/52701

Rosenbaum, S. B., and Lipton, M. L. (2012). Embracing chaos: the scope and
importance of clinical and pathological heterogeneity in mTBI. Brain Imaging
Behav. 6, 255–282. doi: 10.1007/s11682-012-9162-7

Savchenko, V. L., Nikonenko, I. R., Skibo, G. G., and McKanna, J. A. (1997).
Distribution of microglia and astrocytes in different regions of the normal adult
rat brain. Neurophysiology 29, 343–351. doi: 10.1007/BF02463354

Stenvers, D. J., van Dorp, R., Foppen, E., Mendoza, J., Opperhuizen, A. L., Fliers,
E., et al. (2016). Dim light at night disturbs the daily sleep-wake cycle in the rat.
Sci. Rep. 6:35662. doi: 10.1038/srep35662

Takayama, F., Hayashi, Y., Wu, Z., Liu, Y., and Nakanishi, H. (2016).
Diurnal dynamic behavior of microglia in response to infected bacteria
through the UDP-P2Y6 receptor system. Sci. Rep. 6:30006. doi: 10.1038/srep
30006

Tan, Y., Yuan, Y., and Tian, L. (2020). Microglial regional heterogeneity and its role
in the brain. Mol. Psychiatry. 25, 351–367. doi: 10.1038/s41380-019-0609-8

Tennant, K. A., Asay, A. L., Allred, R. P., Ozburn, A. R., Kleim, J. A., and Jones,
T. A. (2010). The vermicelli and capellini handling tests: simple quantitative
measures of dexterous forepaw function in rats and mice. J. Vis. Exp. 41:2076.
doi: 10.3791/2076

Tsenter, J., Beni-Adani, L., Assaf, Y., Alexandrovich, A. G., Trembovler, V., and
Shohami, E. (2008). Dynamic changes in the recovery after traumatic brain
injury in mice: effect of injury severity on T2-weighted MRI abnormalities, and
motor and cognitive functions. J. Neurotrauma 25, 324–333. doi: 10.1089/neu.
2007.0452

Tsuda, S., Hou, J., Nelson, R. L., Wilkie, Z. J., Mustafa, G., Sinharoy, A., et al. (2016).
Prolonged hippocampal cell death following closed-head traumatic brain injury
in rats. Neuroreport 27, 724–729. doi: 10.1097/WNR.0000000000000598

Verdugo-Díaz, L., Estrada-Rojo, F., Garcia-Espinoza, A., Hernandez-Lopez, E.,
Hernandez-Chavez, A., Guzman-Uribe, C., et al. (2017). Effect of intermediate-
frequency repetitive transcranial magnetic stimulation on recovery following
traumatic brain injury in rats. Biomed. Res. Int. 2017:4540291. doi: 10.1155/
2017/4540291

Vinall, P. E., Kramer, M. S., Heinel, L. A., and Rosenwasser, R. H. (2000). Temporal
changes in sensitivity of rats to cerebral ischemic insult. J. Neurosurg. 93, 82–89.
doi: 10.3171/jns.2000.93.1.0082

Zhang, Z., Wang, H. J., Wang, D. R., Qu, W. M., and Huang, Z. L. (2017). Red light
at intensities above 10 lx alters sleep-wake behavior in mice. Light Sci. Appl.
6:e16231. doi: 10.1038/lsa.2016.231

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Martinez-Tapia, Estrada-Rojo, Lopez-Aceves, Rodríguez-Mata,
Perez-Torres, Barajas-Martinez, Garcia-Velasco, Ugalde-Muñiz and Navarro. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 12 September 2020 | Volume 14 | Article 564992

https://doi.org/10.1007/s12031-019-01422-9
https://doi.org/10.1111/ejn.14334
https://doi.org/10.1016/j.jneumeth.2008.08.026
https://doi.org/10.1089/ars.2013.5582
https://doi.org/10.1089/ars.2013.5582
https://doi.org/10.3109/02699052.2016.1147080
https://doi.org/10.3109/02699052.2016.1147080
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.07.051
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.07.051
https://doi.org/10.1155/2017/9091250
https://doi.org/10.1089/neu.2013.3090
https://doi.org/10.3791/52701
https://doi.org/10.1007/s11682-012-9162-7
https://doi.org/10.1007/BF02463354
https://doi.org/10.1038/srep35662
https://doi.org/10.1038/srep30006
https://doi.org/10.1038/srep30006
https://doi.org/10.1038/s41380-019-0609-8
https://doi.org/10.3791/2076
https://doi.org/10.1089/neu.2007.0452
https://doi.org/10.1089/neu.2007.0452
https://doi.org/10.1097/WNR.0000000000000598
https://doi.org/10.1155/2017/4540291
https://doi.org/10.1155/2017/4540291
https://doi.org/10.3171/jns.2000.93.1.0082
https://doi.org/10.1038/lsa.2016.231
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Diurnal Variation Induces Neurobehavioral and Neuropathological Differences in a Rat Model of Traumatic Brain Injury
	Introduction
	Materials and Methods
	Animals
	Experimental Design
	TBI
	Neurobehavioral Scale
	Cylinder Test
	Tissue Processing and Staining
	Image Acquisition
	Morphometric Analysis
	Statistical Analyses

	Results
	General Health Parameters Vary Depending Upon the Time of TBI Induction
	Neurobehavioral Scale and Cylinder Test Scores Vary Depending Upon the Time of TBI Induction
	The Time of Day at Which TBI Occurs Determines the Degree of Cell Injury in the Perilesional Zone (Motor Cortex) of the CNS
	TBI-Induced Neuronal Damage Is Specific to Certain Hippocampal Subregions and Follows a Diurnal Pattern

	Discussion
	Conclusion
	Limitations
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


