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Abstract
Time course of changes in neuroinflammatory processes in the dorsal and ventral hippocampus was
studied during the early period after lateral fluid-percussion-induced neocortical traumatic brain injury
(TBI) in the ipsilateral and contralateral hemispheres. In the ipsilateral hippocampus, neuroinflammation
(increase in expression of pro-inflammatory cytokines) was evident from day 1 after TBI and ceased by
day 14, while in the contralateral hippocampus it was mainly limited to the dorsal part on day 1. TBI
induced an increase in hippocampal corticosterone level on day 3 bilaterally and an accumulation of Il1b
on day 1 in the ipsilateral hippocampus. Activation of microglia was observed from day 7 in different
hippocampal areas of both hemispheres. Neuronal cell loss was detected in the ipsilateral dentate gyrus
on day 3 and extended to the contralateral hippocampus by day 7 after TBI. The data suggest that TBI
results in distant hippocampal damage (delayed neurodegeneration in the dentate gyrus and microglia
proliferation in both the ipsilateral and contralateral hippocampus), the time course of this damage being
different from that of the neuroinflammatory response.

Introduction
A leading cause of disability among young people is traumatic brain injury (TBI), a damage to the brain
that occurs as a result of exposure to external mechanical force [1, 2, 3]. TBI can result in temporary or
permanent impairments of cognitive and motor functions as well as the development of other
neurological complications [1, 4]. The prognosis of the disease depends on the nature, localization, and
severity of the injury[4, 5].
Regardless of the injury severity, the delayed period after TBI in lots of patients is associated with the
development of comorbid cognitive disorders, down to dementia, as well as emotional disturbances,
commonly depression [6], which are believed to be associated with the dysfunction of the hippocampus.
The casual involvement of the hippocampus in posttraumatic brain pathology is rather unexpected in
mild TBI since the damage is focal, does not directly affect hippocampus and, as a rule, has an obvious
effect only in the cerebral cortex [4, 5]. Deeper structures, including the hippocampus, are not directly
damaged at the moment of injury, and their delayed damage is distant, relative to the region of primary
damage. The TBI-induced distant damage may involve not only the ipsilateral, but also the contralateral
hippocampus (see [6, 7] for review).
Mechanical damage of cerebral tissue during TBI results in the cell death and the release of molecules
that activate and maintain neuroinflammatory cascades [8, 9]. These events are accompanied by a
change in the number and shape of microglial cells; activation of the synthesis of proinflammatory
cytokines (IL-1b, IL-6, TNFa) and other inflammation-related paracrine factors (chemokines,
prostaglandins, reactive nitrogen and oxygen species); disruption of the blood-brain barrier integrity and
the recruiting of immune cells from the peripheral circulation. It is suggested that these out-of-control
neuroinflammatory processes may underlie post-traumatic cognitive and emotional disturbances.
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Previous studies with experimental models of traumatic brain injury reported changes in protein
concentration of proinflammatory cytokines such as IL-1b, IL-6 and TNFa, as well as the levels of gene
expression of these cytokines in the neocortex and hippocampus. These studies were focused on the
changes occurring in the injured cortical area [10–18]. Using various models of TBI, different groups have
shown that the protein levels of IL-1b, IL-6 and TNFa increase rapidly after injury and remain elevated in
the ipsilateral part of the cortex up to 5-7 days after TBI. In contrast, changes in the hippocampal tissue
are much less studied and, therefore, less understood.
Using a model of controlled cortical injury, it was shown that the local cortical trauma results in changes
of cytokine expression in the ipsilateral hippocampus. An increase in the protein level of IL-1b on day 21
[19], IL-6 on days 3 and 21 [19, 20], as well as TNFa on days 2 and 21 after TBI [12, 19] were reported.
Similarly, an increase in the concentrations of the IL-1b mRNA and protein in the entire hippocampus 3, 8,
12, 48 hours after a diffuse brain injury was detected in the Marmarou’s weight-drop model of TBI [21,
22]. Similar changes were observed in studies using the lateral fluid-percussion model of TBI [17, 18]. In
these experiments, a rapid increase in Tnf and Il1b mRNA levels and in respective proteins was observed
in both the ipsilateral and contralateral regions of the cortex and hippocampus 1, 3, 24 and 72 hours after
TBI. It was demonstrated that in the ipsilateral hemisphere a sharp increase in the level of both cytokine
mRNA expression and the respective protein occurred during the very early period after the injury (1h and
3h), and in 24 hours the levels of these cytokines return to those of sham-operated animals. In the
contralateral hemisphere, the changes were also present, though they were less pronounced: a slight
reversible increase in the concentration of TNFa (both in the cortex and in the hippocampus) and IL-1b (in
the hippocampus only). In different TBI models, these changes in the cytokine concentrations were
accompanied by changes in the state of microglia at different time points, not only in the neocortex [14,
20, 23, 24], but also in the hippocampus [14, 20, 25].
It should be noted that the hippocampus is highly heterogeneous, both structurally and functionally.
Regarding septo-temporal gradient of this structure, two main regions are usually studied, the dorsal
hippocampus and the ventral hippocampus [7, 26]. Different involvement of the dorsal and ventral
hippocampus in the realization of different brain functions may be potentially associated with different
changes occurring in these hippocampal areas after TBI. However, a detailed analysis of the changes
occurring in the dorsal and ventral hippocampus after TBI has not been performed. In addition, from the
perspective of understanding, predicting and treating the neuroinflammation-related consequences of
TBI, one of important factors may be the proximity of the hippocampus to the damaged area of the
neocortex. However, this issue was entirely neglected in previous studies.
In the present study, we investigated the time course of changes in the levels of gene expression
associated with the neuroinflammation and stress reactivity in the dorsal and ventral hippocampus,
corticosterone and proinflammatory cytokines concentrations in the dorsal and ventral hippocampus and
blood serum, as well as the hippocampal microglia state during early period after TBI.

Materials And Methods
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All procedures were performed in accordance with the ARRIVE guidelines and the U.K. Animals (Scientific
Procedures) Act, 1986 and associated guidelines, EU Directive 2010/63/EU for animal experiments, or the
National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No.
8023, revised 1978). The experimental protocol was approved by the Ethics Committee of Institute of
Higher Nervous Activity and Neurophysiology, Russian Academy of Sciences (protocol number 10,
December 10, 2012). All efforts were made to minimize animals' suffering.
Animals
The study was performed on 146 male 6 months old Wistar rats (BW327-455 g; median 380 g). The
animals were purchased in the "Stolbovaya" Breeding Center (Moscow Region) and were housed in acrylic
cages with spruce shavings provided as bedding, in the institutional vivarium. The rats were kept at 12 h:
12 h day cycle, with free access to food and water.
The animals were randomly divided into 3 groups: 69 rats received lateral fluid-percussion brain injury; 60
rats were subjected to a scull trepanation without a brain injury (sham operated group); 18 rats formed
the intact control group without surgical manipulations.
Experimental Protocol and Surgery
All surgical procedures were performed under inhalational anesthesia with 2-3% isoflurane. Scull
trepanation was made in the right parietal bone (3-mm aperture, AP=3 mm, L=3 mm). The head of a Luertype injection needle was fixed at the margin of the trepanned aperture with cyanoacrylate glue. Lateral
fluid percussion brain injury (3.03±0.03 atm) was applied after recovery from anesthesia using a Fluid
Percussion Device with the PC-Based Pressure Measurement Unit (Model FP302, USA). After TBI, the
animals were returned to their home cages.
For biochemical analysis, the animals were sacrificed by decapitation using a guillotine, on days 1 (sham,
n=9; TBI group, n=8), 3 (10 and 7 rats, respectively), 7 (11 and 7, respectively) and 14 (10 and 14,
respectively). The brain was removed and briefly cooled in ice-cold saline. The hippocampus was
isolated, and its ipsilateral and contralateral parts were divided into ventral and dorsal portions.
Decapitation blood was sampled and centrifuged at 1500g and 40C for 15 min to obtain serum. For
histological analysis, the rats were sacrificed under isoflurane anesthesia by the arterial perfusion with
4% formaldehyde solution in 0.1M phosphate buffer, pH 7.4, on days 3 (11 shams and 8 rats from TBI
group) and 7 (9 and 12 rats, respectively). The control groups for biochemical and histological analysis
(n= 9 and 8 rats, respectively) were sacrificed similarly to respective experimental groups, and the
biological material sampled accordingly.
Histology and Morphometry
Fifty-µm sections of rat brains were prepared using a vibratome. Sections located 600 µm apart with
coordinates between 2.1 and 5.8 mm from the bregma were selected for further analysis. The sections
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were stained using the Nissl method. Immunohistochemical staining for ionized calcium-binding adaptor
molecule 1 (Iba1), a microglial marker, was performed using polyclonal rabbit-anti-Iba1 (Dako, Denmark)
diluted 1:500 with secondary antibodies (goat anti-rabbit IgG, Alexa Fluor, USA) diluted 1:1500.
Microphotographs of the sections stained by the Nissl method were made using a Keyence BZ-X700
microscope (magnification x20). Microphotographs of immunohistochemically stained sections were
made using a ZEISS Apotome microscopy (magnification x20). Further calculations of microglial cells
were made using ImageJ program. Microglial cells in Iba-stained sections and neurons in Nissl-stained
sections were counted in the field 150х150 µm in the polymorphic layer of the dentate gyrus (DG), CA1
and CA3 areas of the hippocampus. Representative microphotographs used for morphological
descriptions and cell counts are presented in Fig. S1 (Nissl staining) and Fig. S2 (Iba1 immunostaining of
microglial cells in the hippocampal dentate gyrus).
Tissue Homogenization
The ipsilateral and contralateral dorsal and ventral hippocampal tissue samples were homogenized using
a Potter homogenizer in a 10-fold excess of cold buffer for homogenization (0,1% NP-40, the protease
inhibitor (Roche), phosphate-buffered saline (PBS) with 10 impacts of the pestle at a rotation speed of
1000 rpm. The homogenate was additionally triturated with a 1 ml pipette, then 50 μl was taken into an
Eppendorf test tube with 500 μl of the reagent for RNA isolation Qiazol (Qiagen). This part of the
homogenate was used for PCR analysis. The rest of the homogenate was centrifuged (16900 g, 15 min,
4°С). The supernatants were used to determine the levels of proinflammatory cytokines and
corticosterone by ELISA. The aliquots were stored at -800C until use.
Enzyme-linked Immunosorbent Assay (ELISA)
To determine serum and hippocampal corticosterone levels kits for enzyme-linked immunosorbent assay
(Kit Corticosterone for 96 tests, cat. no. EIA4164; DRG) were used; the kits allow to detect both free and
bound corticosterone by a competitive ELISA method.
The levels of proinflammatory cytokines IL-1 β, IL-6, TNFα in the serum and the hippocampus of rats were
measured by R&D Systems Quantikine ELISA Kits according to the manufacturer's instructions (cat.№
SRLB00; cat.no. SR6000B; cat.no. SRTA00).
RNA Extraction and Reverse Transcription
RNA was isolated using Qiazol reagent according to the manufacturer’s recommendations. Before cDNA
synthesis, 1 μg of RNA was treated with DNase I (DNase I, Thermo Fisher) according to the
manufacturer’s recommendations. Then RNA was used to synthesize cDNA using a mix of random
decaprimer and oligo(dT)-primer by means of the MMLV RT Kit (Evrogen) in accordance with the
manufacturer’s recommendations.
Quantitative Real-Time Polymerase Chain Reaction (PCR)
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The gene expression was analyzed using qPCRmix-HS SYBR+LowROX (Evrogen) in accordance with the
manufacturer’s recommendations by means of a quantitative PCR system CFX384 (Bio-Rad). Nucleotide
sequences of primers used are shown in Table S1.
The relative quantity (RQ) of transcripts was assessed using the 2-ΔΔCt method, taking into account the
efficiency of the reaction with respect to the expression of the Hprt2 and Ywhaz genes; the data in the
graphs are presented as RQ.
Statistical Analysis
The variable values were not normally distributed and groups had different variances (according to
Shapiro-Wilk and Levene tests). The significance of differences between the experimental groups was
determined by the Mann-Whitney test in the Python 3.7 SciPy software package. The data on graphs are
presented as box plots: bars represent medians, boxplots represent quartiles, whiskers represent Q11.5*IQR and Q3+1.5*IQR. For all groups, n≥6.

Results
Analysis of hippocampus morphology after TBI
We found that lateral fluid percussion-induced TBI altered the tissue morphology in the DG, CA1 and CA3
areas of the hippocampus. The analysis of neuronal cell density revealed that TBI induced cell loss
occurring in both the ipsilateral and contralateral DG without any obvious effects in CA1 and CA3 areas.
The time course of cell loss in the contralateral and ipsilateral DG was different: in the ipsilateral part it
was observed on day 3 (Fig. S3), while in the contralateral DG, it appeared only on day 7 after TBI (Fig. 1).
Neuronal degeneration may be potentially associated with microglial activation; therefore, we analyzed
the status of microglia using Iba1 staining. An increase in the number of microglial cells became evident
only on day 7 after TBI in both hemispheres in ventral and dorsal parts of the hippocampus (Fig. 2).
Unexpectedly, neuronal cell death on day 3 in the ipsilateral dorsal hippocampus was not associated with
microgliosis (Fig. S4).
To expand the data on the status of microglia, we performed measurements of changes in mRNA
expression of microglial markers Cx3cr1 and Ncf1, as well as fractalkine (Cx3cl1), a major neuronal
cytokine regulating the state of microglia. No changes were observed in gene expression levels of the
chemokine fractalkine Cx3cl1 (Fig. S5) when we compared the TBI and sham-operated groups; however,
in contralateral parts of the hippocampus and the ipsilateral dorsal hippocampus we found a decrease in
fractalkine expression in sham-operated animals as compared to respective intact groups during first
days after he operation. Similarly, the expression of fractalkine receptor also decreased on the first day in
all hippocampal parts, except of the ipsilateral dorsal hippocampus as compared to both sham-operated
and intact animals. Analyzing the effect of TBI, we observed a significant increase in Cx3cr1 expression
in all hippocampal parts (Fig. S6) on the first day. In the contralateral hippocampi, this increase ceased by
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day 3 (Fig. S6 a, c) whereas in the ipsilateral hippocampus, it remained elevated for at least 7 days and
declined to baseline on day 14 (Fig. S6 b, d). Changes in mRNA of another microglial marker, Ncf1, were
similar to those of Cx3cr1; TBI resulted in an increase in its expression which ceased by day14, however,
this increase was observed only in the ipsilateral hippocampus (Fig. S7). Thus, these data support
morphological data showing long-term activation of microglia after TBI.
TBI-induced changes in the level of stress-related markers
Corticosterone is a well-known marker of stress response and, therefore, we measured its level in different
hippocampal regions and blood serum. Corticosterone concentration increased in all parts of the
hippocampus of the ipsilateral and contralateral hemispheres on day 3 after TBI, and by day 7 it dropped
to the level observed in sham-operated animals (Fig. 3). The time course of corticosterone level in the
blood serum was the similar to that in the hippocampus (Fig. S8a).
It is known that the corticosterone binds to glucocorticoid and mineralocorticoid receptors for realizing its
physiological response [6]. These receptors are abundant in the cells of the hippocampus, and changes in
their expression and related signaling may reflect changes in the response of hippocampal cells to
changes in corticosterone concentration.Therefore we have analyzed hippocampal mRNA expression of
glucocorticoid (Nr3c1) and mineralocorticoid (Nr3c2) receptors. In addition, the stress response in the
hippocampus may involve corticotropin-releasing hormone (Crh) signaling since some hippocampal
interneurons synthesize CRH, a peptide hormone involved in stress response, and express two types of its
receptors (Crhr1 and Crhr2) are present on hippocampal cells. However, did not TBI induce significant
changes in the expression of Crh (Fig. S9), Crhr1 (Fig. S10), Crhr2 (Fig. S11), Nr3c1 (Fig. S12) and Nr3c2
(Fig. S13).
Time course of cytokine response after TBI
First, we evaluated changes in the concentrations of IL-1b, IL-6 and TNFa in the blood serum after TBI. No
changes in serum level of three cytokines measured could be revealed after TBI as compared with shamoperated groups (Fig. S8 b-d).
In contrast to the blood cytokines, expression of these cytokines in the hippocampus changed
significantly both after TBI as compared with sham-operated animals and in sham-operated animals as
compared with controls. It should be noted that the mRNA of Il1b increased in sham-operated animals in
both the ipsi- and contralateral hippocamusas compared to intact animals (Fig. 4). A stronger effect was
observed in the dorsal hippocampus (Fig. 4 a, b) where trepanation induced an increase in Il1b mRNA
occurring on day 3 and remaining at a high level until day 14. The ventral hippocampus appeared to be
less sensitive to trepanation since an increase in the Il1b mRNA was observed only on day 14 after the
surgery (Fig. 4 c, d). The mRNA level of Il6 and Tnf was virtually insensitive to trepanation: we observed a
statistically significant increase in Tnf mRNA only in the ipsilateral ventral hippocampus on day 14 (Fig.
5d).
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TBI resulted in a pronounced increase in the mRNA expression of the Il1b, Tnf, and Il6 in the ipsilateral
dorsal and ventral hippocampus as well as in the contralateral dorsal hippocampus as compared to
sham-operated animals. This response reached a maximum on day 1 after TBI. Further, level of the Il1b
(Fig. 4) and Tnf (Fig. 5) genes expression decreased by day 14 to the level observed in sham-operated
animals. The time course of Il6 expression differed substantially from that of the above cytokines. Il6
level decreased already on day 3 in all parts of the hippocampus, though it increased again in the
ipsilateral dorsal hippocampus on day 7after the injury (Fig. 6).
We also measured protein levels of IL-1b and IL-6 in the hippocampal parts and found that the
concentration of IL-1b significantly increased on day 1 after injury in the regions of the hippocampus in
the ipsilateral hemisphere only (Fig. 7). The level of the IL-6 protein in the hippocampus was not affected
by either sham operation or TBI (Fig. S14).

Discussion
During the last decades it became evident that focal brain injuries (particularly, most prevalent of them,
TBI and stroke) induce distant ("secondary") damage of remote brain structures. In this regard,
hippocampus is one of primary candidates for such a distant damage. Selective vulnerability of the
hippocampus to different harmful factors has been well documented (see [7] for review). One of the
hypotheses explaining the causes and mechanisms of remote hippocampal damage after focal injuries
of other brain regions suggests that pathological changes to the hippocampus are glucocorticoiddependent [6]. According to this hypothesis, the excess of glucocorticoids secreted after a focal brain
injury which is stressogenic by nature, interacts with corticosteroid receptors abundant in the
hippocampus and activates signal transduction pathways which stimulate neuroinflammation.
Subsequent events may include hippocampal neurodegeneration and disturbances in neurogenesis in the
subgranular niche [32]. According to this hypothesis, over-activation of hypothalamic-pituitary-adrenal
axis may be the central triggering event of remote hippocampal damage and subsequent dysfunction.
The hippocampus, a complex heterogeneous brain structure, is integrating cognitive and emotional
response, the dorsal part being mostly involved in learning and memory, while the ventral part - in stressresponse and emotions [33]. This is a strong reason why hippocampal dysfunction may underlie delayed
brain disturbances, both neurological and psychiatric ones, induced by focal brain damage of other brain
regions.
The long-term period after TBI, regardless of the severity of the damage and the preservation of integrity
of deep brain structures, is often associated with comorbid dementia and depression, which are
attributable to hippocampal dysfunction. These effects of TBI were also described in experimental
animal models and are believed to be associated with remote hippocampal damage [27; 28]. In this study,
using a lateral fluid percussion model of TBI, we show that cortical damage results in a gradual
escalation of structural changes in the hippocampus, both ipsilaterally and contralaterally to cortical
injury site. Cortical damage also induces microglial proliferation, a cellular hallmark of
neuroinflammation, in the hippocampus. On day 3 after TBI, a decrease in the density of neurons in the
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DG was found only in the ipsilateral hippocampus. By day 7, neuronal cell loss spread to the
hippocampus of the contralateral hemisphere. At this time point, it was accompanied by an increase in
the number of microglial cells not only in the DG, where neurons undergo degeneration, but also in the
CA3 and CA1 subfields. It is generally believed that neuroinflammation associated with microglial
activation is a pre-requisite of neurodegeneration, however, this suggestion is not supported by our data.
Moreover, vice versa, proliferation of microglia follows the initial neuronal cell loss. The delay between
neuronal cell death and microgliosis in the DG as well as proliferation of microglia in CA3 area suggest
that there may be some independent factors triggering delayed proliferation of microglia and neuronal
cell death in the hippocampus. The fact that neurodegeneration first appears in the contralateral DG may
indicate the involvement of acute physical effects of cortical trauma impact on subcortical structures.
However, further spreading of neuronal cell loss to the contralateral hemisphere may be a sign of
subsequent switching mechanisms of distant hippocampal damage.
It is known that brain trauma leads to activation of neuroinflammatory cascades in the hippocampus and
release of pro-inflammatory cytokines [12, 17-22]. Here we confirm previous reports from other groups
that neuroinflammation occurs with different intensity in different parts of both contra- and ipsilateral
hippocampus [17, 18]. Moreover, we extend previous data by showing that the time course of cytokine
response is different not only in the ipsilateral and contralateral hippocampus but also depends on the
septo-temporal gradient, differing in the dorsal and ventral parts of the hippocampus. Indeed, our data
suggest that a complex multidimensional pattern of pro-inflammatory cytokine expression induced by
TBI is likely to exist in the hippocampus. This pattern may be determined by the nature of the cytokine,
specific hippocampal area, physical proximity to the impact region (the ipsilateral vs. contralateral
hemisphere), and the position in the septo-temporal gradient (the ventral vs. dorsal part).
Interestingly, our measurements of Il1b and Il6 in the hippocampus at level of protein and mRNA revealed
different time course of changes after TBI. There may be several reasons for this inconsistency. An
increase in Il1b mRNA reflects activation of microglia and, possibly, perivascular macrophages in
response to changes in the state of hippocampal tissue. The strong increase in mRNA level during the
first day after TBI inevitably results in the elevation of protein level. However, at later stages, a probable
increase in the protein level of IL-1b may be masked by a number of processes: (i) intensification of IL-1b
turnover, while an increase in IL-1b is compensated by an enhanced protein consumption and
degradation; and (ii) neuroinflammation developing in the hippocampus after TBI may be accompanied
by an increase in the permeability of blood-brain barrier and stronger leakage of cytokines to blood flow.
The latter suggests that the changes in mRNA expression reflect response of cells to TBI whereas the
protein level is a more complex parameter affected by different factors, and an accurate interpretation of
cytokine protein levels requires knowledge on the rate of their degradation and washout from the tissue.
The use of sham operated animals is believed to be a panacea providing a good surgery control in
models of diseases including surgery stages. It would be more honest recognizing that the use of shams
suggests that effects of a surgery used to model a human disease which in fact does not include surgery
can be just easily subtracted from the complex changes in the experimental groups. This assumption is
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most likely erratic since physiological responses to different damage (e.g. craniotomy and brain trauma
per se in modeling TBI) imply myriads of mechanisms at different levels, both common and specific.
Thus, the approach just to subtract changes of sham groups from those of experimental groups (what we
are actually doing when using shams) is imperfect, but so far the only possible one. Previously, it has
been shown that modeling TBI by lateral fluid percussion, though remains a golden standard in the field,
does nevertheless have some drawbacks complicating the interpretation of the results obtained. For
example, it was shown that craniotomy (sham operation) resulted in a drastic increase in the blood level
of corticosterone, while brain trauma itself did not induce any additional effects on this parameter in the
acute period after TBI [29]. We further extended these observations by finding that trepanation by itself
can cause long-lasting changes in the expression of some cytokines (Cx3cl1, Il1b, Tnf) in the
hippocampus without changes at morphological level. The alterations demonstrated in the sham
operated animals may affect the resulting outcome of neuroinflammation after TBI. This finding may be
very important for pharmacological studies when some drugs are applied to modulate
neuroinflammation after TBI.
Finally, brain trauma is accompanied by a generalized stress response of the body, which activates the
hypothalamic-pituitary-adrenal axis. This universal response to an injury accompanied by release of
corticosterone in rodents (cortisol in humans), may be closely related with pro-inflammatory events both
in the brain, and in the whole organism [6]. In a model of diffusion TBI induced by midline fluid
percussion, it has been found that the TBI-induced increase in blood corticosterone level lasts for at least
one day [30]. However, in lateral percussion model, the increase in blood level of corticosterone is
transient and comparable to the increase induced by trepanation in shams [29]. Here, we measured the
concentration of corticosterone in the decapitation blood and in the hippocampal tissue. In agreement
with the data reported in [29], we observed no robust increase in blood or hippocampal corticosterone 1
day after TBI. Instead, the concentrations of corticosterone increased only on day 3 after TBI in the
hippocampus of both hemispheres and in the blood, then they returned to the level of sham-operated
animals. The nature of corticosterone elevation on day 3 is not clear, however, this increase in
corticosterone level may be important for the loss of neuroinflammation processes regulation occuring
after TBI. It has been known for many years that glucocorticoids, and corticosterone in particular, are able
to suppress of inflammatory response, this feature ensuring the clinical use of corticosteroids as
antiinflammatory agents. However, many studies have suggested that a prolonged increase in
corticosterone can lead to its conversion from anti-inflammatory to pro-inflammatory, specifically
inducing neuroinflammation in the hippocampus (see [31] for review). Therefore, the increase in blood
corticosterone and corticosterone accumulation in the hippocampus on day 3 after TBI may be one of
factors enhancing neuroinflammation at later stages after TBI and inducing adelayed activation of
microglia in hippocampal areas.
In conclusion, the early period after lateral fluid-percussion-induced traumatic injury of the neocortex in
rats is associated with a neuroinflammatory cytokine response, neuronal death and microglia
proliferation in the hippocampus. However, the time course of these processes is different, depending not
Page 11/24

only on the time period after TBI, but also on the proximity to the impact area (ipsilateral or contralateral)
and position along the septo-temporal axis (the dorsal or ventral parts of the hippocampus).
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Figure 1
Nissl staining of neurons in hippocampal regions on day 7 after TBI. DG (dentate gyrus), CA1, CA3 –
hippocampal regions. The density of neurons in the DG of the dorsal hippocampus decreased bilaterally
(a, b) in TBI group as compared to shams. a Contralateral Dorsal Hippocampus (CDH); b Ipsilateral
Dorsal Hippocampus (IDH); c Contralateral Ventral Hippocampus (CVH); d Ipsilateral Ventral
Hippocampus (IVH). * - p<0.05, Mann-Whitney U-test, TBI rats compared to Sham-operated rats
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Figure 2
Iba1 immunostaining of microglial cells in hippocampal regions on day 7 after TBI. DG (dentate gyrus),
CA1, CA3 – hippocampal regions. The number of microglial cells increased bilaterally in the dorsal and
ventral hippocampus of rats with TBI. The number of microglial cells increased in CA3 areas of the DH (a,
b) and VH (c, d), DG of IDH (b) and CDH (a) and CA1 areas of IVH (d) and CVH (c). a Contralateral Dorsal
Hippocampus (CDH); b Ipsilateral Dorsal Hippocampus (IDH); c Contralateral Ventral Hippocampus
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(CVH); d Ipsilateral Ventral Hippocampus (IVH). * - p<0.05, Mann-Whitney U-test, TBI rats compared to
Sham-operated rats. # - p<0.05, Mann-Whitney U-test, Sham-operated rats compared to Intact rats

Figure 3
Changes in corticosterone concentration in different regions of the hippocampus in early period after
lateral fluid percussion TBI (1-14 days). TBI induced an increase in corticosterone concentration only on
day 3 in all hippocampal regions studied. a Contralateral Dorsal Hippocampus (CDH); b Ipsilateral Dorsal
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Hippocampus (IDH); c Contralateral Ventral Hippocampus (CVH); d Ipsilateral Ventral Hippocampus
(IVH). * - p<0.05, Mann-Whitney U test

Figure 4
The time course of Il1b mRNA expression in different regions of the hippocampus in early period after
lateral fluid percussion TBI (1-14 days). TBI induced an increase in Il1b expression in the ipsilateral dorsal
and ventral hippocampus on day 1, then it gradually declined to the level of sham-operated animals on
day 14 (b, d). The hippocampus of the contralateral hemisphere responded by a small increase in Il1b
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expression on day 1 (a, c) followed by the second wave of increase in the dorsal hippocampus on day 7
(a). Note that in sham-operated animals, an increase in the Il1b expression in the ipsilateral dorsal
hippocampus (b) and contralateral dorsal hippocampus (a) was observed on days 3, 7 and 14, in the
contralateral ventral hippocampus on the days 3 and 14, and in the ipsilateral ventral hippocampus only
on day 14, as compared to intact animals. a Contralateral Dorsal Hippocampus (CDH); b Ipsilateral
Dorsal Hippocampus (IDH); c Contralateral Ventral Hippocampus (CVH); d Ipsilateral Ventral
Hippocampus (IVH). * - p<0.05, Mann-Whitney U-test, TBI rats compared to Sham-operated rats. # p<0.05, Mann-Whitney U-test, Sham-operated rats compared to Intact rats
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Figure 5
The time course of Tnf mRNA expression in different regions of the hippocampus in early period after
lateral fluid percussion TBI (1-14 days). TBI induced an increase in Tnf expression in the ipsilateral dorsal
and ventral hippocampus on day 1, which gradually declined to the level of sham-operated animals by
day 14 (b and d). In the contralateral hemisphere, only the dorsal hippocampus responded by a small
increase in Tnf expression on day 1 (a) whereas, in the ventral hippocampus, no changes were observed
(c). Note that in sham-operated animals, we also observed an increase in the expression in the ipsilateral
ventral hippocampus on day 14 as compared to intact animals. a Contralateral Dorsal Hippocampus
(CDH); b Ipsilateral Dorsal Hippocampus (IDH); c Contralateral Ventral Hippocampus (CVH); d Ipsilateral
Ventral Hippocampus (IVH). * - p<0.05, Mann-Whitney U-test, TBI rats compared to Sham-operated rats at
respective day. # - p<0.05, Mann-Whitney U-test, Sham-operated rats compared to Intact rats
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Figure 6
The time course of Il6 mRNA expression in different regions of the hippocampus in early periodafter
lateral fluid percussion TBI (1-14 days). TBI induced an increase in Il6 expression on day 1 in the
ipsilateral dorsal and ventral (b, d) and contralateral dorsal hippocampus (a); later it returned to the
expression level similar to that of the respective sham-operated group. The Il6 expression in the ipsilateral
dorsal hippocampus (b) demonstrated the second increase on day 7 after TBI. In the contralateral ventral
hippocampus, no changes were observed (c). a Contralateral Dorsal Hippocampus (CDH); b Ipsilateral
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Dorsal Hippocampus (IDH); c Contralateral Ventral Hippocampus (CVH); d Ipsilateral Ventral
Hippocampus (IVH). * - p<0.05, Mann-Whitney U-test, TBI rats compared to Sham-operated rats. # p<0.05, Mann-Whitney U-test, Sham-operated rats compared to Intact rats

Figure 7
Changes in IL-1b concentration in different regions of the hippocampus in early period after lateral fluid
percussion TBI (1-14 days). TBI induced an accumulation of IL1b on day 1 in the ipsilateral dorsal and
ventral hippocampus (b, d). In the contralateral hippocampus no changes could be revealed (a, c). The
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accumulation of IL1b was also evident on day 14 in the ipsilateral dorsal hippocampus of sham-operated
rats. a Contralateral Dorsal Hippocampus (CDH); b Ipsilateral Dorsal Hippocampus (IDH); c Contralateral
Ventral Hippocampus (CVH); d Ipsilateral Ventral Hippocampus (IVH). * - p<0.05, Mann-Whitney U-test,
TBI rats compared to Sham-operated rats. # - p<0.05, Mann-Whitney U-test, Sham-operated rats
compared to Intact rats
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