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The Acute Phase of Mild Traumatic Brain Injury
|s Characterized by a Distance-Dependent
Neuronal Hypoactivity
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Abstract

The consequences of mild traumatic brain injury (TBI) on neuronal functionality are only now being elucidated. We have
now examined the changes in sensory encoding in the whisker-recipient barrel cortex and the brain tissue damage in the
acute phase (24 h) after induction of TBI (n=9), with sham controls receiving surgery only (n=5). Injury was induced
using the lateral fluid percussion injury method, which causes a mixture of focal and diffuse brain injury. Both population
and single cell neuronal responses evoked by both simple and complex whisker stimuli revealed a suppression of activity
that decreased with distance from the locus of injury both within a hemisphere and across hemispheres, with a greater
extent of hypoactivity in ipsilateral barrel cortex compared with contralateral cortex. This was coupled with an increase in
spontaneous output in Layer 5a, but only ipsilateral to the injury site. There was also disruption of axonal integrity in
various regions in the ipsilateral but not contralateral hemisphere. These results complement our previous findings after
mild diffuse-only TBI induced by the weight-drop impact acceleration method where, in the same acute post-injury phase,
we found a similar depth-dependent hypoactivity in sensory cortex. This suggests a common sequelae of events in both
diffuse TBI and mixed focal/diffuse TBI in the immediate post-injury period that then evolve over time to produce

different long-term functional outcomes.
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Introduction

TRAUMATIC BRAIN INJURY (TBI), as occurs in falls, vehicle
collisions, and sporting and military accidents, is a major
global public health concern, with more than 57 million people
worldwide having been hospitalized with one or more incidences of
TBIs." Most injuries are relatively mild in nature, and patients
present with a complex combination of focal and diffuse injury.
Focal injury is produced by collision forces acting on the skull and
resulting in local tissue compression beneath the site of impact.’
Such injuries are commonly characterized by laceration, contu-
sion, and hematoma occurring in either the presence or absence of a
skull fracture.® In contrast, diffuse brain injury occurs from rapid
acceleration-deceleration of the head (as seen, for example, in high-
speed motor vehicle accidents*?) and involves diffuse axonal and
vascular injury, brain swelling, and hypoxic ischemic damage.®
The processes leading to injury can be classified as primary and
secondary injury mechanisms.”™"! Primary mechanisms are attributed
to mechanical events during impact with the brain and include brain
contusion, hematomas, hemorrhage, and axonal disruption.' '™ These
events are followed by secondary injury processes that manifest over

hours to days'* and involve dynamic cascades that induce ionic im-
balances, excitotoxicity, oxidative stress, hypoxia-ischemia, inflam-
mation, and cerebral edema.®”'"!"> For patients who survive the
primary insults, mortality and functional outcomes are compounded by
the secondary injury processes and the extent of their progression.'

Very little is known about how the primary and secondary injury
processes (and their interactions) affect the neuronal responses that
underlie behavior.'® We have recently produced a comprehensive
set of studies'’™"® that report dynamic changes in neuronal re-
sponses after diffuse injury using the weight-drop impact acceler-
ation (WDIA) model.”** We found, at 24h post-injury,'®'® a
depth-dependent suppression of cortical population neuronal re-
sponsiveness for both mild and severe diffuse injury, with degree of
suppression being graded to injury severity. This initial hy-
poactivity developed into supragranular hyperexcitability com-
bined with normal responses in granular and infragranular layers by
8 weeks post-injury.'”

Although the early time point is likely to involve primary and
secondary injury mechanisms”'®'* while the later time point will
involve only secondary mechanisms, the marked difference in
neurophysiological and behavioral outcomes at the two time points
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suggests that primary and secondary diffuse TBI injury mecha-
nisms produce substantially different changes in neuronal re-
sponses in keeping with the different mechanisms or processes they
engage. Given that these neuronal responses underpin neurological
outcomes, this means different neuronal response changes underlie
short-term and long-term morbidity in TBI.

We now examine how mild TBI in a mixed injury model in-
volving diffuse and focal injury affects cortical neuronal respon-
siveness immediately post-injury, using the lateral fluid percussion
injury (LFPI) model.”*""** This model causes a substantially dif-
ferent injury phenotype from the diffuse injury-only model we have
used previously, with more persistent long-term deficits in motor
coordination and, in a proportion of animals, post-traumatic sei-
zures.”>>* Despite these differences in long-term outcomes, we
report that the acute post-injury effects are very similar in this
model as in the diffuse-only model we studied previously.'®'® This
is consistent with the notion of primary injury being because of
similar mechanical events during brain impact and that this is
similar between different injury models. It is likely then that any
differences in long-term outcome between the two models of TBI
are a result of divergence in secondary injury cascades, with certain
pathways exerting more or less dominance on the neuronal re-
sponse, depending on the mode of injury. Development of effective
therapies will therefore need to recognize a decoupling between
similar primary mechanisms and subsequent secondary mecha-
nisms as a function of injury event.

Methods
Animals

Subjects were male Sprague-Dawley rats (8—12 weeks old) ob-
tained from the Animal Resources Centre (Western Australia). Rats
were housed individually under a 12 h light/dark cycle with food
and water ad libitum. Each animal was randomly allocated to re-
ceive either a mild LFPI (n=9) or a sham-injury (n=35) treatment,
and given 24 h post-injury to recover before electrophysiological
testing. Experiments were performed in accordance with the
National Health and Medical Research Council guidelines for the
care and welfare of experimental animals, and received approval
from the Monash University Standing Committee on Ethics in
Animal Experimentation and the Melbourne Health Animal Ethics
Committees.

LFPI

Injury procedures were based on a standard protocol as de-
scribed previously and used by our group.>>® Briefly, anesthesia
was induced with 4% isofluorane in oxygen (2 L/min) via inhala-
tion, and maintained throughout surgery with 2% isofluorane and
500 mL/min oxygen flow delivered through a nose cone. Under
aseptic conditions, rats underwent craniotomy to create a circular
window (5 mm diameter) centered at A/P —3.0 mm, M/L 4.0 mm
with reference to bregma to expose the dura mater. A modified
female Luer-Lock cap was secured over the craniotomy window by
cyanoacrylate and dental acrylic, the cap was filled with sterile
fluid, and the rat was removed from anesthesia and attached to the
fluid percussion device via the female Luer-Lock cap. Once the rat
responded to a toe pinch, a mild fluid percussion pulse (1.0-1.5
atmospheres) was delivered by the fluid percussion device to the
intact dura, to produce a mild TBI1.28-30

Sham-injury rats underwent the same procedures except that no
fluid percussion force was delivered. Immediately after the injury,
the female Luer-Lock cap was removed, the scalp was sutured, and
acute post-injury measures consisting of duration of apnea, dura-
tion of unconsciousness, and latency to occurrence of the self-
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righting reflex were monitored.>’° All rats were treated with an-
algesic (carprofen, 5 mg/kg).

Electrophysiology

At 24h post-surgery, electrophysiological recordings from
posteromedial barrel subfield (PMBSF; barrel cortex) were ob-
tained using methods previously established in our group,'”"? at
both ipsilateral and contralateral locations relative to the site of
injury. Animals were anesthetized using 5% halothane and tra-
cheotomized to maintain anesthesia at 0.5-3.0% halothane through
continuous ventilation. Depth of anesthesia was regularly moni-
tored using electrocardiographic/electromyographic recordings
from forepaw musculature, pinch withdrawal reflexes, and palpe-
bral reflexes. Body temperature was maintained between 37°C and
38°C.

The skull was exposed to anchor a head bar with a screw and
dental cement to the bone rostral of bregma, to hold the head firmly
in place for recording. A craniotomy over the barrel cortex (either
ipsilateral or contralateral to injury; approximately 4 mm diameter,
centered approximately A/P —2mm to bregma; M/L 6 mm) was
made via drilling, and the exposed barrel cortex (with dura intact)
was penetrated with a tungsten microelectrode (2-4 MOhm; FHC)
using a fast-stepping microdrive (Kopf Model 2660) mounted on a
complex of translators and goniometers.’!*? Advancement of the
electrode was monitored via high-power microscopy, by monitor-
ing electrode depth on the calibrated microdrive, and by monitoring
the amplified and filtered electrode output through speakers and on
an oscilloscope.

The microdrive was zeroed at the cortical surface under high-
power microscopy and then used to advance the electrode to a depth
between 600 and 800 um from the cortical surface for accurate
determination of the Principal Whisker (PW; the whisker providing
main excitatory input) via manual whisker deflection, using
methods and criteria as described previously.>'*** After unequiv-
ocal determination of the PW, the electrode was retracted to the
surface, rezeroed again under high-powered microscopy, and then
advanced systematically in 10-um steps to record from the various
cortical laminae, while monitoring depth on the microdrive.

Recording site was not altered once a PW had been obtained,
because deflection of the PW invariably produced finely tuned re-
sponses in L4/L5, regardless of which whisker was the PW. Re-
cording locus was largely determined by proximity to blood vessels
and physical accessibility of the recording apparatus. Septal regions
were avoided and easily demarcated on the basis of multiwhisker
evoked responses that were weakly driven and tended to be more
rapidly adapting.

Output signals from the electrode were amplified and band-pass
filtered from 0.3—10kHz.>'*? On-line displays of rasters of spike
occurrences and peristimulus time histograms (PSTHs) were gen-
erated using Spike2 software. A copy of the filtered neural signal
was also recorded by Spike?2 to allow for offline extraction of single
neuron data from the cluster population responses.

Controlled whisker deflections

The methods for applying motion patterns to the PW have been
detailed previously.>' The PW was threaded through a hole on a
motor-controlled level arm system positioned 5 mm from the face.
The lever arm was moved under computer control in well-defined
motion patterns while neural recordings were obtained from the
barrel cortex. We used a range of simple and complex whisker
stimuli, as we have found previously that differing complexity of
afferent input is an important variable capable of highlighting
changes in post-injury cortical processing.!” A suite of five trape-
zoidal stimuli was initially used to characterize basic cluster re-
sponses in lamina and to extract single unit waveforms. Only the
onset ramp velocity varied with these stimuli (30, 60, 150, 250, or
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400 mm/sec), with deflection amplitude fixed at 3.6 mm, the trap-
ezoid hold duration kept constant at 20 msec, and the offset ramp
duration fixed at 40 msec. The suite of five stimuli was repeated
100-150 times, with each repetition consisting of the five stimuli
presented pseudorandomly. The number of repetitions of each
stimulus was chosen to ensure that there were enough waveforms
obtained for reliable spike sorting.

Standard Spike2 template matching algorithms were applied to
generate individual spike waveform templates from the responses,
and in most cases, 3—4 waveforms were obtained at any recording
location. These templates were applied at that recording point to
separate responses of different presumptive neurons to the trape-
zoid stimuli and the subsequent complex whisker motion stimuli
(see below), for later off-line analysis.

Two complex ‘‘naturalistic’” whisker deflections were then ap-
plied in turn to the PW, one modeling the whisker motion video-
graphed in rats making contact with a rod placed in the path of the
whiskers and then moving the whiskers past the rod,** and the other
modeling the whisker motion across rough surfaces exhibited by
rats trained to discriminate between rough and smooth surfaces.”*
The use of both sets of complex stimuli was important to ascertain
whether different neuronal output could be detected depending on
the nature of the complex afferent sensory information used to
evoke responses.

The methods for extracting these stimuli from the original re-
ports**** and storing and playing them out from text files have been
detailed previously.!” Ten stimulus amplitudes were used for each
of the two complex whisker motions, beginning with an amplitude
of 0.2 mm and then continuing from 0.4-3.6 mm, in 0.4-mm steps.
Each stimulus amplitude was presented 50 times in a pseudoran-
dom order.

Data analysis

As in our recent studies, clusters and single neurons were collated
into laminae by depth as Layer 2 (150-300 um from the cortical
surface); Upper Layer 3 (350-500 um); Deep Layer 3 (550-700 pum);
Layer 4 (750-1000 ym); and Layer 5 (1100-1400 ym). All neuronal
recordings are shown as firing rate (Hz) in 1 msec bins over the period
from 200 msec before stimulus onset until 100 msec post-stimulus
offset. The data from the clusters was used for off-line analysis to
generate population PSTHs; PSTHs for all neuronal clusters in a
lamina were averaged to produce a laminar Grand PSTH to show the
pattern of population responses within a lamina. A responsive unit was
defined as one with responses significantly greater than spontaneous
rate over at least three successive stimulus amplitudes (naturalistic
stimuli)/velocities (trapezoids).

The PSTHs were generated by averaging responses to each
stimulus amplitude (for the complex stimulus waveforms) or each
stimulus ramp velocity (for the trapezoid stimuli) across all pre-
sentations of that stimulus. The averages were corrected for spon-
taneous firing rate, using the 200 msec pre-stimulus firing rate.
Then a five-point weighted moving average was applied to smooth
out any noise in the responses, and the data averaged across all
multiunits to produce a Grand PSTH.

While the Grand PSTH was used to visualize the overall pattern
of responses in a lamina to a stimulus, neuronal response metrics
were derived separately from each cluster and single cell within a
lamina. Thus, the peak firing rate, excitatory area under the curve,
latency to peak firing rate, and half-peak width were calculated for
clusters and single cells for each stimulus. For the trapezoidal
whisker motion stimuli, these metrics were calculated separately
for each trapezoid defined by a particular onset ramp velocity, and
for the complex whisker motion stimuli, these metrics were cal-
culated separately for each stimulus amplitude. For the short du-
ration trapezoidal stimulus and the complex object contact
stimulus, a 5-50 msec window after stimulus onset was used; for
the longer rough texture discrimination stimuli, a 5-30 msec
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counting window was used. These counting windows were set to
encompass the maximum response over the stimulus presenta-
tion period. Two-way repeated measures analysis of variance
(ANOVA) were used for all data comparisons.

Immunohistochemistry

After electrophysiology recording, the animal was overdosed
with sodium pentobarbitone (Lethobarb; 300 mg/mL), perfused
transcardially first with ice-cold saline to remove blood and then
fixed with 4% paraformaldehyde. The brain was removed from the
cranium and post-fixed in paraformaldehyde for 24 h before pro-
cessing for paraffin embedding. Then 10-um thick sections were
obtained from a region of approximately 1.3 mm caudal to bregma
and processed for neurofilament heavy chain (NF-200) immuno-
histochemical staining using techniques described previously.'
Monoclonal NF-H antibody (1:1000; Invitrogen) was used in
conjunction with the peroxidase-diaminobenzidine method to vi-
sualize injured axons. Stained sections were scanned by ScanScope
AT Turbo slide scanner (Aperio, CA) and visualized and analyzed
by Aperio ImageScope (v11.2.0.780, Aperio, CA) and Imagel
(NIH).

Scanned tissue sections were viewed using Aperio ImageScope,
and the perimeter of the region to be examined was defined. For
cortex, this constituted a region beginning from the midline and
following the border of the cingulum and the external capsule to the
level of the rhinal fissure. The cingulum and external capsule were
also analyzed separately. For each region of interest (ROI), mul-
tiple photos were obtained at 15x magnification to cover the entire
region without overlapping. Within each ROI, automated densi-
metric analysis was used to calculate the total area stained for NF-
200 (cell body, axons, dendrites) as a percentage of the total area
within the ROI. The analysis was conducted using ImageJ. The data
were analyzed by Mann Whitney U test between treatment groups;
each region of interest was treated independently. Data are pre-
sented as mean + standard error of the mean (SEM).

Results
Acute injury severity measures

The severity of acute injury after the fluid percussion insult was
indexed in three outcomes: duration of loss of consciousness, du-
ration of apnea, and time taken for recovery of the self-righting
reflex. There was no loss of consciousness or apnea in either group
of animals. There was a significant difference in time taken for
recovery of the self-righting reflex, with sham animals taking
152+27sec (mean+=SEM) and mild LFPI animals taking
241t 8sec (t;, = —3.9, p<0.005). These data indicate, consistent
with the LFPI parameters, that only mild TBI was caused.

Multiunit cluster responses to simple and complex
whisker stimuli post-mild LFPI-induced TBI

Twenty-four hours post-injury, neuronal responses were ob-
tained from both groups of animals from the barrel cortex in the
hemisphere ipsilateral and the hemisphere contralateral to injury/
sham treatment site. In all cases, responses were obtained to
stimulation of whiskers in the whisker pad contralateral to the re-
cording site. We used a variety of whisker motion patterns to elicit
neuronal responses. We have previously demonstrated that the
cortical hypoactivity that occurs in the acute phase after diffuse
TBI occurs regardless of stimulus complexity, whereas by 8 weeks
after injury, neuronal hyperexcitability is elicited predominantly
by complex afferent information only, and weakly at all by sim-
ple whisker movements.'” It was therefore critical for our cur-
rent purposes to ascertain whether the complexity of incoming
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information had an impact on changes in cortical processing after a
mixed focal/diffuse injury. To establish this, we used one simple
whisker motion and two complex whisker motions (all stimuli used
in our long-term TBI study with the WDIA model) to evoke neu-
ronal responses.

Neuronal responsiveness to whisker protraction velocity (a
critical factor in evoking barrel cortex responses®'>7) was as-
sessed using simple trapezoidal patterns of whisker motion with
five different onset ramp velocities from 30—-400 mm/sec. Record-
ings were obtained from 40 responsive multiunits in barrel cortex
ipsilateral to the mild LFPI, 35 responsive multi-unit clusters in
barrel cortex contralateral to the mild LFPI, and 47 responsive
multi-units barrel cortex in sham surgery controls.

The Grand PSTHs obtained at the highest ramp velocity
(400 mm/sec) in the five laminae in the barrel cortices on the two
sides relative to the injury side in mild LFPI animals and in sham
surgery controls are compared in Figure 1A. In sham surgery
controls (left column, Fig. 1A) in all layers, the population response
consisted of a single peak during stimulus onset, followed by low
levels of tonic excitation during the trapezoid hold phase, and then a
second peak corresponding to stimulus offset. In marked contrast,
in barrel cortex ipsilateral to the mild LFPI (right column, Fig 1A),
the stimulus onset response was highly suppressed in all cortical
laminae, with a concurrent absence of the offset response in Layer
2, Upper Layer 3, and Deep Layer 3, and a very weak offset

A
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response in Layers 4 and 5. Response suppression was also ob-
served in the barrel cortex contralateral to the mild LFPI but only in
the three supra-granular layers where the suppression was less
striking than in the ipsilateral barrel cortex; in Layers 4 and 5,
responses appeared normal. An offset peak was present in the
contralateral barrel cortex, but with substantially reduced levels of
tonic excitation in the preceding hold phase of the stimulus.

To quantify the changes in peak firing rate of the multi-unit
clusters, response metrics were extracted using an analysis window
of 5-50ms (grey shaded box in all panels of Fig. 1A) from stimulus
onset and are shown in Figure 1B. Compared with sham surgery
controls, peak firing rate in barrel cortex ipsilateral to the mild LFPI
was significantly reduced in all layers except Layer 5 (two-way
ANOVA, p<0.05). There was no significant difference between
peak firing rates at any velocity in any layer in the contralateral
barrel cortex compared with sham controls. Although we per-
formed two-way repeated measures ANOVAs on all groups re-
ported here, because of the complex nature of the dataset, we
include details of ipsilateral versus sham and contralateral versus
sham comparisons only.

The object contact stimulus waveform, modeling the complex
whisker motion of a rat brushing its whiskers past a metal post to
obtain a liquid reward,*® was applied at 10 amplitudes from 0.2—
3.6 mm. Recordings were obtained from a total of 40 responsive
multiunits in barrel cortex ipsilateral to the mild LFPI, 35
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Mild lateral fluid percussion injury (LFPI) effects on pattern and strength of multiunit cluster responses evoked by simple

trapezoidal stimuli. Population peristimulus time histograms are shown in (A) in response to the trapezoid with the fastest ramp velocity
(400 mm/sec) in the various lamina (indicated to the left of the panel). Recordings are from sham surgery animals and from locations
contralateral (contra) and ipsilateral (ipsi) to the LFPI site. Each Grand peristimulus time histogram was generated by averaging
responses across all responsive clusters within that lamina. The grey-shaded box represents the analysis window used to extract response
metrics. (B) Peak firing rate extracted from the onset response to simple trapezoidal stimuli from clusters ipsilateral to the site of injury
(white circles), contralateral to the site of injury (grey circles), and in sham animals (black circles). Data represent averages from all
responsive clusters (£ standard error of the mean) at all tested ramp velocities, separated by cortical lamina. Each row of data comes
from the same lamina as designated by the labels on the left (* =ipsilateral vs. sham; p<0.05).
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responsive multiunit clusters in barrel cortex contralateral to the
mild LFPI, and 50 responsive multiunits in sham surgery controls.

As for the simple trapezoid stimuli, neuronal firing was sub-
stantially dampened in response to this pattern of whisker motion in
animals subjected to mild LFPI (Fig. 2A middle and right columns
compared with first column). In sham surgery controls (Fig. 2A first
column), the population response consisted of a large response peak
after stimulus onset and a strong stimulus offset response. Grand
PSTHs generated from responses in the hemisphere ipsilateral to
the mild LFPI (Fig. 2A, right column) revealed very strong re-
sponse suppression, particularly to stimulus onset but generally
across all response components seen in the sham surgery controls.
Again, this suppression showed a depth-dependency, being near-
total in Layer 2 and less so with depth through Upper 3, Deep 3,
Layer 4, and Layer 5, although there was clear onset response
suppression all the way to Layer 5. In contrast, in the hemisphere
contralateral to the mild LFPI (Fig. 2A, middle column) both onset
and offset peak components were evident (Fig. 2A, middle column
compared with first column), and there appeared to be a small
suppression only in the upper two layers.

Quantification of the peak firing rate was again performed using
an analysis window of 5-50 msec (grey-shaded box, Fig. 2A) to
capture the onset response. Analysis showed a significant depres-
sion of firing rate in ipsilateral barrel cortex compared with sham
surgery controls in all cortical layers except Layer 5 (Fig. 2B; two-
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way ANOVA, p<0.05). There was no significant difference be-
tween peak firing rates in any layer in the contralateral barrel cortex
compared with sham controls.

The complex rough surface discrimination waveform, modeling
whisker motion of a rat trained to discriminate texture as it brushed
its whiskers along a rough surface,>* was applied at 10 amplitudes
from 0.2-3.6 mm. Recordings were obtained from a total of 44
responsive multiunits in barrel cortex ipsilateral to the mild LFPI,
36 responsive multi-unit clusters in barrel cortex contralateral to the
mild LFPI insult, and 47 responsive multiunits in sham surgery
controls.

The Grand PSTHs generated from responsive multiunit clusters
in sham surgery controls to this stimulus exhibited a single onset
peak in all layers, which was followed by a small slow offset
component that was clearly evident (Fig. 3A, left column). In mild
LFPI animals, the onset peak was substantially reduced in all layers
in barrel cortex ipsilateral to the mild LFPI, again demonstrating a
depth dependency to the suppression, and in Layer 4 was divided
into two or more peak components. Peak amplitude was also re-
duced in the contralateral hemisphere, although to a much lesser
extent, and only in Layers 2 and 3.

A narrower analysis window of 5-30 msec was used to quantify
the peak firing rate to stimulus onset from these responses (grey-
shaded box, Fig. 3A) to encompass the entire stimulus period.
These data are shown in Figure 3B and generally confirmed the
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FIG. 2. Mild lateral fluid percussion injury (LFPI) effects on pattern and strength of multiunit cluster responses evoked by complex
object contact stimuli. Population peristimulus time histograms are shown in (A) in response to the stimulus with the largest amplitude
(3.6mm) in the various lamina (indicated to the left of the panel). Recordings are from sham surgery animals and from locations
contralateral (contra) and ipsilateral (ipsi) to the LFPI site. Each Grand peristimulus time histogram was generated by averaging
responses across all responsive clusters within that lamina. The grey-shaded box represents the analysis window used to extract response
metrics. (B) Peak firing rate extracted from the onset response to the stimuli, from clusters ipsilateral to the site of injury (white circles),
contralateral to the site of injury (grey circles), and in sham animals (black circles). Data represent averages from all responsive clusters
(*standard error of the mean) at all tested ramp velocities, separated by cortical lamina (* =ipsilateral vs. sham; p <0.05).
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FIG. 3. Mild lateral fluid percussion injury (LFPI) effects on pattern and strength of multiunit cluster responses evoked by complex
rough surface discrimination stimuli. Population peristimulus time histograms are shown in (A) in response to the stimulus with the largest
amplitude (3.6 mm) in the various lamina (indicated to the left of the panel). Recordings are from sham surgery animals, and from locations
contralateral (contra) and ipsilateral (ipsi) to the LFPI site. Each Grand peristimulus time histogram was generated by averaging responses
across all responsive clusters within that lamina. The grey-shaded box represents the analysis window used to extract response metrics. (B)
Peak firing rate extracted from the onset response to the stimuli, from clusters ipsilateral to the site of injury (white circles), contralateral to
the site of injury (grey circles), and in sham animals (black circles). Data represent averages from all responsive clusters ( + standard error
of the mean) at all tested ramp velocities, separated by cortical lamina (* =ipsilateral vs. sham; p <0.05).

visual impressions gained from the Grand PSTHs in Figure 3A. In
barrel cortex ipsilateral to the mild LFPI, there was found a signifi-
cant suppression of the population peak firing rate in all layers except
Layer 5 (two-way ANOVA, p<0.05) when compared with popu-
lation peak firing rate in sham surgery controls. There was no sig-
nificant difference between peak firing rates at any velocity in any
layer in the contralateral barrel cortex compared with sham controls.

Single cell responses to whisker motion after mild LFPI

To assess responses from individual cells, single cell responses
were spike-sorted from multineuron clusters as described in Meth-
ods. We analyzed two metrics from all responsive single cells for
both simple and complex whisker stimuli: (1) peak excitatory firing
rate and (2) latency to the peak excitatory firing rate, using the same
analysis windows as applied to the population responses as detailed
above (5-50 msec for the trapezoid and object contact stimuli; 5-30
msec for the rough surface discrimination waveform stimuli).

Responsiveness to trapezoidal motion

Responses evoked by the simple trapezoidal stimulus were ob-
tained (Fig. 4A) from 99 responsive single cells in barrel cortex
ipsilateral to the mild LFPI, 123 responsive single cells in barrel
cortex contralateral to the mild LFPI, and 254 responsive single
cells in barrel cortex of sham surgery controls. Mild LFPI-induced
response suppression was as pervasive in the single cells as in the

population response, and a significant reduction in peak firing rate
at all stimulus velocities was found in Layers 2, 4, and 5 in barrel
cortex ipsilateral to the injury site compared with the same layers in
sham surgery controls (Fig. 4A; two-way ANOVA, p <0.05); no
change in single cell firing rate was found in Upper Layer 3 or Deep
Layer 3 of the barrel cortex.

Comparing the single cell responses in the barrel cortex con-
tralateral to the mild LFPI with sham surgery control responses,
there was a significant increase in peak firing rate at most trape-
zoidal ramp velocities in Upper Layer 3 (Fig. 4A; two-way
ANOVA, p<0.05). No other systematic differences in firing rate
were found in the barrel cortex contralateral to the injury site
compared with the sham surgery controls.

With respect to the timing of responses, as indexed by the la-
tency to the peak firing rate, in cells in barrel cortex ipsilateral to the
mild LFPI, there was a significant increase in latency to peak firing
rate in Layer 4 compared with sham surgery controls (Fig. SA; two-
way ANOVA, p <0.05), but not in any other layers. With respect to
the timing of responses in the contralateral barrel cortex versus that
in sham surgery controls, there were significant differences in the
latency to peak firing rate only in Layer 2 and Layer 5 (Fig. 5A;
two-way ANOVA, p<0.05).

Responsiveness to object contact motion

Responses evoked by the complex object contact whisker mo-
tion were obtained from 123 responsive cells in the barrel cortex
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FIG. 4. Mild lateral fluid percussion injury (LFPI) effects on strength of single cell responses evoked by simple and complex whisker
stimuli. Single cell metrics were extracted from the same analysis windows as for Figures 1-3. Peak firing rate changes in response to
the trapezoidal stimuli (A), object contact stimuli (B), and rough surface discrimination stimuli (C) in the various cortical lamina
(indicated to the left of the panel). Recordings are from cells ipsilateral (ipsi) to the site of injury (white circles), contralateral (contra) to
the site of injury (grey circles), and in sham animals (black circles). Data represent averages from all responsive cells (£ standard error
of the mean) at all tested stimulus velocities and amplitudes (* =ipsilateral vs. sham; #=contralateral vs. sham; p <0.05).

ipsilateral to the mild LFPI site, 134 responsive single cells in the
barrel cortex contralateral to the mild LFPI site, and 222 responsive
single cells in the barrel cortex in sham surgery controls. In barrel
cortex ipsilateral to the mild LFPI, there was a significant reduction
in peak firing rate in all layers except Deep Layer 3 and Layer 5
(Fig. 4B; two-way ANOVA, p <0.05). Single cell response rates in
barrel cortex contralateral to the mild LFPI were not different from
those in the equivalent layers in sham surgery controls. Finally,
significant changes in the latency to peak firing rate were only
recorded in Deep Layer 3, where an increased latency was recorded
in cells ipsilateral to the site of mild LFPI relative to latencies in
sham surgery controls (Fig. 5B; two-way ANOVA, p <0.05).
Responsiveness to rough surface discrimination motion. Re-
sponses evoked by the complex rough surface discrimination mo-
tion were obtained from 123 responsive cells in the barrel cortex
ipsilateral to the mild LFPI site, 123 responsive single cells in the
barrel cortex contralateral to the mild LFPI site, and 115 responsive
single cells in the barrel cortex in sham surgery animals. A re-
duction in peak firing rate in cells in barrel cortex ipsilateral to the
mild LFPI compared with sham surgery controls was found in

Layer 2 only (Fig. 4C; two-way ANOVA, p<0.05). In all other
layers, ipsilateral response rates remained unchanged by mild
LFPI. Comparing responses in barrel cortex contralateral to the
mild LFPI and those in barrel cortex in sham surgery animals, again
there were no significant differences in peak firing rate in any
cortical layer (Fig. 4C). A significant increase in the latency to peak
firing rate was found in all layers except Layer 2 in barrel cortex
ipsilateral to the mild LFPI compared with barrel cortex in sham
surgery controls (Fig. 5C; two-way ANOVA, p <0.05); there was
generally no significant difference in latency to peak firing rate in
barrel cortex contralateral to the mild LFPI compared with barrel
cortex in sham surgery controls (Fig. 5C), except for a decrease in
the latency in Layer 4 (two-way ANOVA, p <0.05).

We have previously demonstrated an enhanced spontaneous output
in Layer 4 and Layer 5 of cortex in the acute period after mild TBI
induced with the WDIA method."® To assess whether the mild LFPI
method of injury induced similar changes, spontaneous firing rate
(recorded in the 200 msec window before stimulus onset) was ex-
tracted from the single cell data for both ipsilateral and contralateral
recordings in mild LFPI animals, and in sham animals. As in our
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FIG. 5. Mild lateral fluid percussion injury (LFPI) effects on timing of single cell responses evoked by simple and complex whisker
stimuli. Single cell metrics were extracted from the same analysis windows as for Figures 1-3. Latency to peak firing rate in response to
the trapezoidal stimuli (A), object contact stimuli (B), and rough surface discrimation stimuli (C) is shown in the various cortical lamina
(indicated to the left of the panel). Recordings are from cells ipsilateral (ipsi) to the site of injury (white circles), contralateral (contra) to
the site of injury (grey circles), and in sham animals (black circles). Data represent averages from all responsive cells (£ standrd error of
the mean) at all tested stimulus velocities and amplitudes (* =ipsilateral vs. sham; #=contralateral vs. sham; p <0.05).

previous study using the WDIA injury method to create diffuse TBI,
an elevation in spontaneous output was measured in Layer 5a only,
and only in recordings ipsilateral to the mild LFPI site (Fig. 6; ipsi=
0.397£0.06 Hz; contra=0.02%+0.003Hz; sham=0.09%0.009 Hz;
two-way ANOVA, p <0.05), with spontaneous firing rate returning to
normal levels in Layer 5b. No change in spontaneous output was
measured in the hemisphere contralateral to the mild LFPL, or in sham
surgery control animals.

Summary of electrophysiological recordings

In general, there was a suppression of multiunit responses to all
stimuli in Layer 2 through to Layer 5 with ipsilateral mild LFPI
recordings compared with recordings in sham surgery animals and
a similar suppression of single-cell responses to all stimuli in most
cortical layers with ipsilateral mild LFPI recordings, except for
Deep Layer 3, which showed an absence of change in response to
all stimuli (Fig. 7). This was true regardless of stimulus type; the
hypoexcitable state of the network persisted in the face of various
types of afferent information, each of which evoked a unique and

reproducible pattern of neuronal output from the barrel network.
This suggests that complexity of afferent information does not af-
fect perturbations in signal processing and integration during the
acute phase after a mixed focal/diffuse model of injury. While there
was a general trend toward a suppression of neuronal responsive-
ness contralateral to the site of mild LFPI, this was not significant at
either the single unit or population level. In addition, an elevation in
spontaneous output was noted in Layer 5a only, and only at sites
ipsilateral to the injury locus.

Immunohistochemistry

Extensive NF-200 positive axons and dendrites were observed in
the cingulum and external capsule in the hemisphere ipsilateral to the
mild LFPIL. Positive NF-200 appeared in the cell body, short and long
processes, and accumulated into bulbs (Fig. 8B,C) indicating axonal
transporting impairment at 24 h after mild LFPI. NF-200 positive cell
bodies and axons were also observed in the grey and white matter of
somatosensory cortex (Fig. 8D,E). In comparison, no NF-200 positive
staining was observed in the hemisphere contralateral to the mild
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FIG. 6. Enhanced spontaneous output in Layer 5a ipsilateral to
the lateral fluid percussion injury (LFPI) site. Spontaneous firing
rate was measured in the 200 msec window before stimulus onset
and was extracted from single unit data for mild LFPI and sham
animals. Mean (* standard error of the mean) spontaneous firing
rate is shown according to depth from cortical surface, with depth
demarcated into cortical lamina. Enhanced spontaneous output
was observed in recordings ipsilateral (ipsi) to the mild LFPI site
in Layer 5a of the cortex, with no change in the contralateral
(contra) hemisphere (¥*p <0.05).

LFPI, or in sham animals (Fig. 8F,G). Quantification of the number of
NF-positive cells (Fig. 8H) showed significant differences between the
mild LFPI and sham animals for the two broad sets of areas (Mann
Whitney U test, p <0.05) but only in the hemisphere ipsilateral to the
injury site and not contralaterally.

Discussion

The development of effective treatments for patients with TBI
necessitates an understanding of how the interplay between pri-
mary and secondary injury mechanisms in the acute stages of injury
progress into long-term functional changes. It is therefore of par-
amount importance that TBI be studied in an experimental setting
to gain further insight into the injury-induced changes in neuronal
function that underlie behavioral and cognitive deficits. Rodent
models of TBI are the current benchmark for study in the laboratory
setting, with a primary aim to reproduce clinically relevant patterns
of brain injury observed in humans.>’

This is the first study to detail electrophysiological changes in
rodent sensory cortex after a combined diffuse and focal brain
injury, induced using the LFPI model. At both the population and
single cell level, the effects on neuronal responses after this form of
injury are remarkably similar to those we have previously described
after diffuse-only injury.'®'® One important point of note is that we
found a global hypoactivity that was independent of stimulus
type—and that was similar to what we have found previously in the
acute phase of a different TBI model.'® This demonstrates that
signaling cascades that dominate during the acute phase of injury
are common between different injury models and must then diverge
at a later time point to account for different functional outcomes.

Distance dependency of post-injury neuronal
responses is similar between different injury models
involving impact to the brain

In this study, LFPI was used to induce mild TBI using similar FPI
parameters as have previously been used.”*3*3% Similar to these
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FIG. 7. Summary of effects of mild lateral fluid percussion in-
jury (LFPI) in the ipsilateral barrel cortex at the population level
(left column) and at the single cell level (right column) for the two
complex naturalistic stimuli. At each amplitude of each of the two
naturalistic stimuli (see text), we calculated for each cortical
lamina the normalized peak firing rate in the mild LFPI for ipsi-
lateral recordings with resepect to those made in sham animals.
The two normalized values (one for each stimulus) were used to
calculate the mean normalized peak firing rate and SD, which are
presented here for each cortical lamina (L2 =layer 2; U3 =Upper
Layer 3; D3=Deep Layer 3; L4=Layer 4; L5=Layer 5). A value
of zero indicated equal firing rates (ratio of 1) in the two groups,
with negative values indicating a neuronal suppression and posi-
tive values indicating an enhancement of activity. In the popula-
tion data, there was strong suppression of firing rates in mild LFPI
animals (ratios <0) with a depth dependency to the suppression,
being greatest most superficially in cortex (L2) and least deep in
cortex (L5). Similar trends were seen in the single unit data, al-
though the suppression in the cells from which recordings were
obtained was less than in the population in the same lamina.

studies, we also report that mild FPI produced no apnea or loss of
consciousness, but did induce a delay in recovery time of the self-
righting reflex. Then, 24 h after the mild LFPI, when behaviors ap-
peared to be normal, there was still an overall suppression of sensory
cortical neuronal responses, but only in the ipsilateral hemisphere.
Although firing rates in the contralateral hemisphere were interme-
diate between ipsilateral and sham responses, they were not signifi-
cantly different from peak firing rates in sham animals.



1890

JOHNSTONE ET AL.

Area of +ve NF (%) =L

Sham Ipsi Contra
Cortex

Sham Ipsi Contra
Cing & Ex Cap

FIG. 8. NF-200 staining in the hemisphere ipsilateral to the mild lateral fluid percussion injury (LFPI). (A) shows the four regions of
the brain examined for NF-200 staining for axonal injury; GM = grey matter (of cortex), WM = white matter (of cortex), EC =external
capsule, CG =cingulum. (B-E): In the cortex ipsilateral to the mild LFPI, NF positive axons and dendrites were observed in the external
capsule (B), cingulum (C), and white matter below the barrel cortex (E), but were barely discernible in the grey matter of the barrel
cortex (D). No staining was found in the sham surgery animals (F: cingulum) or in the cortex contralateral to the mild LFPI (G:
cinglulum). NF-200 staining was detected in the cell body, short and long processes and accumulated into bulbs (B,C). (H) Quanti-
fication of NF positivity. Densitometric analysis was used to calculate the total area stained for NF-200 within a region of interest (ROI),
and this was expressed as a percentage of the total area within the ROI. Asterisks indicate that significant differences were found
between sham animals and the mild LFPI animals for structures in the ipsilateral (ipsi) hemisphere but not for structures in the

contralateral (contra) hemisphere.

In agreement with these electrophysiological observations, his-
tological analysis found that neuronal and axonal injuries also oc-
curred only ipsilateral to the mild LFPI, as also reported in previous
histological and anatomical studies of mild LFPI,>***3° in com-
parison with mild LFPI delivered at midline and parasaggital lo-
cations that cause bilateral cortical changes.'” The only previous
report of electrophysiological recordings in mild LFPI also re-
ported a reduction in the size of the vibrissae-stimulation induced
population response in barrel cortex at 72h post-injury, but no
differentiation between different cortical lamina was attempted in
that study for the electrophysiology.*®

Our observation of a depth-dependent decrease in depression of
cortical responses (as in the case of the WDIA diffuse model of
injury model in which impact force is distributed across the entire
cortical surface) in the ipsilateral hemisphere provides an expla-
nation for the absence of significant effects on contralateral neu-
ronal responses. These results suggest that suppression of neuronal
activities is likely to be dependent on distance from the impact site,

with contralateral sites far from the injury point exhibiting only a
small hypoactivity (as demonstrated by a trend toward significance,
evidenced by a p value close to 0.05 in many comparisons).

This is consistent with the hypothesis that a stress/strain wave
emanates from the point of injury**™* and (as proposed in our
previous study using a diffuse-only injury model'®) causes a sup-
pression of activity within the immediate post-injury period that
dissipates with distance from the impact site. This would account
for our previous observations of a lamina-specific pattern of sup-
pression, with more superficial cortical layers demonstrating a
greater degree of suppression than deeper layers.'®'® A similar
rationale may apply to the LFPI model with the stress wave gen-
erated by the fluid impulse inducing a distance-dependent sup-
pression from the lateral point of impact, and this is sufficiently
weaker by the contralateral side to produce nonsignificant changes
in that hemisphere.

These observations are consistent with the pattern of stresses and
deformations seen in rat brain models subject to head impact
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injury.***!*> In these models, impact injury applied via a cra-
niectomy or to the outside of the closed head creates stresses/strains
that propagate from the surface toward deeper structures in the
diencephalon and mesencephalon.*®*' Models that acknowledge
the complex properties of different brain structures, transitions
between structures (e.g., between grey and white matter), and the
different types of stress, pressure, compression, and elastic waves**
show that such dependencies are not related only to distance: thus,
in the model of Lamy and associates,*! of the three test brain areas,
the hypothalamus (the most distant area) suffered slightly higher
strains and stresses than the parietal cortex (the most proximate
area), but values in thalamus were substantially lower.

Nevertheless, as a working generalization, stresses and strains
can be treated as decreasing with distance from the impact site,***?
and the models consistently indicate that with unilateral injury (as
in the LFPI method used here), brain deformations or strains from
head impact are substantially lower in the contralateral than in the
ipsilateral hemisphere.**** Similar effects are seen in models of
human impact brain injury,''** albeit with some modifications for
the fact that the absence of sulci in the rat brain may alter the exact
mechanics of brain impact injury.*®

One feature of the present results not predicted by the rat brain
injury models is that neuronal responses in the contralateral hemi-
sphere, although not significantly different from normal responses,
also trended toward a decrease in neuronal response in all cortical
layers. This does not accord with the pattern of propagation of the
stress/strain waves predicted in the rat brain injury models.*>*'** As
noted above, in these models the propagation of stress/strain waves
from a unilateral injury occurs from that site into the depth of the
brain in a manner that dissipates with distance, not a surface wave as
would be needed to produce a contralateral injury that decreases
from supragranular to infragranular laminae on that side of the head.
An exception is seen when unilateral impact injury is coupled with
bilateral craniotomies,** which produces a dominant injury focus at
the cortical site of impact and a second weaker one in the cortex in
the other hemisphere,”> with both areas showing a (non-linear)
depth-dependent decrease in effects from the cortical surface.

Only a unilateral craniotomy, however, was made in our case, so
this could not account for the fact that our present data also suggest
two foci of injuries (one in each hemisphere) with a depth depen-
dent decrease from surface to deep layers in the effects on cortical
neurons. We propose that this likely reflects that a unilateral mild
LFPI causes brain displacement to hit the cranium (‘‘contre-coup”
effect) on the opposite side to the impact itself. This blow to the
contralateral hemisphere appears to result in similar consequences,
albeit in a much attenuated fashion, of a depth-dependent decrease
in neuronal response changes from contralateral cortical surface to
depth.

Similarities and differences in effects at single cell
compared with population level

Effects at the single cell level were very similar to those seen in
population responses with a general suppression of single cell ac-
tivity, and this effect was predominantly observed in the recording
site ipsilateral to the injury, with little to no change in contralateral
responses. With regard to changes in response timing, although the
results were somewhat inconsistent, there was a general pattern of
longer latencies, particularly in Deep Layer 3 and Layer 4. These
changes were more pronounced in responses evoked by complex
stimuli, where latency shifts of up to 10 msec were apparent in
some instances.
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Similar increases in response latency have been previously re-
ported by Sanders and colleagues,*® who demonstrated that longer
latencies recorded in the barrel cortex field potentials after a similar
mild FPI were coupled with impaired exploratory activity in an
open-field water maze task, presumably as a result of dysfunctional
circuitry and neuronal output within the whisker cortex. Although
in their study no attempt was made to discriminate between cortical
lamina, and in our study we did not directly measure vibrissal
function, it is reasonable to speculate that comparable impairments
might exist in these animals, given the similar shift in response
timing reported in both studies.

Overall, effects on firing activity at the single unit level were
never as severe as the effects at the population level, even in Layer
2 where effects at both levels were substantial. This suggests that
the injury impacts differentially in the short term on different
cells—i.e., that specific subtypes of cortical cells exhibit different
vulnerability to injury. Then, the cells we are likely to record from
in extracellular recordings (larger pyramidal neurons are likely to
be the dominant cell type for such recordings®'*?) may be less
affected than other cells (excitatory cells such as spiny stellate cells
and inhibitory interneurons).

In support of this hypothesis, we found a substantive difference
between population and single cells in Deep Layer 3: suppression
of responses was absent in single cells in Deep Layer 3, but not in
the population responses from this layer. Deep Layer 3 in the barrel
cortex contains a high density of interneurons (which are primarily
parvalbumin- and somatostatin-positive*’) and in culture prepara-
tions, these interneuronal subtypes are preferentially damaged after
excitotoxic insult, as occurs in the aftermath of brain injury.*® It is
true that Layer 2 and Layer 5a also contain dense populations of
interneurons,?’ yet we found significant single cell and population
hypoactivity here.

Susceptibility to injury is likely dictated by a combination of cell
characteristics (that determine vulnerability) and proximity to the
insult.'' By this argument, pyramidal cells and interneurons in
Layer 2 and possibly Upper Layer 3 may be equally rendered
nonfunctional, whereas both cell classes in Layer 5 may largely
be spared from damage. In contrast, in Deep Layer 3 the injury-
susceptible interneurons alone may be damaged while pyramidal
neurons are largely spared. Given the feed-forward projections
from Layers 2 and Upper Layer 3 to Layer 5,*° these events would
result in hypoactivity in both Layers 2 and 5, with no change in
Deep Layer 3 as we report here. This remains a testable hypothesis,
and we have commenced studies on identifying through immuno-
histochemistry if this hypothesis can be substantiated.

Finally, we previously reported an increase in spontaneous dis-
charge in single cells within Layer 5a of barrel cortex 24 h after
severe diffuse injury, but without any associated changes in net
excitability.'® In the present study, too, we found an increase in
spontaneous discharge within Layer 5a of the ipsilateral cortex,
again with no significant changes in net excitability. Changes in
spontaneous output have previously been recorded in the acute
period after TBI°*~>? and are frequently associated with large scale
changes in network connectivity after injury.3>*

Although the majority of inputs to Layer 5a arise from Layers 2
and 3 of cortex, there are two alternate afferent inputs to Layer 5a
that may also provide the enhanced spontaneous drive we report
here. Small thalamic inputs from the medial posterior nucleus
(POm) are known to innervate Layer 5a via the paralemniscal
sensory pathway,”> and Layer 4 spiny stellate cells also provide
selective input to Layer 5a.°>’ While we can only speculate about
the origin of this enhanced spontaneous output, it is nonetheless
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clear that this change in drive is likely to be a precursor in estab-
lishing the dynamic changes in circuitry that are known to occur in
the early stages post-TBI.3®

It is worth noting that the extent of increase in spontaneous
output was lower after mild FPI here than we previously reported
after severe diffuse-only injury (spontaneous activity changes were
not monitored in our study of immediate post-injury effects after
mild diffuse TBI'?). This presumably reflects the differing severity
between the two studies, but nevertheless reinforces the similarity
in immediate post-injury processes in both models, despite the
differences in method of injury and long-term outcomes (discussed
below).

Neuronal mechanisms underlying immediate
post-injury neuronal suppression

It is difficult to elucidate the exact cellular mechanisms that
underlie the depression we observed in both injury models; how-
ever, given the common factor of distance-dependent response
depression, a first step in the pathway may be a wave of cortical
spreading depression (CSD). CSD is a well-documented phenom-
enon characterized by a rapid and almost complete depolarization
of large populations of neurons, with global redistribution of ions
between intracellular and extracellular compartments that propa-
gates as a wave in brain tissue in a regenerative fashion.”” The wave
spreads at a uniform speed of a few millimetres per minute®*-*?
with the leading edge of the wave in layers containing apical
dendrites.® If the depolarization persists for long enough, neurons
enter an ‘‘unresponsive’ state and can be rendered hypoactive in
the long term.®

The processes that allow for persistence of this depression be-
yond a few hours are unknown; however, given the known link
between CSD and cortical plasticity,®* it seems likely that synaptic
events such as long-term depression may be important. Cortical
waves of depression have been monitored after injury induced with
predominantly focal injury models, such as the LFPL %~ Feeney’s
weight drop,®® and the controlled cortical impact (CCI) model,”
but have yet to be documented after a diffuse model of injury, such
as the WDIA model. Nevertheless, our findings suggest that CSD is
likely to be an important phenomenon after both diffuse and focal
forms of injury, and may be important in establishing persistent
cortical cellular changes. Such a hypothesis would also likely ex-
plain the independence of these effects on stimulus complexity,
because the nature of incoming information is unlikely to impact
neuronal output in a circuit that has been overwhelmed by a
dominating quiescence.

Similar post-injury cortical effects diverge to produce
different long-term behavior consequences

The similarities between the findings of this study and our pre-
vious study on mild diffuse-only injury'® suggest that there must be
shared injury mechanisms in the immediate post-injury period that
are important in establishing the behavioral deficits associated with
each injury model. The two injury models, however, induce very
different long-term histopathologies and can produce different
long-term behavioral outcomes.’?*”""> The LFPI model fre-
quently induces post-traumatic seizures,”>**7* which has been
attributed to persistent hyperexcitability within the cortex.”* We
have demonstrated long-term cortical hyperexcitability after
WDIA-induced injury,'” but this occurs in the absence of seizure
activity in this diffuse injury model. One point to note here is that
we applied only mild FPI in this study, and that development of
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post-traumatic epilepsy is often thought to be dependent on injury
severity.” An additional phenotypic difference between the two
models is that injury induced using the LFPI model results in more
persistent sensorimotor deficits with a larger extent of neuronal
degeneration within the cortex than is seen after WDIA-induced
injury.?

It would be simple to assume then that the similar short-term
neuronal consequences in both models'®'® reflect the primary
mechanical-injury dependent consequences of the impact, and we
predict that there may then be a subsequent divergence in long-term
neuronal consequences that reflects a divergence of the injury
cascades in secondary injury processes. We examined the neuronal
effects 24 h after injury; while it is true that some secondary injury
processes only begin after this period,” other secondary injury
processes begin within hours of injury.”'!76

A series of elegant studies by Povlishock and colleagues
has shown that traumatic axonal injury consists of a continuous
series of changes in axonal pathology from 5min post-trauma
through to 30 days post-trauma. Our data on the similarity of
neuronal outcomes with the two models, however, indicates that
the processes affecting neuronal responses in the first 24h are
likely to be common to both models, and it seems most parsi-
monious to assume that they are all derived directly from the
primary injury processes.

77-80

Implications of the results

It is generally acknowledged that mild TBI is difficult to diag-
nose, even in the immediate post-injury period because deficits,
even at the behavioral and structural (imaging) level, are difficult to
identify."" Our results are certainly concordant with that observa-
tion. because only mild deficits, in the self-righting reflex, were
seen immediately after the mild LFPI used here, as in previous
studies of mild LFPL>"*8 It is then very encouraging to note,
however, that mild changes in neuronal responsiveness and latency
at the single cell level translated to significant substantial changes
in neuronal responsiveness of the population, especially on the
ipsilateral side; on the contralateral side, even though population
effects were not significant, there was a trend that followed the
same pattern as on the ipsilateral side.

The amplification of single cell effects to the responses at the
population level is very encouraging in suggesting that cortical
evoked potentials might be useful in evaluating mild TBI, as pro-
posed previously.'" Such techniques may provide a more sensitive
means of diagnosing mild TBI and monitoring recovery, and could
be particularly useful in the sports and military setting where re-
peated mild concussive blows are common, may result in long-term
neurological consequences,®'"®* and are known to induce cumula-
tive behavioural and neuropathological changes.?’

Although we have only monitored the effects of mild TBI in the
acute phase after injury here (and in our previous study'®), it is
likely that the imbalances in neuronal activity that we report would
recover in the long term. Any subsequent mild concussive events
occurring during this recovery period, however, would likely pre-
dispose already vulnerable networks to more severe dysfunc-
tion.®*#* Our future studies will explore the recording of evoked
potentials in this setting to determine if, despite reservations in the
litf:rature,85 carefully selected electrical measures of cortical ac-
tivity could index single and repetitive mild TBI events and re-
covery.

Finally, it is worth emphasizing the fact that similar short-term
cortical neuronal depression in the two models we have studied
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electrophysiologically, one causing only diffuse injury '° and the
present one causing a mixture of diffuse and focal injury, diverges
to different histopathologies and behavior outcomes. This high-
lights the importance of considering targeting drugs appropriately
not only to the selected therapeutic window, but also as a function
of injury type.
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