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Abstract

Lesioned neuronal circuits form new functional connections after a traumatic brain injury (TBI).
In humans and animal models, aberrant excitatory connections that form after TBI may contribute
to the pathogenesis of post-traumatic epilepsy. Partial neocortical isolation (“undercut” or “UC”)
leads to altered neuronal circuitry and network hyperexcitability recorded in vivo and in brain
slices from chronically lesioned neocortex. Recent data suggest a critical period for maladaptive
excitatory circuit formation within the first 3 days post UC injury (Graber and Prince, 1999, 2004;
Lietal., 2011, 2012b). The present study focuses on alterations in excitatory connectivity within
this critical period. Immunoreactivity (IR) for growth-associated protein (GAP)-43 was increased
in the UC cortex 3 days after injury. Some GAP-43-expressing excitatory terminals targeted the
somata of layer V pyramidal (Pyr) neurons, a domain usually innervated predominantly by
inhibitory terminals. Immunocytochemical analysis of pre- and postsynaptic markers showed that
putative excitatory synapses were present on somata of these neurons in UC neocortex. Excitatory
postsynaptic currents from UC layer V Pyr cells displayed properties consistent with perisomatic
inputs and also reflected an increase in the number of synaptic contacts. Laser scanning
photostimulation (LSPS) experiments demonstrated reorganized excitatory connectivity after
injury within the UC. Concurrent with these changes, spontaneous epileptiform bursts developed
in UC slices. Results suggest that aberrant reorganization of excitatory connectivity contributes to
early neocortical hyperexcitability in this model. The findings are relevant for understanding the
pathophysiology of neocortical post-traumatic epileptogenesis and are important in terms of the
timing of potential prophylactic treatments.
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Introduction

Injury to the central nervous system initiates a variety of changes including gliosis,
inflammation, and reorganization of neural circuitry. For example, in animal models of
axotomy (Fishman and Mattu, 1993), diffuse axonal injury (Greer et al., 2011) and cortical
stab wounds (King et al., 2001), injury is accompanied by axonal sprouting. Ramon y Cajal,
perhaps the first to observe this phenomenon, referred to rapid axonal sprouting after injury
as “compensatory collateral hypertrophy” and hypothesized that it was a mechanism to
rewire lesioned cortical circuits (DeFelipe and Jones, 1991). Reorganization after injury can
be adaptive if lost connections in vacant synaptic territory are re-established (Carmichael,
2003; Chuckowree et al., 2004), or maladaptive, for example, if aberrant and excessive
excitatory connections initiate epileptogenesis (Salin et al., 1995; McKinney et al., 1997; Jin
etal., 2006).

Traumatic brain injury (TBI) accounts for ~20% of all symptomatic epilepsies, making it
one of the most common forms of acquired epilepsy worldwide (Hauser et al., 1991; Kraus
and McArthur, 1996; Herman, 2002). Key risk factors for the development of epilepsy after
TBI include penetrating brain injuries, depressed skull fracture, intracranial hematoma, and
the occurrence of acute symptomatic seizures (i.e. “early seizures”) within the first week
(Frey, 2003; Lowenstein, 2009; Beghi et al., 2010). Partial neocortical isolations provide a
model of focal TBI in which mechanisms of hyperexcitability after injury can be examined
(Prince and Tseng, 1993; Hoffman et al., 1994; Salin et al., 1995; Topolnik et al., 2003a). In
slices obtained from chronically injured animals weeks to months after injury, robust
epileptiform activity is observed in layer V of neocortex (Prince and Tseng, 1993; Hoffman
et al., 1994; Li and Prince, 2002). Similar to other animal models of post-traumatic
epileptogenesis (D’ Ambrosio et al., 2004; Cohen et al., 2007; Avramescu et al., 2009),
hyperexcitability in the UC neocortex is hypothesized to originate from enhanced excitation
(Salin et al., 1995; Li and Prince, 2002; Jin et al., 2006) and decreased inhibition (Li and
Prince, 2002; Avramescu et al., 2009; Faria and Prince, 2010; Jin et al., 2011; Faria et al.,
2012; Ma and Prince, 2012). The present experiments were motivated by recent data
suggesting a critical period of maladaptive excitatory circuit formation within the first 3 days
following UC (Graber and Prince, 1999, 2004; Li et al., 2011, 2012b). We used anatomical,
electrophysiological, and laser photolysis methods to assess acute changes in excitatory
circuits. Results show that markers of axonal sprouting of excitatory terminals are present in
cortical slices 3 days after UC, concomitant with spontaneous epileptiform activity. Our
results also suggest that some newly sprouted excitatory axon terminals aberrantly target the
perisomatic region of layer V Pyr neurons, as evidenced by immunocytochemical data,
larger and faster spontaneous excitatory post synaptic currents (SEPSCs), and a negatively
shifted reversal potential for evoked glutamate-receptor mediated currents. Finally, laser
scanning experiments demonstrate larger amplitude EPSCs terminating on layer V Pyr
neurons in UC slices. The results suggest that aberrant excitatory inputs to layer V Pyr
neurons develop soon after injury and could contribute to early neocortical hyperexcitability
in this model of traumatic brain injury and early seizures after TBI in humans.
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Materials and Methods

Partial cortical isolations

All experiments were performed according to the National Institutes of Health guide for the
care and use of Laboratory animals and all protocols were approved by the Stanford
Institutional Animal Care and Use Committee. Partial isolations of neocortex (“UCs”) were
produced in anesthetized male rats at postnatal day 21 (P21, PO = date of birth) as described
previously (Hoffman et al., 1994; reviewed in Graber and Prince, 2006). Briefly, animals
were deeply anesthetized with ketamine (80 mg/kg, ip) and xylazine (8 mg/kg, ip) and
mounted in a stereotactic frame. A cranial bone window (~ 3 x 5 mm) centered on the
coronal suture was removed, leaving the dura intact, to expose a portion of the frontoparietal
cortex. A 30-gauge needle bent at a right angle 3 mm from the tip was inserted parasagitally
~1-2 mm from the central sulcus with the needle point aimed rostrally. The needle was
advanced tangentially through the dura and pia, just beneath the pial vessels, and lowered to
a depth of 2 mm. The needle was then rotated on its longitudinal axis by ~120° — 180° to
produce a contiguous white matter lesion. The needle was then elevated to a position just
under the pia to make a second transcortical cut and removed. The skull opening was
covered with sterile Saran Wrap® and the skin sutured. The animals were then allowed to
recover in a temperature- and light-controlled (12 h light/dark cycle) environment with
access to food and water ad libitum until the terminal experiment.

Slice preparation and electrophysiology

Acute neocortical brain slices were prepared from UC animals 3 — 4 days after injury
(referred to below as 3 day UC group) and from age-matched male littermates. “Control”
below refers to age matched naive littermates, unless otherwise noted. Animals were deeply
anesthetized with sodium pentobarbital (55 mg/kg, i.p.), brains rapidly removed and placed
in ice-cold (4°C) sucrose artificial cerebrospinal fluid cutting solution (SACSF) containing
(in mM): 234 sucrose, 26 NaHCOg3, 11 glucose, 10 MgSOy, 2.5 KCI, 1.25 NaHyPQy, and
0.5 CaCl, gassed with 95% O,/5% CO,. Brains were then blocked and mounted on a
vibratome stage (VT 1200, Leica). Coronal brain slices (300 pum) containing the
sensorimotor cortex (the region of injury in UC animals) were cut in oxygenated SACSF and
immediately transferred to an incubation chamber filled with oxygenated artificial
cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 26 NaHCOg3, 10 glucose, 2.5
KCI, 1.25 NaH,POy, 2 CaCl,, and 1 MgSOy; osmolarity 295-300 mOsm, pH 7.4 when
gassed with 95% O,/5% CO,. Slices were incubated at 34°C for 1 h and then at room
temperature until they were transferred to the recording chamber. The undercut cortical area
was clearly visible and recordings were made from layer V within the UC 1-2 mm from the
transcortical cuts. Earlier results identified this area as the site of onset of epileptiform bursts
(Prince and Tseng, 1992; Hoffman et al, 1994).

Patch electrodes were pulled from borosilicate glass (1.5 mm OD, Sutter Instruments) and
had an impedance of 3 — 5 M when filled with an internal solution containing (in mM): 130
Cs-gluconate, 8 CsCl, 10 HEPES, 4 EGTA, 2 NaCl, and 10 N-ethyllidocaine chloride
(QX314, Tocris). 0.5% biocytin was also included in the internal solution for later
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visualization of the recorded cell. The osmolarity of the internal solution was adjusted to
290-295 mOsm with double distilled water and the pH to 7.35 — 7.4 with CsOH.

Whole-cell voltage clamp recordings were made from minimally submerged brain slices in a
custom built recording chamber. Cells were visualized using infrared differential
interference contrast (IR-DIC) microscopy (Zeiss Akioskop, Carl Zeiss) and a 63x water
immersion lens (Achroplan 63x, 0.9W, Carl Zeiss). Layer V Pyr neurons were identified as
neurons with pyramidal shaped somata and a single emerging dendrite extending toward the
pial surface. Post hoc biocytin immunohistochemistry was used to positively identify
recorded control neurons and cells from UC cortex as pyramidal. Recordings were obtained
with a Multiclamp 700A amplifier and Clampex 9 software interfaced to a Digidata 1322A
16-bit data acquisition board (Molecular Devices). Signals were sampled at 10 kHz and low
pass filtered at 4 kHz. Holding potential was corrected for a calculated 13 mV liquid
junction potential. All recordings were obtained at 32° C with gravity fed oxygenated
solutions at a minimum flow rate of 3.5 ml/min.

Analysis of postsynaptic currents

Recordings were obtained from control slices (n = 29 cells from 14 animals, Rg: 18.9 £ 1
MS) and UC slices 3 days after injury (n = 23 cells from 13 UC animals, Rq: 18.1 £ 1.4
MQ). Only continuous stable recordings with less than 15% drift in Rg were used for
analysis. EPSCs were analyzed from 2 — 6 minutes of recording. EPSCs were recorded at a
holding potential (Vy) of =65 mV, the estimated E¢|~ with the Cs-gluconate internal
solution, unless otherwise noted. Miniature excitatory post synaptic currents (mEPSCs) were
recorded in the presence of 1 uM TTX. EPSCs were detected and analyzed with
MiniAnalysis (Synaptosoft) and Matlab (MathWorks).

Spontaneous activity in UC slices was composed of both EPSCs and epileptiform activity,
defined as prolonged (>100 ms) bursts of EPSCs. Therefore, to assess the frequency and
kinetics of EPSCs, care was taken to analyze only events that occurred outside of the
epileptiform bursts. Only one Pyr cell was recorded from each slice. Only EPSCs with
clearly measureable baselines, peaks, and decay times with smooth rising and falling phases
were measured. Rise times were defined as the time from 10% to 90% of peak amplitude
calculated from baseline. Cumulative distributions of EPSC kinetics (amplitude, rise time,
half widths) were analyzed by randomly selecting 50 SEPSCs per cell, and significance of
differences determined with Kolmogorov-Smirnov (KS) tests. The same randomly-selected
sample was used for scatter plots (see below).

mMEPSCs were obtained in a similar manner from control (n = 11 cells from 3 animals, Rg:
13.1 £ 1.1 MQ) and UC animals 3 days after injury (n = 9 cells from 3 animals, Rq: 12.9

+ 1.2 MQ). To compare cumulative distributions of mMEPSC kinetics and to construct
mMEPSC scatter plots, in a similar manner to SEPSC analysis described above, 50 events were
randomly selected per cell for data analysis.

Epileptiform bursts were distinguished from sEPSCs using a custom routine written in
Matlab. Using a threshold criterion, 10 or more consecutive EPSCs occurring with inter-
event intervals less than 25 ms were identified as putative bursts. Visual examination of
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recordings confirmed the accuracy of this method for automated burst detection, and the
methodology was subsequently applied with identical analysis parameters to all recordings
from control and UC animals. Therefore, the number of epileptiform bursts per minute and
the cumulative amplitude of synaptic activity during epileptiform bursts were quantified
using this analysis method and SEPSCs could be analyzed independent of bursting activity.

The cloud density analysis algorithm was based on “Scattercloud” by Steve Simon
(MathWorks). Cloud density analysis was used to find differences in the density of
massively overlapping scatter data. Regional differences in density were determined with a
two-dimensional histogram using 50 equally spaced bins in the X and Y axis. The number of
events in each bin was counted and a color coded and smoothed surface was then fit to this
data. The peak of the surface corresponds to the bin with the greatest number of events. To
ensure equal representation of data, the same randomly chosen samples used in cumulative
distributions were used for scatter analysis (i.e. scatter plots were made from 50 events
randomly chosen per cell, see above). Identical binning and smoothing parameters were used
to compare control and experimental data.

Glutamate receptor mediated reversal potentials

In experiments focused on the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor-mediated reversal potentials, extracellular stimulation was delivered with
an ACSF-filled theta glass pipette (<1.5 um tip) positioned ~20 um from the soma of the
recorded cell. For these experiments, gabazine (10 uM) and D-(-)-2-Amino-5-
phosphonopentanoic acid (D-APV, 100 uM) were added to the bath to block gamma-
aminobutyric acid (GABA,) and N-methyl-D-aspartate (NMDA) receptors, respectively. In
order to standardize stimulus parameters between cells, for each experiment, stimulus
duration was first varied in step-wise fashion from 1-100 ps, in increments of 10 ps, while
holding the cell at Vi, = —=65mV, until the first reliable postsynaptic response above threshold
was detected. This stimulus intensity was then fixed for a given cell/experiment to evoke
postsynaptic currents. Layer V Pyr cells were voltage clamped to V, ranging from -73 mV
to + 47 mV (corrected for a 13 mV liquid junction potential) in incremental steps of 20 mV.
EPSCs were evoked after holding the cell at a given membrane potential for a minimum of 4
seconds. Voltage-gated calcium currents were occasionally observed at depolarized holding
potentials but were inactivated after several hundred milliseconds. Two to four evoked
EPSCs were averaged at each Vy, the peak values normalized on a per cell basis, and a linear
regression curve fit through the data points to obtain I-V relationships and to calculate
reversal potentials.

Laser Scanning Photostimulation (LSPS)

LSPS of caged glutamate was performed as described previously (Deleuze and Huguenard,
2006; Jin et al., 2006, 2011). Briefly, slices were submerged in a recording chamber at room
temperature and perfused with 20 ml of re-circulating ACSF containing a high divalent
cation concentration (4mM Ca2* / 4mM Mg?2*), 20 uM D-APV (to block NMDA receptors),
and 100 uM 4-Methoxy-7-nitroindolinyl-caged-L-glutamate (MNI-caged-L-glutamate,
Tocris). The high divalent cation content, combined with APV, was used to reduce
spontaneous epileptiform activity and recurrent polysynaptic excitation (Shepherd et al.,
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2003; Jin et al., 2006). Layer V Pyr neurons from slices of control (n = 14 cells from 5
animals, Rg = 13.6 £ 1.3 M) and UC (n = 17 cells from 8 animals, Rg = 16.5 + 1.2 MQ)
were recorded at room temperature with a potassium gluconate internal solution that
contained (in mM): 130 K-gluconate, 10 KCI, 10 HEPES, 10 EGTA, 3 ATP-Mg, 0.3 GTP-
Na (pH 7.40, 295 mOsm).

A frequency-tripled Nd:YVOy, laser (Series 3500 pulsed laser, 100 kHz repetition rate, DPSS
Lasers) delivered 500 mW of 355 nm light. The beam was directed through the
epifluorescent port of the microscope, steered precisely in XY space by galvanometer
controlled mirrors (model 6210H, Cambridge Technology), and beam expanded 2x to
underfill the back aperture of a 5x Fluar objective (0.25 NA, Zeiss). Beam diameter at the
back aperture was approximately 2 mm with a power density of ~40 mW/mm2. The optical
path through the objective resulted in a Gaussian beam with a theoretical waist width (W)
of ~7.4 pm and a depth of focus of ~245 pm at the focal plane. The UV laser was Q-
switched to provide a 100-300 ps “flash” of uncaging light per stimulus. Stimulus locations
were separated by 75 um. To prevent glutamate toxicity, local caged-glutamate depletion,
and/or receptor desensitization, stimulus locations were visited randomly and without
consecutive stimulation in any one quadrant (Shepherd et al., 2003). Custom software and
hardware developed by John Huguenard and Carl Pisaturo (Deleuze and Huguenard, 2006;
Jin et al., 2006) was used to direct and trigger the laser during data acquisition. To normalize
uncaging stimuli between cells, glutamate was uncaged directly onto the soma of the
recorded cell with a small 5x5 grid (50 um spacing) and the laser duration was adjusted so
that the maximal peak current for any directly evoked (non-synaptic) event was ~300 pA for
each cell.

The data generated from LSPS, the recorded electrophysiological traces and corresponding
stimulus locations (in xy coordinates) were analyzed with Matlab. A peak detection
algorithm based on the cumulative derivative function (Cohen and Miles, 2000) was applied
to a filtered trace to find downward peaks and their onset (i.e. when the current deflected in
the downward direction). Each trace was normalized to a baseline 50 ms before laser onset.
Peak detection was restricted to the first 75 ms following laser stimulation. This time
window was determined empirically from the excitation profile of layer V Pyr cells recorded
under cell-attached conditions (Shepherd et al., 2003). The following restrictions were made
on analyzed currents: directly evoked currents (i.e. from glutamate uncaged directly on to
the recorded cell) were defined as having an onset within 3 ms of the laser stimulus; putative
evoked monosynaptic currents occurred with onsets after 3 ms and during the 75 ms analysis
window. An interactive data analysis script allowed the user to click on each stimulus
location, observe the recorded and analyzed current, and verify that analysis parameters
were accurately detecting events for any given experiment.

The maximal peak amplitude of putative monosynaptic EPSCs evoked by LSPS stimulation
was displayed as a heat map in relation to the location of the recorded cell. 3-5 maps were
obtained from each cell using identical stimulus, map, and data analysis parameters (laser
intensity, grid spacing, detection windows, peak threshold criteria, etc). If an event was
evoked from the same location (i.e. “hot spot™) in more than one map, the peak amplitude
across trials was used to create a single composite peak amplitude heat map. For visualizing
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data across cells (i.e. the data across multiple composite maps), the surface of each map was
interpolated onto an “ideal map” spanning the full extent of the sampled region, essentially
binning the data to 50 pm “blocks”. Maps were then registered to one another based on the
location of the recorded cell and laminar orientation and summed to visualize all hot spots of
connectivity. To quantify differences in the number of large amplitude events, the total
number of hot spots greater than 100 pA was divided by the number of maps sampled and in
a separate analysis, by the number of grid locations sampled. Significance was determined
by Chi-square test.

Immunocytochemistry

Perfusion fixation: Rats were deeply anesthetized with B-euthanasia (100 mg/kg ip) and
transcardially perfused with 4 % paraformaldehyde. Brains were dissected and
cryoprotected. 40 um coronal sections were cut with a sliding microtome (Microm HM 400)
and free floating sections were incubated in 10% normal goat serum followed by incubation
in primary antibodies in phosphate buffered saline (PBS) containing triton X-100 (PBS-TX)
at the following dilutions: GAP43 (anti-mouse, monoclonal, 1:10,000, Sigma); vesicular
GABA transporter (VGAT1, rabbit polyclonal, 1:500, kindly provided by R Reimer);
vesicular glutamate transporter (VGLUTYL, anti-guinea pig polyclonal, 1:1000, SySy
Germany); PSD95 (mouse monoclonal 1:50, NeuroMabs, Davis CA) and NeuN (1:1000,
Millipore, Massachusetts USA). Diluted primary antibodies were applied to free floating
sections. Incubations were performed for 48 hours on a shaker at 4°C. Sections were then
rinsed in PBS and incubated on a shaker at 23°C with species-specific fluorescent secondary
antibodies (Molecular Probes, Eugene, Oregon) at a concentration of 1 pg/ml for 2 h.
Sections were then mounted on slides using Vectashield Mounting Media (Vector,
Burlingame, CA) and stored at 4°C until visualization.

Immunofluorescence was assessed with laser scanning confocal microscopy (Zeiss LSM 510
or Leica SP8). Confocal image stacks were obtained with 0.5 um separation in the z-axis at
63X and 100X. Image stacks were analyzed in Volocity 2.6.1(Improvision, Perkin Elmer)
for volumetric analysis and ImageJ (NIH) for 2-dimensional analysis. The Volocity program
allowed the deconvolution of images for visualization and quantification of colocalization of
VGLUT1 and PSD95 in close apposition to the somata of biocytin-filled Pyr cells. In later
experiments with perfusion-fixed rats, NeuN was used to identify Pyr somata and their
boundaries, and tissue processed for PSD95-IR and VGLUT1-IR.

“Train track” analysis: For volumetric analysis of perisomatic objects, Pyr cells were first
identified in confocal image stacks as neurons with triangular shaped somata and an apical
dendrite projecting towards the pial surface. Cells whose apical dendrite could not be
identified were not included in the analyses. The image stack was scanned and cropped in
the z-dimension to encompass 4 — 5 sequential 0.5 um optical sections through the
approximate center of the Pyr cell somata. In initial experiments VGAT1 immunoreactivity
was used as a guide to demarcate the perisomatic region, as it associates closely with the
somata of Pyr neurons (e.g. Fig. 1C; Chaudhry et al., 1998). The inner boundary of the
region of interest (ROI) was drawn at the junction of positive perisomatic immunostaining
for VGAT1 and the void representing the cell body. The outer boundary was drawn to
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include immunoreactive VGAT1 puncta in close apposition to the soma. This resulted in a
~3-5 um wide “train track” around the perisomatic region that extended ~2 ym in the z-
dimension. Within the ROI, object identification was restricted by voxel intensity
(fluorescence intensity 2 standard deviations from the mean) and size (> 0.2 um?3). The
cumulative volume of the identified objects, i.e. the cumulative volume of the perisomatic
protein of interest within the ROI, was expressed as a percentage of the total volume of the
ROI. A similar “train track” analysis was used in biocytin-filled neurons and in control and
undercut perfusion-fixed rats where somata were identified with NeuN-IR and somatic
boundaries could be more accurately delineated.

Biocytin filled cells: We analyzed 5 biocytin-filled layer V Pyr cells from naive control
slices and 7 comparable Pyr cells from undercut cortex. Slices (300 um) containing labeled
neurons were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer overnight at 4°C and
reacted for biocytin with fluorescein avidin D (Vector Laboratories, Burlingame, CA). Free-
floating slices containing the biocytin-filled cells were labeled with PSD95 plus VGLUT1
using the protocol described above. Images of these slices were collected with the Leica
TCS laser scanning SP8 X confocal microscope. Whole biocytin-filled cells, processed with
VGLUT1 and PSD95, were imaged with a 40x oil objective. The Volocity program was used
to quantitatively analyze z stacks and co-localization. To control for antibody penetration we
first determined that all filled cell somata were at comparable depths, close to the surface of
the fixed slice. The “find object measurement* option of Volocity was used to identify the
ROI of the filled cell in channel 1 and the colocalized voxels of VGLUT1 and PSD95 in
channels 2 and 3 respectively. To measure the volume and intensity of the three channels we
used the option of “Standard Deviation 1” for all channels. The intersection of the 3
channels was used to determine colocalization of VGLUT1- and PSD95-IR on somata. Each
image stack was rendered into a 3D image using Volocity. For this analysis the inner
boundary of the ROI was the edge of the filled pyramidal cell (Fig. 2 C,D) and an outer
boundary was selected 2um outside the inner boundary extending 2um in the z-axis,. The
perisomatic ROI for filled cells was smaller than that for non-filled Pyr cells in which
VGAT1 was used to establish somatic margins (above) because the edge of the filled
neurons could be more accurately established. Co-localized voxels of VGLUT1/PSD95 that
were closely apposed to the soma or dendrites were identified on 7 UC and 5 control filled
cells and a “train track” analysis done as above. To further assess the position of VGLUT1/
PSD95 voxels on filled cells, 3D movies were made from the Volocity data and cells rotated
in the y and x axes. (Supplemental Fig. 1).

Data Analysis

Data compilation, analysis, and presentation were performed with Origin 7 (Origin Labs),
Prism 5 (Graphpad) and/or Matlab (Mathworks). All data are expressed as mean + SEM,
unless otherwise noted. Statistical significance between 2 groups was tested by unpaired
Student’s t-test or nonparametric Mann-Whitney U test. Significance of difference of
cumulative distributions was determined by Kolmogorov-Smirnov (KS) test.
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RESULTS

Pyramidal cell somata are innervated by new excitatory terminals after injury

We initially used several anatomical approaches to assess potential alterations in excitatory
connectivity following partial cortical isolations. GAP-43 is a protein expressed in growth
cones and presynaptic terminals during development (Meiri et al., 1986; Goslin et al., 1988;
Benowitz and Routtenberg, 1997) and in regenerating axons following damage (McKinney
etal., 1997; Yamamoto et al., 2000). Three days after UC, immunoreactivity (IR) for
GAP-43 was present within the isolated (UC) cortex and in ipsilateral cortical and
subcortical regions, but not in the contralateral unlesioned cortex (Fig. 1A). A similar pattern
of GAP-43-1R was observed in 6/6 pairs of matched ipsilateral and contralateral tissue
sections from 6 lesioned animals, but not in 0/4 matched pairs from 4 naive animals (data
not shown). In higher resolution single plane confocal images of layer V cortex from UC
animals, GAP-43-IR was observed in both the neuropil and also surrounding presumed Pyr
neurons (Fig. 1Bii, Cii,iv). VGLUT1-IR was present diffusely in control sections (Bi), but
was more prominent in images from UC cortex (Biii) where it was co-localized with
GAP-43 in perisomatic halos (Fig. 1Biv, Civ, arrows). This pattern was seen in 30 presumed
Pyr cells from 9 confocal sections from 4 UC animals, but not in images from control cortex
that were processed in parallel with the UC cortex, using the same immunocytochemical
techniques.

To further characterize Pyr cells with perisomatic VGLUT 1 expression, we initially used
the immunoreactivity for VGAT1 as a guide to indicate the perisomatic region of Pyr
neurons (Fig.1 Di) (Chaudhry et al., 1998; Spruston, 2008). Dual IR for VGLUT1 and
VGAT showed that there were VGLUT1-IR puncta close to the presumed somatic margin of
Pyr neurons in sections from UC cortex (Fig.1 Dii, arrows). A region of interest (ROI)
circumscribing the perisomatic region of layer V Pyr neurons was defined in both lesioned
cortex and contralateral homotopic tissue. Volumetric analysis was then performed within an
ROI that extended 2um from the somatic boundary and 1.5pm in the z-axis (Methods). In the
contralateral homotopic cortex, 1.82 + 0.6% of the sampled perisomatic volume of layer V
Pyr cells contained VGLUT1 positive voxels, but in the UC cortex, VGLUT1-expressing
voxels accounted for 8.52 + 1.4% of the measured perisomatic volume (14 cells/ROls
analyzed from 9 z-stacks of UC cortex from 3 animals; 6 cells/ROIs analyzed from 3 z-
stacks of contralateral cortex from 2 animals; P < 0.01, Student’s t-test). Together, the data
indicate that excitatory axonal terminals form soon after injury and some may aberrantly
target the somata of layer V Pyr cells.

Although results of this analysis of Pyr neurons in dual-labeled sections were compatible
with the presence of excitatory synapses on somata, the apparent localization of the
VGLUT1-IR within the perisomatic ROl might have been due to axonal terminals ending on
dendrites of adjacent neurons that passed close to the Pyr somata. To assess VGLUT1-
containing terminals in close apposition to PSD95 (putative excitatory synapses) on Pyr
somata, we used three other approaches. First, whole cell patch clamp techniques were used
to identify layer V Pyr neurons at comparable depths in control and UC slices and fill them
with biocytin (Fig. 2A-D). Five filled cells from naive control slices and 7 comparable Pyr
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cells from UC cortex were triple-labeled for biocytin, VGLUTL1, and PSD95. The Volocity
program was used to exclude colocalizations of VGLUT1 and PSD95 that were not in
contact with the biocytin-filled cell. In control and UC biocytin-filled cells, VGLUT1- and
PSD95-IR close appositions were seen at sites of putative excitatory synapses on dendrites
(white arrowheads in Fig. 2A, B; Supplemental Fig. S1). In filled Pyr neurons from UC
slices, VGLUT1- and PSD95-IR close appositions were also seen over somata (Fig. 2B,
open arrowhead). Close appositions (putative excitatory synapses) at these somatic locations
(Fig. 2D, arrows 1-3; D1, D2) as well as on dendrites (arrow 4 in Fig. 2D) were identified in
1 um images obtained by collapsing two 0.5 pm confocal sections. Single 1 pm optical
images cut through somata of the 5 control cells showed VGLUT1- and PSD95-IR and
VGLUT1/PSD95 close appositions in the neuropil, but none on somata. Interestingly, some
of the PSD95-IR in images from slices that had been maintained in vitro for biocytin cell
filling appeared as clusters, as well as puncta (PSD-IR in Fig. 2 C,D). Images from sections
of both control and UC biocytin-filled cells contained these PSD95 clusters, although only
imaged cells from UC rats had PSD95/VGAT1-IR closely apposed to somata (Table 1). The
possibility that injury induced by slicing and incubation of in vitro slices may in some way
have altered the expression of PSD95-IR (Gray et al., 2006; Li et al., 2012a) and induced
artifactual colocalizations, led us to compare results of Volocity analyses of VGLUT1/
PSD95 colocalizations on somata in biocytin-filled cells in immersion-fixed slices with
those in tissue from perfusion-fixed rats, where somata were identified with NeuN (Fig. 2E).
The sections from perfusion-fixed UC rats also showed close appositions of VGLUT1/
PSD95-IR adjacent to somata (Fig. 2E, arrows, 2E1; Fig. 3, S2).

Volumetric analysis with Volocity in the biocytin-filled cells was used to determine the
volume of voxels of VGLUTL that were touching those of PSD95 (presumptive excitatory
synapses) and in contact with somata within the ROI (Methods). The Volocity program was
set to detect only volumes of particles that fell between 0.5-0.9 pm? for PSD95-IR and 0.8—
1.3 um3 for VGLUT1-IR, and to reject particles outside these ranges. Results from the 7
biocytin-filled neurons from UC cortex (Table 1) showed that 2.87 + 0.10 % of the
perisomatic ROI per cell was occupied by colocalized VGLUT1/PSD95-IR in close
apposition to somata. The mean total colocalized volume of VGLUT1/PSD95 within the
perisomatic ROl was 7.56 % 0.49 um3 per UC cell (n=7; Table 1) and the combined
colocalized VGLUT1/PSD95 particles had volumes in the range of ~1.3-2.2 um?3. Assuming
a colocalized VGLUT1/PSD95 volume of ~1.8 pm3/neuron, and a total mean colocalized
VGLUT1/PSD95 volume of 7.56 um?3 within the perisomatic ROI/neuron, ~4 synapses
would be expected on somata of layer VV Pyr neurons in the UC. No colocalization of
VGLUT1/PSD95 was found in the perisomatic ROI of the 5 control filled cells (Table 1).
The same volumetric analysis was done on 10 cells in 10 sections from each of 2 perfusion-
fixed undercut rats and 2 control rats (total 20 UC and 20 control layer V Pyr cells). Volocity
detected 2-3 close appositions of VGLUT1/PSD95 puncta on each of the 20 NeuN-labeled
somata from UC rats (Fig. 2E, E1). The train track analysis showed that 2.8 + 0.02% (range
2.2-3.4%) of the ROI volume was occupied by VGLUT1/PSD95-IR close appositions in
contact with somata in the 20 UC cells, a value similar to that obtained from biocytin-filled
cells (Table 1). In contrast, only 1 VGLUT1/PSD95 close apposition was seen in contact
with 1 soma in confocal sections from the 20 control cells. To verify the counts of putative
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somatic excitatory synapses derived indirectly from the Volocity data, the close appositions
of VGLUT1 and PSD95 touching NeuN labeled somata were visually-identified and
counted on 10 layer V Pyr cells in each of 3 control and 3 UC rats. Examples of a control
and UC cell are shown in Fig. 3. In addition to putative synapses in the neuropil, there were
2-5 (2.97 + 0.16) putative synapses on somata of all 30 cells from the 3 UC rats (4 white
circles adjacent to lower soma in Fig. 3A) and only 1 putative synapse on each of 2 control
cells (Fig. 3B, arrow; Table 2 with Graph). Results from visual counts of putative synapses
from the perfusion-fixed rats were thus compatible with those from the biocytin-filled
neurons (Table 1) and the Volocity data on perfusion-fixed rats (above).

The quantitative data from biocytin-filled cells, or cells from perfused rats, differed from
those of presumed Pyr cells in sections from perfused rats where VGAT-IR was used to
establish a ROI, and VGLUT1 alone was used as a marker to identify possible somatic
excitatory synapses (above). In the later case, uncertainty in estimating the edges of
unlabeled Pyr somata led to the use of a larger ROI volume in both the UC and control
images. This may have resulted in inclusion of VGLUT1 puncta from axons of adjacent cells
in the ROI and the larger volume of VGLUT1 voxels in the ROI of both UC and control
cells. To test this possibility we constructed 3-dimensional movies of the filled control and
UC Pyr cells from the confocal image stacks (Methods) and rotated the cells in the y and x
axes to identify voxels of VGLUT1 and PSD95 that were closely apposed to the soma and
dendrites (Fig 2 A,B; Fig. S1). Some PSD95/VGLUT?1 profiles that were superimposed on
somata became separated from the filled cell during 15° rotation steps and were presumably
from closely adjacent dendrites (Fig. S1B, black elipses). However, in 5 rotated UC Pyr cells
some PSD95/VGLUT1-IR remained localized over the somata during rotation (Fig. S1A,
red elipses). These results are consistent with those obtained in confocal sections through the
center of somata (Fig.2C-E; Fig.3; Tables 1 and 2). Taken together, the
immunocytochemical data strongly supported the presence of aberrant excitatory synapses
on layer V Pyr somata in injured cortex 3 days after the UC cortical injury. We next used
electrophysiological approaches to assess potential functional consequences of the
anatomical results.

Cortical slices are hyperexcitable 3 days after injury—Whole cell voltage clamp
recordings (V}, = =65 mV Ec|™) were obtained from layer V Pyr cells in acute cortical slices
to determine the functional correlates of new excitatory synapse formation after neocortical
lesions. From these recordings, spontaneous epileptiform discharges were routinely
observed 3 days after UC, but not in control slices. The epileptiform activity was
characterized by prolonged (400-1200 ms) bursts of high frequency polysynaptic currents
with large amplitudes that often exceeded 1 nA (Salin et al., 1995; Prince and Jacobs, 1998)
(Fig.4B, B1). Importantly, the spontaneous epileptiform bursts occurred in normal ACSF
without manipulations to increase excitability (i.e. without high potassium, low Mg?*,
GABA receptor antagonists, etc.). At least one spontaneous epileptiform discharge was
observed in 15/23 brain slices (~65%) from 8/13 UC animals (~62%), but none were
recorded in control animals (0/29 slices, 14 animals). Quantification of the epileptiform
activity in slices with burst activity showed that bursts occurred with a frequency of 0.4

+ 0.1 bursts per minute and each burst contained EPSCs with a cumulative amplitude of 4.7
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+ 1.8 nA. All-or-none epileptiform discharges with variable latencies were also evoked with
extracellular stimulation on column at the deep layer VI-white matter junction and
extracellular field potential recordings in layers V and 11/111 also showed spontaneous
epileptiform burst activity (data not shown; see Prince and Tseng, 1993; Hoffman et al,
1994). Because increased excitatory innervation of layer V Pyr neurons after UC could
result in hyperexcitable networks that give rise to epileptiform activity (Li and Prince, 2002;
Jin et al., 2006; Nicholson et al., 2006; Spruston, 2008), we turned our attention to the
frequency and kinetics of EPSCs after injury.

Spontaneous and miniature EPSC frequency is increased after neocortical
lesions—To determine if changes in GAP-43 IR and spontaneous epileptiform activity
correlated with increases in excitatory synaptic inputs onto layer V Pyr neurons in the UC
cortex, we quantified the frequency of spontaneous (s) and miniature (m) EPSCs. Consistent
with the observation of increased GAP-43 IR 3 days after UC, the overall frequency of
SEPSCs was significantly increased in layer V Pyr cells from UC slices at this time point
(2.9 £ 0.4 Hz vs. 5.5 + 0.8 Hz; control vs. UC slices, respectively; P < 0.01). To determine
potential changes at the level of individual synapses, mMEPSCs were recorded in the presence
of 1 uM TTX. mEPSCs occurred with a significantly higher frequency 3 days after UC (2.5
+ 1 Hz vs. 6.6 £ 1.2 Hz; control vs. UC slices, respectively; P < 0.05). Assuming no
significant differences in the probability of release at excitatory terminals between the 2
groups (however, see Li et al., 2005), the results suggest that layer VV Pyr neurons are
innervated by more functional excitatory synapses soon after neocortical lesions. These
results are similar to those obtained 2—6 weeks after UC lesions in earlier experiments (Li
and Prince, 2002), suggesting that an increased excitatory input is maintained over time
following the UC.

SEPSC kinetics reflect a redistribution of excitatory synapses—Examples of
SEPSCs recorded from control and UC Pyr neurons are shown in Fig. 4. In recordings from
injured slices, we often noticed single EPSCs with fast kinetics and large amplitudes (see
Fig. 4B, 4B2). Perisomatic or proximal dendritic inputs are hypothesized to evoke currents
with faster rise times, larger amplitudes, and narrower half-widths, compared to more distal
dendritic inputs, because they are less influenced by electrotonic filtering and space-clamp
errors (Spruston et al., 1993; Ulrich and Luscher, 1993; Bekkers and Stevens, 1996;
Otmakhova et al., 2002; Williams and Mitchell, 2008). The average amplitudes and kinetics
of SEPSCs from control (n = 29) and UC (n = 23) slices were quantified and are shown in
Table 3. The average amplitude of SEPSCs was significantly larger in UC cells (24.9 £ 1.2
pA vs. 38.2 £ 6.5 pA, control vs. UC, respectively; P < 0.02) and the 10-90% rise time was
also significantly faster (1.89 £ 0.08 ms vs. 1.39 £ 0.07 ms, control vs. UC, respectively; P <
0.0001). The average half-width was also significantly shorter in UC slices (5.84 £ 0.32 ms
vs. 4.19 + 0.28 ms, control vs. UC, respectively; P < 0.001). However, there was no
significant difference in the average charge of SEPSCs (152.3 + 10.7 fC vs. 185.6 + 42.8 fC,
control vs. UC, respectively P > 0.5), likely due to concomitant increases in amplitude and
decreases in half-width. Cumulative distributions (Fig. 5A) also showed that 3 days after
UC, sEPSCs had larger amplitudes (d = 0.17; P < 0.0001, KS-test), faster 10-90% rise times
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(d =0.25, P <0.0001, KS-test), and narrower half widths (d = 0.29, P < 0.0001, KS-test),
consistent with the averaged data.

Cumulative probabilities and means, however, can mask important details in the distribution
of data. In Fig. 5B, the 10-90% rise time of each SEPSC (from the same data set used in 4A)
is plotted against its amplitude. The amplitudes of SEPSCs from control cells were all less
than 200 pA, with most less than 50 pA (Fig. 4B, left). In UC slices, however, a population
of extremely large and fast SEPSCs was clearly evident (events in large blue oval, Fig. 5B,
right). These large amplitude SEPSCs ranged from ~100 pA to near 400 pA, with very fast
rise times (< 1 ms). There was also a population of SEPSCs with smaller amplitudes and
very fast rise times in the UC group (small circle in Fig. 5B, right) that was not present in
controls. The majority of the data points in the scatter plots, however, overlapped and
appeared similar between groups. Therefore, a cloud density analysis was used to visualize
the relative densities within massively overlapping scatter data. The cloud density analysis
(the heat maps below the scatter data in Fig. 5B) for SEPSCs from control slices revealed a
wide distribution of rise times with the majority ranging from 0.5 to 2.5 ms with a peak in
the density map occurring at 1.8 ms (Fig. 5B, left: represented by the region contained
within the red contours in the heat map, peak density shown by white dot and crosshairs).
However, the same analysis performed on data obtained from UC slices showed a leftward
shift in the density of events towards larger amplitudes and faster rise times, the majority of
which spanned from 0.5 ms to 1.5 ms with a peak density value occurring at 0.9 ms (Fig.
5B, right: region contained within red contours, peak density shown by white dot and
crosshairs). The shift in the density maps from UC recordings is consistent with the faster
rise times and larger amplitudes observed in the cumulative distributions and means. The
average rise time of SEPSCs from each cell was also plotted against its measured access or
input resistance (Fig. 5C). In both groups, faster rise times did not correlate with lower
access resistance or higher input resistance, suggesting that differences in neither recording
condition nor passive properties contributed to the faster kinetics of SEPSCs from the UC

group.

To determine if differences at the level of individual synapses underlie the faster and larger
SEPSCs, the kinetics and amplitudes of mEPSCs in the presence of TTX from control (n =
11 cells) and UC (n = 10 cells) slices were also analyzed and the results are summarized in
Table 4. In contrast to SEPSCs, there were no statistical differences in the mean amplitude,
rise time, or half width of averaged mEPSCs between control and UC slices. However,
cumulative distributions made from 50 randomly selected events from each cell showed a
small but statistically significant difference in the amplitude (d = 0.13, P < 0.001), but not in
the half width or 10-90% rise time of mMEPSCs from UC slices (Fig. 6A). A scatter plot of
the data showed a small population of MEPSCs in the UC group with fast rise times that was
not present in controls (see shaded boxes in Fig. 6B), however an overall shift towards faster
rise times or larger amplitudes was not observed in the cloud density analysis (Fig. 6B, heat
maps). The results suggest that release probabilities and kinetics on a per synapse basis are
not significantly different between UC and control slices and argue for action potential-
dependent activation of more proximal inputs as a potential mechanism underlying the larger
amplitudes and faster rise times of SEPSCs recorded in UC slices. The data also suggest a
population of mMEPSCs that have the characteristics of proximal inputs (larger amplitudes,
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faster rise times), but due to their infrequency, probably did not contribute to an overall
difference in the data.

Apparent EPSC reversal potentials reflect electrotonically proximal synapses
in lesioned neocortex—The above analysis supports the hypothesis that a population of
excitatory inputs onto Pyr cells is more proximately located in the lesioned cortex than in
control cortex. Due to technical difficulties in space clamping distal membranes (i.e.
electrotonic filtering), proximal synaptic currents should also appear to have negatively
shifted reversal potentials compared to currents generated from electrotonically distant
inputs (Carnevale and Johnston, 1982; Spruston et al., 1993; Otmakhova et al., 2002; Smeal
et al., 2008). To further investigate this possibility, we focally stimulated afferents in the
perisomatic region by placing a small tip diameter theta glass electrode within 20 um of the
soma of the recorded cell (Fig. 7A).

Stimulus amplitude was fixed for each experiment, but in order to standardize the
stimulation parameters, the duration was adjusted for each cell in step-wise fashion until the
first evoked response above threshold was reliably detected. To calculate AMPA-mediated
reversal potentials, NMDA and GABAA receptors were blocked, Pyr neurons were voltage
clamped, and an EPSC was evoked with focal stimulation at various negative and positive
holding potentials (Fig. 7B). The normalized peak amplitude for an averaged EPSC at each
holding potential was plotted and a linear regression line was fit for each cell (Fig. 7C). The
evoked amplitudes at each V}, from —20 to +40 mV were significantly different between UC
and control slices (Fig. 7C) and the average AMPA-mediated reversal potential from UC
slices was significantly negatively shifted compared to reversal potentials in control slices
(control: 25.5 + 4.4 mV, n = 10 cells; UC: 10.5 + 4 mV, n = 8 cells, P < 0.05). These results
suggest that focal stimulation near layer V Pyr cells in UC slices activated excitatory inputs
that terminated closer to the soma, as compared to those evoked by afferent stimulation in
control slices.

Laser scanning photostimulation (LSPS) evokes large amplitude EPSCs in
slices from UC neocortex—Functional connections in a neuronal circuit can be mapped
by recording LSPS-evoked post-synaptic currents from a single neuron while depolarizing
neighboring neurons to threshold by focal glutamate uncaging (Shepherd et al., 2003;
Deleuze and Huguenard, 2006; Jin et al., 2006, 2011). We recorded layer V Pyr neurons
from slices of control (n = 14 cells from 5 animals) and UC (n = 17 cells from 8 animals)
animals and used LSPS to activate functionally connected presynaptic neurons to determine
the laminar locations of putative excitatory neurons that may have formed perisomatic
terminals. Figure 8A—C shows an example data set from an UC slice containing several large
amplitude LSPS-evoked EPSCs. For this particular experiment, stimulus locations spanned
the cortical layers and each location was separated by 75 um (Fig. 8A inset). A 200 us
“flash” from a pulsed UV laser was used to uncage glutamate at each location while
recording from a voltage clamped layer VV Pyr neuron (cell location indicated by red circle,
inset). The recorded currents in response to laser uncaging at each location are shown in Fig.
8A. The evoked events were sorted as either direct responses from glutamate uncaged
directly on the recorded neuron (black “+) or putative monosynaptic EPSCs (red circles at
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peaks) based on onset latency. The peak amplitudes of putative monosynaptic EPSCs were
displayed as a heat map (Fig. 8B), which shows the amplitudes of the EPSC, the location of
the recorded neuron (white circle), and the location(s) of putative presynaptic cell(s) making
functional connections with the recorded neuron (direct responses are omitted from the heat
map). The arrow in Fig. 8B points to one “hot spot” in which a single-peak large amplitude
EPSC was evoked by glutamate uncaging. This particular EPSC could be repeatedly evoked
by uncaging glutamate at the same location and its occurrence appeared to be “all-or-none”
(Fig. 8C). The properties of this evoked current, including absence of any inflections on its
rising phase and unchanging latency and amplitude when the stimulus intensity was doubled
(Fig. 8C), suggested that it may have resulted from activation of a connected pair of neurons.
Similar all-or-none EPSCs were recorded in 4 neurons where the stimulus intensity (laser
duration) was varied. A representative map constructed from evoked EPSCs across 5 trials
from a different cell in an UC slice is shown in Fig. 8D. At several stimulus locations, large
amplitude single peak EPSCs > 100 pA were repeatedly evoked. Two representative maps
from control slices are shown in Figure 8E. The peak amplitudes of evoked EPSCs in the
control maps shown are all under 100 pA in amplitude and, therefore, smaller than those in
the UC maps of 7B and 7D.

Large amplitude EPSCs were typically not evoked in control maps. A single laser--evoked
EPSC >100 pA was evoked in only 1 of 14 control slices from a total of 3850 laser
photostimulus sites, or ~.026 % of sampled locations, and this response was evoked from
only from a single location in that slice. In contrast, large amplitude EPSCs were evoked in
5 out of 17 slices from UC animals. On average, UC maps showing large amplitude events
had 4.2 + 1.6 locations from which such events could be triggered. A total of 21 large
amplitude EPSCs was evoked from 4675 LSPS locations in 17 UC maps, or ~0.45% of
stimulated sites in undercut cortex, The difference in the fraction of locations that evoked
large amplitude EPSCs (i.e. total number of large amplitude EPSCs / total number of
locations sampled) was statistically different between control and UC slices (P<0.001, Chi-
square test)

To visualize the distribution of large amplitude EPSCs, maps were registered to one another
based on laminar orientation and location of the recorded neuron, and large amplitude hot
spots were summed across maps (Fig. 8F). This analysis of both laminar and columnar
dimensions showed that the large amplitude events could be evoked by stimulating
presynaptic cells in multiple layers, both within a single column and also from adjacent
columns. In general, large amplitude EPSCs were evoked in UC slices from layer V and
layers both deep and superficial to the recorded neuron and from cortical columns within
and adjacent to the recording site. The maps in Fig. 8F (right) suggest that local rewiring
originating from these locations may contribute to the generation of large amplitude EPSCs
after injury. Comparison of the number of maps with large amplitude events from UC
animals (5 of 17 mapping experiments from 8 UC animals) to control animals (1 of 14
experiments from 5 control animals) showed a statistically significant difference (P < 0.01,
Chi-square test). Cumulative distributions of the peak amplitudes of evoked EPSCs also
showed a statistically significant shift for large amplitude EPSCs in slices from UC animals
(Fig.8G, n = 348 vs. n = 273 evoked events in control and UC, respectively, P < 0.05),
consistent with the cumulative distributions of SEPSC amplitudes (Fig. 5A).
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Discussion

Alterations in neuronal circuits after injury

In this study, immunostaining for GAP-43, a protein found in growth cones and sprouting
axons during development and regeneration following damage (Meiri et al., 1986; Goslin et
al., 1988; Benowitz and Routtenberg, 1997; McKinney et al., 1997; Yamamoto et al., 2000),
was increased in and around the UC cortex 3 days after a lesion. In other studies, excitatory
neurons have been shown to sprout new axons within several days after fluid percussion
injury (Povlishock and Kontos, 1985), following lesions to the axonal tract of corticospinal
projecting neurons (Fishman and Mattu, 1993), after diffuse axonal injury (Greer et al.,
2011), and cortical stab wounds (King et al., 2001). Furthermore, transection of Schaffer
collaterals up-regulates GAP-43 within 3 days, concurrent with formation of recurrent
excitatory connections and a hyperexcitable hippocampal network (McKinney et al., 1997).
Our results are consistent with the conclusion that excitatory axons in cortex can sprout and
form functional connections soon after injury. We previously studied axons of layer V Pyr
cells in the UC cortex 36-84 days after the UC lesion and found significant sprouting,
evidenced by increases of ~65% in axonal collaterals and ~115% in synaptic boutons,
especially prominent in layer V (Salin et al, 1995). The present results show that this axonal
reorganization begins at least as early as 3 days after injury and is associated with functional
alterations in excitatory neocortical networks. Further, our results suggest that this acute
reorganization in the lesioned cortex may be maladaptive and promote network
hyperexcitability and epileptiform activity in the UC cortex. Earlier experiments in the UC
model showed that these functional network alterations can persist for weeks after the UC
(Prince and Tseng, 1993; Jin et al., 2006),

The targeting of new excitatory axon collaterals to the somata of layer V Pyr cells, suggested
by the immunocytochemical data of Figs. 1B, 2, 3, S1, and Tables 1-2, is a novel finding of
these experiments. Excitatory terminals usually synapse on spines and shafts of Pyr cell
dendrites while the somata are innervated primarily by inputs from inhibitory cells (Levay,
1973; Parnavelas et al., 1977; Mcguire et al., 1991; reviewed in Salin and Bullier, 1995 and
Spruston, 2008). Perisomatic excitatory synapses would hypothetically depolarize the
somatic membrane potential to a larger extent than distal inputs, and therefore increase
neuronal excitability (Schubert et al., 2001; Williams and Stuart, 2002, 2003; Nicholson et
al., 2006; Spruston, 2008). The results of our immunocytochemical experiments support the
presence of glutamatergic synapses on layer VV Pyr somata within 3 days of the UC injury.
The Kinetics of SEPSCs recorded from layer V Pyr neurons in UC cortex were faster and
amplitudes larger, consistent with the anatomical results that suggested an increase in
perisomatic excitatory terminals (Fig. 5). However, although cumulative plots of mEPSC
also showed increases in amplitude, there were no significant decreases in rise time or half
width (Fig. 6). One possible explanation for this difference would be presynaptic alterations
in newly-formed immature synapses affecting release machinery. For example, alterations in
BDNF expression, known to be present in undercut cortex (Prince et al, 2009), can affect
EPSC parameters in neocortex and thalamus through actions at presynaptic sites (Taniguchi
et al., 2000; Laudes et al., 2012) .
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Further support for aberrant proximal excitatory inputs is provided by the negatively shifted
reversal potential of AMPA receptor-mediated EPSCs evoked by focal perisomatic
stimulation of layer V afferents in the injured cortex. This apparent shift in EPSC reversal
potential would be expected because proximal synapses would be less affected by
electrotonic filtering and space clamp errors (Spruston et al., 1993; Otmakhova et al., 2002;
Smeal et al., 2008; Williams and Mitchell, 2008). The potential contribution of increased
excitatory somatic innervation to network hyperexcitability is difficult to estimate without
data on the density of the aberrant somatic innervation, the functional properties of these
synapses and parallel alterations that may occur in dendritic structure and function.

Laser scanning photostimulation of caged glutamate was used to directly depolarize
presynaptic neurons and map excitatory synaptic connectivity. Results are compatible with
those from analyses of SEPSCs; large amplitude laser uncaging-evoked EPSCs were more
frequent in injured slices than in controls. However, rise times for uncaging-evoked EPSCs
were not shifted towards faster events, in contrast to those in the recordings of SEPSCs. This
may be accounted for by differences in temperature in the two sets of experiments, i.e.
~23°C in LSPS experiments (Jin et al, 2006) and more physiological temperatures (32°C)
for SEPSCs. Slower kinetics of synaptic potentials and action potentials at cooler
temperatures (Thompson et al, 1985), as well as slower rates of glutamate transport (Bergles
and Jahr, 1998), might have obscured differences in EPSC kinetics between control and UC
in LSPS experiments.

A number of different mechanisms, aside from proximal inputs, could underlie the large
amplitude sEPSCs and uncaging-evoked EPSCs. Increased number of synapses from a Pyr
cell onto a given target Pyr neuron, an increased probability of release (P;), or an increased
density of post synaptic receptors could influence the magnitude of recorded synaptic
currents. Several weeks after UC, layer V Pyr neurons show a significant increase in paired-
pulse depression, which may indicate an increased P, of glutamate from excitatory terminals
(Li et al, 2005); however, P, at this synapse has not been investigated early after UC. The
mEPSC amplitudes in the current study were significantly larger (by KS-test), which might
result from a post-synaptic modification in the density of postsynaptic receptors,
multivesicular release (Christie and Jahr, 2006), or increased glutamate content in single
vesicles (Erickson et al., 2006).

The large amplitude uncaging-evoked EPSCs and the population of large and fast SEPSCs
are also interesting, considering that the peak amplitudes of unitary EPSCs between layer V
Pyr cells in frontal cortex range from ~15 to 18 pA (Morishima and Kawaguchi, 2006).
Markram et al. (1997) recorded unitary EPSPs between layer V Pyr cells in somatosensory
cortex that ranged from 0.15 to 5.5 mV, which by our calculations correspond to unitary
EPSCs ranging from ~1.5 to 55 pA (assuming that Ry, = 100 M(). Therefore, to evoke a
~200 pA EPSC, synchronous activation of roughly 4 to 15 connections would be required,
assuming that multivesicular release was not present. The absence of inflections on the
rising phase of uncaging-evoked EPSCs in Fig. 8C and on the large amplitude spontaneous
EPSCs (example in Fig. 4B2) suggests that the axon from a single neuron in the injured
cortex may make multiple synaptic contacts onto any given neighboring postsynaptic neuron
such that a single action potential results in the nearly simultaneous activation of multiple
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excitatory inputs that sum to produce a single evoked EPSC > 100 pA. This result would be
in contrast to studies in injured hippocampus (McKinney et al., 1997) and chronic UC
neocortex (Jin et al. 2006) that suggest a lack of hyper-innervation to single targets from
sprouting Pyr neurons. Additional anatomical analysis of single filled Pyr cells and their
postsynaptic targets would be required to clarify this point.

Spontaneous epileptiform activity after injury

Robust spontaneous epileptiform activity in UC slices was present in recordings from layer
V Pyr neurons. We confirmed that these events were network-related with extracellular
recordings and by evoking burst activity with electrical stimulation. We hypothesize that
increased recurrent excitatory connectivity early after injury contributes to the observed
cortical hyperexcitability. Such hyperexcitability can occur in vivo within minutes to days
after controlled cortical impact injury (Nilsson et al., 1994; Yang et al., 2010). In the UCs of
ketamine/xylazine-anesthetized, but not barbiturate-anesthetized cats, hyperexcitability and
epileptiform EEG activity is present within a few hours after white matter lesions (Topolnik
et al., 2003a, 2003b). Mechanisms for early hyperexcitability could include enhanced
excitatory inputs to layer V Pyr cells (Yang and Benardo, 1997; Yang et al., 2007),
alterations in intrinsic properties (Topolnik et al., 2003a, 2003b), and increases in
extracellular potassium and glutamate (D’ Ambrosio et al., 1999; David et al., 2009).
Disruption to the blood brain barrier (Seiffert et al., 2004; lvens et al., 2007; Cacheaux et al.,
2009) and inflammatory cytokines (Vezzani et al., 2000, 2008; Vezzani and Granata, 2005;
Ravizza et al., 2008) released after TBI can also be epileptogenic.

Other pathophysiological abnormalities specific to this model also likely occur in parallel
with the alterations described in the current experiments. For example, decreased efficacy of
GABAergic transmission (Li and Prince, 2002; Faria and Prince, 2010; Jin et al., 2011; Faria
etal., 2012; Ma and Prince, 2012) and changes in membrane properties of the injured Pyr
neurons present in chronic UC (Prince and Tseng, 1993) or after axotomy (Tseng and
Prince, 1996) might also be present early. There may also be changes in the composition of
postsynaptic glutamate receptors early after injury (Kharazia and Prince, 2001). Our results
do not rule out a contribution from excitatory synaptic potentiation due to injury or as a
result of epileptiform activity per se. Some studies do show that epileptiform activity may
strengthen excitatory transmission (eg. Kapur and Haberly, 1998; Abegg et al., 2004);
however other reports do not support a close link between potentiation (e.g. LTP) and
generation of epileptiform events (Leung, 1994). In any case, potentiation alone would not
be expected to alter the EPSC reversal potential (e.g. Fig. 7). The large variety of injury-
induced changes in this and other models of posttraumatic epileptogenesis makes it difficult
to predict the most important contributing pathophysiological event.

Previous work from our laboratory has identified the first 3 days as a critical time window
for acquiring chronic neocortical hyperexcitability in vitro following an UC lesion. TTX, a
potent blocker of action potential dependent synaptic activity, administered within the first 3
days after UC significantly reduced the occurrence of epileptiform activity in neocortical
slices (Graber and Prince, 1999, 2004), perhaps by decreasing activity-dependent axonal
spouting (Prince et al., 2009). Similarly, gabapentin, a compound that interferes with
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synapse formation during development by inhibiting the interaction of astrocyte-secreted
thrombospondins with a28-1 calcium channel subunit receptors (Eroglu et al., 2009), also
reduced neocortical hyperexcitability and /n vitro epileptogenesis in this model, if applied
within the first 3 days (Li et al., 2012b). These results suggest that limiting excitatory
synapse formation early after injury could curtail the development of chronic
hyperexcitability. Our present results expand on these findings by showing that rapid
reorganization of excitatory circuits is accompanied by spontaneous in vitro epileptiform
activity 3 days after neocortical lesions. Such increases in excitatory activity, if present in
human TBI, could contribute to the occurrence of early seizures that follow severe cortical
injury and may play a role in the development of chronic TBI-induced epilepsy.
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Highlights

GAP43/VGLUT1-IR colocalized in terminals around pyramidal (Pyr) somata in
UC cortex

Putative excitatory synapses (VGLUT1/PSD95 puncta) on layer V Pyr cell
somata in UC

Epileptiform bursting present in slices from isolated (UC) neocortex 3d after
injury

EPSC data and LSPS mapping experiments indicate new excitatory network
connectivity

Excitatory rewiring contributes to hyperexcitability and early seizures after TBI
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Figure 1.
New aberrant excitatory terminals are present in the UC cortex. A. Immunoreactivity (IR)

for GAP-43 in lesioned cortex (green). Prominent IR is seen within the undercut and in the
ipsilateral cortical and subcortical regions, but not in homotopic regions of uninjured
contralateral cortex. Scale bar: 0.5 mm. B. Single plane layer V confocal images. Bi: Diffuse
VGLUT1-IR in control cortex (red). Bii-Biii: GAP-43-IR and VGLUT1-IR from dual-
reacted section of UC cortex. Perisomatic VGLUT1 puncta are more prominent in UC vs
control (Bi vs Biii). Biv: Merged image of Bii and Biii shows some perisomatic close
appositions of VGLUT1 and GAP-43 (white arrows). Asterisks mark the same 3
presumptive Pyr cells in Bii-Biv. Scale bar in Bi: 20 pm for Bi-iv. C. Enlarged images of B

Single plane confocal images of layer V pyramidal neurons (asterisks) in contralateral (i)
and UC (ii) cortex processed for VGAT1 (green) and VGLUT1 (red) immunoreactivity.
Arrows in Dii: examples of VGLUT1 positive puncta in the perisomatic region of a layer V
Pyr neuron (asterisk). Scale bar in D: 5 pm.
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Figure 2.
Putative excitatory synapses on Pyr cell somata. A: Confocal image stack reconstruction

(0.25 pm optical distance) of biocytin-filled control layer V pyramidal neuron (green).
Section processed with antibodies for VGLUT1 and PSD95 such that dual co-
immunoreactivity, selected by Volocity software, is magenta. White arrowheads point to
sites of closely apposed VGLUT1- and PSD95-IR along basilar dendrites. B: Biocytin-filled
layer V pyramidal cell from cortex 3d after undercut, reconstructed as in cell of A. Voxels of
VGLUT1/PSD95 (magenta) in close apposition on basal dendrites (white arrowheads) and
soma (open arrow) are indicated and were confirmed during cell rotation (Methods and Fig.
S1). In A and B, only VGLUT1/PSD95-IR in close apposition to green cell is labeled
magenta. C: A biocytin-labeled layer V pyramidal cell (green) from 3d undercut cortex. Two
adjacent images (optical distance 0.5 pm) were obtained through the center of the cell body
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and collapsed. VGLUT1- (red) and PSD95-IR (blue) are also shown. Black void (lower
right) corresponds to soma of adjacent unfilled cell. Lower white rectangle: proximal apical
dendrite. D: Enlarged image of portion of soma and basal dendrite within the upper white
rectangle of C. Black arrows point to sites of close apposition of VGLUT1/PSD95-IR on
soma (arrows 1-3) and dendrite (arrow 4). D1, D2: Enlarged areas of close apposition
(presumptive synapses) indicated by arrows 1 and 2 in D, respectively. Calibration: in A and
B: 50 um; in C: 10 um. Green: biocytin; red: VGLUTZ; blue: PSD95. E: 1.0 um optical
section cut through the soma of a layer V pyramidal cell from a P21, 3 day UC rat perfused
with 4% paraformaldehyde and reacted for PSD95 (green), VGLUT1 (red) and NeuN (blue
soma). White arrows: colocalization (yellow spots) of post-synaptic PSD95 and presynaptic
VGLUT1 on the soma at presumptive excitatory synapses. Yellow arrowhead upper right:
VGLUT1 and PSD95 colocalization in neuropil. E1: Enlargement of area in white box of E
~12.5x showing presumptive synapse. Calibration bar: 5 pm. Cells from undercut and naive
control perfusion-fixed rats are shown in Fig. 3.
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Figure 3.
VGLUT1/PSD95 close appositions on somata. A: Representative 1um optical section

through the soma of a layer V pyramidal cell from an undercut P21 rat perfused with 4%
paraformaldehyde, and reacted for PSD95 (green), VGLUTL (red) and NeuN (black soma).
White circles: colocalization (yellow spots) of post-synaptic PSD95 and presynaptic
VGLUT1 in the neuropil (bottom 2 circles) and at 4 presumptive excitatory somatic
synapses. Arrow points to presumptive synapse on neighboring cell shown in ortho view in
Fig. S2. B. Comparable section from control cell showing PSD95/VGLUT1 colocalizations
are present in neuropil. White arrow points to rare possible synapse on soma (see Table 2).
Apical dendrite down. Calibration in A for A-B
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Figure 4.
Control data and spontaneous epileptiform bursts in whole-cell voltage clamp recordings

from naive and UC slices. A., Al: Representative traces of whole cell recordings from layer
V pyramidal (Pyr) neurons in slices from naive control animals. Al: expanded segment of A
showing spontaneous EPSCs. B: Whole cell recording from layer V Pyr cell 3 days post UC
cortex. B1 inset: expanded epileptiform burst from B. B2: expanded portion of B showing
spontaneous EPSCs at expanded time scale and an example of a fast and large amplitude
spontaneous EPSC (marked by arrow). Calibration: 200 pA, 2 sec for unexpanded control
and 3 day post undercut traces.
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Figure 5.

Spontaneous EPSCs are faster and larger after UC. A. Cumulative distributions of peak
amplitudes (left), 10-90 rise times (middle), and half-widths (right) of spontaneous EPSCs
recorded from layer V pyramidal neurons in cortical slices from control (n = 29, black solid
line) and UC (n = 23, red dashed line). **P < 0.0001, KS-test. B. Scatter plot and cloud
density analysis (i.e. density heat maps) of SEPSC amplitude vs. rise time from control (left)
and UC (right) slices. Responses in blue circle and oval represent populations of large and/or
fast EPSCs not present in recordings from control slices. Peak of the density data is shown
by the white dot and crosshair. Density of the data is represented by color in the heat maps;
blue to red represents low to high density. C. Comparison of average rise time to access
resistance (left) or input resistance (right) recorded from each cell in cortical slices from
control (black dots) or undercut (red dots) animals.
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Figure 6.
Miniature (m) EPSC kinetics and amplitudes in slices from control and UC cortex. A.

Cumulative distributions of peak amplitudes (left), 10-90 rise times (middle), and half
widths (right) of mEPSCs recorded in the presence of 1 uM TTX from layer V pyramidal
neurons in control (n = 10, black solid line) and UC (n = 11, red dashed line) slices. Peak
amplitudes were larger in UC slices (d = 0.13, **P < 0.001), while rise times and half widths
were not statistically different. B. Scatter plot and cloud density analysis of mMEPSC
amplitude vs. rise time from control (left) and UC (right) slices. Shaded boxes from 0 ms to
0.5 ms highlight a population of mEPSCs with fast rise times and larger amplitudes from UC
slices not present in control slices
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Figure 7.
AMPA-mediated reversal potentials are negatively shifted after UC. A. Example of the

recording set-up. s: theta glass stimulating electrode placed ~20 away from the soma of the
recorded cell (cell shown by outline in middle). p: patch pipette recording from a layer V
pyramidal cell. B. Representative evoked currents in layer V Pyr cells at holding potentials
from =73 mV to + 26 mV in incremental steps of 20 mV from control (left) and UC (right)
cortex. Inset shows IV relationship for each cell, arrows point to reversal potential. Scale
bar: 20pA/5ms. C. Average current-voltage relationships and reversal potentials from control
(black solid line) and UC slices (gray dashed line). Note the negatively shifted reversal
potential in recordings from UC slices. (*P < 0.05).
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Figure 8.
Focal glutamate uncaging evokes large amplitude EPSCs after UC. A. LSPS-evoked currents

were segregated as either direct responses (black +) that resulted from glutamate uncaged
onto the neuron being recorded, or putative monosynaptic events (red circles on peaks) from
synaptically connected presynaptic neuron(s) depolarized to threshold by glutamate
uncaging. The various latencies of monosynaptic EPSCs presumably represent variable
latency to reach threshold in stimulated presynaptic neurons. Inset: DIC image of recorded
UC slice from experiment in (A) with respect to laser scanning photostimulation locations.
Yellow dots in inset: locations of laser evoked glutamate uncaging. Red circle: position of
the recorded cell in layer V of UC neocortex. Pial surface is up here and in B, D-F. B. Single
trial heat map that shows the peak amplitude of putative monosynaptic EPSCs recorded in
(A) in response to glutamate uncaging at the locations shown in inset of (A). White circle:
location of recorded cell in layer V; white arrow: one location from which a single large
amplitude EPSC was evoked. C. The large amplitude EPSC evoked from the location
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indicated by arrow in (B) appeared to be all-or-none as it was triggered abruptly at threshold
and its amplitude and latency were insensitive to doubling of the duration of the laser pulse
(laser onset indicated by purple vertical bar). Similar all-or-none EPSCs were elicited in 4
neurons where they could be repeatedly evoked by laser flashes. D. Heat map constructed
from averaging 5 trials from a Pyr cell in a different UC slice. Note the amplitude scale and
the evoked monosynaptic EPSCs with peak amplitudes >100 pA. E. Two examples of
averaged maps from control cells (5 maps from each cell). In D and E, white scale bars: 200
um for both X and Y axes, white circle: location of recorded cell in layer V. Identical heat
map scale bars are used in B, D, and E. F. Averaged maps from multiple trials showing the
locations from which large amplitude EPSCs (>100 pA) could be evoked in control cortical
slices (left map; n = 1 of 14 slices) and UC (right map; n =5 of 17 slices). EPSCs <75 pA
are not shown in these maps. Note the greater number of locations and laminar and columnar
distributions from where large amplitude EPSCs were evoked in UC slices. Scale bars: 100
pum for X axis, 200 um for Y axis. White triangle: location of recorded cell in layer V. G.
Cumulative distribution of uncaging-evoked EPSCs from all cells shows a significant shift
for larger amplitude EPSCs in UC vs. control slices (*P < 0.5).
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Colocalization of VGLUT1 and PSD95-IR in perisomatic region (volume) of interest for biocytin-filled layer
V pyramidal cells

Cell number  ROI Volume (um®)  VGLUTL1 + PSD95 Colocalization Volume (um3)  Colocalization %
CNTRL Cell 1 293 0 0
CNTRL Cell 2 320 0 0
CNTRL Cell 3 283 0 0
CNTRL Cell 4 279 0 0
CNTRL Cell 5 289 0 0
Mean + SEM 292.80+7.21 0 0
UCCell 1 283 7.73 2.72
UC Cell 2 272 777 2.85
UC Cell 3 228 5.55 2.55
UC Cell 4 222 6.17 2.78
UC Cell 5 293 7.82 2.76
UC Cell 6 289 9.11 3.2
UCCell 7 273 8.78 3.21
Mean + SEM 265.71 +10.92 7.56 +0.49 2.87+0.10
p-value 0.09 4.57E-06 8.17E-08

CNTRL: control; UC: undercut; ROI: perisomatic volume of interest
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Table 3
Amplitude and kinetics of SEPSCs
Parameter Control (n=29) Undercut (n=23) P- value
Amplitude (pA) 249+ 1.2 38.2+6.5* <0.02
Rise Time (ms) 1.89 £0.08 1.39 £ 0.07**** <0.0001
Halfwidth (ms) 5.84£0.32 4.19 + 0.28*** <0.001
Total Charge (fC) 152.3 +10.7 185.6 +42.8 >05

All data are expressed as mean + SEM. Significance tested by Student's t-test
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Table 4
Amplitude and kinetics of mEPSCs
Parameter Control (n=11)  Undercut (n=10)  P- value
mMEPSC Amplitude (pA) 10.14 +0.75 11.62 £ 0.43 >0.13
mEPSC Rise Time (ms)  1.04 + 0.03 1.14 +0.08 >0.21
mMEPSC Halfwidth (ms)  4.74 +0.38 3.57+0.38 >0.11

All data are expressed as mean + SEM. Significance tested by Student's t-test
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