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Severe traumatic brain injury is a significant risk factor for development of epilepsy that
often becomes clinically apparent after a latent period of months to years (Salazar et al,
1985; Annegers et al, 1998). Unfortunately, a large percentage of patients with symptomatic
epilepsies due to trauma or other etiologies are not seizure free on appropriate
pharmacological antiseizure treatment (Kwan and Brodie, 2000). The high incidence of
epileptogenesis following severe injury in war time (Salazar et al., 1985) and the expected
marked increase due to the conflicts in Iraq and Afghanistan, emphasize the importance of
developing prophylactic strategies that might be applied during the latent period between
injury and the onset of seizures (Garga and Lowenstein, 2006). To date, multiple clinical
trials aimed at prevention of epilepsy after traumatic brain injury (TBI) with older
antiseizure agents (Glötzner et al, 1983; Young et al, 1983a,b; Temkin et al. 1990, 1999),
glucocorticoids (Watson et al, 2004) and magnesium (Temkin et al. 2007) have been
unsuccessful (see Temkin 2001, 2009 for reviews).

In previous experiments, we used the partial cortical isolation (“undercut”or “UC” ) model
of chronic posttraumatic epileptogenesis (Echlin, 1959; Sharpless and Halpern, 1962) to
assess cellular mechanisms that might underlie injury-induced focal cortical
hyperexcitability (Tseng and Prince, 1993; Salin et al, 1995; Hoffman et al, 1994; Li and
Prince, 2002; Jin et al 2006; Faria and Prince, 2010; Jin et al, 2011; reviewed in Graber and
Prince, 2006; Prince et al, 2009; Li et al, 2010). Rodent in vitro slices from the undercut
(UC) cortex generate spontaneous and evoked epileptiform discharges after a latent period
of ~7–14 days (Tseng and Prince, 2003; Hoffman et al, 1994; Salin et al, 1995). Focal
suppression of cortical activity with tetrodotoxin (TTX) during a critical period of 3 days
after injury reduces subsequent epileptogenesis in this model, providing a proof in principle
that prophylaxis of posttraumatic epileptogenesis is possible (Graber and Prince 1999,
2004). The mechanisms for this effect have not been fully explored; however, recent data
indicate that TTX treatment reduces immunocytochemical evidence for axonal and terminal
sprouting (Prince et al, 2009).
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Enhanced excitatory connectivity, is a prominent pathophysiological alteration in injured
epileptogenic neocortex (Salin et al, 1995; Li and Prince 2002; Jin et al., 2006) and
hippocampus (Tauck and Nadler 1985, McKinney et al 1997, Yang et al 1995), as well as in
human epileptogenic temporal lobes (Babb et al, 1991, 1992; Masukawa et al, 1992;
Isokawa et al 1993; Marco and DeFelipe, 1997). Layer V excitatory pyramidal (Pyr) neurons
in UC neocortex develop elaborate sprouting of axonal arbors with increased branching and
a higher density of boutons on their axons (Salin et al. 1995), and whole cell recordings
from these cells show an increase in the frequency of spontaneous (s) and miniature (m)
excitatory postsynaptic currents (EPSCs) (Li and Prince, 2002). Experiments in which laser
scanning photostimulation of caged glutamate has been used to map excitatory circuitry
have also revealed a more extensive functional excitatory connectivity in the UC cortex (Jin
et al. 2006). These findings have led to the hypothesis that an intervention to decrease new
excitatory synapse formation after injury might be one approach to antiepileptogenesis in the
undercut model of posttraumatic epileptogenesis. Formation of new synaptic connections is
an important event during development in cortical structures (Sutor and Luhmann, 1995, Sur
and Leamey, 2001) that appears to be recapitulated after injury (Salin et al, 1995;
Carmichael and Chesselet, 1992). A potential approach to limiting excessive excitatory
synapse formation, and possibly epileptogenesis following injury, was suggested by recent
results that have shown a prominent role for thrombospondins (TSPs), and perhaps other
astrocyte-secreted proteins, in excitatory synapse formation during development
(Christopherson et al 2005; Eroglu et al, 2009). The receptor for TSPs is the calcium channel
α2δ1 subunit (Gee et al., 1996; Field et al., 2006), which is significantly upregulated by
nerve and brain injury (Luo et al 2001, 2002 ) and isalso the receptor for the antiepileptic/
antiallodynic drugs gabapentin(GBP) (Eroglu et al, 2009; Gee et al., 1996) and pregabalin.
GBP also has potentialneuroprotective properties (Rothstein and Kuncl, 1995). High affinity
binding of GBP inhibits TSP-induced excitatory synapse formation during development
both in vitro and in vivo, providing it is administered within a ~5 days of formation of a new
synapse; already existing synapses are unaffected (Eroglu et al., 2009). These developmental
results lead to the hypothesis that GBP treatment might also block or limit excitatory
synaptogenesis following injury, and reduce posttraumatic hyperexcitability in this model.
We therefore treated animals with GBP via ip injections or sc via infusion pumps following
injury and used the expression of epileptiform activity in in vitro slices, recordings of
sEPSCs and mEPSCs in layer V Pyr neurons, and anatomical measures of excitatory
synapses to assess drug effects. Results suggest that GBP administered after cortical injury
limits excitatory synapse formation, reduces the frequency of excitatory postsynaptic
currents (EPSCs), decreases the incidence of epileptiform discharges in neocortical slices
and has neuroprotective effects. Portions of these results were published in an abstract (Li et
al., 2009).

Materials and Methods
All experiments were carried out according to protocols approved by the Stanford
Institutional Animal Care and Use Committee.

Preparation of partial cortical isolations
Using previously described methods (Graber and Prince, 2006), partial isolations of
sensorimotor cortex (UCs) were made in 141 male Sprague-Dawley rats at postnatal ages
(P)30 ±1 day. Animals were deeply anesthetized with ketamine (Phoenix, St. Joseph, MO,
80 mg/kg ip) and xylazine (Rompun Lloyd Lab, Shenandoah Iowa, 8 mg/kg ip), the scalp
incised and retracted, and a 3 × 5-mm bone window centered on the coronal suture removed
with dura intact. A 30-gauge needle, bent 90° 2 mm from the tip, was inserted parasagittally
~1–2 mm from the interhemispheric sulcus, advanced under direct vision tangentially just
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beneath the pial vessels, and lowered 2 mm. The needle was rotated ~180° to produce a
contiguous white matter lesion, elevated to just beneath the pia to make a second
transcortical cut, and removed. An additional transcortical lesion was placed ~2 mm lateral
and parallel to the initial parasagittal cut without needle rotation. The skull opening was
covered with sterile Saran Wrap®, and the skin sutured. Animals were treated with 0.02 –
0.03 mg/kg buprenorphine, s.c. and recovered uneventfully. Groups of UC rats were
subsequently re-anaesthetized and used for in vitro slice, immunohistochemical or Western
blot experiments as below.

Protocols for GBP administration
Undercut littermates were randomly treated with GBP (USP) or saline beginning within 1h
following surgery using two protocols (Fig. 1A). Group 1 had i.p injections of saline or
GBP, 100mg/kg/day 3x/day for 2 days (Grp 1 of Fig. 1A). Group 2 had a continuous
subcutaneous infusion of saline or saline containing GBP via implanted Alzet pumps at an
estimated dose of ~120 mg/kg/day for 13–15 days, taking increase in body weight over the
dose period into account. In vitro slices for electrophysiological recordings were obtained
13–15 days after the UC in both groups, i.e. on the last day of treatment in group 2 and 11–
13 days after the end of GBP treatment in group 1 (Methods below).

Neocortical slice preparation and field potential recordings
UC rats or naïve control littermates were deeply anesthetized with sodium pentobarbital (55
mg/kg i.p.), brains removed and blocked and ~350 μm thick coronal sensorimotor cortical
slices cut with a vibrotome (Leica VT1000s) as previously described (Li and Prince 2002).
Slices were incubated for at least 1 hour in artificial cerebral spinal fluid (ACSF) containing
(in mM): 126 NaCl, 5 KCl, 1.25 NaH2PO4, 2 CaCl2, 2 MgSO4, 10 glucose, and 26
NaHCO3; pH 7.4 when gassed with 95% O2/5% CO2 at 32°C. Slices were placed in a
modified interface recording chamber (34 – 36°C) where they were perfused with ACSF at a
rate of 2 ml/min. The partially isolated cortical area was easily identified under a dissecting
microscope and evoked field potentials recorded in layer V with an ACSF-filled glass
pipette. Focal extracellular 50 μsec single and paired square-wave pulses (10 and 30 msec
interpulse interval) were delivered at 0.1 Hz through a concentric bipolar electrode (Fine
Surgical Instruments Inc. Hempstead, New York) placed at the layer VI/white matter
junction on column with the recording electrode. Stimulus intensity was adjusted to be
threshold for eliciting a short latency field potential response. Recordings were obtained
from 4–5 slices/rat in a total of 49 rats. Stimulating and recording electrode pairs were
moved together across the slice to up to 10 sites to be certain that “hot spots” for evoking
epileptiform responses were not missed in slices when epileptiform responses were not
initially evoked (Graber and Prince, 2004). Stimuli in epileptogenic slices elicited interictal
epileptiform events that are easily distinguished from other responses on the basis of their
variable and often long latency and duration, their occurrence at a threshold as all-or-none
responses, and their polyphasic contours with peaks often associated with bursts of
extracellular action potentials (Prince and Tseng, 1993; Hoffman et al, 2004). Similar events
occurred spontaneously in some slices. A blinded observer viewed the traces offline and
verified the classification of slices as epileptogenic vs. non-epileptogenic. Evoked field
potentials were further assessed using a coastline burst index (Korn et al, 1987), a rough
measure of response intensity.

Whole cell patch clamp recordings
Slices (300 μm) were obtained, incubated as above and transferred one at a time to a
recording chamber on the stage of a compound microscope where they were minimally
submerged and perfused at a rate of 3 ml/min with the above ACSF containing 2.5 mM KCl.
Patch electrodes pulled from borosilicate glass tubing (1.5 mm OD) had impedances of 3–5
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MΩ when filled with (in mM): 120 K-gluconate, 10 KCl, 2 MgCl2, 1 CaCl2, 10 HEPES, 10
EGTA, 0.5% biocytin and pH 7.3 adjusted with KOH, 285–295 mosM.

Whole cell current- and voltage-clamp recordings of spontaneous (s)EPSCs and miniature
(m)EPSCs were obtained from layer V Pyr cells that were identified with infrared video
microscopy and differential interference contrast optics (Zeiss Axioskop) as neurons with
large somata, a single emerging dendrite oriented toward the pial surface, and an adapting
firing pattern to depolarizing current pulses. DNQX (6,7-dinitroquinoxaline-2,3-dione;
Ascent Scientific) 10 μM) was used in these experiments to identify spontaneous events as
EPSCs. In experiments where mEPSCs were analyzed, ACSF containing 1 μM tetrodotoxin
(TTX, Ascent Scientific) was used.

Recordings were made with a Multiclamp 700A amplifier, sampled at 10 kHz, filtered at 2
kHz with a Digidata 1320A digitizer, and analyzed using Clampfit (Axon Instruments Inc.
Foster City, CA), Mini Analysis (Synaptosoft, Decatur, GA), Origin 6.1 (OriginLab,
Northampton, MA), Excel (Microsoft) and Prism (GraphPad software). Only recordings
with a stable access resistance < 25 MΩ that varied <15% during the recording were
accepted for analysis. All experiments were carried out at room temperature (~22°C).

Immunohistochemistry
Animals were deeply anesthetized with Beuthanasia-D (Schering-Plough Animal Heath
Corp, Union ) (0.28mg/kg) and perfused intracardially with heparinized saline and 4%
paraformaldehyde in 0.1 M phosphate buffer. The brains were removed, post-fixed
overnight at 4° C and cryoprotected in 30% sucrose in PBS at 4° C. Sections (25–40 μm)
were prepared on a Heidelberg Microm (Micron International GmbH, Walldorf, Germany).
Sections from GBP- and saline-treated UC rats were processed together and primary
antibodies were omitted in some sections as an additional control. Sections were processed
with 10% normal goat serum (Jackson Immunoresearch Labs Inc. West Grove, PA) and
0.2% Triton X-100 for 60 min and exposed overnight (4° C) to the primary antibodies
against: neurofilament heavy chain 200 kD (monoclonal; 1: 1000, Epitomics Inc. CA), anti-
postsynaptic density 95 KDa protein (PSD95) (monoclonal;1: 200, Sigma); anti-vesicular
glutamate transporter 1 (VGLUT1; polyclonal; 1:1000; kindly provided by Dr. R. Reimer,
Stanford University School of Medicine); mouse anti-vesicular glutamate transporter 1
(VGLUT1; 1:500, Millipore, CA); pan neuronal marker NeuN (1:100, Millipore, CA); and
glial fibrillary acidic protein (GFAP; 1:1000, Epitomics Inc. CA; Millipore, CA ). After
several washes, sections were incubated for 2h at room temperature with fluorescein-labeled
secondary antibodies: Alexa Fluors 594 goat anti-mouse IgG and Alexa Fluors 488 goat
anti-rabbit IgG (Millipore, CA), goat anti- mouse Dylight 649, and goat anti-rabbit Dylight
594, (Jackson Immunoresearch Labs Inc. West Grove, PA). Double or triple
immunofluorescence was assessed with a laser confocal microscope (Talamasca 2P).
Indirect assessment of putative excitatory synapses in layer V was obtained by a blinded
observer who measured the density of sites of close apposition between PSD-95 and
VGLUT1 puncta (colocalized VGLUT1/PSD-95 puncta; Fig. 5) from non-adjacent sections
in UC and naive littermates.

Western Blots
Fresh full thickness cortical brain tissue was dissected from naïve, UC and contralateral
homotopic cortical areas, and sonicated in homogenization buffer: 12.5% 0.5 M Tris HCl,
10% glycerol, 2% SDS and protease inhibitor cocktail (Thermo Scientific, Rockford, IL).
Homogenates were centrifuged at 14,000g for 15 min at 4° C, and supernatant collected.
Samples of protein (15–20 μg) from saline and GBP-treated brain tissue were separated by
4–15% Tris-HCl running gel and transferred to Amersham Hybond-P transfer membranes
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(GE Healthcare). Membranes were blocked with 5% nonfat milk in TBST buffer for 1 h at
room temperature, and incubated overnight at 4° C with primary antibodies (1:25,000 for
rabbit anti-GFAP, Epitomics, Inc., Burlingame, CA; 1:1000 for mouse monoclonal anti-
human thrombospondin-1 (TSP1), R&D Systems and 1:10,000 for mouse monoclonal anti-
β-actin, Sigma). After several washes, the membranes were incubated with secondary
antibodies at dilutions of 1:10,000–20,000 for 1.5 hrs, room temperature. After further
extensive washing, the immunoreactive bands were detected with ECL plus Western blot
detection system reagents (GE healthcare). Quantification of optical absorbency of Western
blots was performed by using ImageJ software (NIH). Relative expression of specific
protein was normalized and calculated as the OD of specific protein/OD of β-actin.

Fluoro-Jade C (FJC) histochemistry
Sections from isolated neocortical regions from 6 UC GBP-treated and 6 saline treated rats
were processed for FJC histochemistry according to the modified manufacture’s protocol
(Millipore, CA). Slides were immersed in a 1% sodium hydroxide in 80% alcohol for 5 min,
followed by 70% alcohol, 30% alcohol and distilled water, each for 2 min, transferred into a
0.06% potassium permanganate solution and agitated for 15 min. After rinsing in distilled
water for 2 min, the slides were stained with 0.0001% FJC dye (Millipore, CA) dissolved in
0.1% acetic acid vehicle, for 30 min in the dark and washed in distilled water three times,
each for 1 min. The slides were air dried overnight, dehydrated in ethanol (95% twice and
100% twice), cleared in xylene and coversliped with D.P.X. The FJC stained sections were
examined under a fluorescence microscope (Nikon Eclipse E800, Japan). For multiple
labeling studies, sections were blocked with 3% BSA (Jackson Immunoresearch Labs Inc.
West Grove, PA) and 0.2% Triton X-100, exposed overnight (4° C) to antibodies (as above)
against NeuN (1: 100 and GFAP (1:1000), washed three times and incubated for 2h at room
temperature with fluorescein-labeled secondary antibodies. After several PBS washes,
sections were mounted, dried overnight, rehydrated in distilled water for 2 min, transferred
into 0.06% potassium permanganate for 5 min, rinsed in distilled water for 2 min, stained
with 0.0001% FJC dye for 15 min, washed three times in distilled water (1 min each), air
dried, cleared and coversliped with D.P.X. Sections were coded, and blind counts of FJC
reactive cells were obtained from an average of 3 fields/section in 2–3 non-adjacent sections
from UC-GBP and saline-treated UC animals using ImageJ (NIH).

Statistical analyses
Data are expressed as mean ± S.E.M unless otherwise noted. Statistical significance (p <
0.05) of differences between saline-treated and GBP-treated UC groups, were measured
using two-tailed Student t-tests or one way ANOVA.

Results
In vivo GBP treatment decreases the incidence of evoked epileptiform discharges in
cortical slices containing UC lesions

Animals with UC lesions were treated with GBP or saline immediately after injury, using 2
different protocols (Fig. 1A) and the incidence of evoked epileptiform discharges in UC
cortical slices was assessed with field potential recordings. Experiments in Group 2 of Fig. 1
were done initially. The larger number of experiments in saline vs. GBP-treated animals
allowed us to verify the high incidence of epileptiform activity found in slices from undercut
cortex in previous experiments (Graber and Prince, 1999; Hoffman et al, 1994). Chronic in
vivo treatment with GBP (100 mg/kg 3x/d ip or 120 mg/kg/d sc by pump x 14 days) resulted
in a large (69%) reduction in the incidence of epileptogenic slices from UC cortex (Fig. 1A,
Group 2; 3/17 epileptogenic slices from 4 GBP-treated rats vs. 21/43 slices from 10 saline-
treated animals; Fig. 1B–C; 1D; p < 0.04). A significant reduction in epileptogenic slices
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was also found in animals of Group 1 that had been treated for 2 days with GBP injections
followed by a slice experiment 11–13 days later (Fig. 1A,D; 11/42 epileptogenic slices from
10 GBP rats vs. 11/21 in 5 saline-treated controls, 53% reduction; p < 0.05). There was no
significant difference in the percentage of hyperexcitable slices between the short (2d, group
1) and long treatment groups (14d, group 2), and results remained highly significant when
data from the 2 groups were combined (not shown). Analyses of the coastline burst index
(Korn et al, 1987) revealed no significant differences between the epileptiform potentials
evoked in GBP and saline-treated groups (not shown). Additional experiments will be
required to determine effects of varying the onset and length of treatment following injury
and the duration of the apparent antiepileptogenic effect once GBP is discontinued (see
Discussion). We considered the possibility that GBP might acutely decrease spontaneous
epileptiform activity known to occur in UC rats in vivo (e.g. Graber and Prince, 2006) and in
some way influence development of chronic cortical hyperexcitability, or cause a persistent
but acute effect in Group 2. However, acute bath application of GBP (400 μM) in vitro for 2
h did not affect the incidence or electrographic features of evoked epileptiform bursts in
slices from 4 saline-treated UC rats. These results indicate that even brief GBP treatment
given shortly after lesion placement in vivo has a long-lasting effect to decrease
hyperexcitability in slices from chronically injured neocortex

Neuroprotective effects of GBP
One explanation for the reduction of epileptogenic discharges in UC cortices by GBP would
be a neuroprotective effect, as has been reported after traumatic brain and spinal cord injury
(Calabresi et al., 2000; Cunningham et al., 2004; Emmez, et al., 2010; Rothstein and Kuncl,
1995; Striano and Striano, 2008). We used the density of flurojade C (FJC)-stained neurons
in sections cut through the chronically UC cortex as a marker of cell damage/death
(Schmued et al. 2005). Previous reports showed that neuronal death detected by FJC after
injury reaches a peak at ~3 days and lasts up to 14 days (Wang et al, 2008). We therefore
used a day 7 time point. Analysis of images from confocal sections from UC regions in GBP
vs. saline-treated UC rats showed that GBP reduced the incidence of FJC-positive cells in
layers V and VI by 41%, 7 days after injury (GBP: 19.4 ± 2.3 FJC positive neurons/350
μm2, n = 18 sections, 6 rats; saline: 32.9 ± 2.9, n = 18 sections, 6 rats, p < 0.001; Fig 2A–C).
To help identify cell subtypes of FJC-positive profiles, we reacted FJC stained sections with
antibodies for pan-neuronal marker NeuN and astrocyte marker GFAP. A number of FJC
positive profiles co-labeled for NeuN but not for GFAP (Fig. 2D). GBP treatment also
significantly reduced expression of 200 kD neurofilament immunoreactivity (IR) in somata
and proximal dendrites of layer V neurons (arrows in Fig 2E; Fig. 2F–G). The alteration in
neurofilament expression by GBP may be a result of a reduction in neuronal injury and/or
reduced activity in the injured cortex (e.g. Fig 1 of Prince et al, 2009).

Activation of astrocytes and increased GFAP-IR is a common response to neural injury (Ide
et al, 1996; Cervos-Navarro and Lafuente, 1991). GFAP-IR was substantially increased at
the edges of UC lesions in comparison to contralateral or naïve cortices (Fig. 3A, saline UC
vs. naive) and GBP treatment reduced GFAP-IR in the injured area (Fig. 3A, GBP UC vs.
Saline UC). Western blot analysis confirmed the significant increase in GFAP protein
expression in UC compared to intact cortex (Fig. 3C, Saline1, Saline2) that was partially
suppressed in GBP-treated animals (Fig. 3C, GBP1, GBP2). When normalized to β-actin,
GFAP protein expression in GBP-treated UC lesions decreased by 41% at 7 days after
injury, compared to saline treatment (Fig. 3D, right graph; GBP 0.51± 0.09 arbitrary OD
units, n = 4 rats, vs. saline 0.86 ± 0.08, n = 4, p < 0.05); and by 35% 3 days after injury (left
graph: GBP 0.41± 0.03, n = 6, vs. saline 0.63 ± 0.09, n = 6; p < 0.05). The pan-neuronal
marker NeuN was used to verify the cortical depth of GFAP-IR in different rats (Fig. 3B,
lower panels).
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Following injury to the mature cortex, reactive astrocytes transiently re-express
thrombospondins 1 and 2 (TSPs1/2) (Lin et al., 2003) that may promote synapse formation
(Christopherson et al, 2005; Eroglu et al., 2009). Such effects are reduced in TSP1/2
knockout animals (Liauw et al., 2008). There were significant increases in TSP1 measured
by Western blot and TSP2 immunoreactivity in injured cortex 3 days after the undercut (Fig
4A–D), associated with increased GFAP (Fig 4D). However, this increase in TSPs 1/2 was
not observed at day 7, 10 or 14 after injury (data not shown). When normalized to β-actin,
TSP1 protein expression in UC lesions of GBP-treated rats 3 days after injury decreased by
55% (Fig. 4B; GBP 0.67± 0.09, n = 6, vs. saline 1.48 ± 0.28, n = 6; p < 0.05). Large
increases in the expression of the TSP/GBP receptor α2δ-1-IR were also present 7 days after
the UC lesion (c.f. Fig. 4E and F), as reported following spinal nerve injury, (Luo et al,
2001). Taken together, these results show that alterations which would be expected to
promote new synapse formation after injury, such as enhanced expression of GFAP, TSPs
and α2δ-1, are present in the partially isolated neocortex early after lesion placement. The
reductions in FJC stained neurons, neurofilament-IR, GFAP and TSPs that result from GBP
treatment are consistent with a significant neuroprotective effect by the drug.

Chronic GBP treatment after injury inhibits synapse formation
GBP decreases excitatory synapse formation during development (Eroglu et al., 2009), and
we hypothesized that it might also limit the enhanced excitatory connectivity that occurs
following injury (Salin et al, 1995; Carmichael and Chesselet, 2002; Staley and Dudek,
2006; Jin et al, 2006). Such an action could, in part, account for reductions in
epileptogenesis after neocortical trauma (Fig 1D). Sections containing cortical UCs from
rats treated chronically with GBP or saline were double-immunolabeled for presynaptic and
postsynaptic markers of excitatory synapses, VGLUT1 and PSD95, respectively. Profiles in
which there was close apposition of pre- and postsynaptic markers (Fig. 5A–B, arrows) were
presumed to represent synaptic contacts (Stevens et al, 2007; Eroglu et al., 2009). Blind
counts of close appositions of VGLUT1- and PSD95-immunoreactvity showed that GBP
treatments for 3 days and 7days following injury significantly decreased the density of
presumed excitatory synapses (Fig. 5C. left graph: GBP 3days, 14.1 ± 0.82 profiles/20 μm2,
n = 4 vs. saline, 19.3 ± 1.07, n = 4, p<0.001; 5C, right graph: GBP 7days, 16.3 ± 1.22
profiles/20 μm2

, (n=6) vs. saline, 23.8 ± 2.2, (n=6), p < 0.01). Thus, similar to results of
GBP treatment during brain development and effects on barrel plasticity following
deafferentation (Eroglu et al, 2009), GBP significantly reduces excitatory synapse formation
following cortical injury.

Chronic GBP treatment decreases the frequency of spontaneous and miniature EPSCs on
layer V pyramidal neurons in undercut cortical slices

One functional consequence of a reduction in the density of excitatory synapses in the UC
cortex resulting from GBP treatment might be a decrease in the frequency of excitatory
postsynaptic currents in slices from drug vs. saline-treated UC rats. We therefore obtained
whole cell recordings of sEPSCs and mEPSCs from layer V Pyr neurons in brain slices from
rats treated with GBP (120 mg/kg/day s.c., 10–14d via pump) or saline following the injury.
Spontaneous excitatory currents were completely blocked when the perfusate contained 10
μM DNQX (not shown), indicating that they were mediated by activation of AMPA/KA
receptors. Representative recordings of sEPSCs from saline- and GBP-treated rats are shown
in Fig. 6A. The frequency of excitatory currents in UC slices was lower than we previously
reported for layer V Pyr neurons (Li and Prince, 2002), perhaps due to differences in bath
temperature (32°C in earlier experiments and room temperature here). Nonetheless, neurons
from the GBP-treated animals had a ~33% lower sEPSC frequency than those of saline-
treated UC controls (saline: 5.08 ± 0.36 Hz, n = 19 neurons from 8 rats vs. GBP: 3.4 ± 0.44
Hz, n = 21 neurons from 8 rats; p < 0.001; Fig. 6A and left graph in 6B). sEPSC amplitudes
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were similar between these two groups (saline: 17.4 ± 1.6 pA vs. GBP: 16.7 ± 0.8 pA, p =
>0.6, Fig 6B, right graph). The frequency of mEPSCs recorded in 1 μM TTX was also
reduced in slices from GBP-treated vs. saline-treated UC animals (saline: 2.3 ± 0.2 Hz, n =
10 cells vs. GBP: 1.7 ± 0.1 Hz, n = 11, p < 0.05) without effect on mEPSC amplitude
(saline: 14.6 ± 0.5 pA vs. GBP: 14.2 ± 0.5 pA, p = >0.6). No significant differences were
found in sEPSC rise time, decay time and half width for GBP versus saline treatment (10–
90% rise time: saline 2.5 ± 0.2 ms vs. GBP 2.6 ±0.1 ms; p=>0.6; decay time: saline 3.1 ± 0.2
ms vs. GBP 3.2±0.2 ms, p=>0.8; half width: saline 2.5 ± 0.3 ms vs. GBP 2.5 ± 0.2 ms,
p=>0.9.). These functional results are consistent with the decreased density of excitatory
synapses estimated from the dual VGLUT1/PSD95 close appositions in the above
immunocytochemical experiments.

Discussion
Following injury to the mature cortex, reactive astrocytes re-express TSPs 1/2 that may
promote axonal sprouting and synapse formation (Lin et al., 2003; Liauw et al., 2008). The
extent to which such effects are adaptive or maladaptive is unknown, however, they are
dependent on TSP actions as they are reduced in TSP1/2 knockout animals (Liauw et al.,
2008). In addition, the α2δ-1 receptor is markedly up-regulated in UC cortex (Fig. 4) as it is
in spinal nerve injury (Luo et al., 2001; Luo et al., 2002; reviewed in Maneuf et al., 2006
and Field et al., 2006), thus, providing increased targets for TSP actions. These and earlier
results (Eroglu et al 2009) lead to the hypothesis that GBP might be an effective
antiepileptogenic agent by blocking the interaction of TSPs with their α2δ-1 receptor
following injury, reducing new aberrant synapse formation and perhaps indirectly
decreasing axonal sprouting. These experiments were designed to test the potential effects of
GBP in a model of injury-induced epileptogenesis.

We have previously shown that ~ 58–75 % of sensorimotor cortical slices, from areas of
chronic partial cortical isolations/UCs placed 10–14 days earlier, generate spontaneous and
evoked epileptiform responses consisting of variable latency and duration, all-or-none,
prolonged polyphasic field potentials that originate in layer V and spread to other lamina
and across the slice (Hoffman et al. 1994; Prince and Tseng 1993; Salin et al, 1995; Graber
and Prince, 1999; reviewed in Graber and Prince, 2006). In these previous experiments and
the current study, at least 1 slice from each “undercut” animal generated epileptiform events.
In whole cell patch clamp recordings from UC slices, such epileptiform potentials are
associated with an increase in frequency of spontaneous and evoked EPSCs (Li and Prince,
2002), and more widespread excitatory network connections onto layer V pyramidal neurons
(Jin et al., 2006). We found a similar incidence of hyperexcitability in field potential
recordings in in vitro slices from saline-treated UC rats in this study, in spite of differences
in experimental conditions (e.g. temperature, [K+]o).

GBP treatment reduces posttraumatic hyperexcitability
The principal findings of these experiments are that high dose, brief GBP treatments, given
for 2d, beginning immediately after brain injury, effectively reduce the incidence of
epileptiform discharges assessed 14 days later in brain slices from the UC cortex (Group1 of
Fig. 1). A similar reduction in the incidence of evoked bursts was present the day following
2 weeks of GBP treatment (Group 2 of Fig. 1). GBP has a short half life of ~1.7h after iv
injection in rat (Radulovic et al, 1995) making it highly unlikely to influence the incidence
of epileptogenic activity via an acute antiepileptic action in either protocol group, as the in
vitro slice experiments were delayed by 4–8 hours or 13–14 days after the drug was
discontinued in Groups 2 and 1, respectively (Fig. 1A and Methods). We have not
thoroughly explored the effects of more prolonged treatments, or longer intervals between
drug administration and measurements of electrophysiological or anatomical variables.
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There may be a critical period for GBP administration, as was the case in developmental
experiments, so that newly formed synapses may be unaffected if drug treatment is delayed
for a number of days (Eroglu et al, 2009). Such experiments will be important, as the signals
that initiate sprouting and new synapse formation may persist in the injured cortex after
GBP is discontinued, and other pathophysiological alterations with a different temporal
onset and duration, e.g. decreases in GABAergic inhibition or alterations in neurotransmitter
transporters, will presumably not be affected by GBP and may induce hyperexcitability even
when new excitatory synapse formation is limited by the drug. These will be significant
considerations in interpreting effects of GBP or other drugs on epileptogenesis in in vivo
preclinical trials. In this context, it is important to emphasize that prophylactic actions of
GBP on injury-induced epileptiform activity in vitro are not necessarily predictive of
favorable effects on epileptogenesis and development of seizures in vivo. Although
electrographic ictal episodes and associated behavioral alterations have been shown in vivo
in implanted rodents and cats with partial cortical isolations (Graber and Prince, 2006; Nita
et al, 2007), the incidence and frequency of seizures is not known.

Neuroprotective effects of GBP
The present results suggest that both neuroprotective effects and a decrease in injury-
induced synapse formation by GBP may have a role in the antiepileptogenic effect.
Neuronal injury and astrogliosis in the UC region (Figs. 2 and 3) may promote
epileptogenesis by initiating reorganization of cortical circuits and formation of new
excitatory connections (McKinney et al, 1997; Carmichael and Chesselet, 2002; Salin et al,
2005; Jin et al, 2006), and through alterations in glial function (Stewart et al, 2010; Ortinski
et al, 2010). Our results show that GBP, administered for 2–3d beginning on the day of the
UC lesion, decreased the density of FJC-positive profiles (Fig. 2A–C) that are known to
localize with injured neurons (Eisch et al., 1998; Schmued et al., 1997, 2005; Wang et al.,
2008; Fig 2C). This attenuation of neuronal markers of injury was accompanied by
immunocytochemical and Western blot results showing that GBP also reduced gliosis (Fig.
3). Previously described enhanced neurofilament-IR in UC cortex (Prince et al, 2009), a
marker for axonal injury and sprouting (Yaghmai and Povlishock, 1992; Christman et al,
1997; Chuckowree and Vickers, 2003), was also decreased in layer V Pyr neurons by GBP
(Fig. 2E–G). Similar neuroprotective effects of GBP have been reported in other model
systems (Baydas et al., 2005; Calabresi et al., 2000; Cunningham et al., 2004; Comi et al.,
2008; Kim et al., 2009). For example, GBP given immediately following carotid ligation in
mice reduced acute reactive seizures and brain atrophy (Comi et al. 2008), and also
decreased markers of glial and neuronal abnormalities following hyperglycemic brain injury
(Baydas et al. 2005). Although mechanisms for these effects are uncertain, reduction of
glial-activated inflammatory mediators (Mototh et al, 2000) and reduced oxidative stress
have been suggested (Baydas et al., 2005).

GBP has multiple other actions including effects on ion channels (Liu et al., 2006, Vega-
Hernandez and Felex, 2002), as well as on ligand gated NMDA and GABAB receptors
(Bertrand et al., 2003, Kim et al., 2009, Ng et al., 2001). GBP decreases trafficking of
voltage gated calcium channels to the membrane and their density (Hendrich et al., 2008;
Bauer et al., 2009; Davies et al., 2007) and reduces Ca++ currents in neurons, perhaps
through actions involving presynaptic N- or P/Q-type Ca++ channels (van Hooft et al., 2002;
Vega-Hernandez and Felix, 2002; Fink et al., 2000; Bertrand et al., 2003; Bayer et al., 2004;
Li et al., 2006; Kato and Bredt, 2007), resulting in reductions in release of glutamate and
other transmitters (Cunningham et al., 2004; (Bayer et al., 2004). Such acute effects may be
related to anticonvulsant or to the neuroprotective effects of GBP, however, we cannot rule
out the possibility that they also alter the processes important in the early stages of
epileptogenesis. As mentioned above, acute residual antiepileptic effects of GBP could not
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have contributed to results with the dosing protocols used. Further, prolonged bath
applications of high concentrations of GBP (200–400 μM x 2h) did not block the evoked
epileptiform discharges in UC cortex (not shown). In contrast, in vivo administration of
GBP for a few days significantly decreased the frequencies, but not amplitudes of sEPSCs
and mEPSCs recorded from layer V pyramidal neurons (Fig. 6).

Effects of GBP on excitatory synapse formation
Previous anatomical (Salin et al, 1995) and functional results (Li et al, 2002; Jin et al, 2006)
are compatible with increases in excitatory connectivity in the UC cortex. Because GBP
treatment has been shown to limit excitatory synapse formation during development (Eroglu
et al, 2009), we hypothesized that it might also limit injury-induced synaptogenesis in the
UC cortex. Results showed a significant decrease in the density of close appositions of pre-
and postsynaptic markers for excitatory synapses in the injured cortex from animals treated
with GBP vs., saline, an effect similar to that reported in naïve neocortex of mice treated
with GBP in the first week of life (Eroglu et al, 2009). In addition, our data show that the
GBP suppression of synapse formation in the UC can be detected at the earliest time point
examined, 3 days after the lesion (Fig. 5C). The electrophysiological data showing decreases
in mEPSC and sEPSC frequency in the GBP treated animals are compatible with the above
anatomical changes. Thus, at least one mechanism for the anti-epileptogenic effect of GBP
may be attributed to the prevention of new synapse formation. Because the drug was
administered beginning on the day of injury, it is unclear whether a similar effect would
occur with delayed treatment (e.g. Eroglu et. al. 2009).

Acute effects of GBP mentioned above do not appear to contribute to suppression of evoked
epileptiform bursts in slices because of the short half life of GBP in rats (Vollmer et al,
1986) and the effects seen long after the treatment in some experiments (e.g. Group 1 of Fig.
1A,D). However, such effects may be related to the neuroprotective actions of GBP found in
models of spinal cord, retinal and brain ischemia (Lagreze et al., 2001; Traa et al., 2008;
Kale et al., 2011) and in our experiments when there is a short interval between injury and
treatment (Figs 2,3).

GPB is a widely available clinical pharmaceutical agent used for treatment of pain, epilepsy
and anxiety (Rothstein and Kuncl, 1995). Current results raise the possibility of potential
effects as an antiepileptogenic agent following TBI. Obviously a number of important issues
remain to be addressed in additional experiments before consideration of such use, including
drug dosage, the optimal timing and duration of treatment, efficacy in in vivo preclinical
trials, and potential adverse effects on adaptive new connectivity that may occur hand in
hand with maladaptive effects of sprouting and new synapse formation (Dancause et al,
2005; Lee et al, 2004).
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Highlights

• Gabapentin (GBP) decreases injury-induced astrocytosis and is neuroprotective.

• GBP given following cortical injury inhibits synapse formation and decreases
excitatory synaptic activity.

• In vivo GBP treatment reduces evoked epileptiform discharges in slices from
injured cortex.

• GBP is a potential antiepileptogenic agent
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Figure 1. Treatment with GBP decreases the incidence of evoked epileptiform discharges in UC
cortex
A: GBP treatment protocols. Group (Grp)1: GBP 100mg/kg or saline i.p 3x/day for 2 days
(gray arrows/lines) beginning within 1h of placement of UC lesion (time 0), followed by
slice experiment (dashed line) on day 15 after UC. Grp2: GBP ~10 mg/day or saline via
Alzet pump infusion sc followed by slice experiment on day 15.
B: Representative traces of epileptiform field potentials evoked at threshold by 2
consecutive stimuli delivered on column at the white matter/layer VI border from a slice of
saline-treated UC rat. Acute GBP application in vitro (400μM x 2h) failed to block such
responses (n = 4 slices; not shown).
C: Representative responses to stimuli as in B in a slice from UC GBP-treated rat of Grp 2
in which epileptiform responses are not evoked.
D: Percentage of slices in which stimuli evoked epileptiform responses similar to those in B,
in groups 1 and 2 of A. Numbers in bars: number of rats in saline and GBP groups. 4–5
slices assayed/animal (average 4.3). Data are expressed as mean ± SEM. *: p < 0.05.
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Figure 2. Neuroprotective effects of chronic GBP treatment
A–B: Representative confocal images of Fluoro-Jade C (FJC) staining from UC cortices of
rats treated for 2d with saline (A) or GBP (B). Sections obtained 7 days after cortical injury.
Arrows: FJC positive profiles.
C: Density of FJC positive cells/350×350 μm2 in layer V of UC cortex is decreased by GBP
treatment. Graph shows data from 6 saline- and 6 GBP-treated UC rats. Counts done from
6–9 images and 2–3 sections/rat. ***P < 0.001. Error bars: SEM.
D: FJC positive profiles were neuronal. Confocal image from section triple labeled for FJC
(green), GFAP-IR (red) and NeuN (blue). FJC did not colocalize with GFAP (large arrow),
however a number of profiles were reactive for NeuN and FJC (small arrows). Calibration
bar in B for A,B and in F for E,F.
E–F: 200KDa neurofilament-IR sections through UC from rat treated with saline (E) and
GBP (F).
G: Graph shows significant decrease in density of neurofilament IR (#cells/700×700 μm2)
in GBP-treated rats. Numbers in columns: # rats. *: p<0.05
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Figure 3. Increased GFAP expression in UC cortex is reduced toward naïve levels by chronic
GBP treatment
A: Representative images of GFAP-IR close to the UC lesion (dashed white lines) in
sections from saline-treated (Saline UC, n = 6 rats), GBP-treated (GBP UC, 100mg/kg 3x/d
x 7d, n = 6) and naive control cortex (n = 2). Pial surface up and to the left. Sections
processed together and imaged using the same parameters. Increased GFAP-IR along cuts in
Saline-UC is partially decreased toward naïve control level in GBP UC section. Lower
images: NeuN-IR in sections adjacent to those in upper GFAP row to show laminar position
of GFAP-IR. Roman numerals: cortical laminae. Calibration: 200 μm for all images
B: Western immunoblots of GFAP protein expression from UC cortex in 2 saline-treated
rats (Saline 1 and Saline 2) and 2 UC rats treated with GBP (GBP1 and GBP2; 100 mg/kg
3xd x 7d). Cl: contralateral homotypic cortex. GFAP expression is increased in UC vs.
contralateral cortex, and decreased in blots from GBP-treated vs. saline-treated UC animals.
C: Optical density of GFAP immunoblots normalized to the expression of β actin. Graphs
show a significant decrease in GFAP expression in UC cortex for 3 and 7d GBP- vs. saline-
treated UC rats. GBP dose/d as in B. *P < 0.05 for both comparisons. Data are expressed as
mean ± SEM. Numbers of rats in bars.

Li et al. Page 19

Neurobiol Dis. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Alterations in TSP1/2 and α2δ-1 expression in UC cortex
A: Representative immunoblots of TSP1 protein expression from UC and contralateral
homotopic cortex (Cl) 3 d after lesion in GBP treated (GBP UC) and saline treated rats
(Saline UC). GBP dose: 100 mg/kg 3xd x 3d beginning on day of UC. TSP1 expression is
increased in UC vs. contralateral cortex (wells, 1 vs. 2 and 3 vs. 4), and decreased in blots
from GBP-treated vs. saline-treated UC animals (wells 1 vs. 3).
B: Optical density (OD) of TSP1 immunoblots normalized to the expression of β-actin.
Graphs show a significant increase in TSP 1 in UC vs. contralateral cortex in both saline and
GBP treated animals. TSP1 expression in the UC is reduced in GBP vs. saline treated UC
cortex. Data obtained 3 days after UC.*P < 0.05. Data are expressed as mean ± SEM.
Numbers of rats in bars.
C–D: Dual IR for GFAP and TSP2 in area of UC (D) vs. contralateral cortex (C) 3 days
after UC lesion. Dashed lines here and in F: UC lesions. Pial surface up in D and up-right in
F. Calibration in C for C,D and in E for E–F.
E–F: Increased α2δ-1-IR in area of the undercut 7 days after lesion (F) compared to
contralateral cortex (E).
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Figure 5. Chronic GBP treatment decreases posttraumatic synaptogenesis
Confocal images of dual VGLUT1-IR (green) and PSD95-IR (red) from layer V of saline-
treated (upper images) and GBP-treated rats (lower images).
A1–2: Images of UC sections from rats treated with saline (A1) and GBP (100 mg/kg/3x/d
for 7d), (A2). Arrows in A–B point to sites of close apposition of VGLUT1- and PSD95-IR
(yellow; presumed synapses).
B1–2: Images from marked segments of A1, A2 at 5x higher magnification. Calibrations in
A2 for A1–2 and in B2 for B1–2.
C: Blinded counts of profiles of VGLUT1/ PSD95 colocalizations in UC cortical sections
from UC rats treated with saline x3d (left graph, white bar) or GBP (100 mg/kg/3x/d x3d)
(black bar). Right graph: 7d GBP treatment at same dose. Numbers in bars: number of
animals. 2–3 sections analyzed/animal and 3 images from each section. Both GBP treatment
durations resulted in a significant decrease in synaptic density compared to UC saline
controls. ***: p < 0.001; **: p < 0.01). Data are expressed as mean ± SEM.
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Figure 6. Chronic GBP treatment decreased the frequency of excitatory postsynaptic currents in
layer V pyramidal neurons of undercut cortex
A: Representative recordings of spontaneous (s)EPSCs in layer V pyramidal (Pyr) neurons
in slices from saline- (upper trace) and GBP-treated (100 mg/kg/3x/d ip x 14d.; lower trace)
UC cortex. Holding potential: −65mV. Estimated ECl: −55 mV.
B: Group data for frequency and amplitude of spontaneous EPSCs from layer V Pyr neurons
in slices from saline- (white bars) and GBP-treated (100 mg/kg/3x/d ip x 14d) UC cortex
(black bars). GBP treatment decreased the frequency of sEPSCs, but not amplitude.
Numbers in bars: number of cells here and in C. ***: P<0.001.
C: Frequency but not amplitude of mEPSCs was reduced in GBP-treated (black bars) but
not saline-treated rats (white bars). *: P<0.05.
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