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Abstract
Excessive excitation has been hypothesized to subsume a significant part of the acute damage occurring after traumatic brain
injury (TBI). However, reduced neuronal excitability, loss of neuronal firing, and a disturbed excitation/inhibition balance have
been detected. Parvalbumin (PV) interneurons aremajor regulators of perisomatic inhibition, principal neurons firing, and
overall cortical excitability. However, their role in acute TBI pathogenic cascades is unclear.We exploited the chemogenetic
Pharmacologically Selective ActivationModule and Pharmacologically Selective Effector Module control of PV-Cre+ neurons and
the Designer Receptors Exclusively Activated by Designer Drug (DREADD) control of principal neurons in a bluntmodel of TBI to
explore the role of inhibition in shaping neuronal vulnerability to TBI. We demonstrated that inactivation of PV interneurons at
the instance or soon after trauma enhances survival of principal neurons and reduces gliosis at 7 dpi whereas, activation of PV
interneurons decreased neuronal survival. The protective effect of PV inactivationwas suppressed by expressing the nuclear
calcium buffer PV-nuclear localisation sequence in principal neurons, implying an activity-dependent neuroprotective signal. In
fact, protective effects were obtained by increasing the excitability of principal neurons directly using DREADDs. Thus, we show
that sustaining neuronal excitation in the early phases of TBImay reduce neuronal vulnerability by increasing activity-
dependent survival, while excess activation of perisomatic inhibition is detrimental to neuronal integrity.
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Introduction
The acute phase of concussive and contusive traumatic brain
injury (TBI) is characterized by pathogenic cascades linked to the
physical damage of neurons and their uncontrolled excitation.
Axonal stretching, membrane damage, and neuronal depolariza-
tion (triggered by the physical forces of the trauma) are known
to cause glutamate release and/or failure in glutamate reuptake

system (Kaur and Sharma 2017). Elevated levels of glutamate in
the extracellular space causes supraphysiological activation of
glutamate receptors, which includes extrasynaptic N-methyl-D-
aspartate (NMDA) receptors that are link to cell death pathways
(Pohl et al. 1999; Hardingham et al. 2002; Hardingham and Bading
2010; Wroge et al. 2012; Hinzman et al. 2015; Samson et al. 2016).
Toxic NMDA receptor signaling leads to calcium (Ca2+) overload,
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followed by a loss of structural integrity, mitochondrial dysfunc-
tion, and metabolic disturbances, culminating in bioenergetics
failure, and neuronal loss (Weber 2012; Hinzman et al. 2015; Sun
et al. 2017; Bading 2017).

Despite the excitotoxic primary injury mechanisms, several lines
of evidence suggest that reduced excitation may play a role in the
pathophysiology of acuteTBI: spreading depolarizations (pathophysi-
ological features that closely follow TBI) have been reported to shift
the excitation/inhibition balance towards increased inhibition
(Sawant-Pokam et al. 2017). Neuronal responses to synaptic stimu-
lation and sensory inputs are suppressed for several days after TBI
(Johnstone et al. 2013, 2014; Allitt et al. 2016) and neuronal meta-
bolism is decreased in the affected cortex (Dietrich et al. 1994).
Interestingly, glutamatergic antagonists seem to be protective only
in the very early phases of TBI and become detrimental to neuro-
nal survival later (Pohl et al. 1999), suggesting that excitation-
dependent neuroprotective signals may play a role in determining
the vulnerability of neurons to TBI. Indeed, neuronal activity has
been shown to increase resistance to oxidative stress and reduce
vulnerability to apoptosis (Papadia et al. 2008; Zhang et al. 2007;
2009; Hardingham and Bading 2010; Léveillé et al. 2010). Thus, both
excessive glutamatergic drive (excitotoxicity) and insufficient neu-
ronal excitation may modulate the sensitivity of neurons to TBI-
associated pathogenic cascades (as in other neurodegenerative
conditions; Roselli and Caroni, 2015).

The net neuronal firing is determined not only by intrinsic
properties, but is strongly influenced by the activity of glutamater-
gic synapses (together with the activation of nonsynaptic glutama-
tergic receptors), as well as by the inhibitory inputs (Isaacson and
Scanziani 2011). GABAergic interneurons provide a homeostatic
regulation of firing of excitatory neurons and shape the propaga-
tion of excitation in space and time (Wilent and Contreras 2005;
Haider et al. 2013). Although selective loss of GABAergic subpopula-
tions has been shown to take place in the chronic phase of TBI
(Cantu et al. 2015), the functional role of inhibitory interneurons in
acute TBI is yet to be fully elucidated.

Parvalbumin (PV)-positive interneurons constitute a subset of
the cortical GABAergic population integrated in the local micro-
circuitry and providing perisomatic inhibition both in feedback
and feed-forward architectures (Hu et al. 2014). PV interneurons
regulate the overall output of the principal neurons (Defelipe
et al. 1999; Cardin et al. 2009; Donato et al. 2013, 2015). In fact,
strong activation of PV interneurons is sufficient to shut-down
the firing of principal neurons (Atallah et al. 2012) and to curb
pathological excitatory drive (Khoshkoo et al. 2017). Although PV
interneurons appear to be affected by TBI (Vascak et al. 2017)
and their derangement may contribute to the delayed-onset of
post-traumatic hyperexcitability (Hsieh et al. 2017), their role in
the acute phase after TBI remain unexplored. Is perisomatic
inhibition a fundamental force in preventing excess excitation
and excitotoxicity, or do PV interneurons instead exacerbate cor-
tical silencing and neuronal vulnerability? Do PV interneurons
represent an entry point to modulate the biological response of
principal neurons to traumatic injury? To investigate these
issues at a functional level, acute time-resolved manipulations
of PV activity in vivo is necessary.

To these ends, we exploited a set of AAV-delivered tools,
including engineered ion channels with orthogonal pharmacol-
ogy (Pharmacologically Selective Activation Module [PSAM] and
Pharmacologically Selective Effector Module [PSEM]; Magnus
et al., 2011) and Designer Receptors Exclusively Activated by
Designer Drug (DREADDs; Roth 2016) to control PV interneuron
and principal neuron firing within discrete time windows in TBI.
We have revealed that modulation of PV firing bidirectionally

modulates the acute response of principal neurons, their long-
term viability and TBI-associated astrogliosis. Furthermore, we
have demonstrated that neuroprotection of principal neurons
through PV manipulation requires nuclear Ca2+ signals that are
known to activate a neuroprotective gene program (Zhang et al.
2009). Taken together, our findings imply that early restoration
of neuronal firing through microcircuit manipulation provides
an innovative route to neuroprotection in TBI.

Materials and Methods
Mouse Lines

All experiments and procedures were approved by the local
animal experimentation committee under the license no. 1222.
B6;129P2-Pvalbtm1(cre)Arbr/J (henceforth PV-Cre) were a kind
gift of Pico Caroni. PV-Cre mice were bred into homozygosity
and maintained under standard husbandry conditions (24 °C,
40–60% humidity, 14/10 h light/dark cycle, unlimited access to
water and food).

Viral Vectors and Chemogenetic Agonizts

AAV9 mediating the expression of PSAM (previously described;
Magnus et al., 2011; Saxena et al., 2013) were obtained from Vector
Biolabs (Malvern-PA, US) at the titers of 9 × 1012 viral genomes/mL
using the following constructs: pAAV-pCAG-flox-PSAM(Leu41Phe,
Tyr116Phe)5HT3-WPRE and pAAV-cbaflox-PSAM(Leu141Phe,
Tyr116Phe) GlyR-WPRE, encoding the cation-permeable (activator
PSAM, henceforth actPSAM), and the anion-permeable (inhibitory
PSAM, henceforth inhPSAM) channels. AAV8 mediating the
expression of the activating DREADD (pAAV-CaMKIIa-hM3D
(Gq)-mCherry, corresponding to the plasmid #50 476) were
obtained from AddGene viral service. AAV2 mediating the expres-
sion of pAAV-flex-taCasp3-TEVp (previously reported; Yang et al.
2013) were obtained from the University of North Carolina (UNC)
Vector Core facility. AAV2 mediating the expression of rAAV-GFP/
Cre were obtained from UNC Vector Core facility. pAAV-hSyn-PV-
nuclear localisation sequence (NLS)-mC, which drives the expres-
sion of PV-NLS-mCherry under control of the human synapsin
promoter, was constructed by PCR-amplifying the PV-NLS-
mCherry coding sequence from pAAV-CMV-PV-NLS-mCherry
(Schlumm et al. 2013) and then subcloning it into a pAAV-hSyn
expression plasmid. AAV1/2 particles were prepared as described
previously (Zhang et al. 2007).

Since AAV2, AAV8, and AAV9 have been reported to have a
similar neuronal infectivity in the cerebral cortex (Aschauer et al.
2013) and the viral suspensions were injected at high titer (in
order to saturate the injection volume), the choice of the AAV
pseudotype was due solely to the availability of high-quality, val-
idated batches of viral vectors from different sources.

The PSAM agonist PSEM308 was obtained from Apex Scientific
Inc. (Stony Brook-NY, USA) and was administered by intraperito-
neal injection (i.p.) at the dose of 5 μg/g (dissolved in sterile saline)
30min before TBI. The DREADD agonist Clozapine-N-Oxide (CNO)
was purchased from Tocris (Wiesbaden-Nordenstadt, Germany)
and administered i.p. at the dose of 5 μg/g (dissolved in sterile
saline) 30min before TBI.

Intracerebral Injection of Viruses

Intracortical injection of AAVs was performed in mice at the
age of P30–P35 as previously reported (Karunakaran et al.,
2016). Mice undergoing surgery were administered buprenor-
phine (0.05mg/kg; Reckitt Beckshire Healthcare, Beckshire, UK)
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and meloxicam (1.0mg/kg; Böhringer Ingelheim, Biberach an
der Riß, Germany) 20min before the procedure. After adminis-
tration, mice were put under continuous isoflurane anesthesia
(4% isoflurane in 96% O2) and positioned into a stereotactic
frame. The scalp was incised at the midline and a burr hole
was drilled (using a hand micro-drill) at the coordinates x = +2.0,
y = − 2.0, corresponding to the somatosensory cortex. About
200–500 nL of the viral suspension (mixed with an equal vol-
ume of 1% Fast green solution) was injected using a pulled glass
capillary, connected to a Picospritzer microfluidic device, over a
span of 10min. The capillary was kept in place for another 10min
to prevent backflow of the virus. The burr hole was left open to
allow the bone to heal and the skin was sutured using a Prolene
7.0 surgical thread. After surgery, the animals were transferred to
a recovery cage with a warmed surface and ad libitum access to
food and water. Animals were administered additional doses of
buprenorphine for the following 72h and monitored for eventual
neurological impairment.

Experimental Traumatic Brain Injury Procedure and
Experimental Groups

TBI was induced in mice by a modified closed, blunt weight-
drop model (previously reported Flierl et al., 2009). Animals
were pre-administered buprenorphine (0.1mg/kg by subcutane-
ous injection) and put under sevoflurane anesthesia (5% sevo-
flurane in 95% O2). The scalp skin was incised on the midline to
expose the skull and the animals were positioned in the
weight-drop apparatus in which the head was secured to a
holding frame. Using the 3-axis mobile platform in the appara-
tus, the impactor was positioned to the coordinates of the
injection site (x = +2.0; y = − 2.0, z = 0.0). TBI was delivered by a
weight of 120 g dropping from a height of 40 cm. A mechanical
stop prevented a skull displacement (by the impactor) larger
than 1.5mm, in order to limit brain damage. Apnea time was
monitored after TBI. Mice were administered 100% O2 until nor-
mal breathing was restored. The scalp skin was sutured using
the Prolene 6.0 surgical thread and the mice were transferred to
a recovery cage (single-housed) with ad libitum access to food
and water (Supplementary Fig. 1A). Additional doses of bupre-
norphine were administered every 12 h for the following 24 h
after TBI. To reduce the suffering of the mice, their general
state was checked using a score sheet (based on the NSS score,
Flierl et al., 2009) to instate opportune measures or to euthanize
the mice. Effort was made to minimize animal suffering and
reduce the number of mice used.

For mice injected with the AAV9-PSAM/PSEM chemoge-
netics, six experimental groups were established: saline sham
(mice with intracerebral injection of inhPSAM or actPSAM virus
but injected with saline before undergoing sham surgery,
henceforth sal-S), inhPSAM/PSEM sham (mice with intracere-
bral injection of the inhPSAM virus and injected with PSEM ago-
nist before undergoing sham surgery, henceforth inh-S),
actPSAM sham (mice with intracerebral injection of actPSAM
virus but injected with PSEM agonist before undergoing sham
surgery, henceforth act-S), saline TBI (mice with intracerebral
injection of inhPSAM or actPSAM virus but injected with saline
before undergoing TBI, henceforth sal-TBI), inhPSAM/PSEM-TBI
(mice with intracerebral injection of inhPSAM virus and
injected with PSEM agonist before undergoing TBI, henceforth
inh-TBI) and actPSAM/PSEM-TBI (mice with intracerebral injec-
tion of actPSAM virus but injected with PSEM agonist before
undergoing TBI, henceforth act-TBI). In order to establish if PV
inactivation after TBI was effective, six experimental groups

were established (Supplementary Fig. 1B): saline sham (mice
with intracerebral injection of inhPSAM virus but injected with
saline before undergoing sham surgery, henceforth sal-S),
inhPSAM/PSEM sham (mice with intracerebral injection of the
inhPSAM virus and injected with PSEM agonist before undergo-
ing sham surgery, henceforth inh-S), saline TBI (mice with
intracerebral injection of inhPSAM virus but injected with
saline before undergoing TBI, henceforth sal-TBI), inhPSAM/
PSEM-TBI acute (pre) agonist administration (mice with intrace-
rebral injection of inhPSAM virus and injected with PSEM ago-
nist before undergoing TBI, henceforth inh-TBI), inhPSAM/
PSEM-TBI acute (post) agonist administration (mice with intra-
cerebral injection of inhPSAM virus and injected with PSEM
agonist 30min after TBI and 8 h after TBI, such that the inhibi-
tion of PV interneurons was maintained for a total of 24 h,
henceforth, inh-24 h-TBI) and inhPSAM/PSEM-TBI subacute
agonist administration (mice with intracerebral injection of
inhPSAM virus and injected with PSEM agonist starting 2 dpi up
to 4 dpi (2 doses daily), such that the inhibition of PV interneur-
ons was maintained for a total of 72 h, henceforth, inh-72
h-TBI). The experiment in which the PV interneurons were
ablated had 4 groups: GFP sham (intracerebral injection of
AAV2-GFP and sham surgery, henceforth GFP-S), ablation sham
(intracerebral injection of AAV2-Caspase-3 and sham surgery,
henceforth abl-S), GFP-TBI (intracerebral injection of AAV2-GFP
and TBI, henceforth GFP-TBI), and ablation TBI (intracerebral
injection of AAV2-Caspase-3 and TBI, henceforth abl-TBI). The
chemogenetic stimulation (AAV8-DREADD(Gq), CaMKIIa pro-
moter) of ipsi or contralateral principal neurons was explored
with an experimental design including 7 groups: mice expres-
sing the DREADD(Gq) expressed on the ipsilateral side but
saline injection before sham surgery (henceforth Gq-sal-S),
mice expressing the DREADD(Gq), injected with CNO but sub-
ject to sham surgery (henceforth Gq-CNO-S), mice expressing
the DREADD(Gq) expressed on the ipsilateral side but saline
injection before TBI (henceforth Gq-sal-TBI), mice expressing
DREADD(Gq) virus on the ipsilateral side and administered the
CNO agonist before TBI (henceforth Gq-CNO-TBI), mice expres-
sing DREADD(Gq) virus on the ipsilateral side, administered
CNO, subject to sham surgery but for which the contralateral
cortex was assessed (henceforth Gq-contra-CNO-S), mice
injected with DREADD(Gq) virus on the ipsilateral side, injected
with saline before TBI delivered on the contralateral side
(henceforth Gq-contra-sal-TBI), mice expressing DREADD Gq
virus on the ipsilateral side and administered CNO before TBI
on the contralateral side (henceforth Gq-contra-CNO-TBI).

Mice injected with the AAV1/2-PV-NLS-mCherry virus along
with the inhPSAM inhibitor virus were divided in 3 groups:
injected with PV-NLS-mCherry and inhPSAM viruses, subject to
sham surgery; injected with PV-NLS-mCherry and inhPSAM
viruses but administered saline before TBI and injected with
PV-NLS-mCherry and inhPSAM viruses and administered PSEM
agonist before TBI (Supplementary Fig. 2).

Immunostaining

For immunostaining, mice were intracardially perfused. Animals
were terminally anesthetized with ketamine/xylazine and fixed
(25mL ice-cold PBS followed by 50mL 4% PFA in PBS, pH 7.4) at
3h or 7 dpi. The brain was carefully extracted and post fixed in
4% PFA for 18 h and thereafter washed in PBS and cryoprotected
in 30% sucrose in PBS. Cryoprotected brains were embedded in
OCT (TissueTek, Sakura). 40 μm thick free-floating sections, span-
ning the injection/TBI site (identified by fast green) were cut in a
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cryostat, collected in PBS and immunostaining was done based
on the following protocol: sections were blocked in a blocking
buffer (3% BSA, 0.3% Triton in PBS) for 2h at 24 °C on a rotary
shaker. Following blocking an appropriate mix of primary antibo-
dies (chicken anti-GFP, 1:000, Abcam; goat anti-PV, 1:1000, Swant;
rabbit anti-phosphorylated S6 (Ser235/236) 1:200, Cell Signaling
Technology; mouse anti-NeuN, 1:100, Millipore; rabbit anti-c-Fos,
1:500, Santa Cruz Biotechnologies; mouse anti-RFP, 1:500, cell
Biolabs; rabbit anti-cleaved caspase-3, 1:400, Cell Signalling
Technology; mouse anti-GFAP, 1:400, Sigma; rabbit anti-GFAP,
1:500, Abcam or fluorescently-conjugated Bungarotoxin, BTX-555,
1:500, Thermo Fisher) were diluted in blocking buffer and incu-
bated for 48h at 4 °C. Sections were then washed in PBS for 3 ×
30min and incubated in the appropriate mix of secondary antibo-
dies (Alexa-conjugated donkey anti-mouse, donkey anti-goat,
donkey anti-rabbit, donkey anti-chicken, 1:500, Invitrogen),
together with, whenever appropriate, the DNA dye TOPRO-3
(1:1000, Invitrogen), diluted in blocking buffer for 2 h at 24 °C.
After further washing the sections for 3 × 30min in PBS, the sec-
tions were mounted on coverslips and onto the slides using
FluoroGold Plus (Invitrogen).

Confocal Imaging and Image Analysis

Confocal images were acquired using an LSM-700 (Carl Zeiss
AG) inverted microscope, fitted with a 20× air or 40× oil objec-
tive. Tile-scans of 5×3 were acquired to cover the full span of
the injury site and the full cortical thickness. The images were
acquired in a 12-bit format. Imaging parameters (laser power,
photomultiplier voltage, digital gain, and offset) were estab-
lished with the goal of preventing saturation in target struc-
tures while obtaining a lowest signal intensity of at least 150
(in arbitrary units). Imaging parameters were kept constant
across different specimens.

For pS6 fluorescence intensity analysis, confocal stacks
composed of 10 optical sections (acquired at the same depth in
the tissue section) were collapsed in maximum-intensity pro-
jections using the ImageJ software. Neurons were identified
based on their morphology, size and positive immunostaining
for the neuronal marker (NeuN). A target region of 40 000 μm2

was considered for each section, spanning the cortical layer
II–III and centered on the axis of the injury site. Regions of
Interest (ROIs) encompassing the cellular soma (excluding the
nucleus) were manually drawn for each neuron in the target
region and the integrated average fluorescence intensity was
logged. A minimum of 300 neurons (layer II–III) from 3 distinct
tissue sections from each of 3–5 mice were quantified. The
intensity of pS6 in PV interneurons was also measured separately.
The median fluorescence intensity of pS6 was computed.

For the counting of c-Fos+ neurons, confocal stacks of 10–12
optical sections were collapsed in maximum-intensity projec-
tions in ImageJ and a threshold was set for the resulting
images, to establish a reproducible criterion to distinguish
c-Fos+ neurons from c-Fos- neurons. A ROI (2.5 × 106 μm2) was
then traced in layer II–III and the number of c-Fos+ cells were
counted. The number of c-Fos+ PV interneurons were also sepa-
rately counted.

For the measurement of NeuN+ cells, 5 × 3 composite tile-
scans of confocal stacks were acquired with the 20 × objective
to image the injury site and the surrounding penumbral and
perilesional areas. Confocal stacks of 5–6 optical sections
(at the same depth) were collapsed in maximum-intensity pro-
jections in ImageJ. Multiple ROIs were considered: the “lesion
core” (76 000 μm2) ROI was positioned centered on the axis of

the injury site and 2 “penumbral” (48 000 μm2) ROIs were
located at 400 μm from the lesion axis, bilaterally, in correspon-
dence of the layer II–III (Supplementary Fig. 3A). A third ROI
was considered for the experiment with the NLS-PV-mCherry
AAV2; this ROI (76 000 μm2) was located 700 μm away from the
lesion axis (Supplementary Fig. 3B). In these ROIs, the number
of NeuN+ cells (or of mCherry+ or GFP+ cells) were manually
counted. At least 3–5 tissue sections were analyzed from each
of 3–6 mice per experimental group.

Statistics

Statistical analysis was performed with the GraphPad Prism
software suite. Neuronal counts and fluorescence intensities
were compared by one-way analysis of variance with Tukey cor-
rection for multiple comparisons. The whiskers in the box and
whiskers plot were set between 10% and 90%. For the fluores-
cence intensity of pS6 in PV interneurons and the number of c-
FOS+ cells in PV interneurons, nonparametric t-test with Mann–
Whitney correction was performed to compare the 2 groups
(sham vs. TBI). Nonparametric t-test with Mann–Whitney correc-
tion was also used to compare the number of PV interneurons in
mice injected with AAV2-GFP versus AAV2-Caspase 3. The val-
ues for the neuronal counts are reported as mean ± SD. For the
fluorescence intensities the median values and the interquartile
range are reported. Statistical significance was set at P < 0.05.

Results
PV Interneurons Modulate the Acute Response of
Principal Neurons to TBI

First, we explored the recruitment of PV interneurons in the
early stages after blunt TBI. To this end, PV interneurons were
genetically labeled (to prevent identification biases due to the
state- and subpopulation-specific variations in PV expression;
Donato et al. 2013) by injecting PV-Cre mice with an inhPSAM
(tagged with GFP) or actPSAM (tagged with BTX binding site)
viruses (Supplementary Fig. 4A). One month after injection, we
verified by double immunostaining for PV and for the corre-
sponding tag (GFP or BTX) that 92% of PV+ neurons were GFP+

(or BTX+) and that 100% of GFP+ (or BTX+) neurons were PV+,
confirming the precise targeting of the PV population
(Supplementary Fig. 4B). We verified that, at the 3 h time point
and in correspondence of the injury site, PV+ cells displayed
significantly higher levels of the neuronal activity marker
(Knight et al., 2012) phosphorylated-S6 (pS6; median fluores-
cence intensity: 1340, interquartile range 1215–2015 in sal-TBI
vs. 679 with an interquartile range 615–796 in sal-S, P < 0.0001)
compared with sham-operated mice (Supplementary Fig. 5A,B).
Likewise, the number of c-Fos+ PV interneurons was significantly
higher in TBI mice than in sham mice (18 ± 3 cells/2.2 × 105 μm2

in sal-TBI vs. 7 ± 2 cells/2.2 × 105 μm2 in sal-S, P < 0.0001;
Supplementary Fig. 5D,F), suggesting the recruitment of these
interneurons by the cortical trauma. Recruitment of PV interneur-
ons did not differ, in terms of median pS6 and in the number of
c-Fos+ cells, from that of non-PV neurons: in non-PV neurons,
TBI induced a similar increase in pS6 (median fluorescence inten-
sity 1483, interquartile range of 1108–1997 in sal-TBI versus
756 with an interquartile range 652–1021 in sal-S, P < 0.0001;
Supplementary Fig. 5A,C) as well as in the fraction of c-Fos+ neu-
rons (for non-PV neurons, 18 ± 3 cells/2.2 × 105 μm2 in sal-TBI
vs. 57 ± 5 cells/2.2 × 105 μm2 in sal-S, P < 0.0001; Supplementary
Fig. 5E,F). Likewise, the increase in c-Fos+ cells in TBI versus sham
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was 257 ± 22% in PV neurons and 311 ± 32% in non-PV neurons
(P=0.34).

We then functionally explored the impact of PV interneur-
ons on the biological response of principal neurons to TBI. To
this end, we used PSAM/PSEM chemogenetics (Magnus et al.,
2011) to either activate or inhibit PV interneurons at the time of
TBI. Thereafter, we monitored the impact of activation or inhi-
bition of PV interneurons on the acute response of cortical neu-
rons to TBI. More specifically, PV-Cre mice were injected
(30 days before the TBI) with AAV mediating either actPSAM or
inhPSAM expression; 30min before the procedure, mice were
administered either the PSEM agonist (or saline) and then under-
went either TBI (act-TBI, inh-TBI, or sal-TBI, respectively) or sham
surgery (act-S, inh-S, and sal-S), respectively (Supplementary
Figs 1A and 2A). We focused on three readouts: the levels of
the activity marker pS6, the induction of c-Fos and the level of
the autophagy marker LC3A in the overall neuronal (NeuN+) pop-
ulation (composed largely of principal neurons, Supplementary
Fig. 6A–F) 3 h post-TBI.

One-way ANOVA revealed a significant difference among
the groups in pS6 levels (F(5,3318) = 209, P < 0.0001). The number
of neurons counted in each case were as follows: sal-S=451,
inh-S=427, act-S=495, sal-TBI=1276, inh-TBI=798, and act-
TBI=822. In sham-treated mice, chemogenetic activation of PV
interneurons resulted in the anticipated decrease of pS6 levels
(median fluorescence intensity of 702 with an interquartile
range of 480–1041 in act-S mice compared with a median fluo-
rescence intensity of 925.9 with an interquartile range of
682–1345 in sal-S mice, P<0.01; Fig. 1A,B), whereas, PV inactiva-
tion caused the predicted increase in pS6 levels (median fluo-
rescence intensity of 1105 with an interquartile range of
887–1546 in inh-S mice compared with a median fluorescence
intensity of 926 with an interquartile range of 682–1345 sal-S
mice, P<0.01; Fig. 1A,B), confirming the proper functioning of
the chemogenetic system. In TBI-treated mice, a significant
increase in pS6 levels in cortical neurons subjected to sal-TBI
compared with sal-S was observed (median fluorescence inten-
sity of 1565 with an interquartile range of 1209–1976 in sal-TBI
mice compared with a median fluorescence intensity of 926
with an interquartile range of 682–1345 sal-S mice, P < 0.0001;
Fig. 1A,B). Interestingly, the TBI-evoked upregulation of pS6
was strongly modulated by PV interneurons: inactivation of PV
interneurons (by inhPSAM/PSEM) resulted in a further increase
in pS6 levels (median fluorescence intensity of 1839 with an
interquartile range of 1509–2458 in inh-TBI mice compared
with a median fluorescence intensity of 1564.7 with an inter-
quartile range of 1209–1976 in sal-TBI mice, P < 0.0001).
Notably, chemogenetic activation of PV interneurons caused a
massive decrease in TBI-induced pS6 upregulation (median
fluorescence intensity of 969 with an interquartile range of
764–1321 in act-TBI mice compared with a median fluorescence
intensity of 1565 with an interquartile range of 1209–1976 in
sal-TBI mice, P < 0.0001; Fig. 1A,B).

To confirm the changes in neuronal activation detected
using pS6 immunochemistry, we evaluated the expression of
the activity-dependent immediate-early gene c-Fos. In sham
mice, once again the number of c-Fos+ neurons were increased
by PV inactivation and decreased by PV activation, as antici-
pated (inh-S vs. sal-S, P<0.05 and act-S vs. sal-S, P<0.01). At 3 h
postinjury, sal-TBI mice showed a strong increase in c-Fos+

neurons in the affected cortex (F(5,53)=111, P < 0.0001, 35 ± 5
cells/2.2 × 105μm2 in sal-S vs. 101 ± 12 cells/2.2 × 105 μm2 in sal-
TBI mice; P < 0.0001, Fig. 1C,D), in agreement with previous
reports (Chandrasekar et al. 2018). Activation of PV

interneurons at the time of trauma caused a massive decrease
in c-Fos+ cells 3 h after injury (55 ± 6 cells/2.2 × 105 μm2 in act-
TBI, P < 0.0001 vs. sal-TBI; Fig. 1C,D) down to baseline values (P
> 0.05 vs. sal-S; Fig. 1C,D). On the other hand, inactivation of PV
interneuron by inhPSAM significantly increased the number of
c-Fos+ neurons after TBI (129 ± 22 cells/2.2 × 105μm2 in inh-TBI
vs. sal-TBI, P < 0.0001; Fig. 1C,D).

Finally, we investigated the impact of activation/inhibition of
PV interneurons on the autophagy level in principal neurons by
measuring the accumulation of LC3A+ aggregates. At 3 h postin-
jury there was a significant difference in LC3A levels for the dif-
ferent groups (F(5,2765)=283, P < 0.0001). In sham mice,
chemogenetic activation or inactivation of PV interneurons did
not affect LC3A burden (median fluorescence intensity of 740
with an interquartile range of 548–880 in inh-S mice compared
with a median fluorescence intensity of 725 with an interquartile
range of 578–870 in sal-S mice, P > 0.05; and median fluorescence
intensity of 675 with an interquartile range of 546–860 in act-S
mice compared with a median fluorescence intensity of 725 with
an interquartile range of 578–870 in sal-S mice; Fig. 1E,F).
Importantly, in saline-treated mice, TBI resulted in the signifi-
cant elevation of LC3A levels in a population of principal neu-
rons as compared with sal-S controls (median fluorescence
intensity of 1250 with an interquartile range of 1024–1579 in sal-
TBI; P < 0.0001 vs. sal-sham; Fig. 1E,F). Interestingly, inactivation
of PV interneurons strongly downregulated LC3A induction
(median fluorescence intensity of 693 with an interquartile range
of 461–931 in inh-TBI mice; P < 0.0001 vs. sal-TBI; Fig. 1E,F)
whereas stimulation of PV firing did not result in a further eleva-
tion of LC3A levels (median fluorescence intensity of 1296 with
an interquartile range of 1118–1546 in act-TBI mice, P > 0.05 vs.
sal-TBI; Fig. 1E,F).

Notably, virtually all cells (>95%) displaying the elevation of
pS6 and LC3A levels or positive for c-Fos were also NeuN+,
implying that the observed responses are specifically occurring
in neurons (Supplementary Fig. 5A–F).

Taken together, these findings show that PV interneurons
strongly modulate neuronal activity in acute TBI and signifi-
cantly affect proteostasis in principal neurons after trauma.

Activity of PV Interneurons Modulate Neuronal Survival
and Gliotic Reaction in TBI

We then investigated if the effects of PV firing at the time of
TBI resulted in long-term effects on neuronal vulnerability and
survival. To this end, we measured the density of NeuN+ cells
at 7 dpi both in the core and in the penumbra of the TBI-
induced lesion (as compared with sham-operated mice). The
core and penumbra were defined as depicted in Supplementary
Fig. 3A. Differences between the groups (Supplementary Fig. 2B)
were noted both in the core (F(5,53)=10,05, P < 0.0001) and in the
penumbra (F(5,53)=225, P < 0.0001). No effect on NeuN+ density
was observed after PV activation or inactivation in mice under-
going sham surgery (core: 29 ± 2, 29 ± 1, and 27 ± 1 NeuN+ cells/
104 μm2 in sal-S, inh-S, and act-S, respectively, P > 0.05; Fig. 2A;
penumbra: 32 ± 3, 29 ± 2, and 29 ± 2 NeuN+ cells/104 μm2 in sal-
S, inh-S, and act-S, respectively, P > 0.05). In saline-pretreated
mice, irrespective of the PSAM expression, TBI resulted in an
almost complete loss of NeuN+ cells in the lesion core (2 ± 1
NeuN+ cells/104 μm2 in sal-TBI, P < 0.0001 vs. sal-S; Fig. 2A–C)
and a significant cell loss in the penumbral ROI (14 ± 1 NeuN+

cells/104 μm2 vs. 29 ± 2 in sal-S P < 0.0001; Fig. 2A–C). Activation
of PV firing at the time of TBI did not significantly affect the
number of NeuN+ cells in the core (1 ± 0.3 NeuN+ cells/104 μm2
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in act-TBI vs. sal-TBI, P > 0.05; Fig. 2A–C) but, surprisingly, it
caused a significant worsening of neuronal loss in the penum-
bra (11 ± 1 NeuN+ cells/104 μm2; P=0.005 in act-TBI vs. sal-TBI;
Fig. 2A–C). Conversely, the inactivation of PV interneurons at
the time of trauma resulted in improved long-term (7 dpi) pres-
ervation of NeuN+ cells in the core (8 ± 1 NeuN+ cells/104 μm2 in
inh-TBI, P < 0.0001 vs. sal-TBI; Fig. 2A–C) as well as in the pen-
umbra (22 ± 1 NeuN+ cells/104 μm2 in inh-TBI; P < 0.0001 vs. sal-
TBI; Fig. 2A–C).

We assessed the effect of acute PV activation/inactivation
on astrogliosis, as an independent measure of tissue damage,
by monitoring the extent of GFAP immunostaining at 7 dpi. We

found significant differences in the expression of GFAP between
the groups (F(5,54)=257, P<0.001). Neither activation nor inactivation
of PV interneurons affected GFAP+ astrocytes in sham-surgery
mice (i.e., in act-S or inh-S mice, which were comparable to sal-S).
However, in mice administered with saline and subject to TBI, a
significant increase in the surface area occupied by GFAP+ cells
were detected in the injury site (ROI area=6.3 × 104 μm2, 31 ± 1%
of the total area in sal-TBI vs. 5 ± 0.4% in sal-S, P < 0.0001; Fig. 2D,
E). Notably, inactivating PV interneurons firing at the time of
trauma resulted in a significantly lesser area occupied by GFAP+

cells in the injury site at 7 dpi (9 ± 0.5% in inh-TBI, P < 0.0001 vs.
sal-TBI and P > 0.05 vs. sal-S; Fig. 2D,E). Conversely, activation of

Figure 1. PV interneurons modulate the activity of principal neurons in TBI. (A,B) TBI triggers a strong elevation in the intensity of pS6 expression in sal-TBI mice at 3 h

(P < 0.0001 vs. sal-S). Suppression of PV interneuron firing by expression of the inhibitory PSAM (inh-TBI) together with PSEM administration further increases the inten-

sity of pS6 expression in neurons after trauma (P < 0.0001 vs. sal-TBI, high magnification inset) whereas activation of PV interneurons (act-TBI) massively suppresses the

induction of pS6 expression in neurons after TBI (P < 0.0001 vs. sal-TBI). Low magnification-Scalebar 50 μm, high magnification inset-Scalebar 50 μm. (C,D) Neuronal activ-

ity as detected by c-Fos expression in principal neurons is strongly increased at the injury site 3 h after TBI (P < 0.0001 vs. sal-S, high magnification). Inhibiting PV inter-

neurons further increases the number of neurons expressing c-Fos (P < 0.0001 vs. sal-TBI) and activating PV interneurons has the opposite effect (P < 0.0001 vs. sal-TBI).

Low magnification-Scalebar 50 μm, high magnification inset-Scalebar 50 μm. (E,F) Autophagy is induced after TBI as seen in the elevation of LC3A expression at 3 h post-

injury (P < 0.0001 in sal-TBI vs. sal-S). Whereas inhibition of PV interneurons significantly downregulated expression of LC3A (P < 0.0001 vs. sal-TBI), activating PV inter-

neurons was associated with an expression of LC3A comparable to sal-TBI (P > 0.05 vs. sal-TBI). Scalebar 50 μm. *P < 0.05, **P < 0.01, ****P < 0.0001.
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PV interneurons resulted in a significant increase in the GFAP+

volume when compared with sal-TBI (65 ± 2% in act-TBI, P <
0.0001 vs. sal-TBI; Fig. 2D,E).

Thus, these results show that acute manipulation of PV
interneurons at the time of trauma determine the extent of
neuronal loss and astrogliosis caused by blunt TBI. Since we
had inactivated PV interneurons at the time of trauma, we

investigated further the time constraints of the neuroprotec-
tive role of PV interneurons by inactivating them with PSEM
injections administered at different time points (Supplementary
Fig. 1B, refer to the methods section) relative to TBI: 30min before
TBI (acute-pre), 30min and 8h after TBI (acute-post), or 48 h to
96h after TBI (subacute). The density of NeuN+ neurons was
assessed at 7 dpi.

Figure 2. Inhibition of PV interneurons prevents neuronal death and reduces neuroinflammation. (A,B) Saline-pretreated mice display a significant loss of neurons in

the core of the injury (P < 0.0001 vs. sal-S). Inhibition of PV interneurons (inh-TBI) rescues a significant number of neurons in the core (P < 0.0001), whereas activating

PV interneurons (act-TBI) results in neuron loss comparable to that seen in the sal-TBI mice (P > 0.05 vs. sal-TBI). Scalebar 100 μm. (A,C) Sal-TBI mice also display a sig-

nificant loss of neurons in the penumbra compared with sal-S mice (P < 0.0001 vs. sal-S). The neurons in the penumbra are preserved by inhibition of PV interneurons

(inh-TBI, P < 0.0001). Activating PV interneurons (act-TBI), however, leads to a greater loss of neurons as seen in sal-TBI mice (P < 0.001). (D,E) Neuroinflammation, as

shown by the astrocyte marker GFAP, was higher in sal-TBI than sal-S mice (P < 0.0001). The neuroinflammation was reduced when PV interneurons were inhibited

(inh-TBI) and comparable to sham (P < 0.0001 vs. sal-TBI, P > 0.05 vs. sal-S). Activating PV interneurons (act-TBI) caused a significant increase in neuroinflammation

compared with sal-TBI (P < 0.0001). Scalebar 50 μm. (F–H) Inhibiting PV interneurons 30min after TBI recapitulated the effect of inhibiting PV interneurons just before

TBI both in the core and in the penumbra (P > 0.05 vs. inh-TBI). Inhibiting PV interneurons 2 days after injury promoted neuronal survival neither in the core nor in

the penumbra and was comparable to sal-TBI (P > 0.05 vs. sal-TBI). Scalebar 20 μm. *P < 0.05, **P < 0.01, ****P < 0.0001.
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At 7 dpi, significant differences were seen in NeuN+ cell den-
sity among the groups (Supplementary Fig. 2C) both in the core
(F(5,52) = 851, P < 0.0001; Fig. 2F) and the penumbra (F(5,52) = 254,
P < 0.0001; Fig. 2F). As mentioned before, inhibition of PV inter-
neurons per se (i.e., without trauma) affected neuronal vulnera-
bility neither in the core nor the penumbra. Interestingly,
inactivation of PV interneurons starting 30min after TBI for 24 h
still had a protective effect comparable to pre-TBI PV inactiva-
tion; reduced neuronal loss was observed in the injured cortex
both in the core (8 ± 0.6 NeuN+ cells/104 μm2 in inh-24 h-TBI vs.
3 ± 1 NeuN+ cells/104 μm2 in sal-TBI, P < 0.0001, P > 0.05 vs. inh-
TBI; Fig. 2F–H) and the penumbra (22 ± 2 NeuN+ cells/104 μm2 in
inh-24 h-TBI vs. 14 ± 2 NeuN+ cells/104 μm2 in sal-TBI, P < 0.0001,
P > 0.05 vs. inh-TBI; Fig. 2F–H). On the other hand, inactivation of
PV interneurons starting 48h after TBI could not recapitulate the
protective effects of acute inactivation; inactivation of PV inter-
neurons starting 48 h after TBI resulted in levels of neuronal loss
comparable to that observed in saline-treated TBI mice both in
the core (4 ± 1 NeuN+ cells/104 μm2 in inh-72 h-TBI vs. 3 ± 1
NeuN+ cells/104 μm2 in sal-TBI, P > 0.05, P < 0.0001 vs. inh-TBI;
Fig. 2F–H) and in the penumbra (12 ± 1 NeuN+ cells/104 μm2 in
inh-72 h-TBI vs. 14 ± 2 NeuN+ cells/104 μm2 in sal-TBI, P > 0.05,
P < 0.0001 vs. inh-TBI; Fig. 2F–H).

Taken together, these data show that acute inactivation of
PV interneurons before or soon after TBI is sufficient to
enhance long-term neuronal survival and reduce astrogliosis.

Pre-injury Ablation of PV Interneurons Increases
Vulnerability of Principal Neurons to TBI

Short-term chemogenetic inhibition of PV interneurons results
in a protective effect on neuronal survival in the penumbra of
the injured cortex. To explore the effects of chronic loss of PV-
mediated inhibition, we injected PV-Cre mice (at P30) with
AAV2s encoding GFP (as a control) or a mutant Caspase-3
whose activation is controlled by the co-expression of Tobacco
envelop virus protease (TEV) in Cre+ cells, mutant Caspase-3 is
expressed, and activated by TEV, leading to the apoptosis of the
infected cell (as reported by Yang et al. 2013). We verified at P60
that the ablation strategy displayed a 97% efficiency within the
infected cortical area (in an area of 2.7 × 106 μm2, ablated mice
had 2 ± 1 PV+ neurons compared with nonablated mice, which
had 90 ± 5 PV+ neurons, P < 0.0001), while nearby areas exhib-
ited normal numbers of PV+ neurons (Fig. 3A,B).

When the density of NeuN+ cells were assessed at 7 dpi, a
significant difference in the number of NeuN+ cells among
groups (Supplementary Fig. 2D) was detected both in the core
(F(3,27) = 2116, P < 0.0001) and the penumbra (F(3,27) = 224, P <
0.0001). In abl-S mice, the loss of PV interneurons did not lead
to a major loss of NeuN+ cells (PV interneurons constitute only
a small fraction of the total cortical neuronal population) com-
pared with GFP-S mice (26.4 ± 1.0 NeuN+ cells/104 μm2 in GFP-S
vs. 26 ± 1 NeuN+ cells/104 μm2 in abl-S, P > 0.05). Upon TBI,
both GFP-TBI and abl-TBI mice displayed a significant loss of
NeuN+ cells in the core of the injury (3 ± 0.7 NeuN+ cells/
104 μm2 in GFP-TBI vs. 26 ± 1 NeuN+ cells/104 μm2 in GFP-S, P <
0.0001, and 1 ± 0.2 NeuN+ cells/104 μm2 in abl-TBI vs. 26 ± 1
NeuN+ cells/104 μm2 in abl-S, P < 0.0001, Fig. 3C,D). This loss
was, however, more extensive in the ablated group (3 ± 1
NeuN+ cells/104 μm2 in GFP-TBI vs. 0.6 ± 0.2 NeuN+ cells/104

μm2 in abl-TBI, P < 0.0001, Fig. 3C,D). Furthermore, in the pen-
umbral area, abl-TBI mice showed a much larger loss of neu-
rons (15 ± 1 NeuN+ cells/104 μm2 in GFP-TBI vs. 10 ± 1 NeuN+

cells/104 μm2 in abl-TBI; P < 0.0001, as compared with 32 ± 1

NeuN+ cells/104 μm2 in GFP-S and 30 ± 4 NeuN+ cells/104 μm2 in
abl-S; Fig. 3C,E).

We also examined the effects of PV interneuron ablation on
the astrocytic response. In addition to the enhanced vulnerabil-
ity of neurons upon chronic PV ablation, a significant difference
in GFAP+ area was detected (F(5,47)=182, P < 0.0001). The glial
response was significantly larger in the abl-TBI than in the gfp-
TBI mice (ROI=6.3 × 104 μm2, 52 ± 2% of the total area in abl-TBI
vs. 35 ± 1% in GFP-TBI, P < 0.0001; Fig. 3F,G). The GFAP+ areas in
both the TBI conditions were significantly larger than in their
respective sham controls (P < 0.0001).

Taken together, these data imply that, although short-term
inhibition of PV interneurons may be beneficial, their chronic
ablation strongly increases the vulnerability of principal neu-
rons to TBI.

The Effect of Acute PV Inactivation is Mediated by
Nuclear Ca2+ Signals in Principal Neurons

Acute inactivation of inhibitory (PV+) interneurons delivers sig-
nificant neuroprotection in both the core and the penumbra of
the TBI site (Fig. 2). Since PV inactivation resulted in an increase
in the activity-dependent markers c-Fos and pS6, we investi-
gated if the neuroprotective effect was dependent on activity-
regulated neuroprotective programs (Bading 2013). We reasoned
that if nuclear Ca2+ signals were required for PV inactivation-
associated neuroprotection, neurons expressing exogenous
PV-NLS would show no enhanced survival upon PSEM-mediated
inactivation of PV neurons. Therefore, we co-injected mice with
inhPSAM and an AAV2 driving the neuronal expression of PV-
NLS-mCherry (Schlumm et al. 2013) to buffer nuclear Ca2+

and prevent the induction of neuroprotective transcriptional
responses (Zhang et al. 2009; Fig. 4B).

Expression of hSyn-PV-NLS-mCherry alone or together with
the inhPSAM did not affect neuronal survival in sham-operated
mice (not shown). One-way ANOVA revealed a significant differ-
ence in the number of PV-NLS-mCherry+ cells among the differ-
ent groups (Supplementary Fig. 2E) both in the core (F(2,39)=832,
P < 0.0001) and in the penumbra (F(2,39)=23, P < 0.0001). In fact,
mice expressing inhPSAM and PV-NLS-mCherry and adminis-
tered with PSEM (PV inactivation and nuclear Ca2+ buffering) dis-
played a loss of PV-NLS-mCherry+ neurons comparable to mice
in which PV interneurons were not inhibited (expressing the
inhPSAM but administered with saline). More specifically, in
the core, there were 20 ± 1 PV-NLS-mCherry+ cells/104 μm2 in
the sham mice. For those animals receiving TBI, there were 2 ±
0.5 PV-NLS-mCherry+ cells/104 μm2 in NLS-inh-sal-TBI versus 2 ±
0.4 PV-NLS-mCherry+ cells/104 μm2 in NLS-inh-PSEM-TBI (P >
0.05; P < 0.0001 vs. NLS-ihn-sal-S; Fig. 4A,C). Likewise, the pen-
umbra of the mice injected with the PV-NLS along with the
inhPSAM also showed increased vulnerability to loss of neurons
(12 ± 1 PV-NLS-mCherry+ cells/104 μm2 in NLS-inh-sal-TBI vs.
18 ± 2 PV-NLS-mCherry+ cells/104 μm2 in NLS-inh-sal-S, P <
0.0001 and 13 ± 2 PV-NLS-mCherry+ cells/104 μm2 in NLS-inh-
PSEM-TBI, P > 0.05 vs. NLS-inh-sal-TBI; Fig. 4A,D). Of note, the
number of PV-NLS-mCherry+ cells in a third ROI (located further
away from the core and not affected by TBI, Supplementary Fig.
3B) was comparable in sham and TBI samples (8 ± 2 PV-NLS-
mCherry+ cells/104 μm2 in NLS-inh-sal-TBI vs. 10 ± 2 PV-NLS-
mCherry+ cells/104 μm2 in NLS-inh-sal-S, P < 0.0001 and 9 ± 1
PV-NLS-mCherry+ cells/104 μm2 in NLS-inh-PSEM-TBI, P > 0.05
vs. NLS-inh-sal-TBI and NLS-inh-sal-S; Fig. 4E), indicating a com-
parable infection rate in all mice. In addition, the density of
inhPSAM+ PV interneurons (measured in the third, not-affected
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ROI) was comparable in sham and TBI mice (20 ± 5 GFP+ cells/
105 μm2 in NLS-inh-sal-TBI vs. 25 ± 7 GFP+ cells/105 μm2 in NLS-
inh-sal-S, P > 0.05, and 23 ± 6 GFP+ cells/105 μm2 in NLS-inh-
PSEM-TBI, P > 0.05 vs. NLS-inh-sal-TBI and NLS-inh-sal-S, Fig. 4E),
underscoring the reproducibility of the AAV injection.

Thus, the inactivation of PV interneurons enhances the sur-
vival of neurons through an activity-dependent program
requiring nuclear Ca2+ signals.

Direct Chemogenetic Activation of Neuronal Firing
Reduces Vulnerability to TBI

Since inactivation of PV interneurons was sufficient to enhance
the activation of principal neurons (Fig. 1), and provided neuro-
protection following TBI through an activity-dependent neuro-
protective mechanism involving nuclear Ca2+ signaling (Fig. 4),
we explored whether a direct manipulation of principal neuron
firing may mimic the effect of PV inactivation. In addition, we

explored if activity-dependent protective effect could be elicited
by increasing the activity of excitatory inputs. To this end, we
injected mice at P30 with an AAV8 mediating expression of the
chemogenetic activator DREADD(Gq)-mCherry (under the
CaMKIIa promoter) either in the side going to be subject to TBI
(ipsilateral injection, Fig. 5A) or in the opposite side (contralat-
eral injection, Fig. 5B). In the latter experiment, we aimed at
exploiting the homotopic connectivity between the symmetri-
cal somatosensory (SS) cortices (Chovsepian et al., 2017) to
drive the activity of ipsilateral neurons (subject to TBI) by che-
mogenetically stimulating projection neurons in the contralat-
eral cortex. Indeed, the expression of DREADD(Gq)-mCherry
highlighted numerous mCherry+ axons in the corpus callosum
connecting the 2 hemispheres (Fig. 5B) and providing input to
all layers of the SS targeted by TBI (Fig. 5A, B).

Mice subject to ipsilateral injection were administered
saline or the DREADD cognate agonist, CNO (5mg/kg), 30min
before undergoing sham surgery (Gq-sal-S or Gq-CNO-S) or TBI

Figure 3. Chronic excitation of principal neurons by ablation of PV interneurons 30 days before injury could not recapitulate the effect of acute inhibition of PV interneur-

ons before TBI. (A,B) Ablated region show a loss of almost 97% of PV interneurons when compared with mice injected with a GFP virus (P < 0.0001). Scalebar 50 μm. (C–E)

Ablation of PV interneurons does not significantly improve neuronal survival in the lesion core over that seen in mice expressing GFP (P > 0.05 vs. GFP-TBI) but resulted in

a significant loss of neurons in the penumbra (P < 0.0001). Scalebar 100 μm. (F,G) A similar trend was seen with neuroinflammation: mice in which PV interneurons were

ablated showed a significant increase in GFAP+ area when compared with GFP-TBI mice (P < 0.0001 vs. GFP-TBI). Scalebar 50 μm. *P < 0.05, **P < 0.01, ****P < 0.0001.
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(Gq-sal-TBI and Gq-CNO-TBI; Supplementary Fig. 2F). Likewise,
mice subjected to contralateral injection were administered
CNO before sham surgery or TBI (Gq-contra-CNO-S and Gq-con-
tra-CNO-TBI; note that saline-treated, contralateral injected
mice subject to sham surgery were equivalent to Gq-sal-S and
are therefore conflated in a single group). In sham-treated
mice, the excitation of ipsilateral SS by activating DREADD(Gq)
resulted in a significant increase in c-Fos+ cells compared with
Gq-sal-S mice (37 ± 5 cells/2.2 × 105 μm2 in Gq-sal-S vs. 69 ± 8
cells/2.2 × 105 μm2 in Gq-CNO-S, P<0.001). Notably, activation of
the contralateral SS also resulted in a significant increase,
although with a trend towards lower absolute values, in c-Fos+

cells in the ipsilateral SS (49 ± 7 cells/2.2 × 105μm2 in Gq-contra-
CNO-S vs. Gq-CNO-S, P=0.2; Fig. 5C,D). Thus, these results show
that both ipsilateral and contralateral activation of principal
neurons induce c-Fos expression. Next, we investigated the
interaction between TBI and DREADD(Gq) activation on c-Fos
induction. In Gq-sal-TBI mice, a significant increase in c-Fos+

cells in the injured site was observed (Fig. 5D, in agreement
with what shown in Fig. 1D). Notably, activation of ipsilateral
DREADD(Gq) resulted in a further increase in the number of c-
Fos+ cells (104 ± 12 cells/2.2 × 105 μm2 in Gq-sal-TBI vs. 150 ± 20
cells/2.2 × 105μm2 in Gq-CNO-TBI; P < 0.0001; Fig. 5D). On the
other hand, activation of contralateral cortex resulted in a
much smaller increase the number of c-Fos+ cells compared
with Gq-sal-TBI (115 ± 9 cells/2.2 × 105μm2 in Gq-contra-CNO-
TBI, P=0.3827 vs. Gq-sal-TBI, Fig. 5C,D), suggesting that the effi-
ciency with which the contralateral cortex is activated by the
injured cortex is reduced in TBI.

When neuronal preservation was assessed at 7 dpi, we found
that activation of DREADD(Gq) resulted in a minor increase in
neuronal preservation in the core at 7 dpi (3 ± 1 NeuN+ cells/
104 μm2 in Gq-CN0-TBI vs. 1 ± 0.4 NeuN+ cells/104 μm2 in Gq-sal-
TBI, P < 0.0001; Fig. 5E,F). However, the penumbra of the mice
injected with the DREADD(Gq) showed a strong reduction in neu-
ronal vulnerability, resulting in a pronounced preservation of neu-
rons (27 ± 3 NeuN+ cells/104μm2 in Gq-CNO-TBI vs. 11 ± 1 NeuN+

cells/104 μm2 in Gq-sal-TBI, P < 0.0001; Fig. 5E,G). Thus, direct exci-
tation of principal neurons could recapitulate the neuroprotective
effect of PV inactivation. Notably, the neuroprotective effect of
direct excitation of principal neurons was comparable to the one
obtained by PV inactivation (P=0.24; cfr. Fig. 2B,C and Fig. 5F,G).

When we investigated the effect of contralateral cortex activa-
tion on neuronal integrity at 7dpi. One-way ANOVA revealed a
significant difference of NeuN+ cells between the four groups
(Supplementary Fig. 2F) both in the core (F(3,32)=22, P < 0.0001) and
in the penumbra (F(3,32)=83, P < 0.0001). However, in contrast to the
observation when principal neurons were directly (ipsilateral) acti-
vated, activation of the contralateral cortex produced no difference
in the neuronal survival in the core (1 ± 0.6 NeuN+ cells/104 μm2 in
Gq-sal-contra-TBI when compared with 1 ± 0.4 NeuN+ cells/104μm2

in Gq-contra-CNO-TBI, P > 0.05) and only a modest (although statis-
tically significant) increase in the number of neurons in the penum-
bra of the Gq-contra-CNO-TBI mice when compared with the
Gq-contra-sal-TBI was observed (16 ± 3 NeuN+ cells/104μm2 in Gq-
contra-CNO-TBI, 12 ± 2 NeuN+ cells/104μm2 in Gq-contra-sal-TBI
when compared with P<0.05; Fig. 5E–G) indicating that synaptic
activity may produce a small but significant neuroprotective effect.

Figure 4. Nuclear Ca2+ signals in principal neurons mediate the neuroprotective effects of PV inhibition. (A,C,D) When combined with nuclear Ca2+ buffering, PV inhibition

is unable prevent loss of PV-NLS-mCherry+ neurons both in the core (P > 0.05 vs. sal-TBI) and in the penumbra (P > 0.05 vs. sal-TBI). The number of PV-NLS-mCherry+ neu-

rons in the TBI conditions are much lesser than the number of PV-NLS-mCherry+ neurons in the sham (P < 0.0001 vs. NLS-inh-sal-S in both the core and the penumbra).

Scalebar 50 μm. (B) Exogenously expressed PV-NLS-mCherry is almost exclusively observed in principal neurons at the site of injury. (E) Numbers of PV-NLS-mCherry+

neurons in a third ROI (located 700 μm from the core) are similar in the sham and the TBI conditions. Scalebar 50 μm. *P < 0.05, **P < 0.01, ****P<0.0001.
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These findings show that activating neurons directly at the
site of the TBI helps preserve neurons both in the core as well
as the penumbra, and that this effect cannot be recapitulated
by indirect activation of the neurons via afferents arising from
the contralateral cortex.

Discussion
In the present work we have demonstrated that chemogenetic
manipulation of cortical microcircuitry involving PV interneur-
ons modulates neuronal loss in TBI. Acute inactivation of PV

Figure 5. Direct excitation of principal neurons produces an effect similar to PV interneuron inhibition, but this effect is not recapitulated by Indirect excitation. (A,B)

Ipsilateral (A) and contralateral (B) expression of the mCherry-tagged DREADD Gq with a CaMKIIa promoter. The axons can be seen crossing the corpus callosum. The

insets show the injection site in the ipsilateral injection (site of trauma) and the axons at the site of the trauma in case of the contralateral injection. Scalebar 50 μm.

(C–E) Activation of principal neurons at the site of injury further increased the number of c-Fos+ neurons when compared with TBI alone (P > 0.0001 vs. sal-TBI). The

number of c-Fos+ neurons on the contralateral side was comparable to TBI (P > 0.05). Scalebar 50 μm. (F,G) Activation of principal neurons at the site of the injury

helps preserve neurons both in the core (P < 0.0001 vs. sal-TBI) and the penumbra (P < 0.0001 vs. sal-TBI). Indirect excitation of principal neurons (achieved by inject-

ing the virus in the contralateral cortex) is unable to recapitulate this effect and is associated with a loss of neurons in the core similar to that seen in of sal-TBI mice

(P>0.05 vs. sal-TBI) and with a very modest increase in the number of neurons in the penumbra (P < 0.05 vs. sal-TBI). Scalebar 50 μm. *P < 0.05, **P < 0.01, ****P < 0.0001.
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interneurons is sufficient to decrease autophagy, enhance pro-
tein synthesis and promote the survival of principal neurons;
conversely, stimulation of PV firing results in the decreased via-
bility of principal neurons and increases gliosis. Notably,
chronic depletion of PV interneurons results in the reverse
effect, leading to an increase in neuronal loss. Mechanistically,
we show that the beneficial effect of early PV inactivation is
prevented by buffering nuclear Ca2+, suggesting that an
activity-regulated nuclear Ca2+ signal is responsible for the
activity-dependent neuroprotection. Thus, we provide evidence
that (i) interventions on cortical microcircuitry may modulate
principal neurons vulnerability to TBI, and (ii) maintaining exci-
tation in acute TBI may exhibit protective effects (summarized
in Supplementary Fig. 7).

Interestingly, several reports have shown that spontaneous
and evoked the activity in cortex appears to be suppressed in
the acute phase (i.e., within a few minutes or hours) after TBI
(Carron et al. 2016). In fact, 24 h after trauma, cortical responses
to sensory stimuli are significant reduced and principal neurons,
particularly in the upper layers, are hypoexcitable (Johnstone
et al. 2013). The suppression of stimulus-evoked cortical activity
has been reported to be independent of the type of TBI model
(Johnstone et al. 2014). The suppression of cortical activity seems
to affect infra- and supragranular principal neurons within the
first 2 weeks after TBI (Allitt et al. 2016), well before hyperexcit-
ability can be identified in the chronic phase (8 weeks after TBI;
Ding et al. 2011; Johnstone et al. 2013; Allitt et al. 2017). Notably,
persistent downregulation of neuronal firing has been recorded
after the occurrence of Cortical Spreading Depression (CSD), a
feature often associated with TBI (Hinzman et al. 2015). A signifi-
cant decrease in action potential frequency together with an
increase in the size of inhibitory postsynaptic potentials has also
been described, ultimately resulting in a net shift of the excita-
tion/inhibition balance toward increased inhibition (Sawant-
Pokam et al. 2017). Notably, increasing inhibition by administer-
ing GABAergic drugs increases the occurrence of CSD in human
patients (Hertle et al. 2012, 2016), suggesting that excess inhibi-
tion may be detrimental in this condition.

PV interneurons are powerful modulators of cortical excit-
ability and might exert strong effects on cortical excitability in
normal as well as in pathological conditions. In fact, strong
activation of PV interneurons is sufficient to completely silence
cortical areas (Atallah et al. 2012) whereas inactivation of PV
interneurons is sufficient to increase the basal and evoked fir-
ing rate of principal neurons in the somatosensory cortex
(Agetsuma et al. 2017; Yang et al. 2017). Likewise, PV interneur-
ons are recruited early in epileptic discharges (Cammarota
et al. 2013; Khoshkhoo et al. 2017) and activation of PV inter-
neurons can block the propagation of pathological discharges
(Trevelyan et al. 2006; Paz et al. 2013). Here we have demon-
strated that PV interneurons offer an entry point to controlling
cortical activity in the early phases after trauma. In fact, not
only are PV interneurons recruited in TBI (as shown by eleva-
tion of pS6 and c-Fos in PV+ neurons), but their inactivation
enhances, and their forced activation downregulates activity
markers. In this way, the modulation of PV firing effectively
modifies the biological response of principal neurons to TBI,
decreasing the overall levels of the autophagic response.
Although PV interneurons can effectively modulate the cortical
response to TBI, their contribution to the cortical silencing that
occurs after the trauma remains to be investigated. In this direc-
tion, we have recently found (Chandrasekar et al., unpublished
data) that TBI upregulates the phosphorylation of ErbB RTK in
excitatory synapses of PV interneurons, a condition associated

with increased excitation of PV interneurons (Sun et al. 2016)
and an overall increase in GABAergic output (Lu et al. 2014). It is
conceivable, therefore, that PV interneurons may actually be
involved in the pathophysiological regulation of activity within
microcircuits soon after trauma. These early events may affect
principal neuronal survival at a critical junction within the first
24 h after trauma. In fact, the effectiveness of PV inactivation
disappears when treatment is given in a delayed manner (from
2dpi). Interestingly, the amount of inhibition provided by PV
interneurons seem to decrease after 24 h (at least in a mild TBI
trauma; Vascak et al. 2017) and progressive degeneration of PV
interneurons may contribute to the chronic hyperexcitability of
the injured cortex (Buriticá et al. 2009; Hsieh et al. 2017; although
not in all models: Carron et al. 2016). Interestingly, loss of PV
interneurons has been reported even in presence of preserved
number of NeuN+ neurons (Hsieh et al. 2017). Thus, the link
between loss of PV interneurons after TBI, appearance of chronic
hyperexcitability (2–4 weeks after TBI) and long-term loss of
principal neurons remains to be verified.

Although early inactivation of PV interneurons may affect
acute biology after TBI and enhance overall survival of neurons,
permanent ablation of PV interneurons does not prove benefi-
cial (and may actually increase the area of neuronal loss). Thus,
the chronic hyperexcitability of principal neurons that is antici-
pated to occur (Martin and Sloviter 2001) may enhance their
vulnerability to the excitatory wave triggered by the trauma
itself; on this basis, one may speculate that, although PV inter-
neuron inactivation is beneficial after trauma, these cells may
also be required for the control of acute epileptiform activity
(Trevelyan et al. 2006; Khoshkhoo et al. 2017).

The neuroprotective effect of early PV inactivation can be
recapitulated by direct activation of principal neurons with the
unrelated DREADD(Gq) system (under the CaMKIIa promoter);
in agreement with the proapoptotic effect of NMDAR antago-
nists in the subacute stage of TBI (Pohl et al. 1999) and with the
neuroprotective effect of excitation observed in neurodegenera-
tive conditions (Saxena et al., 2013; Roselli and Caroni, 2015),
sustaining neuronal activity appears to be a viable option to
deliver neuroprotection in TBI. In agreement with the limited
response of cortical neurons subjected to trauma to synaptically-
evoked stimulation (Johnstone et al. 2013), the degree of c-Fos
expression, and the neuroprotective effect obtained through cir-
cuit activation (i.e., by activating contralateral, symmetrically-
projecting projection neurons), was significantly smaller than
that obtained by direct stimulation. Thus, the effects of synaptic
excitation may be limited by the TBI itself (by injuring transcallo-
sal axons and/or by increasing the activity of local PV interneur-
ons), and therefore be unable to sustain synaptic activity-
dependent neuroprotective programs.

As an underlying mechanism, we show that the long-lasting
effect of acute inactivation of PV interneurons is blocked by the
expression of an engineered nuclear Ca2+ buffer (Schlumm et al.
2013), further confirming the excitation-dependent neuroprotec-
tive pathway. Indeed, synaptic activity and excitation-dependent
transcriptional responses have been shown to generate a state of
“acquired neuroprotection”, which renders neurons less vulnera-
ble to stressors while not affecting neuronal survival at baseline
(Zhang et al. 2009). The build up of this “neuroprotective shield” is
controlled by nuclear Ca2+ signaling (Bading 2013) and involves
the activation of the CREB/CBP transcription factor complex, as
well as the IEG transcription factors, ATF-3 and Npas4, and the
secreted proteins, inhibinβA and SerpinB2 (Zhang et al. 2009,
2011; Bading 2013; Qiu et al. 2013; Ahlgren et al. 2014). Acquired
neuroprotection attenuates excitotoxicity by mechanistically
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distinct processes, which includes inhibinβA-mediated reduction
of toxic extrasynaptic NMDA receptor signaling (Lau et al. 2015), a
shift in energy metabolism towards glycolysis (“Neuronal
Warburg effect”; Bas-Orth et al. 2017), a decrease in mitochondrial
Ca2+ load through Npas4 mediated suppression of the mitochon-
drial calcium uniporter (Mcu) (Qiu et al. 2013), and increased resil-
ience to oxidative stress and oxygen radicals production (Papadia
et al. 2008; Depp et al. 2017). The beneficial effects of promoting
ongoing activity may affect additional readouts besides neuronal
survival. For example, TBI causes acute and subacute dendritic
degeneration and synaptic loss (Winston et al. 2013; Wang et al.
2016), whereas the synaptic activity- and nuclear Ca2+ -regulated
factor, VEGF-D up-holds structural integrity of dendritic arbors
(Mauceri et al. 2011), and suppression by nuclear Ca2+ of C1q, a
synapse pruning factor (Simonetti et al. 2013) prevents spine loss
(Mauceri et al. 2015).

Notably, the neuroprotective effect delivered by increasing
neuronal activity, either directly or indirectly, appears to be
more pronounced in the penumbra rather than in core. It is
conceivable that neurons lost due to trauma physical forces or
acute excitotoxicity (unfolding in seconds or minute after
injury) are relatively insensitive to activity-dependent mecha-
nisms, whereas neurons in the penumbra may be affected by
pathogenic processes (taking place over hours or days), such as
extrasynaptic glutamate receptor activation (Bading 2017), neu-
roinflammation, and oxidative stress, which may be effectively
counteracted by excitation-activated transcriptional programs
(Zhang et al. 2009, 2011; Depp et al. 2017; Foerstner et al. 2018).

Thus, in a condition of acute excitotoxicity, maintaining an
active synaptic network may enable the surviving neurons, in
the core and possibly even more in the penumbra, to access a
number of protective programs. In contrast, the shut-down of
neuronal activity may render the surviving neurons more vul-
nerable to the unfavorable conditions generated by the trauma
and by TBI primary injury.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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