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Abstract

Traumatic brain injury (TBI) survivors often suffer from a post-traumatic syndrome with deficits in
learning and memory. Calcium (Ca2*) has been implicated in the pathophysiology of TBI-induced
neuronal death. However, the role of long-term changes in neuronal Ca2* function in surviving
neurons and the potential impact on TBI-induced cognitive impairments are less understood. Here
we evaluated neuronal death and basal free intracellular Ca2* ([Ca?*];) in acutely isolated rat CA3
hippocampal neurons using the Ca2* indicator, Fura-2, at seven and thirty days after moderate central
fluid percussion injury. In moderate TBI, cognitive deficits as evaluated by the Morris Water Maze
(MWM), occur after injury but resolve after several weeks. Using MWM paradigm we compared
alterations in [Ca2*]; and cognitive deficits. Moderate TBI did not cause significant hippocampal
neuronal death. However, basal [Ca%*]; was significantly elevated when measured seven days post-
TBI. At the same time, these animals exhibited significant cognitive impairment (F, 25 = 3.43, p <
0.05). When measured 30 days post-TBI, both basal [Ca2* ]; and cognitive functions had returned
to normal. Pretreatment with MK-801 blocked this elevation in [Ca2*]; and also prevented MWM
deficits. These studies provide evidence for a link between elevated [Ca%*]; and altered cognition.
Since no significant neuronal death was observed, the alterations in Ca?* homeostasis in the
traumatized, but surviving neurons may play a role in the pathophysiology of cognitive deficits that
manifest in the acute setting after TBI and represent a novel target for therapeutic intervention
following TBI.
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Traumatic brain injury (TBI) survivors often suffer from a post-traumatic syndrome in the sub-
acute period following injury [1,28] that include headaches, fatigue, altered mood and cognitive
impairments [1,18,25,28]. Symptoms can linger long after injury before resolving. Animal
models of head injury have been utilized to characterize the temporal nature of TBI-induced
cognitive deficits [15,28,36]. In a more severe TBI paradigm, hippocampal cell loss has been
associated with cognitive deficits [2,8,12]; however, little is understood of the underlying
molecular mechanisms that cause cognitive impairments following mild to moderate TBI that
do not cause significant neuronal death.

Calcium (Ca%*) is a major signaling molecule in neurons. While, brief elevations in free
intracellular calcium concentration ([Ca2*];) are required for normal brain function, as in
synaptic transmission and learning-memory, prolonged elevations in [Ca2*]; have been
implicated in triggering cell death [27] and are also thought to underlie memory disturbances
associated with aging [24,30]. Calcium has long been implicated in the pathophysiology of
TBI [7,8,14,19,33]. We recently demonstrated that TBI causes a long-lasting plateau of
elevated [Ca2*]; and altered Ca2* homeostatic mechanisms in hippocampal neurons that
survive moderate TBI [29]. These alterations in Ca2* homeostasis following TBI may play an
important role in mediating both transient and long-term changes in neuronal function.

The majority of TBI studies have examined alterations in Ca2* regulation in the acute time
period of the injury. However, few studies have investigated potential longer lasting changes
in [Ca2*]; levels in traumatized, surviving neurons that may underlie some of the sequalae
associated with TBI in the sub-acute setting [29]. To address this issue, we investigated
alterations in neuronal Ca2* levels during the time period when cognitive deficits are
manifested secondary to TBI. Using the moderate rather than the severe TBI injury model, it
is possible to induce cognitive deficits in rats that resolve several weeks after the injury and
do not cause significant hippocampal cell death. Thus, moderate TBI in rats provides a useful
model to compare alterations in [Ca2*]; and cognitive deficits. Basal [Ca2*]; levels were
evaluated in acutely isolated CA3 neurons 7 and 30-days after moderate central fluid percussion
injury (c-FPI) using the ratiometric, fluorescent Ca2* indicator, Fura-2 [23,29]. In addition, we
utilized the Morris Water Maze (MWM) [20] to assess cognitive deficits at these same time
points after TBI. Exploration of Ca?* dynamics in the sub-acute setting following TBI may
help elucidate the basis of some of the longer-lasting symptoms of the post-traumatic syndrome.

All animal use procedures were in strict accordance with the NIH Guide for the Care and Use
of Laboratory Animals and approved by VCU’s Institutional Animal Care and Use Committee.
The FPI device used to produce experimental TBI was identical to that previously used on
rodents and described in details elsewhere [5,15]. Animals were surgically prepared 24-h
before sham injury or TBI as described previously [5,15]. Animals in the TBI group received
a moderate c-FPI (2.0 £ 0.02 atm). Animals in the sham group were coupled to the injury
device, but no fluid pulse was delivered. Control animals received neither anesthesia nor
surgery.

Hippocampal CA3 neurons were acutely isolated from control, sham-operated and TBI-injured
animals at different times after TBI using methods previously described [23,29]. The CA3
region tissue chucks from the hippocampal slices (450 uM) obtained from the rapidly dissected
brains of TBI-injured and sham-operated rats was triturated with a series of Pasteur pipettes
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of decreasing diameter at 4°C, resulting in an even suspension of CA3 hippocampal cells that
were then plated on poly-L-lysine coated glass coverslip chambers (Nunc, Naperville, IL) and
used for experimentation.

Changes in neuronal [Ca2*]; were measured using the ratiometric, high affinity (K4~ 224 nM)
fluorescent Ca2* indicator, Fura-2 [23,29]. The Temporal Module of the Perkin-Elmer Life
Sciences Imaging Suite was used to control image acquisition and processing. Ratio
measurements were taken at 10-s intervals for 60 s, averaged, and calibrated according to the
Grynkiewicz equation [9]. An in situ Ca2* calibration curve was employed to convert
fluorescent ratios to Ca2* concentrations using standard procedures [23,29].

For cell death analysis, animals were anesthetized and brains were fixed using 4%
paraformaldehyde on post-injury day 7 and 30 [23,29]. Coronal brain slices (40 um) were taken
at least 80-um apart and cresyl violet-stained neurons were counted per unit area (150 pm x
230 um) from at least six serial sections and averaged as neurons per region for each animal.

The MWM was used to assess cognitive performance on post-injury days 7 and 30 as described
previously [15]. Rats completed four trials per day. On each trial, the starting location was
randomized to one of four starting positions (North, East, South, and West). The rat was placed
in the maze facing the wall, and the latency to reach the hidden goal platform and swim speeds
were recorded on each trial. The mean of these four daily trials was calculated and is presented
in Fig. 2.

Data analyses of [Ca?*]; imaging was performed as described previously [29]. The means of
each group of neurons from each animal were used to evaluate results and conduct statistical
analysis. Student’s t-test or One-Way ANOVA were applied when appropriate to compare
[Ca?*]; among groups. The Tukey test was used for all post hoc multiple comparisons of
[Ca?™];. A split-plot ANOVA [3 (group) x 5 (day)] was used to analyze maze latencies. The
post hoc Fishers test was utilized to make group comparisons when appropriate. Statistical
analyses were performed using SigmaStat 2.0 and SPLUS (Insightful Corp., Seattle, WA) and
graphs generated with SigmaPlot 8.0 (SPSS Inc., Chicago, IL).

To investigate the potential role of Ca2* in the sub-acute period of TBI, we measured neuronal
[CaZ*); 7-days after moderate c-FP1. Acutely isolated CA3 neurons harvested 7-days after TBI
manifested a mean basal [Ca2*]; of 250.72 + 12.50 nM (n = 47 neurons, 5 animals), significantly
higher than mean basal [Ca?*]; in CA3 hippocampal neurons harvested from age-matched
control (143.92 + 11.36 nM, n =60, 6 animals, p<0.05) and sham animals (145.10 + 10.25 nM,
n=62, 6 animals, p <0.05, Fig. 1). No statistical differences were observed between the control
and sham groups. Analysis of the population distributions of basal [Ca%*]; revealed values <200
nM in approximately 75% of control and sham neurons, respectively. In contrast, only 40%
neurons 7-days post-TBI had basal values <200 nM. These histograms demonstrated a shift in
the population of neurons from the TBI animals to higher basal [Ca2*]; levels (data not shown,
[29]). We have also measured [Ca%*]; in CA3 hippocampal neurons harvested at 1-day after
TBI and observed that [Ca2*]; was also elevated (292 + 12.45 nM, n = 50, 5 animals) at this
early time point compared to age-matched or sham-operated animals [29].

We then measured neuronal [Ca2*]; 30-days after moderate c-FPI to determine if the alterations
in Ca2* levels observed 7-days post-injury persisted into a chronic setting. In contrast to the
sub-acute period, the basal [Ca2*]; of acutely isolated CA3 neurons 30-days post-TBI (142.31
+12.26 nM, n = 63, 6 animals) were not significantly different (p = 0.71, t-test, Fig. 1) from
30-days post-shams (139.82 + 11.42 nM, n = 65, 6 animals) or age-matched control neurons
(145.56 + 12.26 nM, n = 60, 6 animals). The distribution of [CaZ*]; in neurons from sham and
30-day post-TBI animals were similar with greater than 80% of basal neuronal [Ca2*]; <
200nM, respectively (data not shown, [29]).
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To investigate the potential significance of alterations in Ca2* levels measured in traumatized
neurons, we assessed cognitive function in rats 7 and 30-days after moderate c-FPI or sham
operation using the MWM paradigm [20]. With the MWM, a shorter latency to find the goal
platform indicates better cognitive performance. A split-plot ANOVA [3 (group) x 5 (day)]
revealed significant differences between the three groups in (F, 25 = 3.43, p<0.05). To examine
specific group differences in the MWM, the Fisher LSD test was used. The results of this test
indicated that the 7-day post-TBI group exhibited longer goal latencies than the sham-injured
group (p< 0.015). However, the 30-day post-TBI group’s goal latency was not significantly
different from the sham group’s goal latency (Fig. 2A). In addition, a single-factor ANOVA
(group) revealed none of the groups’ swim speeds significantly differed (F»,5 = 2.20, p<0.05)
suggesting that the observed differences in goal latency were not due to injury-induced motor
impairment (Fig. 2B). Thus, the TBI-induced cognitive deficits indicated by MWM were
similar in temporal profile to the alterations in Ca2* levels after trauma.

To establish a link between elevated [Ca?*]; and poor performance on MWM, we measured
[Ca?™]; in neurons dissociated from animals treated with NMDA-Ca?* channel antagonist
MK-801 (0.3mg/kg, i.p.) 15-min prior to or 15-min after TBI. Calcium imaging studies
revealed that MK-801 pretreatment blocked the elevated [Ca?*]; due to TBI and gave

[Ca?™]; values (148 + 11.38 nM, n = 50, 6 animals) that were not significantly different (p =
0.65) from sham controls 7-days post-injury. In contrast, administering MK-801 15-min after
the TBI did not block the rise of [Ca2*]; and these values (261 + 14.11 nM, n = 55, 5 animals)
were not significantly different (p = 0.55) from untreated TBI animals, but were significantly
different (p < 0.01) from sham controls. We have previously demonstrated that administration
of MK-801 only before but not after the TBI significantly reduced the goal latency in MWM
paradigm [10]. Together, these results demonstrate a link between elevated [Ca?*]; and poor
performance on MWM following TBI.

Moderate c-FPI has been well characterized and shown not to induce neuronal death in the rat
hippocampus [5,15,29]. To con firm this finding under the conditions of our study, we
estimated neuronal survival in various regions of hippocampus 7 and 30-days after injury in
sham and TBI animals. As shown in Fig. 3, there were no significant differences (p > 0.25, t-
test) in the number of cresyl violet-stained neurons per unit area in sham-operated or TBI
animals in CA1, CA3 or dentate gyrus. Further, we have demonstrated that the dissociation
process or apoptosis does not significantly contribute to neuronal death at 7-days following
TBI [29]. These results demonstrated that neuronal death was not the cause of the elevated
[CaZ*]); levels or cognitive deficits observed 7-days post-TBI.

TBI is a common cause of morbidity and mortality. Survivors of TBI often suffer with
difficulties in attention, memory and learning [1,28] and these symptoms also manifest as a
post-concussive syndrome [3,26,35]. Cognitive deficits such as sensorimotor and working
memory deficits, delay-dependent and spatial memory impairments have been characterized
in humans and animal models of TBI [31]. These cognitive deficits have been observed in the
absence of significant neuronal death and are reported to reverse in the chronic period after
TBI [5,15,28,36], which parallels with alterations in [Ca%*]; dynamics in our study. These
findings suggest that some alteration in the physiology of traumatized, surviving neurons must
exist to underlie these reversible impairments in cognition. Indeed, we have recently
demonstrated that lasting alterations in Ca2* homeostasis occur in the sub-acute time period
in neurons following TBI [29]. These long-term, but reversible changes in Ca2* dynamics
mirrored the TBI-induced cognitive impairments in learning and memory 7-days post-TBI, but
not observed in shams or 30-days post-TBI.

Delayed neuronal death is associated with massive elevations in [Ca?*]; and typically occurs
1-3 days after injury. In this study, neuronal cell loss was evaluated in the CA1, CA3 dentate
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gyrus regions of the hippocampus in sham-operated and TBI animals at 7 and 30-days post-
injury. The results are shown in Fig. 3 and are presented as percent cell loss in comparison to
naive control animals that did not receive sham or TBI treatments. The data demonstrate no
significant differences between sham and TBI animals at 7 or 30-days post-TBI in any
hippocampal region under conditions that did cause changes in cognitive and [Ca2*]; levels at
7-days post-injury. This data is in agreement with prior studies [5,15,29], showing that
moderate c-FPI in the rat did not cause significant hippocampal cell death. These findings
demonstrate that the elevations in neuronal [Ca2*]; after TBI were not occurring due to delayed
neuronal death, but rather were occurring in surviving neurons in a state of altered Ca2*
homeostasis.

Calcium is a major second messenger in neurons and plays a pivotal role in various aspects of
cognition such as learning, memory consolidation and long-term potentiation (LTP)-a cellular
correlate of learning and memory in brain. It has been reported that hippocampal slices derived
from lateral fluid percussion injured mice demonstrate an inability to induce LTP 7-days post-
injury [27] contributing to the cognitive impairments associated with TBI. Age-related declines
in working memory have been attributed to greater Ca2* currents via increased expression of
L-type Ca2* channel protein [32]. Further, these alterations in memory reverse with chronic
administration of Ca2* channel antagonist, nimodipine [13,32]. In addition, Ca2* chelation has
been reported to lower elevated Ca?* in aged animals that improved spatial learning in MWM
paradigm and also enhanced LTP in hippocampal slices [30]. These studies, in agreement with
our findings that pretreatment with MK-801 blocked elevations in [Ca2*]; following TBI and
that this pharmacological manipulation also prevents MWM deficits [10] indicate that elevated
[Ca?™]; are associated with memory impairments and restoration of altered Ca2* dynamics
ameliorates the cognitive deficits.

Calcium regulates numerous enzyme systems that affect neuronal physiology and gene
transcription [34]. Prolonged, but reversible and sub-excitotoxic, elevations in [Ca%*]; that do
not cause neuronal death have been demonstrated to cause alterations in neuronal excitability
[27] and long-term changes in gene expression [6]. Similarly, changes in the expression of
transcription factors have also been reported in the acute setting of TBI [11,21,22]. Itis possible
that the prolonged alterations in Ca2* homeostasis following TBI may induce persistent
changes in gene expression and neuronal function that may ultimately underlie some of the
pathophysiological sequelae of TBI in the sub-acute setting.

We recently demonstrated elevated [Ca2*]; and altered Ca2* homeostatic mechanisms in
hippocampal neurons that survive moderate TBI [29]. This investigation extends these previous
observations and demonstrate a reversible functional pathology and how it mirrors alterations
in [Ca2*]; dynamics. Further this study provides pharmacological data that demonstrates a
direct correlation between [Ca?*]; alterations and cognitive impairments in the absence of
significant neuronal death.

In the clinical setting of repeated, mild TBI, cognitive deficits can become more long-term in
nature [4,16,17]. Similarly, alterations in neuronal Ca2* homeostasis in this setting may become
more persistent and underlie more significant cognitive impairments. The results of this study
suggest that prolonged, but reversible alterations in the Ca2* levels of traumatized, surviving
neurons may underlie reversible cognitive deficits of the post-traumatic syndrome. An
enhanced understanding of the mechanisms of TBI-induced alterations in Ca2* homeostasis
may provide attractive targets for therapeutic interventions and contribute to the treatment and
relief of some of the deficits associated with TBI.
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Fig. 1.

Basal neuronal [Ca?*]; in CA3 hippocampal neurons seven and thirty days after moderate
central fluid percussion injury. (A) Acutely isolated CA3 hippocampal neurons 7-days post-
TBI manifested significant elevations in [Ca2*]; compared to sham-operated or age-matched
control neurons. Basal neuronal [Ca?*]; 30-days after TBI did not manifest significant
differences in [Ca2*]; compared to sham or control neurons (p = 0.71). There were no
significant differences between age-matched control and sham-operated neurons at both the
time points. “p <0.05, ANOVA and Tukey post hoc test, n = 5-6 animals for each condition
with a minimum 5-7 neurons per animal for the time points studied. Data are represented as
mean + S.E.M. (B) Pseudocolor images of representative control, sham and TBI neurons 7 and
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30-days post-TBI. Basal [CaZ* ]; were low in the control, sham-operated and 30-day TBI
neurons but were higher in 7-day TBI neurons. The top panel at each time point shows the
phase-bright photomicrographs of the representative control, sham and TBI neurons. The data
shown were the representative of 5 animals with over 20 neurons sampled per condition.
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—&— Sham
—O— 7-d post TBI
—v— 30-d post TBI

Sham 7-d 30-d
post-TBI post-TBI

Performance in the MWM seven and thirty day post-moderate central fluid percussion injury.
(A) Seven days post-TBI (open circles), animals demonstrated a significant (p < 0.015) deficit
in the MWM as indicated by an increased goal latency compared to sham animals (filled
circles). In contrast, 30 days post-TBI (filled triangles), animals did not demonstrate a
significant deficit in the MWM compared to sham animals. (B) No significant differences (p
= 0.132) in the mean swim speed were observed between sham-operated and TBI animals 7
and 30-days post-injury. (n = 9 animals each for 7 and 30-days post-TBI and n =10 for sham-
operated animals, “p <0.05). Data represented as mean + S.E.M.
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Fig. 3.

Moderate central fluid percussion injury did not cause significant neuronal death in various
regions of hippocampus 7 and 30-days post-TBI. TBI did not cause a significant difference in
the number of cresyl-violet stained CA1, CA3 and dentate gyrus (DG) hippocampal neurons
per field observed 7 or 30-days after injury in sham-operated and TBI animals compared to
naive controls (p > 0.25, t-test, n =5 animals). Data are expressed as percent of neuronal density
of naive control animals that did not undergo sham or TBI treatments.
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