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Abstract
Many neuropsychiatric symptoms that follow traumatic brain injury (TBI), including mood disorders, sleep disturbance,
chronic pain, and posttraumatic epilepsy (PTE) are attributable to compromised cortical inhibition. However, the temporal
trajectory of cortical inhibition loss and its underlying mechanisms are not known. Using paired-pulse transcranial
magnetic stimulation (ppTMS) and immunohistochemistry, we tracked functional and cellular changes of cortical inhibitory
network elements after fluid-percussion injury (FPI) in rats. ppTMS revealed a progressive loss of cortical inhibition as early
as 2 weeks after FPI. This profile paralleled the increasing levels of cortical oxidative stress, which was accompanied by a
gradual loss of parvalbumin (PV) immunoreactivity in perilesional cortex. Preceding the PV loss, we identified a degradation
of the perineuronal net (PNN)—a specialized extracellular structure enwrapping cortical PV-positive (PV+) inhibitory
interneurons which binds the PV+ cell maintenance factor, Otx2. The trajectory of these impairments underlies the reduced
inhibitory tone, which can contribute to posttraumatic neurological conditions, such as PTE. Taken together, our results
highlight the use of ppTMS as a biomarker to track the course of cortical inhibitory dysfunction post-TBI. Moreover, the
neuroprotective role of PNNs on PV+ cell function suggests antioxidant treatment or Otx2 enhancement as a promising
prophylaxis for post-TBI symptoms.
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Introduction
Traumatic brain injury (TBI) results in a range of neurologic
symptoms, such as chronic pain (Andary et al. 1997), mood disor-
ders (Jorge et al. 2007), sleep disturbance (Hou et al. 2013),
increased seizure susceptibility (Golarai et al. 2001), and post-
traumatic epilepsy (PTE) (Lucke-Wold et al. 2015), which are
referable to compromised cortical inhibition. Notably, post-
traumatic neurologic symptoms often do not immediately follow
TBI. Rather, as most apparent in PTE and posttraumatic epilepto-
genesis, many such symptoms follow an asymptomatic post-TBI
latent period of weeks to months (Jensen 2009; Lowenstein 2009;
Valk-Kleibeuker et al. 2014; Sawyer et al. 2015; Theadom et al.
2015). Presumably, cortical inhibition is lost during the latent
post-TBI period. Yet the molecular and cellular mechanisms
underlying this TBI pathophysiology are poorly understood, thus
leading to difficulty in prophylactic treatment of prevalent post-
traumatic syndromes (Nampiaparampil 2008; Prince et al. 2009;
Rakhade and Jensen 2009; Torbic et al. 2013; Jorge and Arciniegas
2014; Rao et al. 2014; Lefebvre et al. 2015; Major et al. 2015).

Previous studies indicate that the pathologic shift of cortical
excitatory:inhibitory (E:I) ratio toward excess excitation after
TBI is primarily due to loss of synaptic inhibition mediated by
γ-aminobutyric acid (GABA) and a reduction of GABA-
synthesizing enzymes in inhibitory synapses in the neocortex
(Prince and Jacobs 1998; Huusko and Pitkanen 2014; Cantu et al.
2015). However, evidence of such loss of inhibitory tone in vivo
is lacking. Thus, we applied paired-pulse transcranial magnetic
stimulation (ppTMS) to test whether GABA-mediated cortical
inhibition is reduced after TBI in vivo in a rat fluid percussion
injury (FPI) model (Hunt et al. 2013).

In ppTMS, intracranial stimulating currents delivered as
paired pulses are generated by a powerful and fluctuating
extracranial magnetic field. Most commonly, ppTMS is applied
to the motor cortex to elicit a quantifiable motor response
whose suppression or facilitation can be used to characterize
the cortical E:I ratio (Barker et al. 1984; Kobayashi and Pascual-
Leone 2003; Ziemann et al. 2015). One ppTMS protocol in par-
ticular, where the paired stimuli are separated by a 50–250ms
interval termed long-interval ppTMS (LI-ppTMS), has been
applied extensively to measure intracortical inhibition (known
as long-interval cortical inhibition, LICI) in patients with epi-
lepsy and related disorders of impaired cortical inhibition
(Bashir et al. 2012; Badawy et al. 2014).

We recently adapted LI-ppTMS to rats, and found that
the magnitude of paired-pulse inhibition of the motor-evoked
response reflects cortical GABAA receptor-mediated inhibition
(Vahabzadeh-Hagh et al. 2011; Hsieh et al. 2012). In this report,
as a step toward translation of preclinical LI-ppTMS to applica-
tions in human neurologic syndromes, we tested whether loss of
cortical inhibition after TBI in rats is reflected in ppTMS metrics
of cortical inhibition. Specifically, as rat FPI reliably causes PTE
and other posttraumatic syndromes several weeks after injury
(D’Ambrosio et al. 2005; Sun et al. 2008; Shultz et al. 2012;
Goodrich et al. 2013; Hameed et al. 2014; Rowe et al. 2014; Skopin
et al. 2015), we tested whether loss of LICI can be detected by
LI-ppTMS within the subacute post-TBI period in the FPI model.

To further delineate the temporal course of post-TBI loss of
cortical inhibition, we also performed complementary studies
aimed at characterizing posttraumatic changes in cortical
GABAergic interneurons (Cantu et al. 2015). We focused on the
parvalbumin positive (PV+) cells that comprise the majority of
cortical GABA circuitry (Rudy et al. 2011; Kelsom and Lu 2013)
and are particularly vulnerable to metabolic challenges after

injury due to their baseline fast-firing rate and high metabolic
demand (Andre et al. 2001). PV+ cells are enwrapped by a specia-
lized extracellular structure known as the perineuronal net (PNN)
which protects them from oxidative stress and is crucial to sus-
tain PV+ cell viability and function, particularly after brain injury
(Sugiyama et al. 2009; Carulli et al. 2010; Cabungcal et al. 2013b;
Rodriguez-Rodriguez et al. 2014). Importantly, PV+ cell inhibitory
capacity depends on PNN integrity (Kwok et al. 2011). We previ-
ously showed that Otx2, a homeoprotein found in cortical PV+
cells, binds preferably to disulfated N-acetylgalactosamine units
in the PNN glycosaminoglycan sidechains, and such Otx2 binding
is critical for PV+ cell survival (Beurdeley et al. 2012). To test
whether and how PV+ cell impairment underlies any post-
traumatic inhibitory loss (Petronilho et al. 2010), we examined
the relative temporal trajectory of these molecular entities (PV+
cell count, oxidative stress level, PNN integrity, and Otx2 accu-
mulation) after FPI (Greve and Zink 2009; Pitkanen et al. 2009).

We report that LI-ppTMS detects early impairment of cor-
tical inhibition after TBI, and that such loss of inhibitory tone
correlates with a progressive PV+ cell loss. Our data also indi-
cate that sustained oxidative stress, in parallel to Otx2 deple-
tion and PNN loss in the cortex, contributes to posttraumatic
cortical pathophysiology, and raises prospects for mitigating PV+
cell vulnerability after TBI with antioxidant treatment or Otx2
replacement (Fraser and Morrison 2009). Given the mechanistic
similarity between human and rat LI-ppTMS (Hsieh et al. 2012;
Vahabzadeh-Hagh et al. 2012), we expect that these neurobio-
logical insights into the post-TBI loss of cortical inhibition will
provide valuable opportunities for translation to humans.

Materials and Methods
Animal Preparation

Experiments were performed on adult male Long-Evans
rats (250–300 g). Rats were housed in standard cages in a
temperature-controlled facility with a 12-h light/dark cycle and
a continuous supply of water and food ad libitum. All animal
procedures were approved by the Institutional Animal Care and
Use Committee (IACUC) at Boston Children’s Hospital and in
accordance with the National Institutes of Health (NIH) Guide
for the Care and Use of Laboratory Animals.

Fluid Percussion Injury

Rats were anesthetized with 2–4% isoflurane vapor (Baxter
Pharmaceutical) and their heads secured in a stereotaxic frame.
The level of anesthesia was carefully monitored via heart rate
and breathing rate such that it was maintained constant
throughout the surgical procedure. Rats were monitored for
immediate post-TBI apnea, and were discarded from the
experiment if duration of apnea was >30 s. A unilateral circular
craniotomy centered 2mm posterior to bregma (bregma
−2mm) and 2mm lateral to the mid-ridge (mid-ridge +2mm)
was made over the left convexity. The anterior and lateral
edges of the craniotomy were adjacent to the coronal suture
and left lateral ridge, respectively. TBI was induced using a
fluid-percussion device (AmScien Instruments) (Hameed et al.
2014). In the verum experimental TBI group, a fluid percussion
wave of 2.0–2.5 atm was delivered against the exposed intact
dura. Pressure pulses were measured by a transducer extracra-
nially and recorded on a storage oscilloscope. Sham control TBI
animals underwent the same surgical procedures, but did not
receive FPI.
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Previously, we and others reported that approximately 100%
of rats receiving this and similar forms of FPI developed recur-
rent late posttraumatic seizures, 6–12 weeks after injury
(D’Ambrosio et al. 2005; Goodrich et al. 2013), in addition to a
variety of posttraumatic sequelae including ectopic gene
expressions (Hayes et al. 1995), anxiety-like behavior (Rodgers
et al. 2012), and ataxia (Potts et al. 2009) which could be asso-
ciated with impaired neuronal inhibition (Guerriero et al. 2015).

Paired-Pulse Transcranial Magnetic Stimulation

For LI-ppTMS measures of cortical inhibition in conscious rats,
we employed our previously established protocol for coupling
ppTMS with mechanomyography (MMG), a non-invasive meas-
ure of cortico-spinal activation in non-anesthetized rats (Hsieh
et al. 2012). Rats were restrained on a platform by straps secur-
ing the head, upper, and mid-torso as previously described
(Hsieh et al. 2012). Limb acceleration resultant from each suc-
cessive TMS pulse was recorded using a miniature 3-axis accel-
erometer (AGB3V2) secured with adhesive tape to each hind
limb (see Supplementary Fig. S1).

MMG output was quantified as the peak-to-peak sum of the
three vectors. LI-ppTMS was administered with a figure-of-eight
coil (outside lobe diameter = 66mm, inside diameter = 15mm;
Double Small Coil, Magstim) connected to a Magstim Rapid
stimulator (Magstim). The stimulating coil was positioned using
a micromanipulator, with the center of the coil midline over the
dorsal scalp to elicit bilateral hind limb MMG.

To accommodate a short time period, approximately 3min,
during which an immobilized rat remains relatively motionless
beneath the stimulating coil, paired TMS pulses (each individ-
ual stimulus of the 2 paired stimuli was at the same intensity)
were delivered over a range of progressively increasing stimu-
lus intensities (60%, 70%, 80%, 90%, and 100% maximum
machine output (MO)). Six stimulus pairs were delivered per
stimulation intensity. Each pair of stimuli was 5 s apart. Thirty
pairs of stimuli were delivered with interstimulus interval (ISI)
of 100ms and 30 pairs of stimuli were delivered with ISI 200ms.
The entire ppTMS procedure was repeated weekly for each rat
after TBI. Results obtained with 100ms ISI or 200ms ISI stimuli
were analyzed separately. MMG signals were digitized at
10 kHz, band-pass filtered from 1 to 250 Hz and stored for fur-
ther offline analysis (PowerLab 8/30; ADInstruments). The
paired-pulse inhibition ratio was calculated from each motor
response pair where the TMS-evoked MMG following the condi-
tioning stimulus exceeded baseline noise by >3 standard devia-
tions. The calculated ratios (conditioning MMG:test MMG) were
averaged across stimulus intensities per ISI for each rat at each
time point as previously described (Hsieh et al. 2012).

Three separate cohorts of experimental rats were used to
test 1) whether serial, weekly ppTMS for 6 weeks detects pro-
gressive cortical dysfunction post-TBI, 2) whether a single, late
ppTMS at 6 weeks after injury detects cortical inhibitory dys-
function, and 3) whether cellular substrates of progressive cor-
tical dysfunction over 6 weeks can be identified by serial,
biweekly anatomical labeling.

Perfusion of Cortical Tissues and Immunostaining

As mentioned above, a separate cohort of rats previously never
exposed to ppTMS was used for perfusion and immunostaining
after TBI, to avoid potential confound of ppTMS affecting the
molecular metrics of interest in this study (Mix et al. 2010; Benali
et al. 2011). Under deep anesthesia, rats were perfused

transcardially with ice-cold saline followed by 4% paraformalde-
hyde (PFA). Brain tissue was dissected and postfixed in 4% PFA
for 2 h at room temperature before transferring into 30% sucrose.
Cryopreserved brain tissue was then frozen with Tissue-Tek O.C.
T. compound (Sakura Finetek) and stored at −80°C for at least
24 h before sectioning. Using a cryostat microtome (Leica
CM3050 S), free-floating cryosections (coronal sections, 30 µm)
were produced at −20°C, washed briefly with phosphate-
buffered saline and incubated with primary antibodies (see
details below) overnight at 4°C followed by Alexa Fluor-
conjugated secondary antibodies for 2 h at room temperature.

We used anti-PV (rabbit polyclonal, Swant) to investigate PV-
expressing interneurons. Oxidative stress levels were assessed
by antibody against 8-hydroxy-2′-deoxyguanosine (anti-8-oxo-
dG, mouse monoclonal, Trevigen) (Cabungcal et al. 2013b), a
modified nucleoside commonly detected as a by-product of
mitochondrial DNA damage. PNN integrity was studied using
biotinylated Wisteria floribunda agglutinin (WFA) (Sigma-Aldrich),
a plant lectin which binds to chondroitin sulfate proteoglycan
(CSPG) chains of PNN (Carulli et al. 2007; Beurdeley et al. 2012).
To measure the accumulation of Otx2 in the cortex (Spatazza
et al. 2013), we used a mouse anti-Otx2 monoclonal antibody, a
gift from Dr Alain Prochiantz. Neuronal counts were performed
by immunostaining with anti-NeuN (mouse monoclonal,
Millipore). Secondary antibodies (Invitrogen) included: anti-
mouse Alexa Fluor 488, anti-mouse Alex Fluor 594, anti-rabbit
Alex Fluor 594, and Alex Fluor 594-conjugated streptavidin. All
perfusion, tissue fixation, and immunostaining procedures
were carried out under the same conditions using the same
batch of buffers to minimize variability between samples.
Immunostained sections were mounted using Fluoromount
medium containing 4′,6′-diamidino-2-phenylindole (DAPI)
nuclear counterstain (Southern Biotechnology), and images
acquired on an Olympus Fluoview FV1000 confocal microscope.

Imaging and Analysis

Regions in the motor cortex medial to the FPI site (bregma
−2mm and mid-ridge +2mm) were first identified by fluores-
cence imaging under low power magnification (×10 objective).
An example of injury site revealed by DAPI staining is shown in
Supplementary Fig. S2. Serial coronal sections were examined
to identify the lesion site which was reliably marked by gray
matter atrophy, enlarged lateral ventricle, and compressed
hippocampus (Hameed et al. 2014). Perilesional site was defined
as approximately 100 µm medial to the edge of the lesion
(Cantu et al. 2015) without apparent cortical atrophy (see
Supplementary Fig. S2). Serial coronal sections through perile-
sional and contralesional regions (in the opposite hemisphere)
were taken from each animal (N = 5 per time point) for imaging
and subsequent analysis, and two sections from each animal
were used for analysis per immunoreaction (i.e., PV, WFA, Otx2,
8-oxo-dG, and NeuN). Cortical layers were identified by DAPI
staining and imaging area aligned such that layer I was on the
top and layer VI at the bottom. Confocal images were taken
under a ×20 objective (unless otherwise stated as in low power
magnification, in which case a ×10 objective was used). Image
acquisitions were carried out using the FV10-ASW software
(version 2.1 C), with the following parameters: 5% laser output,
×1 gain control, laser intensity between 500 and 700, offset
between 10% and 15% such that signals were within the linear
range. Individual channels were acquired sequentially.

Images were analyzed by ImageJ software as described pre-
viously (Beurdeley et al. 2012; Spatazza et al. 2013). First,
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regions corresponding to layers II–VI, 400 μm wide in the mid-
dle of the imaging field (primary motor area coordinates above)
were chosen. Then, by setting the same threshold for all
images, and applying filters for size (50–5000 μm2) and circular-
ity (0–1.0), cells positively stained for PV, Otx2, NeuN, and WFA
were identified above background signals (see Supplementary
Fig. S3). DAPI counterstain was further used to visually confirm
that all counted structures are cells. The number of cells identi-
fied above and 8-oxo-dG signal intensities were then measured
by the software. Results from perilesional and contralesional
regions of verum TBI subjects were normalized to sham-
operated controls. To further study whether these anatomical
changes were limited to ipsilesional cortex, a ratio between
perilesional and contralesional regions was also calculated.
PNNs were stained by WFA (Fig. 5A) and the complexity of PNN
branches revealed by hand-tracing (Fig. 6A) (Carulli et al. 2010).

Data Processing and Statistical Analysis

Data were analyzed using SPSS version 17.0 (SPSS Inc.) with the
significance level set at P < 0.05. All data are presented as mean ±
standard error of the mean (mean ± SEM). Paired-pulse

inhibition was expressed as ratio (percentage) of the condi-
tioned evoked MMG to unconditioned evoked MMG.

Sequential LI-ppTMS measures after TBI were compared by
repeated measures analysis of variance (ANOVA), with GROUP
and TIME as factors. Post hoc Fisher’s least significant difference
(LSD) tests were used to compare means at individual time
points. LI-ppTMS metrics obtained from a separate rat cohort that
was not exposed to TMS except at a single time point, 6 weeks
after TBI, were averaged, and compared by unpaired t-test.

Immunostaining comparisons between rats in the verum or
sham TBI groups were performed by one-way ANOVA with
Tukey’s multiple comparison post hoc test. Immunostaining
data are expressed as % Sham values. Ratios of perilesional and
contralesional sides were also compared between verum TBI
animals and sham-operated controls (expressed as % Sham).

Results
LI-ppTMS Reveals Posttraumatic Loss of Intracortical
Inhibition

Following TBI, LI-ppTMS revealed progressive loss of paired-
pulse intracortical inhibition as a function of time in injured rats

Figure 1. LI-ppTMS reveals progressive loss of intracortical inhibition following TBI. (A) Representative MMG traces with 100ms ISI with 100% MO intensity show no

obvious changes between pre- and post-injury (3 and 6 weeks) in the sham control (upper panel, left to right) but progressive reduction in inhibition after TBI (lower

panel, left to right). (B, C) Time course of LI-ppTMS changes at 100ms ISI in left limb (B, closed circle •) and right limb (C, closed circle •) of TBI rats (N = 6). Sham con-

trol groups are shown in both panels as open circle (o) (N = 5). Error bars = SEM, *P < 0.05, **P < 0.01, ***P < 0.001 Fisher LSD. (D) Average paired-pulse inhibition (also

with 100ms ISI) in a separate cohort of rats tested 6 weeks after verum or sham TBI. To control for the confound of weekly stimulation, these groups were not

exposed to ppTMS until 6 weeks after injury (error bars = SEM, *P < 0.05, **P < 0.01, **P < 0.001, unpaired t-test, N = 5 per group).
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(Fig. 1A), both relative to the sham TBI condition and relative to
the pre-TBI baseline. Repeated measures ANOVA identified sig-
nificant main effects of TIME (F6,54 = 6.29, P < 0.001 in left limb;
F6,54 = 6.20, P < 0.001 in right limb) and INJURY (F1,9 = 16.66,
P = 0.003 in left limb; F1,9 = 18.65, P = 0.002 in right limb), but no
significant TIME × INJURY interaction (F6,54 = 1.46, P = 0.21 in left
limb; F6,54 = 1.40, P = 0.23 in right limb).

Relative to pre-TBI baseline, post hoc analyses identified
that inhibition was significantly decreased from 2 weeks
onward post-TBI (P < 0.01) as measured in the left limb, and
from 3 weeks onward post-TBI (P < 0.01) as measured in the
right limb (Fig. 1B, C). Importantly, no significant LI-ppTMS
inhibition change was detected throughout the 6-week testing
duration in the sham TBI group, supporting the hypothesis that
cortical inhibition was specifically impaired after injury. Similar
results were also found after interrogation by LI-ppTMS with
200ms ISI (see Supplementary Fig. 4).

To control for the potential confound of repeated, weekly
stimulation which may affect cortical excitability (Muller et al.
2014), a separate cohort of rats underwent verum or sham FPI
(N = 5 per group), was housed in their home cages without fur-
ther intervention, and was tested by ppTMS 6 weeks after injury.
Figure 1D shows changes in LI-ppTMS inhibition in this cohort
where t-tests revealed a significant effect of group in left hind
limb (t = 3.83, P = 0.003) and right hind limb (t = 3.06, P = 0.012)
at 100ms ISI, with reduced paired-pulse inhibition in the verum-
treated rats. Similar results were also found with LI-ppTMS at

200ms ISI (see Supplementary Fig. 4). Together, our data suggest
that successive sessions of ppTMS with MMG after TBI do not
cause any potentiation or depression of cortical excitability.

TBI Induces Progressive Imbalance of PV+ Cells Across
Hemispheres

The number of PV+ cells in the perilesional cortex was progres-
sively reduced after injury compared with sham-operated con-
trol (F5,22 = 30.93, P < 0.0001) (Fig. 2A). Post hoc tests revealed
significantly decreased perilesional PV+ cell numbers at all
time points (2 weeks: 117 ± 6 cells/mm2, 84 ± 4% Sham,
q = 4.812, P < 0.05; 4 weeks: 99 ± 3 cells/mm2, 71 ± 3% Sham,
q = 8.905, P < 0.001; 6 weeks: 81 ± 3 cells/mm2, 53 ± 1% Sham,
q = 12.88, P < 0.001) (Fig. 2B). By comparison, in the contrale-
sional hemisphere, there was no significant loss of cortical PV+
cells until 6 weeks post-TBI (F5,22 = 0.33, P = 0.89), suggesting a
different trajectory of PV+ cell loss across hemispheres after
TBI. To verify this, the perilesional:contralesional cortical PV+
cell ratio revealed a gradually emerging inter-hemispheric PV+
cell imbalance starting 4 weeks post-TBI (P < 0.032) and onward
to 6 weeks (P < 0.029).

TBI Induces Delayed Oxidative Stress in the Cortex

Next, we asked whether progressive PV+ cell loss might reflect
their vulnerability to oxidative stress (Cabungcal et al. 2013b), a

Figure 2. PV+ cell loss after TBI. (A) Rats underwent sham operation (Sham) or FPI (post-TBI) then sacrificed at different time points (2, 4, and 6 weeks). Cortical sec-

tions through motor area were immunostained with antibodies against PV (anti-PV, Swant). Confocal images (900 × 400 µm) from Sham control, perilesional and con-

tralesional sides from post-TBI brains are shown. Cortical layers I–VI are indicated. Scale bar = 100 µm. High magnification images of individual cells are displayed in

insets. (B) The number of PV+ cells at the perilesional side (middle panel), contralesional side (right panel), and their ratio (left panel) calculated for each time point

after TBI (2, 4, and 6 weeks) (error bars = SEM, n.s. = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, Tukey’s multiple comparison test, N = 5 per group).
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common consequence after TBI (Awasthi et al. 1997). As shown
in Figure 3A, immunostaining for mitochondrial DNA damage
with 8-oxo-dG markedly increases in intensity only at 4 and 6
weeks, but not at 2 weeks post-TBI. In perilesional regions, a
progressive change emerged after injury (F5,22 = 31.88,
P < 0.0001) and post hoc tests revealed significant differences
between sham and verum TBI starting at 4 weeks (259 ± 20%
Sham, q = 13.28, P < 0.001) and onward to 6 weeks (216 ± 13%
Sham, q = 8.62, P < 0.001) (Fig. 3B). On the contralesional side,
there was also an overall effect of injury on 8-oxo-dG staining
(F5,22 = 3.458, P < 0.05), but post hoc testing did not show a sig-
nificant difference between groups at individual time points.
Similar to PV+ cell counts, the perilesional:contralesional ratio
revealed significant redox imbalance across hemispheres only
after 4 weeks post-TBI (q = 10.03, P < 0.001) and onward to 6
weeks (q = 5.504, P < 0.01; post hoc Tukey’s Multiple
Comparison Test), indicating a progressive build-up of oxida-
tive stress across hemispheres post-TBI.

To determine whether this delayed oxidative stress after
severe TBI has a global impact on cortical architecture, immu-
nostaining for NeuN was performed (Fig. 4A). In contrast to
changes in the number of PV+ cells, the number of NeuN+ cells
over time after TBI remained unaltered in both perilesional (F5,22
= 0.1511, P = 0.9775; 2 weeks: 1260 ± 108 cells/mm2, 95 ± 8%
Sham, q = 0.9175, P > 0.05, 4 weeks: 1344 ± 93 cells/mm2,
101 ± 7% Sham, q = 0.1433, P > 0.05, 6 weeks: 1455 ± 60 cells/mm2,

98 ± 4% Sham, q = 0.2889, P > 0.05) and contralesional regions
(F5,22 = 0.23, P = 0.9453; 2 weeks: 1326 ± 102 cells/mm2, 102 ± 8%
Sham, q = 0.3462, P > 0.05, 4 weeks: 1320 ± 18 cells/mm2,
101 ± 1% Sham, q = 0.1064, P > 0.05, 6 weeks: 1407 ± 39 cells/mm2,
94 ± 3% Sham, q = 1.029, P > 0.05) (Fig. 4B).

Quantification of layer V thickness as one metric was not
significantly altered in perilesional (F5,22 = 0.3559, P = 0.8729; 2
weeks: 99 ± 5% Sham, q = 0.1315, P > 0.05, 4 weeks: 106 ± 5%,
q = 1.454, P > 0.05, 6 weeks: 101 ± 3% Sham, q = 0.1272, P > 0.05)
or contralesional cortex (F5,22 = 1.036, P = 0.4214; 2 weeks:
106 ± 7% Sham, q = 1.139, P > 0.05, 4 weeks: 115 ± 6% Sham,
q = 2.572, P > 0.05, 6 weeks: 102 ± 4% Sham, q = 0.2999, P > 0.05)
(Fig. 4C). Together, these data suggest that the gross cortical
architecture in the perilesional region is relatively preserved in
this rat FPI model.

Early PNN Degradation and Loss of Otx2 Homeoprotein

To further understand PV+ cell vulnerability to oxidative stress
after TBI, we investigated the integrity of neuroprotective PNNs
by WFA staining (Fig. 5A). We found a strong overall effect of
injury on the number of WFA-positive (WFA+) cells in the peri-
lesional cortex (F5,22 = 69.88, P < 0.0001), in contrast to the sham
control in which the number of WFA+ cells remained constant
throughout. Post hoc tests revealed an early decline in WFA+

Figure 3. Increased oxidative stress after TBI. (A) Rats underwent sham operation (Sham) or FPI (post-TBI) then sacrificed at different time points (2, 4, and 6 weeks).

Cortical sections through motor area were immunostained with antibodies against mitochondrial DNA damage (anti-8-oxo-dG, Trevigen). Confocal images (900 ×

400 µm) from Sham control, perilesional and contralesional sides from post-TBI brains are shown. Cortical layers I–VI are indicated. Scale bar = 100 µm. High magnifi-

cation images of individual cells are displayed in insets. (B) The signal intensity for 8-oxo-dG immunostaining at the perilesional side (middle panel), contralesional

side (right panel), and their ratio (left panel) calculated for each time point after TBI (2, 4, and 6 weeks) (error bars = SEM, n.s. = not significant, **P < 0.01, ***P < 0.001,

Tukey’s multiple comparison test, N = 5 per group).
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cell numbers from the first post-TBI period onward (2 weeks:
60 ± 6 cells/mm2, 62 ± 5% Sham, q = 9.21, P < 0.001; 4 weeks:
27 ± 3 cells/mm2, 27 ± 2% Sham, q = 17.21, P < 0.001; 6 weeks:
21 ± 3 cells/mm2, 24 ± 3% Sham, q = 16.45, P < 0.001) (Fig. 5B).
There was also an overall effect of injury in the contralesional
cortex (F5,22 = 5.134, P < 0.01), with post hoc analysis showing a
significant decrease in WFA+ cells 2 weeks after injury (69 ± 5
cells/mm2, 80 ± 5% Sham, q = 4.998, P < 0.05).

Moreover, PNN tracing (Fig. 6A) revealed a significant reduc-
tion in branch number in perilesional cortex (F5,294 = 65.27,
P < 0.0001), again from the earliest time point examined and
progressively dropping thereafter (2 weeks: 55 ± 4% Sham,
q = 11.09, P < 0.001; 4 weeks: 41 ± 5% Sham, q = 14.32, P < 0.001;
and 6 weeks: 29 ± 4% Sham, q = 17.44, P < 0.001) (Fig. 6B), in
contrast to sham control. Notably, there was also a mild but
significant overall effect of injury on PNN branch number in the
contralesional hemisphere (F5,294 = 25.09, P < 0.0001) at all time
points (2 weeks: 66 ± 4% Sham, q = 7.586, P < 0.001; 4 weeks:
81 ± 5% Sham, q = 4.23, P < 0.001; 6 weeks: 47 ± 5% Sham,
q = 12.03, P < 0.001) (Fig. 6B).

To gain further insights into the dynamics of PNN changes
in PV+ cell populations, we carried out double-immunostaining
for WFA and PV. There was a significant effect of injury on the
percentage of PV+ cells enwrapped by PNNs in the perilesional
cortex (F5,54 = 78.42, P < 0.0001) as well as on the contralesional
side (F5,54 = 4.791, P < 0.0001). Post hoc analysis revealed a sig-
nificant perilesional reduction (2 weeks: q = 12.34, P < 0.001; 4
weeks: q = 18.45, P < 0.001; 6 weeks: q = 14.81, P < 0.001), but a
significant reduction only 6 weeks after TBI on the contrale-
sional side (q = 4.321, P < 0.05) (Fig. 7B).

Interestingly, we also found an overall effect of injury on the
converse percentage of WFA+ cells that are PV+ in both hemi-
spheres (perilesional: F5,54 = 20.24, P < 0.0001; contralesional:
F5,54 = 25.55, P < 0.0001). Post hoc analysis further revealed a
reduction in the perilesional cortex throughout the 6-week
post-TBI period (2 weeks: q = 9.941, P < 0.001; 4 weeks: q = 7.431,
P < 0.001; 6 weeks: q = 6.609, P < 0.001) as compared with the
contralesional side (6 weeks: q = 12.23, P < 0.001) (Fig. 7C).

Concomitant with PNN weakening, the number of Otx2+ cells
in perilesional cortex was rapidly reduced throughout the post-TBI

Figure 4. Unchanged neuronal cell counts and cortical thickness after TBI. (A) Rats underwent sham operation (Sham) or fluid percussion injury (post-TBI) then sacri-

ficed at different time points (2, 4 and 6 weeks). Cortical sections through motor area were immunostained with antibodies against NeuN (anti-NeuN, Millipore).

Confocal images (900 x 400μm) from Sham control, perilesional and contralesional sides from Post-TBI brains are shown. Cortical layers I-VI are indicated. Scale bar=

100 μm. High magnification images of individual cells are displayed in insets. (B) Quantification of NeuN immunostaining. The proportion of identified NeuN-positive

cells at the perilesional (left panel)or contralesional sides (right panel) calculated with respect to sham for each time point after TBI (2, 4 and 6 weeks). (C) The thick-

ness of layer V at the perilesional (left panel) or contralesional sides (right panel) calculated for each time point after TBI (2, 4 and 6 weeks). (Error bars= S.E.M., n.s.=

not significant, Tukey’s multiple comparison test, N= 5 per group)
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period (F5,22 = 40.63, P < 0.0001; 2 weeks: 33 ± 3 cells/mm2, 52 ± 2%
Sham, q = 11.41, P < 0.001; 4 weeks: 30 ± 2 cells/mm2, 46 ± 1% Sham,
q = 12.91, P < 0.001; 6 weeks: 34 ± 1 cells/mm2, 51 ± 1% Sham,
q = 10.4, P < 0.001) (Fig. 8A, B). In the contralesional cortex,
this loss of Otx2+ cells occurred later and to a lesser extent
(F5,22 = 10.09, P < 0.0001; 4 weeks: 54 ± 2 cells/mm2, 78 ± 3%
Sham, q = 6.192, P < 0.01; 6 weeks: 51 ± 2 cells/mm2, 75 ± 4%
Sham, q = 6.329, P < 0.01).

Consequently, the ratio (Fig. 8B) of perilesional:contrale-
sional cortex displayed an early and sustained Otx2 imbalance
across hemispheres, which preceded PV+ cell loss (compared
with Fig. 2B). Double-immunostaining of Otx2 and PV further
revealed that the accumulation of Otx2 in PV+ cells was signifi-
cantly impaired post-TBI in the perilesional cortex (F5,54 = 26.66,
P < 0.0001) but not on the contralesional side (F5,54 = 1.552,
P = 0.1894). Post hoc analysis indicated that the percentage of
PV+ cells containing Otx2 was reduced in the perilesional cor-
tex at 2 weeks (q = 10.59, P < 0.001) and 4 weeks (q = 9.048,
P < 0.001) after TBI (Fig. 9).

Discussion
We demonstrate for the first time that progressive functional
loss of cortical inhibition correlates positively with progressive
disruption of cortical inhibitory interneurons following TBI in
rats. Importantly, we identified convergent molecular changes

related to PV+ cells, the major inhibitory network in the cortex.
This sequence provides insights for novel therapeutic strategies
during the critical subacute posttraumatic period where patho-
logic shifts in the E:I ratio likely begin, yet where biomarkers to
detect such change are lacking.

Our study first highlights the sensitivity of LI-ppTMS in
monitoring the level of cortical inhibition early after TBI,
before clinical sequelae such as PTE are evident, suggesting its
translational potential to detect inhibitory deficits in humans
after brain injury. In contrast to other TMS protocols which
might modulate cortical excitability (Mix et al. 2010; Benali
et al. 2011), we demonstrated that repeated exposure to LI-
ppTMS, where relatively few pulses are delivered over time,
does not affect cortical excitability, adding to the ppTMS trans-
lational value.

Previous attempts to predict PTE and other post-TBI syn-
dromes by methods such as magnetic resonance imaging have
been inconclusive (Immonen et al. 2013; Shultz et al. 2013).
Neuroimaging techniques to diagnose early stages of progres-
sive TBI sequelae including impaired cognition, affective disor-
ders, and diminished motor control are also lacking (Sundman
et al. 2015). In vitro studies in a range of rodent cortical injury
models have demonstrated reduced cortical inhibition
(Mittmann et al. 1994; Schiene et al. 1996; Li and Prince 2002),
but the trajectory of inhibitory functional loss and the under-
lying cellular mechanism in vivo remains largely unknown.

Figure 5. Reduced PNN+ cells after TBI. (A) Rats underwent sham operation (Sham) or FPI (post-TBI) then sacrificed at different time points (2, 4, and 6 weeks).

Cortical sections through motor area were stained with Wisteria floribunda agglutinin (WFA, Sigma-Aldrich) to reveal PNN structure. Confocal images (900 × 400 µm)

from Sham control, perilesional and contralesional sides from post-TBI brains are shown. Cortical layers I–VI are indicated. Scale bar = 100 µm (see Fig. 6 for high mag-

nification images of individual cells). (B) The number of cells positively stained for WFA at the perilesional side (middle panel), contralesional side (right panel), and

their ratio (left panel) calculated for each time point after TBI (2, 4, and 6 weeks) (error bars = SEM, n.s. = not significant, *P < 0.05, ***P < 0.001, Tukey’s multiple com-

parison test, N = 5 per group).
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To address this unmet need, we demonstrate that signifi-
cant loss of cortical inhibition is detectable by LI-ppTMS early
after injury. This is, for instance, well in advance of the post-
traumatic seizures that typically start 6–12 weeks after injury
in the rat FPI model (Goodrich et al. 2013; Shultz et al. 2013).
Importantly, this loss of inhibition was progressive from the
time of injury, which is in agreement with previous studies
indicating an increase in the E:I ratio as a salient post-TBI con-
sequence (Avramescu et al. 2009; Pitkanen et al. 2009; Hunt
et al. 2013; Cantu et al. 2015; Guerriero et al. 2015). LI-ppTMS is
non-invasive and can be applied safely to humans (Rotenberg
2010) with close correspondence to findings in rodents
(Vahabzadeh-Hagh et al. 2011; Hsieh et al. 2012), suggesting its
utility as a practical biomarker for TBI disorders, capable of
identifying patients at-risk for PTE and similar syndromes
referable to lost cortical inhibition after TBI.

We obtained essentially identical results with LI-ppTMS ISIs of
100 and 200ms, indicating that potentially a broad range of LI-
ppTMS settings (which vary from laboratory to laboratory) may be
used to detect compromised cortical inhibition in the subacute
post-TBI time window. Importantly 6 weeks after TBI, we also
found that successive, weekly application of LI-ppTMS did not
cause potentiation or depression of cortical excitability when com-
pared with single LI-ppTMS delivered only once, highlighting that
LI-ppTMS might be applied serially to closely monitor the trajec-
tory of patient conditions without changing cortical excitability.

For example, one can test whether ppTMSmetrics predict post-
traumatic seizures in individual animals (D’Ambrosio et al. 2009)

to establish ppTMS as a biomarker for epileptogenesis.
Furthermore, ppTMS might be useful in identifying whether an
intervention preserves cortical inhibition, predicting efficacy of
possible prophylaxis for post-TBI symptoms. Recently, gamma
(γ)-oscillations preceding interictal epileptiform spikes have
been associated with seizure onset zone in patients with
temporal lobe epilepsy (Ren et al. 2015). It would be interest-
ing to determine whether such γ-oscillations monitored by
electroencephalography (EEG) might corroborate ppTMS mea-
sures. Future studies might then focus on the spatial effect
across cortex (beyond motor areas) or subcortical structures,
which would be possible with ultrasensitive imaging (Chen
et al. 2013) and EEG techniques (Szaflarski et al. 2010).

A limitation of our study is that we did not monitor the rats
for clinical post-TBI symptoms, and instead focused on metrics
of cortical inhibition. Yet, we selected a model whose clinical
consequences from cognitive dysfunction to PTE are well
described by our group and others (McIntosh et al. 1996;
D’Ambrosio et al. 2005; Bolkvadze and Pitkanen 2012; Goodrich
et al. 2013). Future studies may characterize how the loss of
cortical inhibition as measured by ppTMS correlates with the
range of clinical consequences that follow TBI. Here, we instead
aimed to identify a mechanism that might explain the multi-
tude of clinical consequences of TBI.

Our ppTMS findings of a functional loss of GABAA-mediated
inhibition post-TBI prompted histological analysis of
GABAergic interneurons. Among this heterogeneous population
(Ascoli et al. 2008), PV+ cells are of particular interest for

Figure 6. Reduced PNN complexity after TBI. (A) Tracings of PNN branches in layer V/VI stained by WFA revealing impoverished structures after TBI. High magnifica-

tion images of individual PNN+ cells are shown (corresponding to those cells highlighted in the sketch tracing). Scale bar = 25 µm. (B) The number of PNN branches at

the perilesional side (middle panel), contralesional side (right panel), and their ratio (left panel) calculated for each time point after TBI (2, 4, and 6 weeks) (error

bars = SEM, n.s. = not significant, *P < 0.05, ***P < 0.001, Tukey’s multiple comparison test, N = 5 per group).
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several reasons. First, cortical PV+ cells constitute the majority
of interneurons that mediate perisomatic inhibition of gluta-
matergic pyramidal cells (Rudy et al. 2011; Kelsom and Lu
2013). Second, fast-spiking PV+ cells are highly metabolically
active and vulnerable to oxidative stress (Cabungcal et al.
2013b) which follows TBI (Awasthi et al. 1997; Lewen et al. 2001;
Petronilho et al. 2010). This offers a mechanistic linkage

between TBI and impaired cortical inhibition. Third, recruit-
ment of PV+ cells into the hyper-excitable network in vitro is
reduced after focal lesions in the cortex (Imbrosci et al. 2014).
To further investigate the underlying mechanisms, we thus
turned to interneuron biology.

We observed a post-TBI loss of PV staining without signifi-
cant neuronal death in perilesional regions, as supported by

Figure 7. Loss of PV+ cells enwrapped by PNN after TBI. (A) Rats underwent sham operation (Sham) or FPI (post-TBI) then sacrificed at different time points (2, 4, and

6 weeks). Cortical sections through motor area were stained with anti-PV (shown in green) and WFA (shown in red). Confocal images (600 × 400 µm) from Sham con-

trol, perilesional and contralesional sides from post-TBI brains are shown. Scale bar = 100 µm. High magnification images of individual cells are displayed in insets.

(B) Percentage of PV+ cells positively stained with WFA at the perilesional side (middle panel), contralesional side (right panel), and their ratio (left panel) calculated

for each time point after TBI (2, 4, and 6 weeks). (C) Loss of PNN+ cells which are PV+ after TBI. The percentage of PNN+ cells positively stained with PV at the perile-

sional side (middle panel), contralesional side (right panel), and their ratio (left panel) calculated for each time point after TBI (2, 4, and 6 weeks). Results are com-

pared with sham levels as indicated by the dotted line (error bars = SEM, n.s. = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, Tukey’s multiple comparison test,

N = 5 per group).
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unaltered NeuN staining. In more detail, we found an increas-
ing fraction of PNN+ cells that did not express PV (see Fig. 7).
Given that PNNs tightly envelop healthy PV+ cells, one might
conclude that PV protein is simply lost after TBI. Yet, our
ppTMS data revealed a parallel functional loss of cortical inhib-
ition (Fig 1). Thus, we consider below the possibility of a causal
relationship to actual PV+ cell loss of function based on the
sequence of post-TBI changes identified here.

Weakening PV signals mirrored a progressive but delayed
increase in oxidative stress levels after FPI (Hunt et al. 2013).
Previous studies had focused on hours to days after injury, but
failed to report redox changes across the longer timeframe of
weeks to months as shown here (Awasthi et al. 1997; Lewen
et al. 2001; Petronilho et al. 2010). We propose that this sus-
tained posttraumatic increase in oxidative stress is due to the
earlier degeneration of the PNNs (Cabungcal et al. 2013a).
Compromised PNNs are associated with redox dysregulation in
interneurons (Morishita et al. 2015) and local circuit reorganiza-
tion after spinal cord injury (Orlando and Raineteau 2014). We
found PNN integrity to be preferentially compromised in the
perilesional cortex, resulting in a decreased number of PV+
cells that are enwrapped (Fig. 7B). This could render them vul-
nerable to oxidative stress, resulting in eventual cell loss
(Fig. 2B).

The expression of CSPG, a major component of the PNN, is
also reduced after TBI (Harris et al. 2009). One of these,

aggrecan, is degraded by collagenase 3 (encoded by the MMP13
gene, a member of the matrix metallopeptidase (MMP) family)
(Fosang et al. 1996). In a model of brain injury induced by focal
cerebral ischemia, MMP13 expression increases leading to loss
of PNN integrity days after injury (Nagel et al. 2005). MMP-
mediated aggrecan proteolysis is also implicated in seizure sus-
ceptibility after status epilepticus (Rankin-Gee et al. 2015). Even
the sulfation pattern of CSPG is altered in a controlled cortical
impact TBI mouse model (Yi et al. 2012), suggesting other post-
translational PNN modifications play a role in post-TBI patho-
physiology (Fawcett 2015). Our observations of both a declining
number of PNN+ cells (Beurdeley et al. 2012) and PNN complex-
ity (Carulli et al. 2010) are consistent with these previous
results linking PNN integrity to PV+ cell survival.

Interestingly, our focal, unilateral FPI to the cortex also
yielded a contralesional interneuron loss 6 weeks after TBI.
Previous studies have reported distal changes after head trau-
ma in subcortical hippocampus (Santhakumar et al. 2001) and
thalamus (Huusko and Pitkanen 2014), where region-specific
factors such as cytoskeletal composition might play a role in
their injury response (de Haas Ratzliff and Soltesz 2000).
However, global posttraumatic changes in the neocortex have
not been studied longitudinally before (Cantu et al. 2015).
Possible mechanisms for such long-range, delayed impact
found in contralesional sites include 1) contrecoup injury
(Cepeda et al. 2015); 2) epileptiform activity that spreads across

Figure 8. Loss of Otx2 accumulation after TBI. (A) Rats underwent sham operation (Sham) or FPI (post-TBI) then sacrificed at different time points (2, 4, and 6 weeks).

Cortical sections through motor area were stained with anti-Otx2 (c/o Dr Alain Prochiantz, College de France). Confocal images (900 × 400 µm) from Sham control,

perilesional and contralesional sides from post-TBI brains are shown. Cortical layers I–VI are indicated. Scale bar = 100 µm. High magnification images of individual

cells are displayed in insets. (B) The number of cells positively stained with Otx2 at the perilesional side (middle panel), contralesional side (right panel), and their

ratio (left panel) calculated for each time point after TBI (2, 4, and 6 weeks) (error bars = SEM, n.s. = not significant, **P < 0.01, ***P < 0.001, Tukey’s multiple comparison

test, N = 5 per group).
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hemispheres by subcortical (Pitkanen et al. 2009) or callosal
connections (Laitinen et al. 2015); or 3) a loss of Otx2 production
from the choroid plexus (Spatazza et al. 2013) which could
result from the initial injury (Makino 2004). Whether and to
what extent each of these mechanisms contributes to distal
post-TBI cortical changes can be investigated in future studies
where the pathologic extent and change over time is more
completely characterized in the lesional and contralesional
hemisphere.

Accumulation of the homeoprotein Otx2 in PV+ cells is crit-
ical for PNN maintenance in mice (Beurdeley et al. 2012). Here,
we find that the level of Otx2 was rapidly reduced post-TBI in
rats (Fig. 8B), mirroring the rapid decline in PNN integrity (Figs 5
and 6). Conversely, the percentage of remaining PV+ cells co-
expressing Otx2 gradually increased after injury (Fig. 9B), indi-
cating their dependence on this factor for survival. The choroid
plexus is a major source of Otx2 which diffuses broadly through
the parenchyma in the adult brain to maintain PV+ circuit func-
tion and stability (Beurdeley et al. 2012; Spatazza et al. 2013). We
speculate that secondary consequences of TBI, such as impaired
ventricular function (Makino 2004) or posttraumatic hydroceph-
alus in our model (Hameed et al. 2014), might lead to a reduced
global Otx2 supply. This in turn could explain even the late, con-
tralesional loss of Otx2 and PNN after TBI.

Given the highly conserved Otx2 sequence homology across
species, particularly its PNN-binding motifs (100% identical
across mice, rats, and humans; GenBank), we speculate that
Otx2 might regulate PV+ cell viability and function through a
similar fashion across species. Interestingly, human PNN defi-
cits have been heavily implicated in neurological disorders
including epilepsy (Berezin et al. 2014), saccadic palsy (Eggers
et al. 2015), amblyopia (Soleman et al. 2013), impaired cognition
and dementia (Morawski et al. 2014), some of which are also
TBI sequelae. Given that the PNN is a promising therapeutic
target in functional recovery after stroke (Gherardini et al. 2015)
or amblyopia after reverse eye-patching (Soleman et al. 2013),
our findings suggest the PNN as a therapeutic target in the
management of post-TBI symptoms.

Since homeoproteins may be neuroprotective (Joshi et al.
2011), we believe an exogenous supply of Otx2 protein could be
beneficial for managing post-TBI symptoms, like prevention of
PTE during this critical period. In particular, the Otx2 signal
derived from the choroid plexus is accessible from the blood
periphery, which might overcome some of the technical
challenges of targeting PV+ interneurons in the human brain
(Sebe and Baraban 2011). Alternatively, emerging evidence
supports clearance of reactive oxygen species as a therapeutic
approach to protect PV+ cells post-TBI. Powerful antioxidants,

Figure 9. Retention of PV+ cells accumulating Otx2 after TBI. (A) Rats underwent sham operation (Sham) or FPI (post-TBI) then sacrificed at different time points (2, 4,

and 6 weeks). Cortical sections through motor area were stained with anti-PV (shown in red) and anti-Otx2 (shown in green). Confocal images (600 × 400 µm) from

Sham control, perilesional and contralesional sides from post-TBI brains are shown. Scale bar = 100 µm. High magnification images of individual cells are displayed in

insets. (B) Percentage of PV+ cells positively stained with Otx2 at the perilesional side (middle panel), contralesional side (right panel), and their ratio (left panel) cal-

culated for each time point after TBI (2, 4, and 6 weeks). Results are compared with sham levels as indicated by the dotted line (error bars = SEM, n.s. = not significant,

*P < 0.05, **P < 0.01, ***P < 0.001; Tukey’s multiple comparison test, N = 5 per group).
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N-acetylcysteine (NAC) or its more brain permeable version
NACamide (Pandya et al. 2014), may prove useful as an acute
treatment for mild TBI in combat zones (Hoffer et al. 2013).
Notably, NAC is approved by the US Food and Drug
Administration (FDA), accelerating translational exploration of
its efficacy in posttraumatic anti-epileptogenesis and related
syndromes.

In summary, we show for the first time an impairment of
specific interneurons in the neocortex concomitant with grad-
ual weakening of cortical inhibition consequent to TBI in vivo.
Build-up of oxidative stress after an earlier loss of PNNs and
Otx2 provide an underlying mechanism for the posttraumatic
PV+ cell disruption, which likely contributes to TBI sequelae
such as PTE. Functionally, LI-ppTMS detects this trajectory of
weakening cortical inhibition. Since non-invasive ppTMS is
available to humans, our findings can be readily translated to
head trauma patients for the prognosis of posttraumatic symp-
toms. While beyond the scope of this study, we anticipate
therapeutic intervention strategies post-TBI to include well-
timed Otx2 enhancement or antioxidant supplementation,
which can now be monitored by ppTMS during recovery.
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