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Abstract
Diffuse axonal injury (DAI) plays a major role in cortical network dysfunction posited to cause excitatory/inhibitory
imbalance after mild traumatic brain injury (mTBI). Current thought holds that white matter (WM) is uniquely vulnerable to
DAI. However, clinically diagnosed mTBI is not always associated with WM DAI. This suggests an undetected neocortical
pathophysiology, implicating GABAergic interneurons. To evaluate this possibility, we used mild central fluid percussion
injury to generate DAI in mice with Cre-driven tdTomato labeling of parvalbumin (PV) interneurons. We followed tdTomato+
profiles using confocal and electron microscopy, together with patch-clamp analysis to probe for DAI-mediated neocortical
GABAergic interneuron disruption. Within 3 h post-mTBI tdTomato+ perisomatic axonal injury (PSAI) was found across
somatosensory layers 2–6. The DAI marker amyloid precursor protein colocalized with GAD67 immunoreactivity within
tdTomato+ PSAI, representing the majority of GABAergic interneuron DAI. At 24h post-mTBI, we used phospho-c-Jun, a
surrogate DAI marker, for retrograde assessments of sustaining somas. Via this approach, we estimated DAI occurs in ~9%
of total tdTomato+ interneurons, representing ~14% of pan-neuronal DAI. Patch-clamp recordings of tdTomato+ interneurons
revealed decreased inhibitory transmission. Overall, these data show that PV interneuron DAI is a consistent and significant
feature of experimental mTBI with important implications for cortical network dysfunction.
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Introduction
Traumatic brain injury (TBI) is a serious global healthcare prob-
lem (Langlois et al. 2006). Recent attention is on mild TBI (mTBI)
that represents almost 90% of all TBIs (Cassidy et al. 2004;
Mannix et al. 2016). Cognitive impairments are common seque-
lae of mTBI and extract a substantial toll on society (McAllister
1992; CDC 2003). Compared with moderate-to-severe TBI involv-
ing mass lesions, contusion, and overt cell death, mTBI path-
ology is undetectable using routine CT/MRI (Mittl et al. 1994;

Povlishock and Katz 2005). However, converging evidence now
suggests that more subtle structural and functional disconnec-
tion of cortical networks underlies cognitive impairment seen
after mTBI (Sharp et al. 2014; Fagerholm et al. 2015; Wolf and
Koch 2016).

Although mTBI pathophysiology remains unclear, it is now
recognized that microscopic diffuse axonal injury (DAI) contri-
butes to mTBI morbidity (Povlishock and Katz 2005; Johnson
et al. 2013; Smith et al. 2013). Previously, we showed that DAI is
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a progressive axonopathy leading to overt structural disconnec-
tion followed by widespread terminal loss and Wallerian
degeneration (Povlishock et al. 1983; Erb and Povlishock 1991;
Povlishock 1993; Christman et al. 1994). Although studying dif-
fuse changes in the fine-scale structure of neocortex is difficult
(Crick 1979; Povlishock and Christman 1995), emerging evi-
dence supports that widespread terminal loss/deafferentation
of cerebral networks contributes to mTBI morbidity and sets
the stage for subsequent adaptive or maladaptive plasticity
(Povlishock et al. 1992; Christman et al. 1997; Phillips and
Reeves 2001; Huang et al. 2009; Marquez de la Plata et al. 2011;
Patel et al. 2016; van der Horn et al. 2016). It has been assumed
that this DAI elicits cortical network disconnection primarily
via the white matter (WM) tracts’ vulnerability for deformation
(Adams et al. 1989, 1991). This belief arose primarily from
human postmortem examinations (Strich 1956; Adams et al.
1982; Blumbergs et al. 1995) and was later reinforced with diffu-
sion tensor imaging (DTI) of patients with TBI (Salmond et al.
2006; Bazarian et al. 2007; Kraus et al. 2007), which both
revealed DAI signatures in the subcortical WM (SCWM), corpus
callosum, and other deep WM tracts. While across the spec-
trum of TBI severity WM involvement cannot be dismissed
(Mayer et al. 2010; Kinnunen et al. 2011), this presumption
remains controversial in mTBI (Dodd et al. 2014). Several groups
reported clinically diagnosed mTBI marked by substantial cogni-
tive impairment without significant WM involvement (Zhang
et al. 2010; Mac Donald et al. 2011; Ilvesmäki et al. 2014; Wäljas
et al. 2014). This suggests an undetected structural–functional
pathophysiology within neocortical gray matter (GM), where
local (intrinsic) network processing relies on balanced excita-
tory/inhibitory neural activity (Aron 2007; Fries 2009; Haider and
McCormick 2009; Raichle 2010). Supporting this possibility, stud-
ies measuring neocortical metabolic (functional MRI) and elec-
tromagnetic (electro- and magneto- encephalography) change,
revealed a wide range of intrinsic neocortical network dysfunc-
tion involving abnormal spontaneous, rhythmic, and excitatory/
inhibitory activity (Mayer et al. 2011; Sponheim et al. 2011;
Tremblay et al. 2011; Bashir et al. 2012; De Beaumont et al. 2012;
Luo et al. 2013; Huang et al. 2016; Palacios et al. 2017).
Additionally, recent DTI studies of neocortical GM have detected
reactive changes suggesting that mTBI disrupts local structural
connectivity (Newcombe et al. 2011; Bouix et al. 2013; Ling et al.
2013). Collectively, these clinical findings strongly implicate that
mTBI disrupts structural and functional connectivity in local neo-
cortical networks formed by excitatory (glutamatergic) pyramidal
neurons and inhibitory (GABAergic) interneurons (Somogyi et al.
1998; McCormick 2003; Douglas and Martin 2007).

Both clinical and experimental methodologies used to inves-
tigate neocortical GM excitatory/inhibitory networks have lim-
itations. Advanced structural and functional neuroimaging in
mTBI patients cannot resolve the specific neuronal and physio-
logic substrates of neocortical GM disruption (Logothetis 2008;
Delouche et al. 2015). Further, in both human (Gentleman et al.
1993; Blumbergs et al. 1994; Sherriff et al. 1994) and animal
investigations (Stone et al. 2000; Mac Donald et al. 2007) DAI is
typically identified via amyloid precursor protein (APP) immu-
nohistochemistry, which transiently accumulates at sites of
impaired axonal transport following TBI (Maxwell et al. 1997;
Smith et al. 2013). While APP+ accumulations (swellings) distal
aspect demarcates the site of axonal disconnection (Greer et al.
2011; Wang et al. 2011), this strategy fails to provide retrograde
information (e.g., glutamatergic vs. GABAergic) on the soma of
origin (Büki et al. 2000; Povlishock and Stone 2001). Moreover,
in the experimental setting excitatory/inhibitory neocortical

network disruption has mostly been assessed in animal models
that evoke cell death (Carron et al. 2016) and/or mass lesions
involving neocortical contusion (Kobori and Dash 2006; Cantu
et al. 2014; Hsieh et al. 2017), which typically do not occur in
mTBI associated with DAI (Povlishock and Katz 2005; Parikh
et al. 2007; Andriessen et al. 2010).

To critically address these issues, we developed a clinically
relevant, well-controlled transgenic mouse model of mTBI
uncomplicated by mass lesions/contusion and cell death (Greer
et al. 2011). Exploiting cytosolic fluorescent protein expression,
we conducted structural and functional assessments within
neocortical GM of both DAI and non-DAI (intact) populations in
a discrete subset (Thy1-expressing) of long-distance projecting
excitatory pyramidal neurons. We reported that DAI within
this pyramidal neuron subset primarily occurred near the
soma of origin (Greer et al. 2013). We also found that this
same perisomatic axonal injury (PSAI) was unresponsive to
therapeutic targeting that proved neuroprotective within the
underlying SCWM and corpus callosum (Hånell et al. 2015b).
Importantly, these findings suggested DAI within neocortical
GM vs. the underlying WM tracts involved different patho-
physiological mechanisms. In concert with neocortical DAI we
also observed widespread electrophysiological abnormalities
among intact pyramidal neurons associated with local net-
work hyperexcitability post-mTBI (Greer et al. 2012; Hånell
et al. 2015a; Sun and Jacobs 2016). Since GABAergic interneur-
ons regulate neocortical network activity (Isaacson and
Scanziani 2011), these findings strongly implicated inhibitory
interneuron disruption (Zhou et al. 2009; Yizhar et al. 2011;
Lazarus et al. 2015).

While excitatory pyramidal neurons comprise 80% of neo-
cortical neurons, their activity is controlled by the remaining
20% of inhibitory interneurons (DeFelipe and Fariñas 1992;
Markram et al. 2004). The largest neocortical GABAergic inter-
neuron subclass is genetically/molecularly characterized by
parvalbumin (PV) expression and physiologically via their fast-
spiking action potentials (Kawaguchi and Kubota 1997; Rudy
et al. 2011). The extensive axonal arbor of a single PV+ inter-
neuron can innervate up to a thousand neighboring postsynap-
tic neurons (Packer and Yuste 2011). In turn, PV+ interneurons
receive converging inputs from excitatory pyramidal neurons
and other PV+ interneurons (Gulyás et al. 1999), forming highly
interconnected local neocortical networks that underlie gamma
oscillations seen during cognitive loading (Howard 2003;
Buzsáki and Wang 2012; Hu et al. 2014). Both clinical (Sponheim
et al. 2011) and experimental (Paterno et al. 2016) mTBI studies
have shown changes in these local neocortical firing patterns,
which reflect changes in excitatory/inhibitory balance (Atallah
and Scanziani 2009). Based on previous clinical observations,
our own findings, and these PV+ interneuron properties, we
questioned whether mTBI induces structural and functional
disconnection via DAI within local neocortical inhibitory
networks.

To address this issue, we further refined our mTBI model
by employing Cre/lox mice (Madisen et al. 2010) to genetically
label the total PV+ interneuron population (Hippenmeyer
et al. 2005). Specifically, we relied on Cre-driven expression of
the red fluorescent protein (RFP) tdTomato within PV+ inter-
neurons, coupled with immunohistochemical strategies for
optimal structural assessment of potential DAI via confocal
and ultrastructural analysis. Additionally, we performed tar-
geted patch-clamp analysis of neocortical fast-spiking tdTomato
+ interneurons to functional assess inhibitory transmission
within pharmacologically isolated local GABAergic networks.
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Using this multifaceted approach, we show for the first time that
GABAergic interneurons undergo DAI, preferentially involving
PV+ interneuron PSAI. Additionally, we report a concurrent reduc-
tion of inhibitory transmission within local neocortical PV+
interneuron networks. Together, these findings have major
implications in neocortical network dysfunction following
mTBI.

Materials and Methods
Animals

The Virginia Commonwealth University Institutional Animal
Care and Use Committee approved all protocols involving animal
maintenance and experimentation. Homozygous PV-Cre
(B6;129P2-Pvalbtm1(cre)Arbr/J; Stock No. 008 069, Hippenmeyer et al.
2005) and reporter line Ai9 (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J;
Stock No. 007 909, Madisen et al. 2010) breeding pairs were directly
received from Jackson Laboratory. We generated experimental
animals (PV-Cre;Ai9 mice) by crossing homozygous male PV-Cre
mice with female Ai9 tdTomato reporter mice. In the F1 progeny
hemizygous at both alleles, Cre-driven recombination occurs in
greater than 90% of Pvalb-expressing neurons (Taniguchi et al.
2011). This resulted in selective tdTomato labeling of neocortical
PV+ interneurons.

Experimental Design

A total of 38 male PV-Cre;Ai9 mice were randomly assigned to
either sham-injury (control) or mTBI experimental groups. For
confocal and electron microscopy (EM) studies, a total of 20
mice (8.7–10.9 weeks; 21.1–29.8 g) were surgically prepared for
either sham-injury (N = 5) or mTBI (N = 15) induction. Three
mTBI mice were excluded for not meeting previously estab-
lished criteria (Greer et al. 2011). Based on our previous work,
we assessed DAI and downstream structural–functional
changes at 3 and 24 h post-mTBI, respectively (Greer et al.
2011; Hånell et al. 2015b). At 3 h post-mTBI, we probed for DAI
in PV-Cre;Ai9 mice by analyzing tdTomato+ axonal profiles via
parallel confocal microscopy (n = 5) and EM (n = 3). To further
confirm DAI, we compared tdTomato+ axonal profiles against
endogenous PV protein and APP immunoreactivity. In a com-
plementary confocal analysis, we tested whether the GABA
vesicular transporter (VGAT) and synthesizing enzyme (GAD67)
also delineate DAI. As previously reported, between 3 h and
24 h post-mTBI in mice, the distal disconnected axonal seg-
ment undergoes Wallerian degeneration, increasing axonal
debris. In contrast, by 24 h post-mTBI proximal axonal swelling
contiguous with soma of origin begins to resorb, decreasing
APP immunoreactivity (Hånell et al. 2015b). Therefore, to com-
prehensively study the anterograde and retrograde sequelae of
tdTomato+ DAI we temporally assessed the relation of the
observed axonal debris to nuclear responses in their sustaining
somas. Specifically, to identify tdTomato+ somas sustaining
DAI while evaluating their fate, we used a previously developed
strategy based on retrograde activation of c-Jun via phosphoryl-
ation (p-c-Jun), a nuclear transcription factor associated with
cell survival and axonal regeneration (Raivich et al. 2004; Greer
et al. 2011; Wang et al. 2013). We also employed p-c-Jun as a
parallel somatic DAI marker to estimate overall burden of
injury in PV-Cre;Ai9 mice at 24 h post-mTBI (n = 4). For all quali-
tative and quantitative confocal assessments sham mice (3 h:
n = 2; 24 h: n = 3) did not reveal any significant differences
(0.5 < P ≤ 1.0; Wilcoxon test). Therefore, 3 and 24 h sham mice
were considered as a single control group (n = 5) for quantitative

analyses of temporal changes following mTBI. Lastly, to probe
for any functional correlates of our structural findings, we
recorded in slice preparations electrophysiological data from a
total of 18 PV-Cre;Ai9 mice (6.0–8.4 weeks; 20.0–26.8 g) at 24 h
following sham-injury (N = 8) of mTBI (N = 10).

Surgical Preparation for Central Fluid Percussion Injury

To model mTBI, we used midline central fluid percussion injury
(cFPI) first described by Dixon et al. (1987) using rats, which our
laboratory modified for mice as described previously (Greer
et al. 2011). Briefly, anesthetized mice were surgically prepared
for cFPI induction by installing a hub surrounding a craniect-
omy centered on the superior sagittal suture, midway between
bregma and lambda. Intraoperative rectal temperature was
maintained at 37 ± 0.2 °C using a thermostatically controlled
heating pad (Harvard Apparatus). Additionally, heart rate (b.p.m.),
respiratory rate (r.p.m.), and arterial blood oxygenation (SpO2)
were monitored using a thigh-clamp pulse oximeter sensor
(MouseOx; STARR Life Sciences) to ensure maintenance of
physiological homeostasis. After a postoperative recovery
(~1.5 h), mice were re-anesthetized and then connected to
the fluid percussion apparatus (Custom Design & Fabrication,
Virginia Commonwealth University) forming a closed mechan-
ical system. Releasing the pendulum, striking the piston in the
fluid percussion apparatus generated a mild pressure wave
transient (~20 ms) that was delivered onto the intact dura. This
action simulates human brain inertial loading during trauma-
induced rapid acceleration–deceleration causing diffuse brain
injury. The pressure wave (mean peak = 1.6 ± 0.02 SEM atmo-
spheres) was measured by a transducer and displayed on an
oscilloscope (Tektronix TDS 210). For sham-injury, an identical
procedure was used with the exception of the pendulum’s
release. Mice were disconnected from the apparatus immedi-
ately after injury and visually monitored while removing the
hub, suturing the incision, and checking reflexes. None of the
mice showed signs of seizure or apnea. Severity of injury and
duration of loss of righting reflex (LORR), a rodent behavioral
surrogate of loss of consciousness (LOC), were recorded for
each animal (Grimm et al. 2015). We determined the degree of
mTBI by comparing LORR duration with shams (Morehead et al.
1994). After recovering from LORR, animals were transferred to
a warmed cage to maintain normothermia and monitored
before returned to the vivarium.

Perfusion and Tissue Processing

Mice received a lethal dose of sodium pentobarbital (1.6mg/g IP)
following 3 or 24 h survival. After loss of pain reflexes mice were
transcardially perfused, first with heparinized (10 units/mL)
saline for 1min then 4% paraformaldehyde in Millonig’s buffer
pH 7.4 for 10–20min. Brains were dissected and immersed in the
same fixative overnight at 4 °C. Mice for EM studies were per-
fused with 4% paraformaldehyde in Millonig’s buffer pH 7.4 sup-
plemented with 0.2% glutaraldehyde. Brains were then section
coronally at 40 µm using a vibratome (Leica VT1000S). Sections
directly below the craniectomy (bregma level −0.58 to −2.5mm)
were collected in 24-well plates filled with Millonig’s buffer pH
7.4. Each well had 2 sections, one rostral from the first series of
24 sections collected and one caudal from the second series of
24 sections (i.e., sections 25–48). Serial sections within a single
column were spaced 240 µm apart. For all quantitative studies,
we randomly sampled from caudal sections (1.5–2.5 posterior
to bregma) due to the consistency with which our mTBI model
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generates DAI within a well-defined region of neocortical GM
containing S1 (Greer et al. 2011).

Immunohistochemistry

Free-floating sections were rinsed with PBS. Heat-induced epi-
tope retrieval was performed by incubating sections in 10mM
sodium citrate buffer pH 8.5 for 10min in an 80 °C water bath
(Jiao et al. 1999). After cooling to room temperature sections
were rinsed with PBS then incubated for 1 h at room tempera-
ture with 10% normal goat serum, 2% fish skin gelatin, and
0.5% Triton X-100 in PBS. To mask any potential endogenous
mouse immunoglobulin, the blocking buffer was supplemented
with Mouse-on-Mouse reagent (MOM; Vector Laboratories,
MKB-2213). Then, sections were rinsed with 1% normal goat
serum, 1% fish skin gelatin, and 0.5% Triton X-100 in PBS (work-
ing buffer). Primary antibody solutions were prepared by dilut-
ing with working buffer and the sections were incubated
overnight at 4 °C. Specifically, we used antibodies against PV
(mouse IgG1, 1:2000, PV235; rabbit, 1:2000, PV27; Swant), RFP
(mouse IgG2a, clone 8E5.G7, 1:1000, 200-301-379; rabbit, 1:1000,
600-401-379; Rockland), APP (rabbit, 1:500, Invitrogen, 51–2700;
mouse IgG1, clone 22C11, 1:500, Millipore, MAB348), VGAT
(polyclonal rabbit, 1:1000; Synaptic Systems, 131 013), GAD67
(mouse IgG2a, clone 1G10.2, 1:1000; Millipore, MAB5406), and
p-Ser63 of c-Jun (rabbit, 1:100; Cell Signaling Technology). The
following day, sections were rinsed with working buffer and
incubated with appropriate goat-derived secondary antibodies
conjugated to Alexa Fluor 488, 568, or 633 (1:500: ThermoFisher
Scientific) for 2 h at room temperature. After final rinses using
working buffer then PBS, sections were mounted on glass slides
and cover-slipped using non-hardening Vectashield ± DAPI
(Vector Laboratories, H-1000 or H-1200). Note, when labeling
p-c-Jun PBS was replaced with TBS.

Mouse immunoglobulin isotype-specific secondary anti-
bodies were used in all studies to optimize the signal-to-noise
ratio (Manning et al. 2012). Parallel control studies were con-
ducted to ensure both primary and secondary antibody fidelity
(Lorincz and Nusser 2008). In all cases, primary antibody omis-
sion abolished immunoreactivity. Secondary antibody specifi-
city evaluated via cross-reactivity showed no signal between all
possible primary × secondary host and/or isotype combina-
tions. Also, tdTomato signal photostabilization was achieved
using primary RFP antibodies reacted with secondary anti-
bodies conjugated to Alexa Fluor 568.

Confocal Microscopy

Image acquisition was performed using a laser-scanning
confocal microscope (LSM 710, Carl Zeiss). Adhering to stereolo-
gical principles including random sampling, in all quantitative
studies the investigator was blinded from the experimental/
dependent variable channel while choosing the region-of-
interest visualized under epifluorescence. Using a 10× objective
(low-magnification) the field-of-view (FOV) was centered over
the primary somatosensory cortex (S1) along the dorsolateral
edge of the hippocampus. For equal representation of each neo-
cortical layers 2–6, we used continuous laser scanning to guide
rotation of the FOV until it was orthogonal to the underlying
SCWM. Images were acquired with optimal Nyquist sampling
using Plan-Apochromat 10×/0.45 NA (XY = 0.41 µm/pixel;
Z = 5.8 µm), 20×/0.8 NA (XY = 0.152 µm/pixel; Z = 0.94 µm), and
40×/1.3 NA (XY = 0.094 µm/pixel; Z = 0.47 µm) oil immersion
object lenses. All multichannel images were acquired using

sequential scanning at the lowest possible last power to avoid
crosstalk (488 Argon, 561 DPSS, and 633 HeNe). Gain and offset
were adjusted for optimal signal range. The pinhole was set to
1.0 ± 0.3 Airy units to maintain identical optical slice thickness
in multichannel images. Images for quantitative analysis were
acquired using identical settings across samples. For qualitative
DAI analyses, z-stack images captured the entire dimensions
of perisomatic/proximal axonal swellings contiguous with the
soma of origin, and also the distal disconnected axonal seg-
ment up to the initial branch point when possible.

Electron Microscopy

Ultrastructural analysis of tdTomato+ DAI at 3 h post-mTBI
was conducted as described previously by our laboratory (Greer
et al. 2011; Hånell et al. 2015b). To confirm the fidelity of
tdTomato labeling PSAI, we performed photoconversion to fol-
low the same fluorescently labeled profile from confocal
imaging to an electron dense reaction product with EM. First,
sections were wet-mounted for confocal imaging and then
refloated in PBS for EM processing. To immunolabel tdTomato
in sections for EM, we employed the same monoclonal RFP
antibody (1:1000) used for photostabilization as described
above. We converted the fluorescent signal into an electron
dense product via routine peroxidase-based immunoreaction
visualized using 3,3-diaminobenzidine. Regions containing
confocal-identified tdTomato+ PSAI profiles were located in
plastic embedded tissue sections using standard light micros-
copy. These regions were removed and used for sectioning.
One thick section (0.5–1 µm) was cut before collecting thin serial
sections (70 nm) and saved to guide location of the labeled
neuron of interest. Ultrastructural analysis was performed
using a JEM-1230 transmission electron microscope (JEOL-USA)
equipped with an Ultrascan 4000SP and Orius SC1000 CCD cam-
eras (Gatan).

Quantitative Confocal Image Analysis

An investigator blinded to experimental/dependent variables
performed all quantitative image analyses. Confocal images
were imported into Fiji (ImageJ) then processed and analyzed
using custom written macros. For automated analyses, objects
were segmented from background subtracted 8-bit images by
converting into binary using a minimum gray-value threshold.
Varying the threshold ±10 gray-values did not change the over-
all pattern of results. For colocalization studies, we isolated
spatially overlapping objects (Ch1+/Ch2+) using the “Image
Calculator” function. The “Particle Analysis” function with
appropriate size and shape exclusion filters was used to deter-
mine the total number of objects per unit area (FOV). To deter-
mine the appropriate statistical unit for continuous data, we
analyzed the means of the differences between images of ipsi-
and contra-lateral hemispheres within each individual group,
and also across different experimental groups. There were no
statistically significant differences (P-values ranging from 0.1 to
1.0; Wilcoxon Signed Rank test); therefore, we considered the
statistical unit as a single section. To determine the total count
per section, we summed the number of objects (particles) per
FOV of ipsi- and contra-lateral hemispheres. We divided the
sum of particles per section by the combined area to yield a
normalized density reported as particles/mm2.

We used pixel-based intensity correlation to assess the
overlap of tdTomato expression with PV and RFP immunoreac-
tivity specifically in axons and dendrites. A minimum and
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maximum threshold were applied to subtract background and
exclude the high-intensity signals from neuronal somas,
respectively. The “Colocalization Finder” function was used to
measure pixel intensity spatial correlation, which yields a
Pearson’s Correlation Coefficient (Rr). The percentage of soma
overlap and the Pearson’s Rr were then averaged for each group
(tdTomato/PV: n = 6 FOV from 3 mice; tdTomato/RFP: n = 4 FOV
from 2 mice).

GABAergic Markers of DAI
Currently, there are no neuronal class-specific DAI markers. To
establish a GABAergic-specific DAI marker, we performed a
2-part (visual and automated) quantitative colocalization ana-
lysis. From each animal (n = 5) 4 serial sections starting at a
random well (#1–6) were double labeled for GAD67 and APP.
The first section from each series was saved for a pilot study
described below and the remaining sections were used for
quantitative colocalization analyses. Low-magnification (10×
objective) full-section z-stacks captured GAD67 and APP immu-
noreactive profiles in S1 layers 2–6. Visual analysis of low-
magnification images yielded 97% accuracy of identifying
GAD67+/APP+ axonal swellings (N = 183) from GAD67+ profiles
(N = 189). To quantitatively assess colocalization with native
tdTomato expression single optical slices through the center of
each GAD67+/APP+ axonal swelling were acquired using a 20×
objective at 3× zoom. We estimated the percentage of neocor-
tical GABAergic DAI represented by PV+ interneurons from the
frequency of GAD67+/APP+ axonal swellings that were
tdTomato+ (N = 158) and tdTomato– (N = 25) and compared the
proportions that occurred in the perisomatic domain.

Further, we performed quantitative colocalization analysis
to determine if GAD67+ accumulations (particles) are a positive
predictor of APP+ axonal swellings at 3 h post-mTBI. Automated
object-based colocalization analysis of maximum intensity
projections segregated the population of GAD67+ particles
that were and were not colocalized with APP. We determined
the optimal threshold area of axonal swellings by analyzing
GAD67+ particle size distribution varying as a function of APP
colocalization in the first serial section from each animal.
From these subpopulations, we determined maximum (30 µm2)
and minimum (5 µm2) threshold areas to minimize quantifica-
tion of individual and/or clusters of GAD67+ presynaptic bou-
tons, respectively. We found that a GAD67+ particle size
threshold of 10 µm2 predicted APP colocalization with a 76%
sensitivity and 96% specificity. Using the remaining serial sec-
tions, we determined the frequency of GAD67+ particles with
areas above (N = 138) and below (N = 799) the 10 µm2 threshold
and compared the proportions that colocalized with APP+
axonal swellings.

p-c-Jun Expression Following tdTomato+ Interneurons PSAI
Continuous tdTomato+ PSAI profiles traceable back to the
soma of origin provided a unique opportunity to follow retro-
grade changes. We evaluated p-c-Jun expression at 3 h post-
mTBI, when tdTomato+ PSAI was readily identified. Randomly
selected single sections per animal (n = 5) were labeled for p-c-
Jun. To attain a sufficient sample size while retaining adequate
resolution we used a 20× objective to acquire full-section
z-stacks. The FOV was centered in S1 layer 5, which has high-
est density of PV+ interneurons (Rudy et al. 2011; Pfeffer et al.
2013). All tdTomato+ interneurons were counted to ensure
the samples were representative. First, an investigator blinded to
the p-c-Jun channel visually identified and marked tdTomato+

somas with PSAI morphological profiles within a 20 µm radius
(N = 22). The remaining unmarked tdTomato+ interneurons
were considered non-PSAI/intact (N = 497). Object-based colo-
calization analysis isolated tdTomato+/p-c-Jun+ somas and
the proportions overlapping with marked (PSAI morphology)
and unmarked (non-PSAI/Intact) profiles were compared.

Anterograde and Retrograde Sequelae of tdTomato+ Interneuron
PSAI
Previously, we showed anterograde changes following PSAI
involve rapid axonal disconnection and Wallerian degeneration
(Kelley et al. 2006), which is associated with widespread ter-
minal loss (Erb and Povlishock 1991; Povlishock et al. 1992).
Also, we reported that the retrograde consequences of DAI do
not involve cell death (Singleton et al. 2002). Rather, DAI neu-
rons express p-c-Jun (Greer et al. 2011; Wang et al. 2013), a
nuclear transcription factor associated with cell survival and
axonal regeneration (Raivich et al. 2004). Here, we quantita-
tively analyzed the densities of tdTomato+ axonal debris and
tdTomato+/p-c-Jun+ interneurons in mice following sham-
injury (n = 5), 3 h mTBI (n = 5), and 24 h mTBI (n = 4). Based on
mean ± standard deviation (SD) of pilot data, we determined
one randomly selected section per animal would be sufficient
to detect a significant difference in tdTomato+/p-c-Jun+ dens-
ity between sham and 24 h post-mTBI. During immunohisto-
chemical processing, one of the 3 h mTBI sections was lost to
damage. Automated object-based analysis was used to quantify
the density of axonal debris, tdTomato+/p-c-Jun+ interneurons,
and total tdTomato+ and p-c-Jun+ populations. The numbers
of tdTomato+/p-c-Jun+ somas were used to estimate overall
burden of injury with respect to the total tdTomato+ inter-
neuron population and pan-neuronal DAI (pyramidal and inter-
neuron) p-c-Jun+ nuclei population.

Electrophysiology

To determine functional correlates of tdTomato+ interneuron
PSAI, we probed for disruption of GABAergic transmission in
local neocortical inhibitory networks. In a separate cohort of
mice, acute slice preparation, patch-clamp recordings, and
data analysis were performed as described in our previous
reports (Hånell et al. 2015a; Sun and Jacobs 2016). Briefly, we
recorded spontaneous inhibitory postsynaptic currents (sIPSCs)
in tdTomato+ interneurons within layer 5 of S1BF in ex vivo cor-
onal slices 24 h after sham-injury (N = 8) or mTBI (N = 10). To iso-
late sIPSC from excitatory currents, the normal artificial
cerebral spinal fluid bathing medium was supplemented with
glutamate receptor antagonists (50mM APV and 20mM
DNQX). The intracellular solution (ECl− = –15mV) contained
(in mM): 70 K-gluconate, 70 KCl, 10 Hepes, 4 EGTA, 4 Na-ATP,
and 0.2 Na-GTP, and 0.05–0.2% biocytin conjugated to Alexa
Fluor 488 (ThermoFisher Scientific). IPSCs were recorded from
tdTomato+ interneurons held 3min under voltage-clamp at
−60mV and data having more than 200 events were analyzed.
Action potentials were recorded using current-clamp of
tdTomato+ interneurons maintained at −60mV and analyzed
from individual sweeps with 8 or more events. For post hoc mor-
phological analysis sections were immersed in 4% paraformalde-
hyde pH 7.4 in PBS for 2 h at room temperature and then stored
in PBS. Immunohistochemistry for p-c-Jun was performed as
described above. Biocytin was reacted with streptavidin con-
jugated to Alexa 488 (1:1000; ThermoFischer Scientific) during
the secondary antibody incubation step. Electrophysiological
recordings were acquired from a total of 46 tdTomato+
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fast-spiking PV+ interneurons (Sham n = 18; mTBI n = 28).
Individual neurons were considered as the statistical unit.

Statistics

Data analysis was performed using JMP Pro version 12.2.0 (SAS
Institute) software. Continuous data sets were assessed for nor-
mality using quantile (QQ) plots and the Shapiro–Wilk test.
Normal data are summarized using mean ± SD with corre-
sponding 95% confidence intervals (CI). Significant differences
in normally distributed data were determined using parametric
tests. In all analyses, the variance was not significantly differ-
ent between groups (P > 0.05, Brown–Forsythe test). Statistically
significant differences were determined between 2 groups that
were either independent or dependent using unpaired and
paired t-test, respectively. For multiple groups, we performed
one-way ANOVA followed by post hoc comparisons of all pairs
using the Tukey–Kramer HSD test. Continuous data distri-
butions deviating from normality were summarized using
medians with interquartile range (IQR), and analyzed with non-
parametric statistical tests. Statistically significant differences
between 2 groups were determined using the Wilcoxon test.
Multiple groups were statistically analyzed using the Kruskal–
Wallis test followed by post hoc comparisons with control
(sham-injury group) using the Dunn method for joint ranking.
The Pearson and Spearman tests were used to determine sig-
nificant correlations between parametric and nonparametric
data sets, respectively. For categorical data the proportions of
dichotomous groups were compared using 2 × 2 contingency
analysis. Significant differences were determine using a X2 (chi-
squared) test if the expected frequencies were greater than 5;
otherwise, the group proportions were analyzed with the
Fisher’s exact test. All statistical tests were 2-tailed and the sig-
nificance threshold was α = 0.05.

Results
Intraoperative Physiology and Mild cFPI

Intraoperative physiology was normal and consistent with previ-
ous reports on mice under isoflurane anesthesia (Cesarovic et al.
2010; Ewald et al. 2011; Hånell et al. 2015b). For mice used in mor-
phological studies, mean ± SD arterial oxygen saturation (sham =
97.6 ± 0.2%; 3 h mTBI = 97.7 ± 0.5%; 24 h mTBI = 98.1 ± 0.4%), heart
rate (sham = 553 ± 23 b.p.m.; 3 h mTBI = 565 ± 17 b.p.m.; 24h
mTBI = 536 ± 55 b.p.m.), and respiratory rate (sham = 67 ± 9 r.p.m.;
3 h mTBI = 62 ± 9 r.p.m.; 24 h mTBI = 66 ± 6 r.p.m.) were simi-
lar across all groups (arterial oxygen saturation: F2,13 = 2.80,
P = 0.1005; heart rate: F2,13 = 0.81, P = 0.4688; respiratory rate:
F2,13 = 0.58, P = 0.5758; one-way ANOVA). Also, in the mice
used for electrophysiological analysis, arterial oxygen saturation
(sham = 97.5 ± 0.7%; mTBI = 97.8 ± 0.3%), heart rate (sham =
555 ± 36 b.p.m.; 24 h mTBI = 524 ± 44 b.p.m.), and respiratory
rate (sham = 68 ± 5 b.p.m.; 24 h mTBI = 68 ± 6 b.p.m.) were
similar between groups (arterial oxygen saturation: t16 = 1.15,
P = 0.2785; heart rate: t16 = −1.25, P = 0.2380; respiratory rate:
t16 = 0.01, P = 0.9896; unpaired t-test). Importantly, signs of hyp-
oxia were not observed (minimal respiratory rate 50 ± 17 r.p.m.,
95% CI: 54–69 r.p.m.) and ≥95% oxygen saturation was main-
tained throughout the duration of the surgery. Overall, these
physiological assessments did not show any evidence of con-
founding mechanisms that play a role in secondary insults.

The LORR duration was significantly greater in mTBI mice
compared with shams and consistent with our previous reports
(Greer et al. 2011, 2013; Hånell et al. 2015b). For mice used in

morphological studies, there was a significant difference in
LORR duration between sham and mTBI groups (F2,13 = 40.66, P <
0.0001; one-way ANOVA). Specifically, post hoc comparisons
showed LORR duration of both 3 h mTBI (4.8 ± 0.8min, 95% CI:
3.9–5.7min) and 24h mTBI (4.3 ± 0.9min, 95% CI: 3.2–5.4min)
groups to be significantly longer (P < 0.0001; Tukey–Kramer HSD)
compared with shams (1.1 ± 0.3min, 95% CI: 0.7–1.4min). No
significant difference in LORR duration was observed between
the 3 h and 24h mTBI groups (P = 0.4317). Similarly, in mice
used for electrophysiological analysis there was a significant dif-
ference in LORR duration between sham (1.2 ± 0.7min, 95% CI:
0.3–2.1min) and mTBI (5.0 ± 2.0min, 95% CI: 3.6–6.4min) groups
(t16 = 4.01, P = 0.0015; unpaired t-test). No significant differences
in LORR duration were observed between morphological and
electrophysiological groups (sham: t11 = −0.47, P = 0.6479; mTBI:
t23 = −0.63, P = 0.5383; unpaired t-test). Lastly, no animals were
lost to anesthesia, surgical preparation, or mild cFPI.

Macroscopically, both sham and mTBI brain tissues appeared
normal without evidence of surgically induced lesions as previ-
ously reported (Kelley et al. 2006; Greer et al. 2011; Hånell et al.
2015b). Post-mTBI tissue sections revealed little to no macro-
scopic change consistent with the mild and diffuse nature of
cFPI (Dixon et al. 1987; Johnson et al. 2015; Lifshitz et al. 2016).
Importantly, the dorsal neocortex underneath the craniectomy
site did not show evidence of focal contusion, cavitation, or
overt subarachnoid hemorrhage induced by the fluid pressure
wave. Overall, the brain parenchyma was devoid of overt hem-
orrhage, with only isolated petechial hemorrhage observed in
the corpus callosum of 8/21 mTBI mice. At all survival times,
the ventricular system maintained a regular contour, with no
evidence of trauma-related ventricular enlargement. Taken
together these data support our premise that cFPI in PV-Cre;
Ai9 mice is a reproducible model of mTBI.

Characterization of PV-Cre;Ai9 Mice and tdTomato
Photostabilization

PV-Cre;Ai9 mice provided a homogenous and reliable system to
probe for PV+ interneuron DAI. To enable optimal analysis of
PV+ interneuron fine axonal structure, we fluorescently labeled
cells by crossing PV-Cre mice with the Ai9 Cre-dependent
tdTomato reporter line. PV+ interneurons were selectively
labeled with tdTomato across neocortical layers 2–6, where
broad colocalization with endogenous PV protein immunoreac-
tivity was observed (Fig. 1A). Expression specificity between the
Cre-dependent tdTomato reporter and the endogenous Pvalb
gene was quantitatively assessed via immunofluorescence
using a monoclonal antibody against PV protein (Fig. 1B–D,J). A
high degree of expression specificity was observed using both
object-based analysis of soma overlap (mean, 95% CI: 93,
89–96% of tdTomato expressing somas were PV+; and 95,
93–97% of PV+ somas expressed tdTomato) and pixel intensity
spatial correlation of dendrites and axons (Pearson’s Rr = 0.81).
To stabilize the tdTomato fluorescent signal and increase the
visibility of slender axonal fibers (Fig. 1H), we used an add-
itional approach that employed primary antibodies against RFP
that recognize tdTomato (Fig. 1E–G). Specificity of RFP anti-
bodies used throughout this study was tested via immunoreac-
tion with sections from PV-Cre;Ai9 (positive control; Fig. 1E–G)
and wild-type C57BL/6 (negative control; Fig. 1I) mice, the back-
ground strain for both the PV-Cre and Ai9 knock-in gene tar-
geted mice (Hippenmeyer et al. 2005; Madisen et al. 2010). In
the PV-Cre;Ai9 positive control (Fig. 1E,F), immunoreaction with
RFP antibodies was visualized using secondary antibodies

1630 | Cerebral Cortex, 2018, Vol. 28, No. 5



conjugated to Alexa Fluor 488 (Fig. 1F), revealing broad colocali-
zation with tdTomato expression (Fig. 1E–G). Similar to PV
immunoreactivity (Fig. 1J), a high degree of RFP antibody speci-
ficity was observed using both object-based analysis of soma
overlap (mean, 95% CI: 93, 87–98% of tdTomato expressing cells
were RFP+; and 97, 93–100% of RFP immunoreactive cells were
tdTomato+) and pixel intensity spatial correlation (Pearson’s
Rr = 0.83). However, in the parallel negative control reaction, no
RFP immunoreactivity was observed in wild-type C57BL/6 sec-
tions (Fig. 1I). The robust and reliable expression of tdTomato
as well as its intrinsic brightness, coupled with its photostabili-
zation, allowed for detailed, high fidelity analysis of the fine
axonal structure of PV+ interneurons.

Evidence for PV+ Interneuron DAI Demonstrated
by tdTomato Expression

PV-Cre;Ai9 mice following sham or mTBI showed major differ-
ences in their tdTomato+ profiles. No tdTomato+ profiles indi-
cative of DAI were observed in shams (Fig. 1D,G). Axons arising
from tdTomato+ somas were fine caliber (~0.5 µm). With
respect to the soma of origin, tdTomato+ axons could be traced
approximately 30 µm distally to their initial branch point where
secondary fibers then became difficult to follow (Fig. 1H).
Following mTBI, despite the macroscopic preservation of brain
parenchymal integrity, cFPI consistently evoked microscopic
tdTomato+ axonal pathology revealing DAI throughout the
dorsolateral neocortex (Fig. 2). At 3 h post-mTBI PV-Cre;Ai9
mice showed readily identified tdTomato+ axonal swellings
(~5 µm in diameter) proximal to their soma of origin (within
20 µm) scattered across S1 layers 2–6 (Fig. 2A–F). Most of these
tdTomato+ axonal swellings were in continuity with their
soma of origin, consistent with PSAI described in our previous
communications (Singleton et al. 2002; Kelley et al. 2006; Greer
et al. 2013; Hånell et al. 2015b). Axonal segments between peri-
somatic swellings and their somas retained a normal caliber
(Fig. 2F). The majority of tdTomato+ PSAI coursed toward the
cortical pial surface (Fig. 2A–F), consistent with PV+ inter-
neuron morphological characteristics (Markram et al. 2004).
Less frequently, smaller isolated tdTomato+ globular profiles

were found, suggesting potential sites of axonal injury remote
from their soma of origin. The tdTomato+ distal axonal segments
disconnected from their perisomatic/proximal axons revealed
anterograde change reflected in bulbous, multilobular varicosities
(Fig. 2F). Typically, these disconnected distal axonal segments
could be traced to their initial branch point, indicating that
tdTomato+ PSAI leads to disconnection and degeneration of the
entire distal axonal arbor (Fig. 2H). At 24 h post-mTBI (Fig. 2H–K)
the tdTomato+ PSAI profiles were difficult to identify. In con-
trast, readily observable were dense tdTomato+ globules ran-
ging from 1 to 5 µm in diameter scattered throughout regions
of neocortical DAI, again consistent with progressive antero-
grade degeneration of disconnected distal axonal segments
(Fig. 2I,J) and their associated terminals (Fig. 2K).

The parallel use of RFP antibodies not only helped stabilize
and enhance the tdTomato signal, but also allowed the confirm-
ation of these confocal microscopy findings (Fig. 2A–G; Fig. 3A,B)
with ultrastructural analysis (Fig. 3C–E). Photoconverting the
fluorescent signal into an electron dense reaction product via
routine peroxidase-based methods allowed visualization of the
same tdTomato+ interneuron using both confocal (Fig. 3A,B)
and EM (Fig. 3C–E). At 3 h post-mTBI, ultrastructural analysis of
a tdTomato+ PSAI interneuron revealed a proximal axonal swel-
ling, contiguous with its soma, that was laden with organelles
and vesicles (Fig. 3E), pathognomonic of focal impaired axonal
transport (Povlishock 1993). The associated disconnected distal
segment showed evidence of cytoskeletal disorganization and
the rapid onset of Wallerian degeneration (Fig. 3D).

APP Expression after mTBI: Linkage to tdTomato+/PV+
Interneuron Axonal Changes

Neocortical tdTomato+/PV+ interneuron DAI was also con-
firmed using APP immunofluorescence. The focal intra-axonal
vesicle accumulations seen in EM images (Fig. 3E) were
detected indirectly using confocal microscopy by targeting APP
(Fig. 4B,F,J). At 3 h post-mTBI, APP+ axonal swellings were
observed across S1 layers 2–6 as well as the underlying SCWM
(Fig. 5A). To confirm neocortical PV+ interneuron DAI, we
labeled APP to determine the extent of colocalization at sites of

Figure 1. Characterization of PV-Cre;Ai9 mouse and RFP antibody for enhanced visualization of tdTomato expression. A–H, Representative maximal intensity projec-

tions from sham-injured PV-Cre;Ai9 mice that express tdTomato (tdTom) in PV+ interneurons. All images are oriented perpendicular to the SCWM (E). (A) Overview

image of a coronal section showing broad overlap between native tdTomato expression and endogenous PV immunoreactivity with S1 delineated. B–G, Higher-

magnification images showing colocalization of tdTomato with PV (B–D) and immunoreaction using antibodies against RFP (that recognize tdTomato; E–G) within

layer 5 neocortex. (B–D, H) Typical profiles of tdTomato+/PV+ perisomatic innervation of a layer 5 pyramidal neuron (asterisks). (H) Zoomed image of box in D, show-

ing an ascending axonal projection (arrowheads) juxtaposed by tdTomato+ presynaptic terminals with characteristic “basket” morphology. Note the fine diameter of

the axon (~0.5 µm), which could be followed for ~30 µm distal to the soma of origin. E–G, Colocalization of tdTomato with RFP immunoreactivity, which was visualized

using secondary antibodies conjugated to Alexa Fluor 488 (F). Parallel anti-RFP immunoreaction in a C57BL/6 J (WT) tissue section (I), the background strain of PV-Cre

and Ai9 mice, did not reveal evidence of non-specific binding. (J) Summary data (mean with 95% CI error bars and cell counts) from quantitative colocalization ana-

lysis of expression specificity between Cre-driven tdTomato and endogenous PV (n = 6 FOV from 3 animals) and native tdTomato signal with RFP immunoreactivity (n

= 4 FOV from 2 animals) within neocortical layers 2–6.
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tdTomato+ PSAI and endogenous PV protein to verify the iden-
tity of tdTomato+ interneurons. At 3 h post-mTBI, we observed
elevated tdTomato expression and PV immunoreactivity within
APP+ perisomatic axonal swellings (Fig. 4A–D). APP immunor-
eactivity was restricted to the evolving perisomatic/proximal
axonal swelling, with the distal surface demarcating the site of
disconnection (Fig. 4B). In contrast, the disconnected distal
axonal segments were always devoid of APP immunoreactivity,
consistent with previous findings from our laboratory using
transgenic mice (Greer et al. 2011; Wang et al. 2011; Hånell et al.
2015b). Characteristic of DAI, we found these APP+ axonal swel-
lings juxtaposed non-DAI (intact) tdTomato+/PV+ axonal pro-
files (Fig. 4A–D). Similar to observations in shams (Fig. 1H),
intact tdTomato+ axons could be followed up to approximately
30 µm distal to their soma of origin (Fig. 4C) and in the absence
of any pathologic morphology there was also no detectable
intra-axonal APP immunoreactivity (Fig. 4B). Based on our
quantitative analysis of tdTomato/PV overlap (Fig. 1J) and the
demonstration of tdTomato+/PV+ PSAI colocalizing with APP+
swellings (Fig. 4A–D) we considered tdTomato and PV proteins
as synonymous molecular interneuron markers for subsequent
studies described below.

Complementary Approaches Employing GABAergic
Markers to Further Validate PV+ interneuron DAI

Based on our finding of APP+ immunoreactivity in tdTomato+
PSAI, we tested whether VGAT and GAD67, vesicle-associated
proteins (Kanaani et al. 2010) found in presynaptic boutons (Fish
et al. 2011), would also accumulated at sites of impaired axonal
transport. Qualitative (Fig. 4) and quantitative (Fig. 5) analyses
were conducted at 3 h post-mTBI due to the ease with which
PSAI/DAI could be identified via tdTomato expression and APP
immunoreactivity. S1 layers 2–6 demonstrating APP+ axonal
swellings also revealed VGAT (Fig. 4E–H) and GAD67 (Fig. 4I–L)
immunoreactive profiles that colocalized with tdTomato+ PSAI.
These VGAT+ or GAD67+ accumulations were dramatically lar-
ger than the surrounding immunoreactive presynaptic boutons
(0.5–2.5 µm in diameter) and overlapped with APP+ axonal swel-
lings. Signal intensity of GAD67+ (Fig. 4C) accumulations were
comparable to tdTomato+ PSAI (Fig. 4G) and showed a better
signal-to-noise than VGAT immunoreactive swellings (Fig. 4E)
with respect to surrounding presynaptic boutons.

Low-magnification overview images further demonstrated
the utility of targeting GAD67 to not only identify GABAergic

Figure 2. Repertoire of tdTomato+ neuropathology following mTBI. Representative images of tdTomato+ morphological changes at 3 h (A–G) and 24 h (H–K) post-

mTBI. (A–E) Within 3 h post-mTBI, tdTomato+ axonal swellings, occurring near the soma of origin, were observed across S1 layers 2–6. (F) A representative

tdTomato+ interneuron showing a perisomatic axonal swelling (arrow, oriented toward pia) and the distal disconnected axonal segment with lobular/varicose

morphology (arrowheads) that can be traced to the initial branch point (outline). While the majority of tdTomato+ perisomatic axonal swellings were oriented

toward the pia (A–F), occasionally profiles with descending and/or lateral trajectories were found (G). (H–K) At 24 h post-mTBI, perisomatic axonal swellings were

difficult to identify; however, widespread tdTomato+ axonal debris was readily observable. (I–K) Zoomed images corresponding to insets in H, reflecting progressive

tdTomato+ anterograde changes (arrowheads) likely associated with distal disconnected axonal arbor (F) degeneration. (K) Layer 5 pyramidal neuron silhouettes (aster-

isks) showing evidence of tdTomato+ axonal terminal degeneration, ranging from punctate (left arrowhead) to varicose (right arrowheads) profiles.
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DAI but also provide a high-throughput and reliable means of
quantifying the burden of injury, wherein the nearest neighbor-
ing axonal swelling could be several hundred microns away
(Fig. 5A). In low-magnification (×10 objective) z-sacks images, 183/
189 visually identified GAD67+ profiles colocalized with APP+
axonal swellings verified in higher-magnification (×20 objective)

single optical slice images. Visual quantification of GAD67+/APP+
axonal swellings in S1 layers 2–6 (Fig. 5A, arrows) yielded a mean
density (swellings/mm2) of 8.4 (95% CI: 6.4–10.5). The majority of
GAD67+/APP+ axonal swellings (mean ± SD) colocalized with
tdTomato (88 ± 7%, 95% CI: 84–92.0%), which was significantly
greater (t14 = 19.83, P < 0.0001; paired t-test) than the tdTomato–
population (12 ± 7%, 95% CI: 8–16%). To confirm the association
between GAD67+ axonal swellings with APP immunoreactivity,
we quantified the overlap between the spatial distributions with
respect to the size of GAD67+ and APP+ axonal swellings via auto-
mated object-based analysis (Fig. 5A, outlines). Automated quan-
titation yielded a density (swellings/mm2: 8.1, 95% CI: 6.2–10.0)
almost identical to the visual approach (t14 = 0.67, P = 0.5117;
paired t-test), and displayed a strong significant correlation
(Pearson’s r = 0.82, P = 0.0002). Having established a consistent
and systematic method of quantifying the total number of axonal
swellings, we then compared the size distributions of GAD67+
accumulations (Fig. 5C) and found a statistically significant differ-
ence with respect to colocalization with APP+ axonal swellings (P
< 0.0001). Approximately 82% of GAD67+ profiles with areas great-
er than 10 µm2 (~3.5 µm in diameter) colocalizedwith APP+ axonal
swellings, which was nearly 10-fold more than profiles below this
size threshold (Fig. 5C). Accordingly, our results show that GAD67
immunoreactivity is a positive predictor of APP+ axonal swellings
with sensitivity = 66% (95% Score CI: 57–71%), specificity = 97%
(95% Score CI: 95–98%), and odds ratio = 54 (95% CI: 32–89).

PV+ Interneuron DAI Occurs Primarily within
the Perisomatic Domain

The majority of tdTomato+ DAI occurred within 30 µm from the
soma of origin. Relative to the terminal tdTomato+ axonal
swelling, the noninjured proximal axonal segment could be
continuously traced back to the soma of origin (Fig. 2F). Less
frequently, isolated DAI remote from the soma of origin was
identified via colocalization of GAD67 and APP immunoreactiv-
ity (Fig. 5B, bottom row). To validate our qualitative findings,
we performed a complementary quantitative analysis deter-
mining whether the same population of visually identified
GAD67+/APP+ axonal swellings analyzed above was significantly
correlated with tdTomato+ PSAI (Fig. 5B, top row). Corroborating
our qualitative observations, GAD67+/APP+/tdTomato+ swellings
were significantly associated with the PSAI (P < 0.0001), represent-
ing approximately 78% of total tdTomato+ DAI (Fig. 5D), and
accounting for 98% (123/124) of the total GAD67+/APP+ PSAI
population (Fig. 5B, top and middle rows). Qualitative inspection
of the ~22% remote swellings demonstrated several tdTomato+
profiles that appeared to be disconnected from their somas of ori-
gin, which were either likely outside the optical plane, or a rela-
tively small (about 2–3 µm diameter) subpopulation that was
often located in neocortical layer 6, near the SCWM interface.
Taken together, these approaches demonstrate that visual
detection of PV+ interneuron PSAI via tdTomato+ profiles is
reliable, affording us the unique opportunity to assess retro-
grade consequences.

Anterograde and Retrograde Sequelae of PV+
interneuron PSAI

Our results also confirm that tdTomato+ interneuron PSAI
is significantly associated with retrograde p-c-Jun nuclear
expression. Importantly, in shams tdTomato+ abnormalities
and p-c-Jun immunoreactivity were virtually absent (Fig. 7A). In
contrast, within 3h post-mTBI the occurrence of tdTomato+ PSAI

Figure 3. Ultrastructural analysis of tdTomato+ PSAI identified via confocal

microscopy. The same tdTomato+ profile was followed from the light (A,B) to

electron (C–E) microscopy level at 3 h post-mTBI. (A, B) Confocal images captur-

ing native tdTomato signal. (A) Overview image of S1BF with inset in layer 5/6

corresponding to tdTomato+ neuron in B, showing PSAI (arrow, oriented toward

pia) and related disconnected distal segment (arrowhead). Employing the same

RFP antibodies used for photostabilizing allowed use to follow the same

tdTomato+ neuron from confocal (B) to electron (C–E) microscopy level. (C) The

tdTomato+ neuron was identified based on morphology, including the periso-

matic axonal swelling (arrow) and disconnected distal axonal segment (arrow-

head), as well as other fiduciary markers including an adjacent tdTomato+

neuron (left), nearby capillaries (c), and a non-tdTomato expressing neuron

adjacent to the tdTomato+ disconnected distal axonal segment (outline, upper

right). (D–E) Ultrastructural analysis of the tdTomato+ distal disconnected seg-

ment (D) showed disorganized cytoskeleton consistent with the onset of

Wallerian degeneration and the perisomatic swelling (E) laden with organelles

and vesicles, indicating a focal site of impaired axonal transport.
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coincided with increased p-c-Jun expression throughout S1
layers 2–6 (Fig. 7B). These tdTomato+ PSAI profiles could be
traced back to the soma of origin (Fig. 6A), providing a unique
opportunity to follow retrograde changes. Quantitative analysis
of visually identified PSAI profiles showed that 64% of
tdTomato+ somas colocalized with nuclear p-c-Jun immunor-
eactivity, reflecting a significant (P < 0.0001) and rapid retro-
grade response (Fig. 6A,B). In contrast, only 1.6% of tdTomato+
somas with no apparent PSAI overlapped with p-c-Jun+ pro-
files. Post hoc inspection of tdTomato PSAI+/p-c-Jun– (false
positive; Fig. 6C) and tdTomato PSAI−/p-c-Jun+ (false negative;
Fig. 6D) subsets revealed tdTomato+ profiles that were more
likely perisomatic dendritic branch points and subtle PSAI
obscured by surrounding neurites, respectively. Accordingly,
our results show that nuclear p-c-Jun expression is a retrograde
surrogate marker of tdTomato+ PSAI with sensitivity = 64%
(95% Score CI: 43–80%), specificity = 98% (95% Score CI: 97–98%),
and odds ratio = 107 (95% CI: 35–326). Validating nuclear
expression of p-c-Jun as a reliable surrogate tdTomato+ PSAI
marker and establishing fluorescent-based methodologies for
assessing axonal morphology, allowed use to follow both retro-
grade and anterograde changes overtime, respectively (Fig. 7).

Retrograde p-c-Jun nuclear expression and anterograde dis-
connected distal axon degeneration evolved rapidly overtime
leading to a substantial tdTomato+ burden of injury (Fig. 7A–C).
As described above, we showed tdTomato+ interneuron involve-
ment following mTBI by examining nuclear changes in somas
connected to PSAI. Consistent with distal axon degeneration fol-
lowing disconnection from perisomatic/proximal axonal swel-
lings, the densities of tdTomato+ debris and tdTomato+/p-c-Jun+
somas, respectively, were significantly correlated (Spearman
ρ = 0.74, P < 0.0041). Temporal analysis showed the densities
of tdTomato+ axonal debris (P = 0.0291; Fig. 7D) and tdTomato
+/p-c-Jun+ somas (P = 0.0053; Fig. 7E) were significant different

between sham, 3 h mTBI, and 24 h mTBI groups. Specifically,
at 24 h post-mTBI, the densities of tdTomato+ axonal debris
and tdTomato+/p-c-Jun+ somas were both significantly different
from sham (P = 0.0381 and P = 0.0034, respectively). Notably,
between 3 h and 24h post-mTBI tdTomato+/p-c-Jun+ density
increased 5-fold (Fig. 7H). Despite cFPI consistently evoking
widespread tdTomato+ axonal pathology that evolved overtime
along with increased p-c-Jun expression, overt tissue damage
and tdTomato+ interneuron loss (P = 0.4401; Fig. 7G) were not
observed. However, the overall DAI burden (median, IQR) with
respect to the total population of tdTomato+ interneurons and
p-c-Jun+ nuclei (i.e., total population of neocortical neuron DAI)
was substantial. At 24 h post-mTBI we found 8.7, 4.6–13.2%
tdTomato+ interneurons expressed p-c-Jun (Fig. 7H), repre-
senting 13.7, 8.4–28.6% of the total population of p-c-Jun+ nuclei
(pyramidal and interneuron; Fig. 7I).

Together, these data highlight the vulnerability of locally
projecting PV+ interneurons to mild cFPI. We found compelling
evidence that PV+ interneuron PSAI is not an isolated phenom-
enon. Rather, PV+ interneuron PSAI comprises almost 70% of
all GABAergic DAI and is a significant component of mTBI path-
ology. Furthermore, p-c-Jun early expression and rapid increase
within the PV+ interneuron PSAI population in the absence of
neuronal loss provides evidence for acute retrograde genetic
responses in the sustaining somas attendant with widespread
anterograde axonal terminal loss.

Reduced Inhibitory Transmission within PV+
Interneurons

Our finding of widespread tdTomato+ axonal/terminal debris at
24 h post-mTBI (Fig. 7C) prompted us to assess local inhibitory
networks for functional disconnection. Whole-cell patch-clamp
recordings from tdTomato+ interneurons within S1 layer 5

Figure 4. GABAergic markers accumulate in APP+/tdTomato+ perisomatic axonal swellings. Representative images at 3 h post-mTBI showing GABAergic markers (A, E, I)

with respect to APP immunoreactivity (B, F, J), which accumulates at focal sites of impaired axonal transport (arrows). Colocalization of tdTomato+ PSAIwith PV (A–D), VGAT

(E–H), and GAD67 (I–L) immunoreactivity confirms GABAergic interneuron axonal injury. (A) Normal uninjured intact (int) axonal profile (wide arrowheads) juxtaposed by

PV+ interneuron PSAI (arrow). (B) APP is not detected within the intact axonal profile, while robust APP immunoreactivity colocalizes with tdTomato+/PV+ interneuron PSAI

(C, D). Within sites of tdTomato+ PSAI (C,G,K), the immunoreactive profiles of VGAT (E) and GAD67 (I) are similar to APP+ axonal swellings (F and J, respectively).

Qualitatively, the GAD67+ axonal swelling profile (I, L) has a better signal-to-noise than VGAT (E,H). Note non-GABAergic APP+ axonal swellings have opposite trajectories.
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demonstrated fast-spiking action potentials (Fig. 8A), a physio-
logic marker of PV+ interneurons (Kawaguchi and Kubota 1997).
This included brief action potentials and little adaptation during
sustained depolarization. The medians [IQR] of intrinsic proper-
ties between sham and mTBI were similar (F-I slope [Hz/pA]:
sham = 1.0 [0.8–1.4], mTBI = 0.9 [0.7–1.3], X2 = 1.08, P = 0.2982;
Adaptation Ratio: sham = 1.1 [0.9–1.3], mTBI = 1.2 [1.1–1.3], X2 =
3.69, P = 0.0547; action potential half-width (ms), sham = 0.52
[0.50–0.57], mTBI = 0.55 [0.50–0.69], X2 = 1.22, P = 0.2691; Wilcoxon
test). Considering PV+ interneurons strongly and selectively
inhibit one another (Pfeffer et al. 2013) and our observation that
the majority of GABAergic DAI is represented by tdTomato+ inter-
neuron PSAI (Fig. 5D), disconnecting the entire distal axonal arbor
(Fig. 2F), we expected an alteration of inhibitory transmission at
24 h post-mTBI. We found sIPSC (median, IQR) frequency (Fig. 8E)
significantly decreased by 60% in (6.0, 4.0–9.0 Hz) compared
with sham (14.5, 10.4–19.4 Hz). The sIPSC amplitude (Fig. 8F)
also significantly decreased by 23% (sham = 29.3, 25.5–49.3mV;

mTBI = 22.6, 18.7–30.9mV). Consistent with an overall reduction
of inhibitory input to tdTomato+ interneurons, the sIPSC event
area (charge transfer; Fig. 8G) following mTBI (76.3, 60.2–92.6 pAms)
significantly decreased by 32% compared with sham (112.7,
72.6–187.5 pAms). Collectively, our structural and functional
data demonstrate the impact of mTBI on local inhibitory net-
works embedded within neocortical GM, where reduced inhibi-
tory transmission occurred in concert with PV+ interneuron
PSAI and widespread terminal degeneration.

Discussion
This study provides compelling evidence of structural and func-
tional disconnection of local neocortical inhibitory networks via
DAI in well-characterized PV-Cre;Ai9 mice after clinically rele-
vant mTBI. Exploiting Cre-driven tdTomato expression in PV+
interneurons coupled with detailed confocal and ultrastruc-
tural analysis, we show for the first time that mTBI induces

Figure 5. Quantitative analysis of GABAergic DAI at 3 h post-mTBI. (A) Representative low-magnification (×10 objective) maximum intensity projection of S1 layers

2–6, with corresponding XZ (bottom) and YZ (right) planes through the center of a GAD67+/APP+ axonal swelling, which can be readily identified visually (arrows) and

also using automated image analysis (cyan outlines). Note the scattered distribution of APP+ axonal swellings across the XY plane of S1 layers 2–6 and the sparse dis-

tribution of the APP+/GAD67+ subpopulation. XZ and YZ planes highlight GAD67 colocalization with APP is not an artifact of flattening z-stacks. (B) Representative

higher-magnification (×20 objective) single optical slices through the center of visually identified GAD67+/APP+ axonal swellings. Top and middle panels show

tdTomato+ and tdTomato– PSAI (yellow arrow), respectively. Bottom panel shows an isolated/remote tdTomato– axonal swelling (yellow arrowheads). (C,D)

Summary of quantitative data reported as mean percentage with 95% CI error bars. (C) GAD67+ accumulations are a positive predictor of APP+ axonal swellings. The

proportion of GAD67+ profiles with areas >10 µm2 that colocalized with APP+ axonal swellings (0.819, 95% CI: 0.746–0.874) was significantly greater (X2 = 426,

***P < 0.0001) than the proportion of GAD67+ profiles with areas <10 µm2 (0.078, 95% CI: 0.061–0.98). (D) The majority of GABAergic DAI is represented by tdTomato+

PSAI. The proportion of tdTomato+ PSAI (0.779, 95% CI: 0.708–836) was significantly greater (X2 = 53.9, ***P < 0.0001) than the proportion of tdTomato– axonal injury

(0.040, 95% CI 0.007–0.195). Statistics: Chi-squared test used to determine significance. Counts obtained from n = 15 sections from 5 mice.
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GABAergic interneuron DAI across neocortical layers 2–6.
Consistent with human mTBI, midline cFPI reproducibly evoked
DAI without mass lesions, neocortical contusion, and/or cell
death. Using established markers of impaired axonal transport
(APP) and neuronal stress (p-c-Jun) we confirmed DAI within
GABAergic interneurons that comprise only a small fraction of
neocortical neurons. Further, in this mTBI-mediated response,
colocalization of GABAergic and DAI markers revealed a dispro-
portionate involvement of PV+ interneurons and vulnerability
for PSAI. Patch-clamp recordings of tdTomato+ fast-spiking
interneurons showed reduced inhibitory transmission. Taken
together, these findings demonstrate significant structural and
functional disconnection of local neocortical inhibitory networks
independent of excitatory input from WM tracts. Our results
depart from current thought on mTBI, which has been based pri-
marily on the presumption of WM tract vulnerability without
any consideration of neocortical involvement. Collectively, the
novel neuronal and physiologic substrates identified in this
study significantly extend our knowledge of neocortical net-
work dysfunction following mTBI.

Several features of our cFPI model underscore its clinical
relevance and utility for evaluating DAI in neocortical networks
after mTBI (Lifshitz et al. 2016; McGinn and Povlishock 2016).
We used LORR as a surrogate for LOC to assess injury severity
(Morehead et al. 1994). The duration of LORR in mice was simi-
lar to LOC in humans following mTBI, ranging 3–5min (Malec
et al. 2007). While this was our only behavioral assessment, we
monitored arterial oxygen saturation, heart rate, respiratory
rate, and core body temperature in all mice used for structural
and functional studies. Specifically, all mice were in physiological
homeostasis, with no evidence of any mass lesions, neocortical
contusion, and/or cell death, a finding entirely consistent with
human mTBI (Andriessen et al. 2010; Blyth and Bazarian 2010).
Importantly, evaluating these parameters help distinguish our
study from most other investigations, which do not perform rou-
tine physiologic monitoring to exclude secondary insults that
could severely confound the assessment of network disruption
via diffuse structural and functional changes. Although other
investigations have shown neocortical GABAergic interneuron
changes, these were in the context of cell death using models
of blunt-force trauma (Carron et al. 2016) or more severe TBI
involving mass lesions/contusion (Cantu et al. 2014; Hsieh et al.
2017) to model epileptogenesis (Pitkänen and McIntosh 2006;
Hunt et al. 2013), which is not an outcome of clinical or experi-
mental mTBI (Alexander 1995; Shaw 2002; Blyth and Bazarian
2010). Further, while cell death was for many years viewed as
the primary contributor to morbidity after TBI, it is now recog-
nized that mTBI pathophysiology conditions ensue without
neuronal loss (Farkas and Povlishock 2007).

The markers previously used to understand DAI pathogenesis
and its implications for network disconnection had several limita-
tions. Specifically, APP accumulates at focal sites of impaired
axonal transport, which can be readily observed in dense WM
tracts, but cannot be used to trace long-distance projections back
to the soma of origin (Büki et al. 2000). Further complicating this
issue is that not all injured axons develop swellings (Stone et al.
2001). Lastly, APP is ubiquitously expressed by neocortical neu-
rons (Bahmanyar et al. 1987) and cannot provide information
on the type of fiber system involved (e.g., glutamatergic or
GABAergic). Since WM tracts are composed of axons projecting
from excitatory pyramidal neurons that represent ~80% of
total neocortical neurons (DeFelipe and Fariñas 1992), this has
contributed to the long-held misconception that only long-
distance fibers are vulnerable to traumatic forces (Adams et al.
1989, 1991). Further complicating this issue is that WM axon
density is in the realm of 2 orders of magnitude greater than
neocortical GM (Zhang and Sejnowski 2000; Carlo and Stevens
2013; Walhovd et al. 2014). Hence, a disproportionately higher
burden DAI based on APP immunoreactivity would be expected.
This has not been considered in any studies to date and thus it
remains unknown whether DAI vulnerability varies between
WM tracts and neocortical GM.

To dissect specific neuronal components of local neocor-
tical network dysfunction, we employed Cre/lox mice to gen-
etically label the total population of PV+ interneurons. As only
~20% of neocortical neurons are GABAergic, we chose to probe
PV+ interneurons, which are the largest subclass representing
40–50% of total inhibitory interneurons (Rudy et al. 2011).
While Cre/lox mice have become an essential tool for studying
neocortical structure and function, caution must be exercised
when labeling specific neuronal populations (Taniguchi et al.
2011). In our hands, quantitative analysis showed >90% coloca-
lization between Cre-driven tdTomato expression and endogen-
ous PV immunoreactivity. Thus, PV-Cre;Ai9 animals enabled

Figure 6. tdTomato+ interneuron PSAI is associated with retrograde nuclear

expression of p-c-Jun within 3 h post-mTBI. (A) Representative images of 2 dis-

tinct tdTomato+ somas within a field of p-c-Jun+ nuclei in S1 layer 5. “TOP,”

tdTomato+/p-c-Jun+ soma (green arrowhead) contiguous with PSAI (green

arrow). “BOTTOM,” tdTomato+/p-c-Jun– soma (yellow arrowhead) with an

intact axon (yellow arrows). (B) Summary data reported as mean percentage

with 95% CI error bars. The proportion of tdTomato+/p-c-Jun+ somas with peri-

somatic swellings (PSAI: 0.636, 95% CI: 0.430–80.3) was significantly greater (***P

< 0.0001; Fisher’s exact test) than the proportion with intact profiles (0.016, 95%

CI: 0.008–0.031%). Counts obtained from single sections taken from n = 5 mice.
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axon identification based on tdTomato+ profiles alone, while
also allowing us to follow the same interneuron from con-
focal to EM via antibodies targeting tdTomato. With confocal
microscopy, we routinely identified DAI in a population that
represented ≤10% of total neocortical neurons. Ultrastructural

analysis of tdTomato+ PSAI revealed vesicle/organelle-laden swel-
lings pathognomonic of impaired axonal transport (Povlishock
1993; Christman et al. 1994). The distal disconnected segment was
disorganized indicating rapid onset of Wallerian degeneration
(Kelley et al. 2006). To unequivocally demonstrate PV+ interneuron

Figure 7. Anterograde axonal degeneration and retrograde p-c-Jun nuclear expression progresses rapidly following mTBI. (A–C) Representative maximum intensity

projections showing mTBI-induced changes in tdTomato+ profiles and p-c-Jun immunoreactivity across S1 layers 2–6. (A) Sham-injury did not induce any tdTomato+

neuropathology and p-c-Jun immunoreactivity was virtually absent. (B) Within 3 h post-mTBI tdTomato+ axonal debris (black/white arrowheads) is seen near a

tdTomato+/p-c-Jun+ neuronal soma (green arrowhead). (C) At 24 h post-mTBI the density of tdTomato+ axonal debris and p-c-Jun+ nuclei increase drastically. (D–G)

Quantitative data summarized using median, IQR, and min/max values. The density of tdTomato+ axonal debris (D), tdTomato+/p-c-Jun+ somas (E), and total p-c-

Jun+ nuclei (F) were significantly different across experimental groups (X2
2 = 8.61, *P = 0.0135; X2

2 = 10.5, **P = 0.0053; and X2
2 = 10.7, **P = 0.0048, respectively). Post hoc

analyses revealed significant increases in at 24 h post-mTBI compared with sham (D, tdTomato+ axonal debris: *P = 0.0381; E, tdTomato+/p-c-Jun+ somas: **P =

0.0034; F, total p-c-Jun+ neurons: **P = 0.0031). (G) tdTomato+ soma density did not change overtime (P = 0.4401). H, I, Overall burden of injury, estimated as percent-

age of tdTomato+/p-c-Jun+ somas, with respect to total tdTomato+ somas (H) significantly increased overtime (X2 = 5.33, *P = 0.0209), while there was no change with

respect to total p-c-Jun+ nuclei (P = 0.3865). Statistics: Significant differences were determined using Kruskal–Wallis test followed by post hoc pair-wise comparisons

using Dunn’s method with control (sham) for joint ranking (D–G) and Wilcoxon test (H, I). Each data point (statistical unit) corresponds to a single section per animal (n).

The total counts per group (N) are denoted underneath each graph.
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DAI, we immunolabeled endogenous PV and APP and showed
that immunoreactive accumulations of these proteins mapped
to tdTomato+ swellings. Similarly, we further confirmed
GABAergic DAI by targeting GAD67, which also undergoes fast
anterograde transport (Koo et al. 1990; Kanaani et al. 2010) and
accumulates within APP+ axonal swellings. Capitalizing on the
utility of GAD67 as a reliable DAI marker, we determined that
PV+ interneuron DAI represented almost 90% of all GABAergic
DAI, suggesting limited involvement of other inhibitory inter-
neuron subclasses. This observed preferential involvement of
PV+ interneurons may be due to the “metabolic hypothesis”
that postulates that their fast-spiking behavior creates a high-
energy demand in both their soma and axonal domains (Kann
2016). Indeed, PV+ interneurons have the highest concentration

of axonal mitochondria compared with other neurons (Kann
et al. 2014) and local ongoing neocortical activity consumes the
majority of brain energy (Buzsáki et al. 2007). The use of
GAD67/APP to identify GABAergic DAI also confirmed that the
vast majority of tdTomato+ swellings demonstrated PSAI.
Previously, we showed that mTBI-induced DAI primarily within
the axon initial segment (AIS) of excitatory pyramidal neurons
(Greer et al. 2013), where action potentials are generated (Kole
and Stuart 2012). The currently observed PV+ interneuron PSAI,
together with the previously observed pyramidal AIS involve-
ment, suggests that perisomatic/AIS vulnerability may be a dis-
tinguishing neocortical DAI feature (Stone et al. 1999; Farkas
and Povlishock 2007). The AIS is a conserved structure with a
highly developed subaxolemmal cytoskeleton integrated with a

Figure 8. sIPSC is reduced in tdTomato+ fast-spiking interneurons 24 h post-mTBI. (A, B) Representative traces of whole-cell patch-clamp recordings made in S1BF

layer 5 showing fast-spiking action potentials characteristic of PV+ interneurons (A), and sIPSCs from sham-injury (black) and mTBI (gold) mice (B). (C) A representa-

tive biocytin-filled tdTomato+ interneuron from a mTBI animal revealing an ascending intact axon that can be continuously traced distally through and past the ini-

tial branch point (arrowhead). (D) Post hoc confocal image showing a biocytin-filled tdTomato+ interneuron (top left, cyan arrowhead) within a field of diffuse p-c-Jun

immunoreactivity (green). Note the tdTomato+/p-c-Jun+ PSAI neuron (bottom right, magenta arrowhead). (E–G) sIPSC recordings summarized using median, IQR, and

min/max values. At 24 h post-mTBI, there was a significant decrease in frequency (E, X2 = 17.2, ***P < 0.0001), amplitude (F, X2 = 8.56, **P = 0.0034), and event area/

charge transfer (G, X2 = 8.17, **P = 0.0043; G) of sIPSC compared with shams. Statistics: Individual tdTomato+ interneurons were considered as the statistical unit

(Sham: n = 18 from 9 mice; mTBI: n = 28 from 12 mice). Significant differences determined using Wilcoxon test.
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unique extracellular matrix via cell adhesion molecules (Grubb
and Burrone 2010). A recent review (Hemphill et al. 2015) under-
scores the concept that physical forces are transmitted across
all spatial scales (Van Essen 1997) suggesting that the relatively
gross tissue deformation used to describe WM tract vulnerabil-
ity may not account for the forces exerted on the underlying
cellular structures in different brain regions. Thus, the periso-
matic/AIS domain may represent a structural vulnerable
domain on a much finer scale, where mechanotransduction
through the neuronal microenvironment may be a potential
mechanism underlying neocortical PSAI (Hemphill et al. 2015).

The anterograde and retrograde sequelae of PV+ inter-
neuron PSAI involved both structural and functional changes.
In the current study, the observed PV+ interneuron PSAI
evolved rapidly following mTBI. Similar to previous findings, by
24 h post-mTBI identifying tdTomato+ PSAI became difficult,
likely due to anterograde transport suspension/reversal
(Povlishock and Stone 2001). Circumventing this limitation, we
used a previously established strategy incorporating p-c-Jun, a
nuclear transcription factor (Raivich et al. 2004), as a surrogate
DAI marker (Greer et al. 2011; Wang et al. 2013) to spatio-
temporally assess retrograde changes in the sustaining somas
of origin. Nuclear expression of p-c-Jun increased within 3 h
post-mTBI and was consistently associated with tdTomato+
PSAI, thus reaffirming our previous findings and further sup-
porting the use of p-c-Jun as a pan-neuronal DAI marker.
Temporal assessment of tdTomato+ profiles also showed a
strongly correlated, dramatic increase in anterograde axonal
debris and retrograde p-c-Jun expression, thereby supporting
their linkages with these anterograde changes most likely
reflecting widespread axon terminal degeneration concomitant
with deafferentation of target neurons (Erb and Povlishock
1991; Povlishock et al. 1992; Patel et al. 2016). Importantly, this
neuropathology evolved without evidence of neuronal loss,
consistent with the observation of tdTomato+ interneuron
PSAI associated with retrograde p-c-Jun nuclear expression,
indicating activation of genetic programs involving cell survival
and axonal regeneration (Christman et al. 1997; Raivich et al.
2004; Greer et al. 2011; Wang et al. 2013; Patel et al. 2016). Based
on the robust expression of p-c-Jun at 24 h post-mTBI, we
determined that ~9% of tdTomato+ interneurons underwent
DAI. Previously, we estimated ~5% of Thy1-expressing layer 5
pyramidal neurons undergo DAI (Greer et al. 2011). To the best
of our knowledge, these 2 studies are the only quantitative esti-
mates of the proportion of neocortical DAI following experi-
mental mTBI in mice. Further, we estimate that of the total
population of p-c-Jun+ population (pyramidal and interneuron
DAI), ~14% is accounted by tdTomato+ interneurons. This sug-
gests that ~86% of neural DAI is represented by pyramidal
neurons, which is consistent with that fact that this is
approximately the same percentage of pyramidal neurons
comprising the total neocortical neuron population. Overall,
both our qualitative and quantitative data validate that neo-
cortical PV+ interneuron PSAI is not an isolated phenomenon.
Rather, it is a consistent and significant component of mTBI-
induced pathology, with major functional implications for
postsynaptic neurons.

GABAergic interneuron structure reflects function (Hangya
et al. 2014; Kepecs and Fishell 2014). Specifically, the expansive
axonal arbors of PV+ interneurons highlight their role in balan-
cing neocortical excitation/inhibition to synchronizing neur-
onal ensembles (Bartos et al. 2007; Buzsáki and Wang 2012;
Hu et al. 2014), which play major roles in plasticity and behav-
ior (Kuhlman et al. 2013; Doron et al. 2014). Operationally, the

strong and selective connectivity between PV–PV interneurons
(Pfeffer et al. 2013) leads to disynaptic disinhibition forming
powerful local neocortical networks that generate gamma
oscillations during cognition (Howard 2003; Cardin et al. 2009;
Sohal et al. 2009). Hence, PV+ interneuron firing is a “pulse” of
local excitatory/inhibitory network activity (Scholl et al. 2015;
Trachtenberg 2015). Accordingly, the impact of mTBI on local
neocortical inhibitory networks via PV+ interneuron PSAI also
involved functional disconnection. Applying ionotropic glu-
tamate receptor antagonist pharmacologically isolated local
neocortical inhibitory networks from excitatory WM tract
(extrinsic) and collateral (intrinsic) inputs. Patch-clamp record-
ings of tdTomato+ interneurons showed fast-spiking action
potentials characteristic of PV+ interneurons (Kawaguchi and
Kubota 1997). Importantly, PV+ interneuron intrinsic properties
were similar between shams and mTBI. This supported that
tdTomato+ interneurons in mTBI slices were healthy, consistent
with our observation that ~9% of PV+ interneurons underwent
DAI. Notwithstanding this relatively subtle burden of injury,
inhibitory transmission in PV+ interneurons was compromised
following mTBI, marked by a 60% and 32% decrease in sIPSC fre-
quency and event area (charge transfer), respectively. Such a
drastic decrease in inhibitory transmission is consistent with
known properties of PV+ interneurons described above and our
findings that PSAI disconnects the distal axonal arbor causing
widespread axonal degeneration and terminal loss/deafferen-
tation of postsynaptic neurons in local neocortical networks.
Since PV+ interneurons strongly inhibit one another via periso-
matic innervation (Tamás et al. 2000) and inhibitory presynaptic
discharge does not saturate all postsynaptic GABAA receptors
(Perrais and Ropert 2000), this may potential explain the subtle
decrease in sIPSC amplitude (Williams and Mitchell 2008).
IPSCs play a major role in local (intrinsic) neocortical networks
(Hasenstaub et al. 2005), which can operate independent of
sensory (extrinsic) inputs via ongoing spontaneous activity
(Haider and McCormick 2009; Raichle 2010). In such a scenario
local network dysfunction elicited by DAI within neocortical
GM could provide a potential mechanism of clinically signifi-
cant mTBI without WM tract involvement (Zhang et al. 2010;
Wäljas et al. 2014). While our electrophysiological assess-
ments were not comprehensive, the paucity of information on
the role of GABAergic interneurons in neocortical network
dysfunction following mTBI adds importance to our findings
and warrants future investigations. Taken together, our elec-
trophysiological findings show that even a small fraction of PV+
interneuron PSAI is enough to cause substantial reduction of
GABAergic transmission within local neocortical inhibitory
networks following mTBI.

Converging evidence provided by our laboratory and others
underscores that TBI involves both excitatory and inhibitory
systems (Reeves et al. 1997; Cohen et al. 2007; Cole et al. 2010;
Gupta et al. 2012; Guerriero et al. 2015; Beamer et al. 2016). This
forces reconceptualization of the anatomical structures vulner-
able to DAI and the impact of specific neuronal subtypes on
cortical network dysfunction following TBI (Sharp et al. 2014).
In an earlier report, we showed ultrastructural evidence of ter-
minal degeneration along the perisomatic domain of pyramidal
neurons within layer 5 neocortex, suggesting anterograde syn-
aptic loss following PV+ interneuron PSAI (Singleton et al. 2002).
More recently, within this same anatomical locus we also
reported hyperexcitability of pyramidal neurons and also the
local neocortical network (Greer et al. 2012; Hånell et al. 2015a;
Sun and Jacobs 2016). Focusing on PV+ interneurons, the current
report’s structural and functional data from layer 5 neocortex
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corroborates our previous findings and implicates GABAergic
loss as a contributor to abnormal excitatory pyramidal neuron
activity and local neocortical excitatory/inhibitory imbalance.
Similarly, PV+ interneuron PSAI in layers 2/3 and 4 could also
implicate altered intracortical and thalamocortical input pro-
cessing, respectively (Gentet 2012).

In light of converging evidence showing cortical network
dysfunction is a preeminent sequelae of mTBI, the structural
and functional data provided in this investigation has major
implications for both the initial post-traumatic morbidity and
any subsequent neuronal reorganization/repair. Although clin-
ical studies indirectly support mTBI-induced neocortical inhibi-
tory network disruption, to the best of our knowledge, the
current report provides the only direct evidence of the specific
neuronal and physiologic substrates involved. Further, this
study dismisses the notion that only axons within WM tracts
are susceptible to mTBI forces. Considering the neocortical col-
umn as the fundamental computational unit for higher-order
information processing, understanding such inhibitory inter-
neuron pathophysiology may be crucial for therapy develop-
ment from a local network perspective (Douglas and Martin
2004; Bullmore and Sporns 2009; Zhang and Raichle 2010).
Ultimately, this study reshapes our knowledge of the cerebral
landscape affected by mTBI in both animals and humans.
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