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Abstract
Traumatic Brain Injury (TBI) is the most prevalent of all head injuries, and based on the severity of the
injury, it may result in chronic neurologic and cognitive deficits. Microglia play an essential role in
homeostasis and diseases of the central nervous system. We hypothesize that microglia may play a
beneficial or detrimental role in TBI depending on their state of activation and duration.

In the present study, we evaluated whether TBI results in a spatiotemporal change in microglia phenotype
and whether it affects sensory-motor or learning and memory functions in male C57BL/6 mice. We used
a panel of neurological and behavioral tests and a multi-color flow cytometry-based data analysis
followed by unsupervised clustering to evaluate isolated microglia from injured brain tissue. We
characterized several microglial phenotypes and their association with cognitive deficits. TBI results in a
spatiotemporal increase in highly activated microglia that correlated negatively with spatial learning and
memory at 35 days post-injury. These observations could define therapeutic windows and accelerate
translational research to improve patient outcomes.

Introduction
Microglia are the central nervous system (CNS) resident innate immune cells that play critical
physiological roles in the healthy and injured brain. They detect and rapidly respond to any disruption in
the status quo of the CNS, including infections or tissue injury, and often act to remove cellular debris 1.
The activation of microglia from their resting surveillance state occurs within minutes of the injury and is
critical for recovery. However, prolonged activation may be detrimental and contribute to secondary
damage. When the microglia are activated in response to any disruption, this activation alters their gene
expression and morphology 2. Although they have distinctive lineage, microglia resemble blood-derived
macrophages that infiltrate the CNS from the periphery in response to tissue damage 3. Microglia are
usually classified into the classical M1 phenotype that is considered proinflammatory, and the M2 anti-
inflammatory is thought to be involved in neural repair 4. However, more recent data suggest that
microglia's activation status is on a continuum between anti- and pro-inflammation rather than a rigid
dichotomous phenotype 5.

Chronic neuroinflammatory response to an acquired brain insult such as a TBI contributes to the injury
and lengthens or halts recovery 6. In chronic neuroinflammation, microglia remain activated for an
extended period during which the production of repair mediators is sustained longer than usual 7. Of note,
chronic microglial activation has also been linked to most, if not all, neurodegenerative diseases like
Alzheimer’s disease, amyotrophic lateral sclerosis, and Parkinson’s disease 8–10. In humans with
traumatic brain injury (TBI), microglial activation has been reported as early as 72 hours after injury 11,
and it can persist for months after injury 12. 

TBI is the most prevalent of all CNS injuries and results in chronic neurologic and cognitive deficits 13. TBI
causes cell death and neurologic dysfunction through secondary injury mechanisms characterized by
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edema, neuronal cell death, glial activation, and infiltration of peripheral immune cells 14. Extensive
research has been conducted investigating the role of microglia after head injury and its interaction with
the neural microenvironment suggesting a role for microglia in the injury process as well as in
neurotransmission and maintenance of synaptic integrity 15. TBI initiates a neuroinflammatory cascade
that persists over time and may lead to prolonged cognitive deficits. The regional distribution of
microglial activation is yet to be determined. Some studies found chronic activation in the thalamus,
others in the hippocampus in addition to the injury site 16. Despite evidence showing a significant role for
microglia in the pathogenesis of TBI, no studies to date have examined the spatiotemporal microglial
activation response after injury and explored its potential correlation with cognitive deficits 17–19.

Here we hypothesized that TBI would result in phenotypic changes in the microglial cell population that
persists for a long time after the injury. We also hypothesized that chronic microglial activation is
associated with cognitive deficits. We analyzed the spatiotemporal course of microglia changes isolated
from the injured brain up to 35 days after controlled cortical impact (CCI) in mice. We used conventional
flow cytometry techniques followed by bioinformatics-based multi-parametric methods that are not
constrained by assumptions or bias. We observed heterogeneity in microglia phenotypes and temporal
changes in microglia subpopulations following TBI. A particular subpopulation that we called
hyperactivated microglia was correlated with chronic deficits in learning and spatial memory after injury.

Methods

Animals
The Institutional Animal Care and Utilization Committee (IACUC) of the American University of Beirut
(AUB) approved this study. The study is reported in accordance with ARRIVE guidelines64. C57BL/6 mice
were obtained from the Animal Care Facility of the American University of Beirut and housed in a
controlled environment (12 h reverse light/dark cycles, 22 ± 2°C). All efforts were made to reduce the
number of animals used and their suffering. All animals were handled and fed regular chow and water ad
libitum.

Controlled cortical impact injury (CCI) model.

Open head injury was performed to induce TBI in mice, using the electromagnetic controlled cortical
impact device (Leica Impact One Angle with Leica Angle Two™ Stereotaxic Instrument, Biosystems,
Buffalo Grove, IL, USA), as described previously 65. Briefly, adult (8 weeks old) C57BL/6 mice (~ 22–25 g,
n = 30) were anesthetized with a mixture of Ketamine (50 mg/kg, Panpharma) and Xylazine (15 mg/kg,
Interchemie), injected intra-peritoneally. Animals were placed in a stereotactic frame in a prone position
and secured by ear and incisor bars. The target site was set parasagittal between Bregma and Lambda
(somatosensory area of the parietal cortex) with standard coordinates (+ 1.0 mm AP, + 1.5 mm ML, and − 
2 mm DV), where craniotomy was made. Bone was removed using a drill, and the injury was induced by
impacting the left cortex with a pneumatic piston containing a 1 mm diameter tip at a rate of 4 m/s. Mild
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CCI in the somatosensory area was produced with an impact of 0.5 mm depth, whereas severe CCI with 2
mm depth into the cortical tissue. The animals were rapidly removed from the stereotaxic frame, sutured,
and kept in a holding cage on a heating pad until recovery from anesthesia. In sham-operated control
mice, anesthesia was given, and a craniotomy was performed, but no injury was induced. To estimate the
lesion volume, a series of the five brain sections of each animal were stained with hematoxylin and eosin
(H & E staining) and analyzed using a 1.6 × objective and a computer image analysis system ImageJ.
Each hemisphere's volume was calculated by measuring the hemisphere's area, subtracting the lesion
area from each section, and multiplying by the section thickness and the sampling interval based on
Paxinos and Watson atlas of the mouse brain (Fig. 9).

Neurological tests
A total of 30 mice were used, randomized into 3 groups: sham, mild TBI (mTBI), and severe TBI (sTBI), of
10 mice each. Mice (~ 20 g, 6 weeks old) were allowed two weeks of habituation after arrival and handled
for 7 consecutive days before surgery. After the injury (D0), the neurological and cognitive tests were
performed, using: Pole climbing, adhesive removal test, spontaneous object and location recognition
memory tests, and the Morris water maze, at three different time-points: acute 48 hours, subacute 7 days,
and chronic 35 days. Animals were sacrificed and used for microglia isolation.

Pole climbing test
This test assesses motor performance and coordination in mice 66. Each mouse was placed head up on
the top of a vertical rod (height = 60 cm, diameter = 1 cm). The mouse is supposed to turn and descend by
gripping without slipping. The time needed for the mouse to reach the bottom (t-total) was recorded; also,
the t-turn (time at which the mouse turned head down on the rod), the t-half (time at which the mouse
reached half of the rod), and the t-stop (Amount of time the mouse stopped on the rod), were recorded.

Adhesive removal test
The adhesive removal test, a sensory measure, was performed 48h, 7 days, and 35 days post-TBI. Three
consecutive experimental trials were conducted for each mouse. Briefly, a strip of tape (0.5 cm x 0.5cm
dimensions) was placed on the mouse snout, and the time needed for each mouse to sense (Time-to-
contact) and remove (Time-to-remove) the adhesive tape was recorded.

Spontaneous object and location recognition memory (OR)
Spontaneous object recognition depends on the innate capacity of rodents to discriminate a novel from a
familiar object (previously encountered). The test was performed as described previously 67. Briefly, mice
were placed in the center of an open field at the beginning of each trial and freely explored the open field
and objects. At the end of each trial (5min), mice were removed from the open fields and placed in their
home cages next to each testing area for the inter-trial interval (ITI-5 min). The open fields and objects
were cleaned with 70% ethanol during the ITI. During Trial 1, the animal explored an empty open field.
During trials 2 to 4, three identical objects were placed near the corners of each open field. The objects'
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configuration remained unchanged during trials 2 to 4 to allow the mice to encode the objects' shape and
location. Object recognition was examined in Trial 5 and 6 after replacing one familiar object with a novel
object. Object recollection or response to spatial novelty was examined in Trial 7–8 after moving the
novel object to a new location in the open field. All data were recorded by a video camera suspended
above the 4 open fields and connected to image analyzer software (Any Maze-IL-USA®). The zones were
located 5 cm around each object on the software, and the software recorded the time the animal spent in
each zone with their head directed toward the object.

Morris Water Maze (MWM)
To test spatial learning and memory, the Morris Water Maze was used. The animals learn the location of
a submerged platform using constellations of external cues. The MWM was conducted as previously
described 68. A fixed submerged platform was placed within the pool for the animals to use as an escape.
On Day 31 post-trauma, all the animals were placed in a circular dark-colored water tank, 0.55-meter
depth and 1-meter diameter, filled with room temperature water (25–26°C) made opaque by adding
Tempera® washable, non-toxic white paint. An invisible transparent escape platform of 30 cm height and
10 cm diameter was placed in the mid-NE quadrant, 1.5 cm below the water's surface. The pool was in a
large testing room, where there were at least 3 external and visible cues such as pictures. The cues and
the experimenter's location (North-East quadrant) were kept constant throughout the experiment. Each
mouse was tested for 4 consecutive days, 3 trials per day, and on day 35, only 1 probe trial was
performed; the platform is removed from the pool, and the time the animals spend searching where the
platform was located is measured. Typically, the normal animal will spend more time searching in the
quadrant where the platform was located, indicating spatial memory. The pool was divided into four
equal quadrants designated as North East, South East, North West, and South West. At the start of each
trial, each mouse was placed in one of the four quadrants. The starting point was fixed in the South
quadrant, followed by North, then East, and West. Only on the first testing day, a one-minute trial 0 was
performed before the learning trials. Trial 0 was conducted with a visible flag attached to the visible
platform to guide the animal to the platform and ensure the animals do not have any visual deficits.
Following trial 0, the platform was submerged, and the animals were expected to locate the platform
based on their spatial learning and memory. The mice were then placed in each quadrant facing the
tank's wall and allowed to swim until they found the platform or for a maximum of 60 seconds. Once the
animals reached the platform, they were left on it for 30 seconds before being returned to their cage for
an inter-trial interval of 60 seconds. If the animal was unable to find the platform within 60 seconds, the
trial was terminated. In this case, the experimenter guided the animal to the platform and allowed it 30
seconds of exploration before returning to its' cage. Time spent to find the platform (latency to escape-
NE) during the testing days was used to evaluate spatial learning. Time to reach the platform or escape
latency is commonly used to assess spatial learning; here, we slightly changed the presentation of the
results by calculating cumulative (total of 3 trials/day) latency to the platform that accounts for
acquisition and incremental spatial learning of all trials. On day 35 (probe trial), the percentage time
traveled in the target zone was used as an index of spatial memory. A video camera recorded the
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performance, and the time spent in each quadrant was acquired and analyzed using an automated
tracking system (Any Maze-IL-USA®).

Microglia isolation and Flow Cytometry
After completing the neurological and learning and memory tests, the mice were sacrificed at acute
(48hrs), sub-acute (7-days), and chronic (35-days) time points. Brains were collected and dissected to
isolate the different regions of interest: the hippocampus, the thalamus, and the cortex from the
contralateral and the ipsilateral hemispheres 69. Briefly, after brain dissociation, immune cells were
enriched over a percoll gradient to remove myelin and other debris, protocol adapted from 70. The cells
were then labeled with antibodies against CD11b, CD45, F4/80, CX3CR1, CD68, CD206, IA/AE, and TNF-α,
then measured by fluorescence-activated cell sorting (FACS) (Table 1).

Table 1
Fluorochrome-conjugated antibodies clones.

Fluorochrome-conjugated antibody Clone

PerCP-Cy5.5 anti- mouse CD45 30-F11

BV421/50 anti- mouse CD11b M1/70

APC anti-mouse F4/80 BM8

PE-Cy7 anti-mouse CD206 C068C2

PE anti- mouse CD68 FA-11

FITC anti-mouse CX3CR1 SA011F11

BV610/20 anti-mouse TNFa MP6-XT22

BV710/50 anti-mouse IA/IE M5/114.15.2

Flow Cytometry Standard file was combined into a single flow cytometry standard file to define spatially
distinct populations. Mean fluorescence intensity (MFI) is presented on a “logical” scale, as previously
described 71, and viable cells were selected from all events. We next applied t-distributed stochastic
neighbor embedding (TSNE), a nonlinear dimension reduction method that projects data into a lower-
dimensional space. The algorithm represents the distance between any two points by the probability of
these two points being neighbors 72. We used the R package R-tsne, default parameters for TSNE
implementation (iterations = 1000, perplexity = 30, θ = 0.5). Because we are interested in changes in cell
populations' density across different conditions, the TSNE was followed by the unsupervised K-means
clustering to cluster cells based on different markers' expression. K-means is a commonly used clustering
algorithm for single-cell analysis after dimensionality reduction 73.

Statistical analysis
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Unless otherwise indicated, all values presented are mean ± SEM. Fisher exact test was used to calculate
the significance of categorical variables. A paired wise χ2 test with Bonferroni correction is used to
compare the different clusters of cells per group and conditions after K-means clustering. We have used
the Kruskal-Wallis test followed by Dunnett's post-test or ANOVA followed with Bonferroni corrections for
multiple comparisons. We have used linear regression to measure the association between microglia
frequencies and latency to the platform on the MWM. The two-tailed p-value was considered significant
when < 0.05. The bioinformatics analysis was done using the SPSS ver.19 and Graph-pad prism 5.

Results
Neurological and cognitive assessment

Traumatic brain injury affects motor and sensory performance.

We evaluated the performance of mice on the pole climbing test. At 48h, mice with mild and severe TBI
performed significantly worse than sham-injured mice as indicated by the total time taken by the animals
to descend the pole (mild:11.7 ± 0.6 and severe: 21.4 ± 3.6 vs. 6.4 ± 0.8 seconds, P < 0.001 and P <
0.0001 respectively). Less time is indicative of better motor coordination and balance. Both TBI groups
showed recovered motor performance at 7- and 35-days post-injury (dpi) in comparison to their
performance at 48h after injury (7d: 7.1 ± 0.4 and 8.7 ± 1, P < 0.05 and P < 0.01 respectively; 35d: 8.9 ± 2
and 8.1 ± 1, P < 0.01) (Figure 1, a-d). 

Furthermore, we found group differences among the sham, mTBI, and sTBI groups in time to sense and
remove the stimuli on the adhesive removal test (Figure 1, e-f). At 48h post-TBI, the mean time to sense
and remove the tape was significantly higher in mild and severe-TBI mice than the sham group (mild:21.4
± 3 and severe: 25.9 ± 4 vs. sham: 8.4 ± 1.5 seconds, P < 0.05 and P < 0.01 respectively). The sensory
deficit persisted on day 7 in both injury groups (mild:17.7 ± 5.8, and severe: 20.9 ± 3.5 vs. sham: 8.2 ± 3.7
seconds, P < 0.01). However, 35 days post-TBI, only the group that received severe injury showed
persistent sensory deficits compared to sham (15.4 ± 2.5 vs. 7.9 ± 3.5 seconds, P < 0.05).

Severe traumatic brain injury causes long-term cognitive deficits. 

Spontaneous object recognition test

During the sample phase (learning trial), the time spent acquiring information about the objects, such as
size and shape, was measured as exploration time. To exclude position preference, the mean time spent
exploring each object in the 3 corners of the box within each group was compared (phase 1), and no
significant differences were found (data not shown). When comparing the time spent exploring the
different objects during this phase, the sham group spent more time exploring all the objects at 48 h
compared to animals with mild and severe TBI: (sham total exploratory time 24.9 ± 3.8 vs. mild 7.4 ± 2.7
and severe 12.9 ± 2.5 seconds, P < 0.0001 and P < 0.01 respectively).
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On the Novelty test (phase 2), one familiar object was replaced with a novel one. The exploration time of
the remaining two familiar objects and the novel one was compared. At all time-points, the sham animals
spent more time exploring the novel object than animals with mild and severe TBI (Figure 2, a, c and e). 

The same novel object was then moved to a novel position on the novel location test (phase 3). At all
time-points, the sham animals spent more time exploring the novel object/location than the animals with
mild and severe TBI (Figure 2, b, d, and f). Animals with mild and severe TBI, at 7- and 35-days post-
trauma, showed persistent impaired spontaneous object recognition compared to the sham animals.

The Morris water maze test

Both the sham and mTBI mice showed similar learning curves 31-35 days post-injury. However, as
expected, a longer latency to the platform was found after a severe TBI compared to the Sham and mTBI
on all days. The group with severe TBI showed little learning during the four trial days, indicating impaired
spatial learning that persisted up to 35 days (Figure 3, a). When examining the percentage time spent in
the target quadrant and the latency to correct quadrant (data not shown), the animals with mild injury
were similar to the sham group, unlike the animals post severe TBI who remained significantly impaired.
The same was found when we examined the percentage of time spent swimming in the correct quadrant
on the probe trial (Figure 3, b) (day 5). The animals with mTBI performed like the sham and remembered
where the platform was located, whereas the animals with a severe injury did not, indicating impaired
spatial memory (Figure 3, c).

Microglia Isolation and typing

Conventional Flow cytometry analysis identified microglia and infiltrating macrophages.

To investigate the dynamics of microglial activation following TBI, we isolated microglia from different
brain regions: hippocampus, thalamus, and cortex ipsilateral and contralateral to the injury site. Live cells
were stained with anti-CD11b, CD45 and CX3CR1. Figure 4 a-b shows representative flow cytometry
scatter plots that were used to measure the frequency of microglia in the different parts of the brain.
Interestingly, starting at 48 hours post-TBI the frequency of isolated microglia (CX3CR1hi) increased in all
regions studied in both mild and severe TBI groups. In the mild TBI group the increase in microglia was
significant in the ipsilateral cortex at 48 hours, and in both ipsi- and contralateral cortices at 7 days. While
in the severe TBI group, a significant increase was noted in all investigated regions at 48 hours. This
increase in frequency remained significant in the cortical areas and hippocampi on days 7 and 35 (except
for the ipsilateral cortex on day 35). The thalamus showed significantly increased microglia frequency at
48 hours bilaterally, but only the increase in the ipsilateral thalamus remained significant at day 7 and the
contralateral thalamus on day 35. Furthermore, myeloid cells (CD45hi CX3CR1lo) likely representing
infiltrating macrophages were detected at 48h in the ipsilateral side in the three investigated brain regions
of the severe TBI group only. These cells were not detected at subacute and chronic time points. The
increase of microglia numbers in both hemisphere of injured mice reflects a diffuse injury that extends
beyond the injury site.
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Microglia activation markers, mainly CD11b, CD206, TNFa and AIEI, were found upregulated at 48h post-
injury. Even though the markers were increased in both hemispheres, the highest MFIs were noted on the
ipsilateral side. As one would expect, microglia markers followed the same dynamics as observed for the
cell frequencies in figure 4 c. almost all activation markers that were upregulated at the early time point
return to baseline on day 7. However, on day 35 we observed a re-emergence of these markers in the
brains of the severe TBI group. The increase of IAIE, which is considered a marker of activation in
microglia 20, at this later time point suggests that microglia are chronically activated. The activation was
noticeable at the level of the ipsilateral Hippocampus and the contralateral thalamus and cortex (figure
5). TNFa, the inflammatory cytokine, was found to follow the same pattern as Class II, suggesting that
the chronically activated microglia are likely proinflammatory (Data not shown).

Non-linear Dimensionality Reduction Reveals Multiple Distinct Microglia Cell States 

To investigate the phenotypic heterogeneity and dynamics of cells after traumatic brain injury, we used
the combination of 8 markers projected into the two-dimensional space followed by cluster analysis. This
method allowed the characterization of several subpopulations of cells.

The markers CD11b and TNFa contributed the most to the model as was shown by the sum of square
error (Figure 6, a). We identified a population of infiltrating macrophages (CD45hi, CD11bhi, CX3CR1lo,
CD68-, F4/80-, CD206hi, TNFa-, IA/IEhi) and three populations of microglia that were characterized by a
relatively high expression of CX3CR1 and CD68. These cells could be divided into three clusters: microglia
cluster 1 (CD45+, CD11bhi, CX3CR1++, CD68++, F4/80lo, CD206+, TNFa-, IA/IE+) microglia cluster 2
(CD45+, CD11blo, CX3CR1++, CD68++, F4/80lo, CD206+, TNFa+, IA/IE+), and highly activated microglia
(CD45++, CD11bhi, CX3CR1hi, CD68hi, F4/80+, CD206 hi, TNFa++, IA/IE ++) (Figure 6, b).

Clusters 1 and 2 are similar for most markers, except for significantly higher CD11b and lower TNFa
expression in cluster 1 compared to cluster 2. The third cluster, representing highly activated microglia, is
characterized by increased expression of almost all the markers, especially TNFa and IAIE (Figure 6, c).

In the non-injured brains, the relative proportions of identified clusters were different between brain
regions. The predominant population is from cluster 1, with a smaller percentage of cluster 2 cells.
Interestingly, highly activated microglia are also found at a very low frequency throughout the different
parts of the control brains (Figure 7). At 48 hours after TBI, we observed an increase in highly activated
microglia (cluster 3) in the cortex of mild TBI animals and all brain regions of severe TBI animals. These
cells resolved by day 7 in both TBI groups. Interestingly, cluster 3 cells reappeared on day 35 in the cortex
and subcortical area of severe TBI mice. Furthermore, we have documented a switch in abundance
between cluster 1 and cluster 2 at the injury site 48 hours dpi (Figure 7). Although cluster 2 decreases at
the later time points in animals with severe TBI, these cells persist with a frequency significantly higher
than in the sham group. Also, we noted an equivalent increase of cluster 2 in both the mild TBI and severe
TBI 7 days post injury. However, the level of cluster 2 goes down in the mTBI group at 35 days but
remains significantly higher in the severe TBI group compared to the rest of the groups. The increase in
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cluster 2 types of microglia and highly activated microglia at the acute time point suggests a
proinflammatory environment early after the injury in both mild and severe TBI.

The highly activated microglia correlate with learning deficit.

To explore the association between the changes in microglial phenotype with spatial learning and
memory, we performed the Morris water maze on day 31 to 34 followed by microglia isolation in 24 mice
included in the four experimental groups, normal, sham, mild TBI and severe TBI. The aim here was to
investigate microglial phenotype within the hippocampus and thalamus as they are critical in the
formation and processing of spatial learning and memory 21. As expected, mice with severe TBI showed
significant spatial learning and memory deficits (Figure 8, a). Furthermore, these mice showed increased
highly activated microglia at 35 days post-injury (Figure 8, b). Using general linear regression, we found
that the frequency of the highly activated microglia explained up to 47% of the variability observed in the
cumulative latency to the platform, indicating a possible relationship between the existence of activated
microglia and spatial learning/memory deficit chronically after the injury (Figure 8, c & d). Microglia
clusters 1 and 2 did not contribute much to the model and showed no correlation with cumulative latency
to platform.

Discussion
In the present study, we investigated whether CCI traumatic brain injury results in a spatiotemporal
phenotypic change in microglia and if these changes are linked to a neurologic and cognitive deficit in a
mouse model. Microglia are the brain immune cells, and they are implicated in almost all physiological
processes in the CNS and play an important role in several inflammatory and neurodegenerative
diseases. Chronic changes in microglia phenotype and function, support the notion that chronic
microglial dysfunction may contribute to the chronic progressive neurodegeneration that are observed
years after head injury 19. However, the precise role of microglia in neuroinflammation following TBI and
leading to neurological, sensory-motor and cognitive, deficits at acute, subacute, and chronic time points
after TBI remain to be defined.

Here, we provided insights into the dynamics of several microglial marker expression after injury using
multi-color flow cytometry coupled with an unbiased bioinformatics approach to characterize microglia in
the different brain compartment after injury. We used CX3CR1 and the classical CD11b and CD45 22

markers to identify microglia although we have also verified the cell lineage with microglia-specific
marker TMEM119, and macrophage-specific marker CCR2 23 (data not shown).

At 48 hrs after CCI, both the mild and severe TBI groups showed statistically significant sensory-motor
and cognitive deficits compared to the sham animals 24. At this acute time point, the number of microglia
increased in the ipsilateral cortex in the mild injury group, while the number doubled in the severe TBI
group in both hemispheres suggesting diffuse activation. Similar studies done in rodents described an
increase from 2 to 20-fold of the number of cells in the injured brain 25,26. An increase in the numbers of
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isolated cells is attributed to resident microglia proliferation and expansion and peripheral cell infiltration
25,27. It is reported that infiltrating monocytes and neutrophils respond quickly by crossing the blood-brain
barrier and penetrating the injured tissue 27,28. We found that infiltrating macrophages were only observed
in the ipsilateral hemisphere of severe TBI (Figure 4) 29. Surprisingly, infiltrating macrophages were not
proinflammatory as they do not express TNFa and have a very high expression of CD206 the mannose
receptor that is usually expressed on M2 macrophages, an observation in line with a previous report
showing that macrophages in TBI have a mixed M1/M2 profile30. Interestingly, these cells were not found
when the injury was mild, suggesting a possible threshold for the impact to solicit peripheral cells
infiltration. Probably the mild injury produced here didn’t result in the disruption of the blood-brain barrier
which leads to limited recruitment of circulating myeloid cells to the injured site 31. Although neutrophils
have an important role post-injury as they are the first responders, we elected to focus on microglia as the
cells most likely responsible for the long-term damage 32. When we looked at microglia markers at 48
hours post-injury, we found that almost all markers were upregulated mainly on the ipsilateral side
suggesting activation of these cells. Microglia activation corresponds to new biological functions 25.
These changes are readily visualized in immunohistochemistry imaging, previously reported in rodents
33–36. Early activation of microglia after TBI has been observed in animal models 37–39 and in humans 40.
Persistent inflammation is also known to occur for up to one year after injury in rodents 41 and for several
years in humans 42.

While there is agreement about the persistent activation of microglia after TBI, the phenotype and
functional aspects of these microglia remain less clear. Earlier studies have focused on the increased
number of microglia at different time point after injury 43 and morphological evidence of activation 44.
Using the M1/M2 phenotype scheme adapted from peripheral macrophages,  researchers reported
dysregulation of the anti-inflammatory M2 phenotype in association with chronic microglial activation
41,45,46. However, mass cytometry and single-cell transcriptomic analysis reveal that microglia often
present mixed phenotypes 47,48 and that the M1/M2 scheme may be an oversimplification49.

An upregulation of Class II MHC and CD11b in chronically activated microglia 50 is consistent with our
observations. High levels of CD11c and CD14 expression have been described in geriatric microglia, and
chronic neuroinflammation may predispose to other neurologic disorders such as Alzheimer’s disease 51.

In normal brains, our results showed that microglia are predominantly of cluster 1 with a ratio close to 2
to 1 in comparison to cluster 2, this was seen in all investigated regions. At 48 hours after injury, all the
identified microglial populations increased in the injured brains as an indication of active proliferation.
We noted at this time point a shift in the predominance between Cluster 1 and 2, suggesting that the
injury microenvironment at 48 hours is pro-inflammatory as cluster 2 express significantly higher TNFa.
As for cluster 3, these cells were found highly upregulated only in injured brain, even in mice that
underwent the sham procedure.
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At seven days post injury, the animals with mTBI showed complete recovery of motor deficits but not the
sensory functions. Both sensory-motor functions remained impaired after the severe TBI. Both animal
groups showed persistent spontaneous object recognition deficits post injury52,53. The highly activated
microglia were nearly undetected at this time point with the persistence of the inflammatory cluster 2 in
the cortex but not in the subcortical areas. Interestingly, at the chronic time point, sensory-motor and
cognitive deficits were sustained post severe TBI and highly activated cells reappeared in injured brains
along with persistence of cluster 2 cells suggesting an increase in the inflammatory background. An
interesting observation in this study is the resolution of the highly activated microglia population at day 7
and its reappearance at the chronic time points. Previous studies have shown a bimodal change in
microglia morphology 54 in the mouse model. This observation raises the possibility that after resolution
of the acute injury, the second wave of activation may be triggered by late neuronal or axonal injury. This
is in line with the delayed appearance of neurofibrillary tangles observed in humans after a single TBI 40.

In this study, we did not observe any patterns in the spatial distribution of the microglia populations in the
severe TBI group suggesting that activation of microglia is already diffuse and includes ipsilateral,
contralateral as well subcortical regions at 48 hours. In the mild TBI group, the proliferation of microglia
was mostly observed on the ipsilateral cortex at 48hrs and ipsilateral cortex and hippocampus at 7 days.

Experimental studies in models of traumatic brain injury have shown that the majority of microglia and
recruited macrophages at the site of injury have mixed pro and anti-inflammatory-like activation profiles,
but that the anti-inflammatory-like response is short-lived and there is a phenotypic shift towards a
proinflammatory-like dominant response within one week of injury 54. Others have demonstrated
prolonged activation of microglia in the subcortical areas at 28 days after injury 43,55. Here, the identified
macrophages profile fits an anti-inflammatory response at 48h. Whether macrophages and their cross-
talk with microglia have a role in downregulating inflammation at 7 days is difficult to judge in our
experimental setting 56. Since both pro-and anti-inflammatory paths associated with overexpression of
the same markers, it may be necessary to add additional parameters, such as cytokine expression 57. In-
depth characterization of the phenotype is also important for therapy after TBI as the timing of
attenuating therapy delivery is critical for success 58.

Sensory-motor and cognitive deficits are prevalent post traumatic brain injury of all intensities and based
on severity may persist for years after the injury52,59 . Spontaneous object recognition and spatial
learning and memory deficits found in this research are in line with our previous and other research
studies60,61. Yet, to our knowledge few research characterized the cognitive deficits systematically over
time, at acute, sub-acute and at chronic time points. The different tests used in this research study
allowed for the early detection of the sensory motor and cognitive deficits and monitoring its persistence
up to 35 days post injury while examining the course of microglial activation. The deficits seen after a TBI
of mild intensity are often subtle and harder to detect in small animals. We have uncovered the sensory-
motor and cognitive deficits at the acute and sub-acute time points in the animals with mild TBI. We have
also found activation of the pro-inflammatory microglia at these same time points which warrant further
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investigation and analysis of these early intervals, as it may shed light into a possible therapeutic window
for TBI management of any intensity.

Finally, to link microglial phenotypes to cognitive deficit we have investigated the microglia response
within the subcortical areas, as they are critical in the formation and processing of spatial learning,
memory and relaying sensory and motor signals. The deficits seen on the MWM were increasing in
relation to the severity of the injury as previously reported 62. We found that each 1 % increase in the
frequency of highly activated microglia at day 35 corresponds to an approximately 6-second increase in
the cumulative latency to platform on the MWM indicating a decrease in the learning curve. Whether the
presence of highly activated microglia is the cause of the spatial learning deficit cannot be concluded
from our studies. The microglia may become activated by injured neurons or axons and requires further
investigation. We also need to explore the same microglial activation pattern while using both cognitive
tests, the spontaneous object recognition and the MWM at the acute phases in both mild and severe TBI.

Our study has some limitations; first, the panel of antibodies and the numbers of markers included are
limited by the capacity of the conventional flow cytometer. Future studies using high throughput mass
cytometry will be of interest. Second, sex differences are also reported comparing activation of microglia
following TBI in adult female and male mice 63; in our study, we used only male mice. In conclusion,
using a nonbiased high-dimensional immune profiling of microglia in TBI, we revealed the immune
landscape of sub-acute and chronic microglial activation. These results significantly extend our
knowledge of how TBI affect long term deficits and will serve ultimately to define regions of interest and
treatment windows to evaluate the efficacy of therapy.
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Figure 1

Neurological tests: (a-d) Pole climbing test. (a) t-total: Time needed to reach the bottom of the vertical
rough-surfaced pole. (b) t-half: time needed to reach half of the pole. (c) t-turn: time at which the mouse
turned head down on the pole. (d) t-stop: Amount of time mouse stopped on the pole. (e-f) Adhesive
removal test. (e) The time needed to sense (time-to-contact) and (f) to remove (time-to-remove) the tape.
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Kruskal-Wallis test followed by Dunnett's multiple comparison post‐test. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001

Figure 2

Time spent exploring the novel versus familiar objects during phase 2 (novel object) and phase 3 (novel
location) of spontaneous object and location recognition memory test at 48h (A-B), 7 days (C-D) and 35
days (S-F). Kruskal-Wallis test followed by Dunnett's multiple comparison post‐test. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.
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Figure 3

Morris water maze at 35 days (a) Escape latency to reach the platform between different groups
presented as a cumulative time to the platform. (b) Representative Morris water maze performance in
different groups, n = 10/group. (c) In the MWM probe trial, time spent in the target quadrant. Kruskal-
Wallis test followed by Dunnett's multiple comparison post‐test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.
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Figure 4

Flow cytometry staining of microglia and other myeloid cells. (a) Representative scatter plot using
microglial marker CD45 and CX3CR1. (b) Representative scatter plot using microglial marker CD45 and
CD11b. (c) Percentage of cells for each of the experimental group at the various time points in the 3 brain
regions. Bold numbers in red are considered significant (p < 0.05) by fisher exact test in comparison to the
sham group of the same time point.
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Figure 5

Microglial IAIE mean fluorescence intensity detected by FACS presented per group, time points, regions,
and sides. Significance is calculated in reference to the sham of the same condition using ANOVA
followed by Bonferroni correction for multiple comparisons *p < 0.05, **p < 0.01.
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Figure 6

Non-linear dimensionality reduction using t-distributed stochastic neighbor embedding (t-SNE) and
cluster analysis. (a) Sum of the squared error to identify the markers with the highest variability among
clusters. (b) TSNE plot showing the four different clusters. (c) The distributions of the different markers in
relation to the four identified clusters.
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Figure 7

Overall Percentage of cell clusters per group, time points, and regions. Significance is calculated in
reference to the Sham by Chi-square test followed by Bonferroni for multiple comparison post‐test. *p <
0.05.

Figure 8
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The relation between spatial learning deficit and microglia activation. (a) Cumulative latency to platform
showing spatial learning curve and deficit in severe TBI group. (b) Frequency of highly activated microglia
in subcortical areas. (c) Pearson correlation between cumulative latency to the platform and activated
microglia frequency. (d) Linear regression output showing the relationship between the different cell
clusters and the cumulative latency to the platform (dependent variable). (*p < 0.05).

Figure 9

Controlled cortical impact (CCI)-induced brain injury. Representative sections shown were stained with
hematoxylin and eosin. The data represent the percentage lesion volume as assessed two days following
the impact. The mean lesion volume of the animals with severe injury (n = 3; 8.31% ± 3.35) was more
significant than the animals with mild injury (n = 2; 3.58% ± 0.33).


