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Head injury is a causative factor in the development of temporal lobe epilepsy. However, whether a single episode of
concussive head trauma causes a persistent increase in neuronal excitability in the limbic system has not been unequiv-
ocally determined. This study used the rodent fluid percussion injury (FPI) model, in combination with electrophysio-
logical and histochemical techniques, to investigate the early (1 week) and long-term (1 month or longer) changes in the
hippocampus after head trauma. Low-frequency, single-shock stimulation of the perforant path revealed an early granule
cell hyperexcitability in head-injured animals that returned to control levels by 1 month. However, there was a persistent
decrease in threshold to induction of seizure-like electrical activity in response to high-frequency tetanic stimulation in
the hippocampus after head injury. Timm staining revealed both early- and long-term mossy fiber sprouting at low to
moderate levels in the dentate gyrus of animals that experienced FPI. There was a long-lasting increase in the frequency
of spontaneous inhibitory postsynaptic currents in dentate granule cells after FPI, and ionotropic glutamate receptor
antagonists selectively decreased the spontaneous inhibitory postsynaptic current frequency in the head-injured animals.
These results demonstrate that a single episode of experimental closed head trauma induces long-lasting alterations in the
hippocampus. These persistent structural and functional alterations in inhibitory and excitatory circuits are likely to

influence the development of hyperexcitable foci in posttraumatic limbic circuits.
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Head injury is an important risk factor in remote
symptomatic epilepsy, and accounts for up to 13% of
nonidiopathic epilepsy."> After head injury, there is a
long-lasting increase in the incidence of epilepsy lasting
for several years.">* Although clinical studies have
found an association between prior head trauma and
temporal lobe epilepsy (TLE),” the mechanisms un-
derlying epilepsy following head injury are not under-
stood.

One of the most important unresolved issues regard-
ing posttraumatic epilepsy is whether a single episode
of traumatic brain injury leads to a persistent decrease
in seizure threshold. The rodent fluid-percussion injury
(FPI) model of head trauma has been used to study the
anatomical and physiological sequelac of concussive
head injury.8 After moderate (2-2.2 atmosphere [atm])
FPI in adult rats, there is hilar cell loss,”'® reminiscent
of the pattern of histopathological changes accompany-
ing end-folium sclerosis in TLE.”~'> However, the de-
gree of hyperexcitability in limbic circuits after FPI has
been studied only at the early time points (up to 1
week). The dentate granule cells at this carly time

point have been found to show hyperexcitable re-
sponses to low-frequency (single shock) stimulation
of the perforant path in animals that experienced
moderate FPL.2'%!3 In addition, 1 week after FPI,
hippocampal-entorhinal cortex (HEnC) slices were re-
ported to show a decreased threshold to self-sustaining,
seizure-like electrical field activity in response to
high-frequency, tetanic stimulation.'® These studies
demonstrated early dentate hyperexcitability after ex-
perimental head trauma, both in response to low- and
high-frequency stimulation. However, whether the
post-FPI hyperexcitability in the hippocampus is per-
sistent or transient on a time scale of weeks and
months is not known. Long-term behavioral changes'”
and progressive cell loss'®'” have been reported after
severe (2.5-2.9atm) FPI with cortical cavitation. Fol-
lowing moderate FPI, dentate hilar cell loss has been
observed up to 5 months,'*'? and the maintenance of
synaptic plasticity is impaired for as long as 2
months.'"® However, the long-term posttraumatic
changes in hippocampal excitability have not been in-
vestigated.
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In addition, apart from the characteristic loss of hilar
cells, possible structural alterations that may contribute
to posttraumatic epilepsy are also not well understood.
It is not known whether granule cell axons (the mossy
fibers) undergo a posttraumatic long-term structural re-
organization (sprouting) in a manner similar to what
takes place in the dentate gyrus of epileptic pa-
tients,"” 22 or in the dentate gyrus of experimental an-
imals in various models of temporal lobe epilepsy.23726
Previous reports indicate that the dentate gyrus of ep-
ileptic patients with a history of head trauma may
show supragranular sprouting of mossy fibers®”28;
however, there is no conclusive, direct experimental ev-
idence for mossy fiber sprouting after traumatic brain
injury. 2%

This study was performed to determine the existence
of long-term limbic hyperexcitability following a single
episode of concussive head injury. Specifically, we fo-
cused on three major areas: (1) Does FPI in the rat
result in persistent changes in the hippocampal re-
sponse to low- and high-frequency stimulation; (2) Is
there evidence for mossy fiber reorganization in the
fluid percussion injured animals; and (3) Are there
long-term alterations in the interactions of inhibitory
and excitatory neuronal networks after head injury?

Materials and Methods
Lateral Fluid Percussion Injury

The lateral fluid percussion head trauma was carried out as
described previously.®~'*'? All procedures described were ap-
proved by the Institutional Animal Care and Use Commit-
tee, University of California, Irvine, CA. The fluid percus-
sion device (Department of Biomedical Engineering, Virginia
Commonwealth University, Richmond, VA; see Toth et
al® 1% for detailed description) was used to deliver a brief
(20msec), 2.0 to 2.2atm impact on the intact dura. This re-
sulted in a moderate level of injury that has been shown to
cause a highly reproducible pattern of more than 50% hilar
cell loss.”'® Tnjured and age-matched sham-operated control
animals were euthanized at various time points for slice phys-
iology or Timm staining.

Slice Preparation

The animals were anesthetized with sodium pentobarbital
(65mg/kg ip) and decapitated. Horizontal brain slices
(400m) were cut using a vibratome tissue sectioner (Lancer
series 1000; TPI, St Louis, MO) as previously described?! for
the field and whole-cell recordings. The slices were sagittally
bisected and the slices ipsilateral to the side of injury were
submerged in 32°C artificial cerebral spinal fluid (ACSF) com-
posed of 126mM NaCl, 2.5mM KCl, 2mM MgCl,, 26mM
NaHCO;, 2mM CaCl,, 1.25mM NaH,PO,, and 10mM glu-
cose for 1 to 4 hours.

HEnC slices in which the trisynaptic circuit is preserved
were prepared as previously described.'®**7% Briefly, the
brains were incubated for 2 minutes in 4°C oxygenated
(95%0,, 5% CO,) sucrose ACSF composed of 200mM su-
crose, 3mM KCl, 0.9mM MgCl,, 26mM NaHCO;, 2mM

CaCl,, 1.25mM NaH,PO,, and 10mM glucose. The dorsal
surface of the brain was glued onto a 12-degree agar ramp
with the rostral end pointed up, and 450pum brain slices
were sectioned with a vibratome tissue slicer (Leica
VT1000S; Leica, Nussloch, Germany). The slices ipsilateral
to the injury were preincubated in 32°C oxygenated
low Mg**-ACSF containing 130mM NaCl, 3mM KCl,
0.5mM MgCl,, 26mM NaHCO;, 2mM CaCl,, 1.25mM
NaH,POy,, and 10mM glucose to promote polysynaptic in-

teractions.”>>4

In Vitro Electrophysiology

Slices were transferred to the recording chamber’?® and
perfused with oxygenated ACSF or low Mg®"-ACSF (for the
HEnC slices) at 36°C. In some experiments the perfusion
was switched to ACSF containing 20M bicuculline methio-
dide (BMI) or 20uM 2-amino-5-phosphovaleric acid (APV)
and 5uM  6-cyano-7-nitroquinoxaline-2,3-dione (CNQX).
(All salts were obtained from Fluka, Buchs, Switzerland;
APV and CNQX obtained from Tocris, Avonmouth, UK;
and BMI from RBI, Natick, MA).

“Blind” whole-cell recordings were obtained as previously
described,”" using patch pipettes filled with internal solution
that consisted of 140mM Cs-gluconate, 2mM MgCl,, and
10mM N-2-hydroxyethylpiperazine-N'-2-ethane-sulfonic
acid. Granule cell population responses were evoked by
constant-current stimuli (0.5-8mA, 50ps) applied at 0.1Hz
through a bipolar tungsten stimulating electrode placed in
the perforant path at the junction of the dorsal blade and the
crest. The field responses in the granule cell layer were mea-
sured at five predetermined points, including the tips of the
dorsal and ventral blades, the middle of the dorsal and ven-
tral blades, and the middle of the crest, and the largest re-
sponse was studied further. The input-output relationship in
both control and injured animals was obtained by comparing
the amplitudes of the population spikes evoked at each stim-
ulation intensity.'®"? Field recordings in the HEnC slices
were obtained from the CAl pyramidal cell layer. The te-
tanic stimulation consisted of a 2-second, 60Hz train of
stimuli applied to the Schaeffer collaterals with a pulse width
of 0.1msec through a stimulating electrode in the CA1 stra-
tum radiatum.'***** Stimulus was delivered at four times
the minimal intensity required to evoke a 0.5mV population
spike (4—6mA). A maximum of 10 stimuli were given at
10-minute intervals (to avoid interference by postictal refrac-
tory periods). Once sustained epileptiform activity devel-
oped, recording was terminated after 30 minutes (time point
selected to correspond to the clinical definition of status epi-
lepticus, see Coulter et all4).

Timm Staining

One week (2 controls and 3 FPI) and 3 months (3 controls
and 7 FPI) after injury, control and injured animals were
deeply anesthetized and perfused transcardially with an aque-
ous solution of 0.4% (wt/vol) sodium sulfide followed by
500ml 1.25% (wt/vol) gluteraldehyde and 500ml of the
aqueous solution of 0.4% (wt/vol) sodium sulfide. The hip-
pocampus was sectioned (30um), and every 20th section was
mounted and developed in the dark for 30 to 60 minutes in
Timm solution (40ml distilled water, 2.55g citric acid, 2.35g
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sodium citrate, 1.7g hydroquinone, 60ml (50% wt/vol) gum
arabic, and 0.1g silver nitrate) at 56°C.>*37 Sections were
washed in distilled water, placed in 1% (wt/vol) sodium
thiosulphate, washed again, and counterstained with 1%
creysl violet acetate. The entire inner molecular layer of the
dentate gyrus (ie, from the tip of the dorsal blade to the tip
of the ventral blade of the dentate gyrus) from individual
sections was examined by a blinded observer. Timm scores
for sprouting were assigned to the sections based on the 0 to
5 scale of Cavazos and colleagues.25 Briefly, 0 = no granules;
1 = sparse granules in the supragranular layer; 2 = more
numerous granules in the supragranular layer in a continuous
distribution; 3 = prominent granules in the supragranular
layer in a continuous pattern with patches of confluent gran-
ules; 4 = prominent granules in the supragranular region
that form confluent dense laminar bands; and 5 = confluent
dense laminar band of granules in the supragranular region
extending into the inner molecular layer.

Analysis

Recordings were filtered at 3kHz, digitization at 20kHz us-
ing Strathclyde Electrophysiology Software (courtesy of Dr J.
Dempster, University of Strathclyde, Glasgow, UK) and Syn-
apse software (courtesy of Dr Y. De Koninck, McGill Uni-
versity, Montreal, Canada). The spontaneous inhibitory
postsynaptic current (sIPSC) interevent interval (IEI) was ob-
tained by sampling 100 sIPSCs from each cell. The effi-
ciency of inhibition was measured on the amplitude of the
evoked population spike. It was calculated as the ratio of the
amplitude difference between bicuculline and ACSF record-
ings to the amplitude of bicuculline recordings.

Amplitude in bicuculline

. g — Amplitude in ACSF
Efficiency of inhibition (%) = Amplitude in bicuculline * 100

Statistical analyses were performed with SigmaPlot or
SPSS for Windows. The significance of differences in
field recordings from the dentate gyrus of control and
injured animals was evaluated using Student’s # test.
The nonparametric Mann-Whitney U test was used to
assess the significance of difference in the HEnC slice
experiments and Timm scoring, as the data from these
experiments are not normally distributed. Kolmogorov-
Smirnov test was used to assess the difference in the
distribution of sIPSC IEI in control and injured ani-
mals. The level of significance was set at p < 0.05.
Data are presented as mean * standard error.

Results

Long-Term Recovery of Early Hyperexcitability to
Low-Frequency Stimulation

Previous studies conducted 1 week after FPI in rats
have shown an increase in the evoked field potential
amplitude recorded in the granule cell layer in response
to perforant path stimulation both in vivo’ and in
vitro'®!* in control ACSF (ie, without the presence of
various neuotransmitter receptor blockers in the extra-
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cellular medium). One week after FPI, the population
spike amplitude, recorded in ACSF in response to
single-shock stimulation of the perforant path (stimu-
lus intensities: 2—8mA), was significantly largerlo in
the head-injured animals compared to the age-
matched, sham-operated controls (eg, at 4mV stimula-
tion intensity, the population spike amplitudes were:
control = 0.16 = 0.11mV from 3 animals, n = 9
slices; FPI = 1.08 = 0.22mV from 4 animals, n = 12;
for examples of complete input-output curves at mul-
tiple stimulation intensities, see Toth et al'® and San-
thakumar et al'®). However, the evoked population
spike amplitude 1 month and 3 months after FPI was
not different from controls at any stimulation intensity
(0.5-8mA; Fig 1A: control = 0.17 = 0.12mV at 1
month, n = 9; 0.47 = 0.03mV at 3 months, n = 13;
3 animals each; FPI = 0.34 = 0.17mV at 1 month,
n = 10; 0.63 = 0.23mV at 3 months, n = 12; 3
animals each; 4mA stimulation intensity). These data
indicate a recovery of the early dentate posttraumatic
hyperexcitability in response to low-frequency stimula-
tion.

Perturbed inhibition in the dentate gyrus38’39 has
been suggested to play a role in the early posttraumatic
hyperexcitability.10’36 Could the recovery of the gran-
ule cell field responses to single-shock perforant path
stimulation be explained by recovery of inhibition? To
answer this question, we determined whether there is a
recovery of the early hyperexcitable response during the
early (1-week) to long-term (3-month) post-FPI period
even when fast inhibition is blocked. Bicuculline
(20uM) was included in the perfusing medium to
block the +y-animobutyric acid (GABA),-mediated
feedforward inhibition.'>® As expected, addition of
bicuculline increased the amplitude of the population
spike both in the post-FPI and control slices (see Fig 1A
and B). One week after FPI, as described previously,13
the population spike amplitude in bicuculline was larger
in the head-injured animals compared to controls (at
stimulation intensities from 1-8mA) (see Fig 1B; con-
trol = 2.33 = 0.66mV, n = 9; FPI = 5.75 = 0.77mV,
n = 12; stimulus intensity = 4mA). However, there was
no difference in the field potential amplitude between
control and head-injured animals at later time points
even in the presence of bicuculline at any stimulation
intensity (0.5-8mA; see Fig 1B and C; 1 month after
FPL: control = 1.43 = 0.42mV, n = 9; FPI = 2.03 *
0.62mV, n = 10; 3 months: control = 1.45 =
0.24mV, n = 13; FPI = 1.23 * 0.26mV, n = 12).
These data indicate that the early posttraumatic hyper-
excitabile response of the dentate glutametergic network
to low-frequency stimulation recovers by 1 month, and
that the recovery cannot be the result of a possible re-
covery of the perturbed fast synaptic inhibitory control
of granule cells.

These field recording data, obtained both in ACSF
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Fig 1. Long-term recovery of the hyperex-
citable granule cell responses to low-
[frequency stimuli. Dark bars indicate con-
trols, light bars indicate fluid percussion
injury (FPL). (A and B) Summary data of
the amplitude of the perforant path-evoked
granule cell population spike show that the
enhanced excitability observed at 1 week is
not present at 1 month and 3 months
ﬂﬁ‘er FPI, both in control artiﬁfl'dl cere-
bral spinal fluid (ACSF; A); and in
20uM bicuculline (BMI; B). Stimulation
intensity = 4mV. (C) Averages of repre-
sentative granule cell field responses from
EPI and sham operated control animals 3
months after injury illustrate the absence
of enhanced excitability in ACSF and in
20uM BMI. The initial deflection of the
evoked response is the truncated stimulus
artifact. Stimulation intensity = 6mA.
(D) Efficiency of inhibition in the dentate
10ms gyrus is significantly decreased 1 week after
injury, but it is not statistically different
from control animals at later time points.
Caleulation of the efficiency of inhibition:
the population spike amplitude suppressed
by feedforward inhibition was obrained
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and bicuculline, also made it possible to calculate the
amount of granule cell firing that is blocked by GABA,
receptor-dependent fast inhibition, providing a mea-
sure of the efficiency of inhibition in control and head-
injured animals at the various time points. The differ-
ence between the population spike amplitude in
bicuculline and ACSF was normalized to the amplitude
of the field potential in bicuculline (see Materials and
Methods). The efficiency of inhibition was significantly
depressed in the head-injured animals at 1 week (con-
trol = 94.9 = 3.7%, n = 9; FPI = 76.1 £ 5.7%,
n = 12), but recovered to control levels by 1 month
(control = 93.1 = 4.6%, n = 9; FPI = 93.1 * 4.5%,
n = 10) and 3 months (control = 56.3 * 6.8%; n =
13; FPI = 63.7 * 10.4%; n = 12) (see Fig 1D).
These data demonstrate long-term recovery of the early
posttraumatic decrease in the efficiency of dentate in-
hibition.

Persistent Decrease in Threshold to Evoke Self-
Sustaining Seizure-Like Population Discharges

After Fluid Percussion Injury

Taken together, the data described above indicated a
recovery of the field responses in the dentate gyrus by
1 month in response to single-shock stimulation. Is it
possible that this recovery is incomplete, and that when
the neuronal network is challenged with stronger stim-
uli, the system reveals a persistently decreased seizure
threshold? To answer this question, tetanic stimulation
was applied to excitatory pathways as a form of a more
robust stimulation paradigm to test the stability of the
system. These experiments were performed at a time
point when there was a full recovery of the early hy-
perexcitable field responses to single-shock stimulation,
ie, at 3 months after FPI. The experiments with tetanic
stimulation were carried out in a preparation that pre-
serves the trisynaptic hippocampal—entorhinal pathway,
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mary after discharge. In contrast, the re-
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mals (n = 7) compared with controls
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namely, in the combined HEnC slice® that allows the
development of self-sustaining seizure-like events. As
described before,?>>*4° field recordings in this prepa-
ration are best studied in the CAl region because of
the high signal (population spike amplitude)-to-noise
ratio and stability of recorded events. The HEnC slices
from control and head-injured rats did not display
spontancous field discharges in the CAl pyramidal cell
layer (Fig 2A). Tetanic stimulation of the Schaeffer col-
laterals (60Hz train with a pulse width of 100ps, last-
ing 2 seconds) in slices from control animals induced a
primary after-discharge that lasted less than 120 sec-
onds (see Fig 2B). Among slices from the head-injured
animals, 44.4% showed self-sustaining, recurrent epi-
leptiform activity following the first tetanic stimula-
tion, and all slices (n = 9) showed prolonged (>30
minutes) seizure-like activity after the third tetanic
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stimulation (see Fig 2B and C). In contrast, 85.7% of
slices from control animals showed no evidence of re-
current seizure-like activity even after the third train of
tetanic stimulation (see Fig 2C). Once the seizure-like
activity developed, it was also observed in the CA3 re-
gion and the dentate granule cell layer (not shown).
Therefore, these data show that although there is no
spontaneous seizure-like activity in the posttraumatic
hippocampus, there is a persistent decrease in the
threshold for generation of self-sustaining epileptiform
activity when the system is challenged with a strong
stimulus long after a single head injury episode.

Posttraumatic Mossy Fiber Reorganization

Timm staining for the zinc-containing mossy fiber ter-
minals®>?” was performed on hippocampal sections 1
week and 3 months after head injury to determine the



presence of aberrant mossy fiber sprouting in the inner
molecular layer of the dentate gyrus. Timm scores™
were assigned by a blinded observer evaluating the en-
tire supragranular region of the dentate gyrus (ie, the
entire inner molecular layer from the tip of the dorsal
blade to the tip of the ventral blade of the dentate gy-
rus) to estimate the density of sprouting (see Materials
and Methods). None of the 32 sections from controls
3 months after sham head injury had abnormal Timm
staining (none had a Timm score =1; Fig 3A, C, and
E). In contrast, 3 months after trauma, 53% of the
sections from the head-injured animals (37 of 70 sec-
tions) had numerous Timm granules in the supra-
granular region with occasional confluent patches
(Timm score =2; see Fig 3B, D, and F). There was no
evidence of confluent dense bands of Timm granules in
the supragranular layer (Timm score =4) in any of the
sections from the head-injured animals, indicating that
the degree of the mossy fiber sprouting was relatively
low. Interestingly, 25% of the sections from head-
injured animals showed numerous Timm granules in
the supragranular region (Timm score >2; 18 of 73
sections) even 1 week after FPI, indicating the rapid
onset of supragranular mossy fiber sprouting (see Fig
3G). The increase in sprouting observed in the sections
from the head-injured compared to control animals
was significant both at 1 week (Timm scores: con-
trol = 0.45 £ 0.08; FPI = 1.27 = 0.08) and 3
months (control = 0.41 = 0.09; FPI = 1.57 * 0.12)
(see Fig 3G). Additionally, the post-injury increase in
sprouting was significantly higher at 3 months com-
pared to 1 week after injury.

Prolonged Increase in the Frequency of sIPSCs in
Granule Cells After Fluid Percussion Injury

The posttraumatic presence of the moderate but signif-
icant mossy fiber sprouting indicates an increase in the
axonal output from the excitatory principal cells of the
dentate gyrus, most likely both to other granule cells
and to interneurons. Is there a similar increase in the
output from posttraumatic dentate interneurons? In
lieu of a convenient histochemical marker such as the
Timm stain, an alternative strategy was applied to an-
swer this question. It has been shown that FPI at 2.0
to 2.2atm impact strength in our laboratory results in
the loss of about 50% of the parvalbumin- and
cholecytokinin-positive basket and axo—axonic cells,"’
as well as other interneurons.’” The loss of interneu-
rons was found to be accompanied by a permanent de-
crease in the frequency of the spontaneous, action
potential-independent miniature IPSCs,'® indicating a
posttraumatic decrease in GABAergic release sites or
probability of GABA release. To determine whether
the net synaptic output of the surviving inhibitory in-
terneuronal network is altered in a persistent manner
after head trauma, we examined the posttraumatic

-
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Fig 3. Reorganization of the dentate granule cell axons follow-
ing trauma. (A—F) Timm staining shows mossy fiber sprouting
in the dentate gyrus of FPI animals 3 months after injury. A
and B are low-magnification images of the dentate gyrus; out-
lined areas are shown at higher magnification in C through
F. Note the absence of black granules in the supragranular
layer of the control (A, C, and E) compared with the FPI (B,
D, and F). C and D are from the crest, and E and F are
from the suprapyramidal blade of the granule cell layer. (G)
Summary data of Timm scores show a significant increase in
sprouting in the head-injured animals compared to age-
matched, sham-operated controls. Asterisks indicate signifi-
cance (Mann-Whitney U test, p < 0.001). ML = molecular
layer; GCL = granule cell layer. Bar = 200um (A and B)
and 50pum (C-F).
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changes in the frequency of the spontaneous, action
potential-dependent sIPSCs from granule cells, 1 week
and 5 to 6 months after head injury. The sIPSCs were
recorded at OmV, with Cs-gluconate-filled patch pi-
pettes, in ACSE. The sIPSC IEI was significantly
smaller (ie, the frequency was higher) in the head-
injured animals compared with the age-matched con-
trols at both the early (control = 37.72 *= 1.28 msec,
n = 9; FPI = 18.20 £ 0.05 msec, n = 8) and late
(control = 109.22 * 4.86 msec, n = 7; FPI =
66.52 * 2.47 msec, n = 12) post-FPI time points (Fig
4A). The amplitude of the sIPSCs was significantly

larger in the head-injured animals (control = 35.88 *

Fig 4. Increase in granule cell spontaneous inhibitory postsyn-
aptic current (sIPSC) frequency after FPIL. (A) Summary data
of sIPSC interevent interval (IEI) in head-injured animals as
a percent of sSIPSC IEI in the age-matched controls. Note the
decrease in IEI (increased sIPSC frequency) after injury ar
both time points. (B) Summary data show that the glutamate
receptor antagonists APV (20uM) and CNQX (5uM) in-
creased the lower IEI of sIPSCs (decreased the elevated sIPSC
Sfrequency) in granule cells from animals thatr experienced head
injury, but not in controls. Asterisks indicate significance
(Kolmogorov-Smirnov test, p < 0.05).
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1.15pA; FPI = 40.59 = 1.29pA, n = 8 cells each) 1
week after FPI. However, the rise time constants (con-
trol = 1.06 = 0.12ms; FPI = 1.11 = 0.20ms, n = 8
each) and decay time constants (control = 5.46 *
0.37ms; FPI = 4.65 £ 0.36ms, n = 8 each) of the
sIPSCs from head-injured animals were not different
from controls. Is the posttraumatic increase in the fre-
quency of sIPSCs in granule cells influenced by the
excitatory drive to interneurons?*'™*> To answer this
question, the frequency of sIPSCs from granule cells in
the control medium (ACSF) were compared to the fre-
quency of sIPSCs in a medium containing ionotropic
glutamate receptor antagonists (20uM APV and 5uM
CNQX). As shown before,*'= 4> the sIPSC frequency is
not influenced significantly in control granule cells by
the presence of the ionotropic receptor blockers in the
perfusate (sIPSC IEI in APV and CNQX, with respect
to IEI in ACSF: 89.6 = 4.0% at 1 week, n = 6; and
86.6 = 4.1% at 5-6 months, n = 6, after sham inju-
ry). In contrast, APV and CNQX significantly de-
creased the enhanced sIPSC frequency observed after
head trauma (see Fig 4B; IEI in APV and CNQX, with
respect to IEI in ACSF at 1 week: 142.6 = 5.9%, n =
6; 5-6 months: 117 = 5.5%, n = 7). These findings
indicate that the glutamatergic excitatory drive to in-
terneurons contributes to the early and long-term post-
traumatic increase in the net output from the dentate
inhibitory network.

Discussion

This study demonstrates the permanent decrease in
threshold to seizure-like activity, and long-term struc-
tural and functional hippocampal reorganization affect-
ing both excitatory and inhibitory networks, after a
single episode of concussive head injury. Specifically,
the data show that (1) the early hyperexcitability to
low-frequency stimulation recovers within 1 month;
(2) there is a long-term decrease in the stability of the
neuronal network, as determined by the decreased
threshold for generation of seizure-like activity in re-
sponse to high-frequency stimulation; (3) without te-
tanic stimulation, there are no spontaneous epilepti-
form discharges in the hippocampal circuit; (4) mossy
fiber sprouting appears within 1 week after injury and
increases in density by 3 months; (5) the early increase
in the frequency of granule cell sIPSCs persists at least
5 months after FPI; and (6) ionotropic glutamate re-
ceptor antagonists decrease the the posttraumatic po-
tentiation of the sIPSC in dentate granule cells.

Alrerations in Limbic Excitability After Head Injury

Each year an estimated 1.5 million people sustain trau-
matic brain injury in the United States, and brain
trauma is the leadin§ cause of death and disability
among young adults.*® The annual economic burden
of traumatic brain injury is projected to exceed $40



billion.*®%” Therefore, head injuries present an enor-
mous medical and social problem. A major conse-
quence of traumatic brain injury is epilepsy. The risk
of epilepsy increases with the severity of the head in-
jury. Immediate posttraumatic seizures are frequently
followed by a latent period,6 during which epileptogen-
esis can take place. However, the nature of the pro-
cesses underlying the development of later unprovoked
seizures is not understood. Clinical trials aimed at pre-
vention of late posttraumatic epilepsy using antiepilep-
tic drugs have been largely unsuccessful. 4% A recent
experimental study, however, has shown that activity-
dependent processes shortly after trauma are likely to
play a major role in the development of posttraumatic
hyperexcitability.50

Our data show that the early dentate hyperexcitability
recovers within a month after FPI. However, when chal-
lenged with high-frequency stimulation, the injured hip-
pocampal network exhibits a lower threshold to genera-
tion of seizure-like activity even 3 months after injury.
These findings indicate that, although there are no per-
sistent spontaneous seizure-like events in the trisynaptic
circuit after injury, there are underlying long-term
changes that predispose the limbic system to seizures
when challenged with strong stimuli. In other words,
following the initial impact, the hippocampal network
becomes persistently hyperexcitable, but the neuronal
system’s ability to handle incoming excitatory signals
without generating self-sustaining epileptiform dis-
charges undergoes a partial but not complete recovery.

What is the nature of the processes that underlie the
apparent recovery to weaker excitation? The early en-
hancement of the population spike amplitude evoked in
the presence of bicuculline recovered to control levels by
1 month (see Fig 1B), indicating that the excitatory net-
work undergoes some form of recovery and is at least
partially responsible for the recovery. On the other
hand, the early decrease in the efficiency of inhibition
also recovered by 1 month (see Fig 1D), suggesting that
the recovery process may also involve the inhibitory sys-
tem. The other side of the same issue concerns the
mechanism underlying the incompleteness of the recov-
ery and the processes that contribute the latent period of
epileptogenesis found in human head injuries. Our data
revealed a progressive increase in the density of mossy
fiber sprouting, which is often associated with enhanced
recurrent excitation and epileptiform discharges. The in-
crease in the density of mossy fiber sprouting with time
could be one candidate underlying the late appearance
of hyperexcitability in human head injuries, and it may
contribute to the incompleteness of the recovery of the
system’s stability in response to repetitive stimuli. Inter-
estingly, supragranular mossy fiber sprouting is present
in tissue from temporal lobe epilepsy patients with a his-
tory of head injury,27’28 and the sprouting of excitatory
axons has also been reported in the cortical undercut

model of posttraumatic hyperexcitability.51 It is likely
that the degree of sprouting in animal models of head
injury depends on several factors, including strain differ-
ences, injury paradigm, and impact strength. For exam-
ple, robust mossy fiber sprouting has been reported after
weight-drop head injury,52 whereas no mossy fiber
sprouting”’30 was found after FPI that resulted in lower
levels of hilar cell loss than what takes place under our
conditions following FPI at 2.0 to 2.2atm impact
strength. Our data also indicate that mossy fiber sprout-
ing after FPI can be detected within 1 week after injury,
similar to the early time course for sprouting reported in
models of epilepsy.19’25 In light of the early occurrence
and progressive nature of the posttraumatic mossy fiber
sprouting, it is possible that sprouting plays a role in
hippocampal hyperexcitabilty at both 1 week and 3
months after FPL It is also interesting to note that, al-
though it was not a focus of this study, our data also
revealed an age-dependent decrease in the efficiency of
inhibition (see Fig 1D) and a decrease in granule cell
sIPSC frequency (increase in IEI), both in control and
in post-FPI animals. Age-dependent alterations in func-
tional synaptic connections taking place in cortical net-
works” are likely to contribute to these phenomena.
The recovery of the early posttraumatic decrease in
the efficiency of inhibition to age-matched control lev-
els, as tested with low-frequency stimulation, took
place without a complete recovery of the ability of the
neuronal network to handle high-frequency excitatory
inputs. Furthermore, the increased spontaneous IPSC
frequency remained significantly elevated even 5 to 6
months following FPI. As discussed elsewhere, in sev-
eral models of epilepsy an increase in certain parame-
ters of GABA, receptor mediated inhibition has been
reported, including increases in GABA, receptor num-
bers, ¥4-74:55 changes in GABA, receptor subunit com-
position,ss’56 and presynaptic enhancement of GABA
release.”” However, the relationship between enhanced
inhibition and hyperexcitability is not fully understood.
Zinc-dependent collapse of elevated inhibition,** altered
ratio of dendritic versus somatic inhibition,>® frequency-
dependent conversion of increased inhibition to hyper-
excitability caused by persistently modified h-channels in
postsynaptic cells,’® and a preferential collapse of Cl™
homeostasis in dendrites of principal cells®° may all play
complex roles in determining the efficacy of potentiated
inhibitory processes in an ultimately hyperexcitable net-
work. Increased sIPSC frequency that is sensitive to
blockade of ionotropic glutamate receptors, similar to
our data, has also been reported in kindred animals.*
Whether the increased excitatory drive to dentate inter-
neurons, suggested by the data from kindred animals
and from our study, actually originates from the
sprouted mossy fibers is not known. Shortly after FPI
(within hours), there is also an elevated sIPSC frequency

in granule cells, which is associated with increased inter-
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neuronal spontaneous firing rates caused by a Na*t
pump-dependent shift in the interneuronal resting mem-
brane potential.(’1 However, the posttraumatic elevation
of the interneuronal resting membrane potential is tran-
sient, as it returns to nonsignificant levels by 4 days after
FPL°' Therefore, it is likely that the elevated frequency
of the sIPSCs in granule cells from head-injured animals
has different underlying mechanisms at different time
points following impact.

Taken together, the results demonstrate long-term al-
terations in both the excitatory and inhibitory networks
in the hippocampus after traumatic brain injury in ex-
perimental animals. The persistent decrease in seizure
threshold indicates the possibility that in human head
injuries, particularly after severe injury, the neuronal net-
works are persistently altered in the limbic system, even
if spontaneous behavioral or electrical seizures are not
present. Future investigations aimed at understanding
the activity-dependent epileptogenic processes50 in vari-
ous experimental models of head trauma will be needed
to shed light on the interaction, importance, and the
pro- versus antiepileptic nature of the cellular and syn-
aptic alterations triggered by a brain injury episode.
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