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2 List of abbreviations

A

AAV: Adeno Associated Virus

AD: Alzheimer’s disease

ATF-3: Activating Transcription Factor 3
ATP: Adenosine Tri-Phosphate

B

BAC: Blood Alcohol Concentration

BAL: Blood Alcohol Level
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Cc
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CT: Computed Tomography

D

DAMP: Danger Associated Molecular
Patterns

DAPI: 4',6-diamidino-2-phenylindole

DPI: Days Post Injury

DREADDs: Designer Receptors Exclusively
Activated by Designer Drug

E
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Eph B: Ephrin B
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Colony-Stimulating Factor

I
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[I-1B: Interleukin 1 beta

IL-13: Interleukin 13

M

MAPK: Microtubule Associated Protein
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1

M-CSF: Macrophage Colony-Stimulating
Factor

N

NG2: Neural/Glial Antigen 2

NMDAR: N-Methyl D-Aspartate receptor
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NPAS4: Neuronal PAS domain protein 4

P

PBBI: Penetrating Ballistic-like Blast Injury
PSAM: Pharmacologically Selective
Activation Module

PV: Parvalbumin

PV-NLS: Parvalbumin nuclear localization
sequence

Q

Q-PCR: Quantitative Polymerase Chain
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R

RTK: Receptor Tyrosine Kinase

T

TBI: Traumatic Brain Injury

TGF-B1: Transforming Growth Factor beta
1

TNF-a: Tumor Necrosis Factor alpha

Trk: Tyrosine kinase

w

WHO: World Health Organisation
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3 Summary

Traumatic brain injury (TBI) is a worldwide public health problem typically caused by contact
and inertial forces acting on the brain with a broad spectrum of symptoms and disabilities. The
molecular mechanism underlying the primary and secondary injuries after trauma have not
been well investigated. Excess excitation has been hypothesized to be a significant part of the
damage after traumatic brain injury. On the other hand, reduced neuronal excitability and a
disturbed excitation/inhibition balance have also been detected post TBI. Clinical data show
that ethanol intoxication is a potential modifier of TBlI outcome. Here, we aimed at
understanding the impact of ethanol intoxication on TBl-associated neurological deficits,
signaling pathways and pathogenic cascades unfolding after TBI to identify new modifiers of
TBI pathophysiology. We also Pharmacologically Selective Activation Module (PSAM) and
Pharmacologically Selective Effector Module (PSEM) control of PV-Cre® neurons and the
Designer Receptors Exclusively Activated by Designer Drug (DREADD) control of principal
neurons in a blunt model of TBI to explore the role of inhibition in shaping neuronal vulnerability
to TBI. We also elucidated that the protective effect of PV inactivation was suppressed during
the expression of the nuclear calcium buffer, PV nuclear localization sequence (PV-NLS), thus
implying an activity-dependent neuroprotection. Thus, we give an insight into the
neuroinflammatory and IEG pathways unfolding after TBI. We identify, for the first time,
phosphorylation of ErbB2/ErbB3 in the excitatory synapses of the injured cortex and that ErbB2
inhibitors were able to recapitulate, to a significant effect, the neuroprotective effect of trauma.
Finally, we were able to show that sustaining neuronal excitation in the early phase of TBl is

neuroprotective by increasing activity dependent survival.
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4 Introduction

4.1 Traumatic Brain Injury

Traumatic brain injury (TBI) is a type of injury caused when the brain is acted upon by external
forces and can result in long last cognitive motor deficits (Carron et al 2016, Lu and Xia et al
2015, Faul et al 2010). It is a major health problem worldwide and is responsible for the injury
of 108-332 per 10,000 of the world population (Johnstone et al 2013, Bruns et al 2003). In the
United States alone it is a leading cause of death and affects people belonging to different age
groups, race, ethnicity and incomes. In a study conducted between the years 2002 and 2006
it was identified that 1.7 million people in the US are affected by TBI annually out of which
approximately 10 percent are due to sports and recreational activities. Of these 1.4 million are
treated for TBI, 275,000 people are hospitalized, and 52,000 people die. More than one-third
of all the injury related deaths are because of TBI (Coronado et al 2011, Kaur et al 2017, Leo
et al 2016, Sahler et al 2012, Lu and Xia et al 2015, Prins et al 2013). In Europe health care
costs for such types of injuries exceed 33 billion Euros. After TBI many individuals are left with
physical and mental impairment years after the incidence of TBI impeding the quality of life of
these patients (Reis et al 2015, Zaloshnja et al 2005). TBI occurrence peaks both in young
adults below the age of 44 and in the elderly and males (59%) are more prone to TBI than
females (9%). Fall, motor vehicle accidents and a hit on the head by an object are the leading
causes for TBI in the US population. WHO predicts that TBI will be the leading cause of death
and disability by the year 2020 (Lu and Xia et al 2015, Johnstone et al 2013, Bruns et al 2003,

Coronado et al 2011).
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The biggest advance in identifying the prognosis of TBI was made in the 1970’s by two
scientists named Thomas Landfitt and Brian Jennett. Although little progress had been made
in the field since the early 1900s, they applied the knowledge of pathophysiology to understand
the patient prognosis and used the available therapeutic advances such as resuscitation,

respiratory and circulatory support and
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Fig 1: Pathophysiology of primary brain injury. Kaur and Sharma et al 2017 TBI and significantly he|ped to assess
possible brain pathologies by measuring spontaneous and stimulated verbal, motor or eye
opening responses (Reis et al, 2015, Grote et al 2011, Bruns et al 2003). The GCS also helped
classify TBI as mild (GCS 13-15) moderate (GCS 9-12) or severe (GCS 3-8) (Reis et al 2015,
Lu and Xia et al 2015, Grote et al 2011, Joseph et al 2015, Bruns et al 2003).
The neurological damage from TBI does not only occur due to the primary injury but also
involves the secondary injury ensuing over the next hours, days and weeks (figure 1, Yu et al
2015). Primary injury is the first collision which causes the brain to be knocked into the skull. It
is the focal (intracranial hematomas, skull fractures, coup-countercoup lacerations) and
diffuses the mechanical harm imposed on the brain. It is the phase in which there is shearing

of blood vessels and axons due to the injury. This primary insult leads further to the swelling of
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the brain, ischemia, and infection, changes in cerebral blood flow and intracranial pressure,
and cellular damage which comprises the secondary injury (Yu et al 2015, Kaur and Sharma
et al 2017). This combination of the primary and secondary injuries following TBI, makes it a
complex to understand and treat.

TBIl is a single dynamic process which includes a multitude of cascades of pathological cellular
pathways. The multidimensional cascade following TBl and its varied symptomatic
presentation with differences in individuals, injury type, injury severity, age and gender make it
challenging to diagnose understand and treat TBI (Kaur and Sharma et al 2017, Prins et al
2013). Many interventions can be done after TBI to reduce intracranial pressure and
excitotoxicity, manage hyperventilation, and recover oxygenation. However, it is important to
keep in mind that the multiple foci of physiological disruptions generated by TBI require a multi-
targeted approach. Increasing understanding of the pathophysiology following TBI provides a

great promise for different therapies in the future.
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4.2 Animal models for TBI

TBI is a neurological event which can be defined as an alteration in brain function, or other
evidence of brain pathology, caused by an external force (Wojnarowicz et al 2017, Menon et
al 2010). Thus, TBI is a diagnostic formulation that hints at a sudden onset of tissue pathology
due to the external insult. This makes TBI a medical event and not a disease per se
(Wojnarowicz et al 2017). There is a pathophysiological heterogeneity observed in human
patients with TBI. There are many reasons why this might arise which include but are not limited
to the location, nature and severity of the primary injury and preexisting conditions. Further
heterogeneity is introduced by factors such as age, health, gender, medication, alcohol and
drug use, and genetics. Therefore it is easier to conceptualize TBI as a dynamic neurological
process and focus the clinical attention on evaluation of a potentially fluctuating course rather
than diagnosis of a static condition (Xiong et al 2013).

This diverse nature of human TBI highlights the challenges in developing clinically relevant
animal models. This lead to a consensus that no one model is sufficient to cover this diversity.
In light of this, animal models in TBI are available to cover a large number of brain injuries. In
human patients TBI is very heterogeneous. Animal models of injury are designed to produce a
relatively homogenous type of injury and therefore any one animal model might not be able to
recapitulate all secondary injury developments observed in humans (Xiong et al 2013, Johnson
et al 2016).

The purpose of experimental models of traumatic brain injury is to replicate certain pathological
components or phases of clinical trauma in experimental animals aiming to address pathology
and/or treatment. Regardless of the goal of the research, a TBI model should satisfy specific

criteria: 1) the mechanical force should be controlled, reproducible and quantifiable, 2) the
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injury should be reproducible and bear some resemblance to human conditions, 3) should be
possible to measure the injury outcome using morphological, physiological, biochemical and
behavior parameters and these should be related to the mechanical injury inflicted, and 4) the
intensity of the mechanical force used to inflict the injury should be able to predict the severity
of the outcome (Cernak et al 2005). Keeping these criteria in mind, though larger animals might
be closer in size and physiology to humans, it is widely accepted by investigators to use
rodents in TBI research mostly due to their modest cost, small size and easy handling among
many reasons (Xiong et al 2013, Cernak et al 2005). Among the many models available the
most widely used TBI models in research are: fluid percussion injury (FPI), controlled cortical
impact (CCl), weight drop injury, and blast injury (figure 2).
—  Fluid percussion model
Fluid percussion model is a helps replicate moderate to severe forms of TBI. In this model, the
injury is inflicted by a fluid pressure pulse to the dura (through a craniotomy) using a pendulum
which strikes the piston of a reservoir of fluid. The craniotomy is either performed centrally
around the midline or laterally over the parietal bone between the bregma and the lambda
(Alder et al 2011, Kabadi et al 2013, Xioang et al 2013). The percussion provides a
displacement and deformation of brain tissue and the severity of the injury is controlled by the
strength of the pressure pulse. Although there is no skull fracture in this model, which is usually
seen in moderate to severe TBI in humans, this model helps replicates intracranial
hemorrhage, brain swelling and progressive gray matter damage.
— Controlled cortical impact

The controlled cortical impact (CCl) model is the most commonly used model of TBI. It is
mechanical model of TBI which uses a pneumatic or electromagnetic impact device to drive a
rigid impactor onto the exposed intact dura following a craniotomy ( Xiong et al 2013, Romine
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Fig. 2: Experimental animal models of traumatic brain injury. Xiong et al 2013.

et al 2014, Osier and Dixon et al
2016(b)). CCl models mild to moderate
TBI. This model was used to mimic
biomechanical deformities after TBI, for
example after automotive crashes.
They are also used now to study the
morphological and behavioral changes
after TBI (Osier and Dixon et al 2016
(a)). The advantage of this model over
other models is the ease with which
mechanical factors such as time,
velocity and depth of impact can be
controlled. An additional advantage of

this method is that unlike the weight

drop models of TBI, there is no rebound injury (Xiong et al 2013).

— Penetrating ballistic-like brain injury

Penetrating ballistic-like brain injury (PBBI) has been established as a military-relevant model

of TBI (Shear et al 2011). It is caused by transmission of projectiles with a high energy

penetrator and a shock wave which release a high amount of kinetic energy that is transferred

into the brain. This kinetic energy produces a temporary intracranial cavity in the brain which

is a major contributor to the wound damage. The model can be controlled by controlling the

anatomical path of the projectile and the degree of energy transfer (Xiong et al 2013, Williams

et al 2006). It is highly relevant to study moderate to severe TBI and for a mechanistic

evaluation of the injury.
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— Weight drop models

In weight drop models of TBI, the skull is exposed (with or without craniotomy) to a free falling
guided object. The injury severity is controlled by controlling the weight of the object falling and
the height from which it falls. The different weight drop models available are: a) Feeney’s weight
drop model in which the weight is delivered to the exposed dura. This leads to intracranial
hemorrhage and cavity formation (Feeney et al 1981), b) Sohami’s closed head injury model
in which a weight impact is delivered on one side of the unprotected skull. This model was
further standardized and a neurological severity score was performed to evaluate the
neurological impairment in the mice (Chen et al 1996, Flierl et al 2009), and ¢) Marmarou model
of diffused axonal injury (DAI) to mimic diffused TBI in human caused by falls or motor vehicle
accidents. This is also a closed head injury model in which a brass weight free falls onto a
stainless steel disc which is mounted on the exposed skull between the bregma and the lambda
(Marmarou et al 1994). This model causes extensive damage of neurons, axons dendrites and
the microvasculature. A disadvantage of the weight drop models of TBI is the high variability
of the location and severity of the injury (Xiong et al 2013). However, it is inexpensive and the
TBI closely mimics a closed head concussive injury seen in humans.

Animal models give us insight into the dynamic neurological processes following TBI, there are
some limitations to the currently available animal models. Although there is a similarity between
the rodent and human brains, there are still physiological differences in terms of brain structure
and function which exist that may lead to substantially different responses to trauma. Another
drawback is the measurement of the injury severity. The assessment of the severity is key for
diagnosis, management and prognosis of TBIl. However, similar to the GCS in humans there
is no common scoring system, which is widely accepted, to measure the severity of the injury
in rodents. The current animal models mimic some types of brain injury but to get a
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breakthrough in TBI we require development of more clinically relevant TBI models combined

with innovative clinical trials.
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4.3 Ethanol intoxication and TBI

Alcohol intoxication is a well-known risk factor of trauma and more specifically TBIl. 43% of
patients involved in car accident have positive blood alcohol concentrations (BAC, Savola et al
2005) and up to 55% patients admitted for TBI in particular have positive BAC, a majority of
the patients displaying a binge drinking pattern (i.e., not chronic alcoholics, Leo et al 2016,
Cummings et al 2006). These statistics show that positive blood alcohol levels (BAL) is a
clinically relevant variable affecting the pathophysiology and the clinical management of TBI.
The effect of blood alcohol concentration on the outcome of TBI is controversial. Surprisingly
positive BAL had been associated with a better outcome of TBI compared to undetectable BAL
in several clinical studies (Brennan et al., 2015; Raj et al., 2015; Raj et al., 2016; Berry et al.,
2011; Salim et al., 2009; Cho et al., 2016, Tien et al 2006) and experimental studies (Kelly et
al 1997, Janis et al 1998, Wang et al 2013). However, there are some studies which also
dispute this notion (Joseph et al., 2015; Pandit et al., 2014, Wu et al 2014, Vaagenes et al
2015). In particular, BAL> 230 mg/dL has been suggested to provide the largest decrease in
mortality (Salim et al., 2009; Berry et al., 2011) in moderate-to-severe TBI.

Patients with positive BAL showed a faster recovery of neurocognitive functions (Lange et al
2008), although other studies found either a detrimental or no effect of positive BAL (Schutte
et al 2010, Kaplan et al 1992). Likewise, Interaction between ethanol intoxication and TBI has
been investigated in experimental models utilizing different TBI models and different schedules
of ethanol administration. Ethanol administration before a fluid percussion injury (Wu et al
2014), or three-dose ethanol administration before and after controlled cortical impact (in rats,
Vaagenes et al 2015) worsened sensorimotor recovery, whereas a single-dose ethanol

administration soon after blunt TBI (Wang et al 2013) or before blunt TBI, (Chandrasekar et al
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2017), contusive TBI (Kelly et al 1997), or controlled cortical injury (Janis et al 1998) lead to
faster recovery after Injury.

Despite being the most common comorbidity of TBI, the clinical relevance and interaction of
BAL on the TBI pathophysiology is only partially understood from a molecular and cellular point
of view. Ethanol Intoxication (El) at the instance of trauma modulates the neuroinflammatory
profile, reducing production of proinflammatory cytokines and enhancing secretion of
interleukin (IL)-13 (Goodman et al 2013) although it is also reported to increase brain edema
(Katada et al 2012). Nevertheless, the pharmacological spectrum of ethanol activities include
antagonistic effects on N-methyl-D-aspartate receptor (NMDAR, Criswell et al 2004), and
agonistic effects on gamma-aminobutyric acid (GABA) receptor (Kumar et al 2009), suggesting
that ethanol intoxication may affect multiple, distinct sets of biological functions in neurons,
astrocytes, and immune cells (such as synaptic plasticity, proliferation, and inflammation) at
once.

In particular, a beneficial or detrimental effect of ethanol on TBI, and the boundaries of the
parametric space of such an effect (in terms of doses and of timing of administration), remains
unclear and the molecular mechanisms of EtOH interaction on TBI, and their consequences,

are largely unknown.
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4.4 Pathways unfolding after TBI

4.4.1 Inflammation

The pathogenic cascade set in motion after TBl has a strong neuro-inflammatory profile.
Neuroinflammation follows the primary injury and may persist up to 17 years after TBI (Giunta
et al 2012) and has been long considered to contribute to the damage sustained following brain
injury (Kumar et al 2012). Neuroinflammation is one of the major causes of neural death post-
TBI as it interferes with the endogenous repair mechanisms through immune cells, microglia,
astrocytes, cytokines, chemokines and other inflammatory molecules. Although the
inflammatory response to TBI is initially protective to prevent the invasion of pathogens, these
molecules eventually cross the blood brain barrier (BBB) and release prostaglandins and pro
inflammatory cytokines which eventually prevents the efficient repair of the damaged tissue
(Schimmel et al 2017). The inflammatory response to TBI is also characterized by an elevated
level of ATP released upon injury. ATP activates the purinergic pathway in the inflammatory
cells and thus plays an important role in migration, proliferation, phagocytosis and apoptotic
signaling (Garg et al 2018).

Danger associated molecular patterns (DAMPs) are recruited minutes after the injury followed
by a set of cytokines and chemokines (Gyoneva et al 2015, Morganti Kossmann et al 2001).
This is further followed by the arrival of neutrophils (Soares et al 1995) and 2-3 days later
multiple subpopulations of neuroinflammatory cells including lymphocytes, monocytes and NK
cells to name a few (figure 3, Goodman et al 2013, Gyoneva et al 2015, Hsieh et al 2013,
Holmin et al 1995). Neuroinflammation after TBI occurs both in the primary and secondary

phases following TBI (Chiu et al 2016, Woodcock and Morganti-Kossmann 2013, Lozano et al

23



2015) and the polarization of the immune response taking place within the damaged cerebral
tissue may contribute to the net consequences of the neuro-inflammatory response (Gyoneva

et al 2015, Mckee et al 2016).
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Fig. 3: Inflammatory response to TBI. The figure shows a time course of the molecular and cellular mediators after TBI and the histological

representation of the inflammatory reaction. Gyoneva et al 2015.

Gliosis is a widespread phenomenon occurring widely after an insult on the brain and includes
astrocytes, NG2 glia and microglia recruitment mediating both beneficial and detrimental
effects after TBI (Sirko et al 2015, Dimou et al 2015). In a healthy brain microglia have a
ramified morphology and are termed as ‘resting microglia’. Upon an external disturbance, the
cells rapidly change and form an amoeboid becoming ‘active microglia’ (Faerber et al 2004,
Folkersma). In the injured brain, microglia forms the first line of defense and initially benefit the
brain post injury by separating the healthy and injured tissues to limit the damage (Xiong et al
2018, Schimmel et al 2017). They are protective by producing anti-inflammatory mediators,

scavenger cellular debris and orchestrate neurorestorative processes to promote neurological
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recovery after TBIl. However, microglia also produce proinflammatory mediators that
exacerbate brain damage, hinder brain repair and neurological functional recovery (Xiong et al
2018, Schimmel et al 2017, Kabadi et al 2014, Hernandez-Ontiveros et al 2013).

Astrocytes are also involved in the injury sites along with microglia. They work with neurotrophic
factors by upregulating neurotrophic factors which in turn aid in axonal repair, increasing cell
proliferation, aid in neuronal survival and inhibit programmed cell death. Along with this they
also reduce glutamate excitotoxicity by regulating the glutamate levels (Schimmel et al 2017).
Contrary to the beneficial effects, astrocytes are also detrimental due to the formation of glial
scars, which is a physical barrier surrounding the injury site preventing efficient repair of the
damaged tissue (Schimmel et al 2017, Kumar et al 2012). Astrocytes derived cytokines are
also released at the site of the injury where cytokines such as IL-1B and TNF-a promote
neurotoxicity whereas TGF- 31 is considered to be neuroprotective (Chiu et al 2016).

This close association between TBI and neuroinflammation, helps neuroinflammation emerge
as an important target for the amelioration of TBI. Modulation of the inflammatory pathways
provide an extended time window for therapeutic interventions to prevent the development of
secondary pathology and promote neuronal recovery. Ethanol intoxication before trauma could
provide important insights into the status of the pro-survival signaling pathways post-TBI.
Ethanol and trauma induced inflammation has been studies on a systemic level, where ethanol
has demonstrated significant immunosuppressive abilities (Wagner et al 2016, Relja et al
2016a), reducing cytokine levels and inflammation induced damage (Relja et al 2015, Relja et
al 2016b). The effect of ethanol on the neuroinflammatory response after TBI shows both
enhanced (Teng et al 2014) and reduced responses (Goodmann et al 2013). This makes it
interesting to use ethanol intoxication to study the inflammatory signaling pathways following
TBI and the histological evaluation of microglia.
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4.4.2 Receptor Tyrosine Kinases

Receptor tyrosine kinases (RTKs) are essential components of signal transduction pathways
that mediate cell to cell communication (Hubbard and Miller et al 2008). These transmembrane
receptors which bind to mainly growth factors, play key roles in processes such as cellular
grown differentiation, metabolism and motility. Due to their roles as growth factor receptors,
RTKs have been implicated in the onset or progression of various cancers either through
mutations of receptor/ligand overexpression (Hubbard and Miller et al 2008, Blume-Jensen et
al 2001). Among the many protein kinases involved in cellular signaling, some important ones
are mitogen-activated protein kinases (MAPKSs), protein kinase B (figure 4, also known as Akt),
and glycogen synthase kinase (GSK). Emerging evidence shows that these three signaling
cascades respond to TBI and are of particular interest because of their involvement in the
regulation of cell fate, repair, plasticity, memory and motor skills (Neary et al 2005).

Clinical data suggests that ethanol intoxication is a potential modifier of TBI outcome showing
surprisingly that patients with positive BAL survive TBI better (Brennan et al 2015, Raj et al
2015, Raj et al 2016, and Berry et al 2011). Thus, acute ethanol intoxication prior to TBI may
produce context-dependent beneficial effects after TBI offering an entry point to understand
targets of intervention. Mechanistic understanding of influence of ethanol on TBI is limited.
However, the pharmacological spectrum of ethanol include antagonistic activities of NMDAR
(Criswell et al 2004) and agonistic effects of GABA receptor (Kumar et al 2009) suggesting that
ethanol affects multiple distinct set of biological functions in different cell types such as
neurons, astrocytes and immune cells thus modulating synaptic plasticity, proliferation and

inflammation at once.
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Fig. 4: The AKT signaling pathway. AKT is activated by PI3K which is itself activated by several upstream signaling pathways such as
insulin receptors, receptor tyrosine kinases, G coupled receptors and cytokine receptors to name a few. The molecules in this pathway
are involved in cell proliferation,glucose metabolism, cell survival, cell cycle, protein synthesis and neuronal morphology and plasticity.

Pathway diagram reproduced from Cell Signalling Technology, Inc. (www.cellsignal.com). Emamian et al 2012

These effects of ethanol could be studied at a molecular level by studying the effect of TBI and
ethanol on a set of RTKs including, among many, the ErbB family and Trk family receptors
(involved in synaptic plasticity and astrocyte proliferation, Sun et al 2016, Mei et al 2014, Gupta

et al 2013), AxI/Dtk/Metk receptors (affecting microglia physiology, Fourgeaud et al 2016), and
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EphA and EphB family receptors (modulating astrocyte responses, Sheffler-Collins et al 2012).
Because distinct sets of RTKs control different biological responses and structures (synaptic
plasticity, astroglial responses, and neurovascular unit, Mei et al 2014, Sheffler.Collins et al
2012, Guillemot et al 2011, Su et al 2015, Gurnik et al 2016), monitoring the activation status
of such receptors make it possible to probe the ongoing cellular responses elicited by TBI and
the combination of El and TBI. In particular, activation of the ErbB family RTKs provides an
entry point to the excitation/inhibition balance in the affected cortex. In fact, ErbB family
members, including ErbB2, ErbB3 and ErbB4, are expressed on inhibitory interneurons (Bean
et al 2014, Fazzari et al 2010, Neddens et al 2011), where they control the strength of excitatory
synapses (Vullhorst et al 2015, Sun et al 2016). Among the inhibitory interneurons, ErbB
receptors are prominent regulators of parvalbumin-positive (PV) Interneurons (Wen et al 2010,
Yin et al 2013) and thus provide an entry point to the effects of El and TBI on perisomatic

inhibition and cortical excitability (Atallah et al 2012).

4.4.3 Immediate Early genes

Immediate early genes are genes which are activated rapidly and transiently to cellular stress
or immune responses. Trauma also induces alterations in the transcription of immediate early
genes and subsequently has a role in either restoration of function and progression of cell loss
(Marciano et al 2002, Whitfield et al 2000). Specifically, the induction of prototypical immediate-
early genes (IEG), such as c-Fos and Atf3, have been detected in rodents and in human tissue
(Dutcher et al., 1999; Giza et al., 2002; Czigner et al., 2004; Wang et al., 2014; Natale et al.,
2003; Zhang et al., 2014). Transcriptome data suggest that c-Fos is among the master

regulators of the transcriptional response to TBI (Samal et al., 2015).
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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. Excitation-dependent IEG transcription is associated with enhanced neuronal
integrity and survival after insults to the central (Zhang et al., 2002; Zhang et al., 2009; Zhang
et al., 2011; Ahlgren et al., 2014; Rawat et al., 2016) and peripheral nervous system (Gey et
al., 2016). The transcription modulates a wider set of biological responses in the CNS, such as
learning and memory (Ramanan et al., 2005; Mellstrom et al., 2014; Li et al., 2007),
neuroinflammation (Nomaru et al., 2014; Wang et al., 2012), and structural/functional circuitry
remodelling (Hu et al., 2004; Loésing et al.,, 2017; Renaudineau et al., 2009). Pathological
conditions such as downregulation of axonal sprouting (LOsing et al., 2017), expression
patterns in Alzheimer's disease (AD, Corbett et al., 2017) and epilepsy (Honkaniemi and Sharp,
1999; Morris et al., 2000; Yutsudo et al., 2013) are also modulated by immediate early genes.
Ethanol is known to have both GABA-enhancing and NMDAR-antagonist properties (Criswell
et al., 2003, 2004) which makes it well suited to affect the excitation-dependent transcriptional
response to TBI, which has a strong NMDAR component (Wang et al., 2014). This points in
the direction that ethanol can be used as an entry point to understand how to TBI affects not

only neuronal survival but also synaptic plasticity and neuronal inflammation.
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4.5 Inhibition of PV interneurons after TBI

The pathogenic cascade following concussive and contusive TBI is strongly driven by
excitation triggered cascades. Studies have revealed a strong and rapid increase of
extracellular glutamate in both experimental models and patients (Folkersma et al 2011,
Chamoun et al 2010) after TBI. Physical forces of trauma trigger axonal stretching, membrane
damage and neuronal depolarization which not only cause excess glutamate release but can
also cause a failure in glutamate re-uptake (Kaur and Sharma 2017). The rise of glutamate and
the suprophysiological activation of excitatory glutamate receptors is thought to contribute
critically to Ca?* dysregulation via NMDA receptor signaling (Weber et al., 2001, Weber, 2012,
Hardingham et al., 2002, Pohl et al., 1999, Wroge et al., 2012, Hinzman et al., 2015, Samson
et al., 2016) and may lead to death of neurons due to excitotoxicity (Hardingham and Bading,
2010). The extrasynaptic Ca?* overload is followed by a loss of structural integrity,
mitochondrial dysfunction and metabolic disturbances, culminating in bioenergetics failure and
neuronal loss (Weber, 2012; Hinzman et al., 2015; Sun et al., 2017; Bading, 2017).

Excitotoxicity plays an important role in the development of the secondary injuries that occur
after the initial insult and contributes significantly to the expansion of the total volume of the
injury (Yi and Hazell et al 2006, Fujikawa et al 2015, Guerriero et al 2016). Despite this, there
is ample evidence suggesting that reduced excitation may play a role in the pathophysiology
of acute TBI shifting the excitation/inhibition balance more towards increased inhibition
(Sawant-Pokam et al., 2017). Neuronal responses to synaptic stimulation and sensory inputs
are suppressed for several days after TBI (Johnstone et al., 2013; Johnstone et al., 2014; Allitt
et al.,, 2016) and neuronal metabolism is decreased in the affected cortex (Dietrich et al.,

1994).Surprisingly, glutamatergic antagonists are protective only in the very early phases of
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TBI (Pohl et al 1999) which makes it interesting to study the effect of excitation-dependent
signaling on neuronal vulnerability to TBI.

The net neuronal firing is determined not only by intrinsic properties, but is strongly influenced
by the activity of glutamatergic synapses (together with the activation of non-synaptic
glutamatergic receptors), as well as by the inhibitory inputs (Isaacson and Scanziani, 2011).
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; Leveille et al., 2010;
Hardingham and Bading, 2010). Thus, both excessive glutamatergic drive (excitotoxicity) and
insufficient neuronal excitation may modulate the sensitivity of neurons to TBl-associated
pathogenic cascades (as in other neurodegenerative conditions; Roselli and Caroni, 2015).
GABAergic interneurons provide a homeostatic regulation of firing of excitatory neurons and
shape the propagation of excitation in space and time (Wilent and Contreras, 2005; Haider et
al., 2013). Although selective loss of GABAergic subpopulations 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-positive (PV) interneurons constitute a subset of the cortical GABAergic
population integrated in the local microcircuitry 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;
Donato et al., 2015) and a strong activation of PV interneurons is sufficient to shut-down the
firing of principal neurons (Atallah et al., 2012, 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.
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5 Aim of thesis

Traumatic brain injury is an open or closed head injury caused by an external force. Depending
on the etiology, TBI can be closed head or penetrating and occur as a single event or in a
repetitive fashion. The primary injury is always closely followed by a series of secondary events
which are usually the reason for the complexity of the injury. Multiple pathways are
simultaneously affected by the primary injury including the inflammatory cascade and the
receptor tyrosine kinase pathway suggesting a multiple target approach to find a therapeutic
intervention after injury. Apart from its effect on the cellular and molecular level, TBI also affects
the cortical microcircuitry. Excitotoxicity is an important drawback in the pathophysiology of TBI
leading to neuronal loss and apoptosis. This leads us to believe that controlling the neuronal
activity could be a useful approach to understand the pathophysiology of TBI. Acute ethanol
intoxication provides an entry point leading to a therapeutic intervention due to its role in the in
targeting multiple signaling cascades, RTK signaling, modulation of the neuroinflammatory
profile post injury, and controlling the activity and plasticity of inhibitory interneurons.

The aim of the present study is to establish the effect of ethanol intoxication and understand
some of the signaling cascades which unfold upon injury and further if this could lead to
therapeutic intervention. To this end | used acute ethanol administration in vivo to study the
effect of ethanol intoxication on injury. | used behavior studies to characterize the sensory and
motor impairments post injury and to elucidate the effect of ethanol intoxication. | further used
protein microarrays to find specific targets affected by TBI and modulated by ethanol and
identified the specific cell type which contributed to the therapeutic intervention post-TBI. |

further exploited a set of viral tools including engineered ion channels with orthogonal
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pharmacology (Pharmacologically Selective Activation Module [PSAM]) and Designer
Receptors Exclusively Activated by Designer Drug (DREADDSs) to control PV interneuron and
principal neuron firing within discrete time windows before and after TBI. Using these methods

| was able to study neuronal vulnerability to TBI.
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ARTICLE INFO ABSTRACT

Kivmondi: Ethanod intnaication is o common comorbidity in raumatic brain mjory. To date, the effect of ethanol on THI

Traumatic brain inury pathagenic cnseades and resulting suloonses remaing debabed, A closed Blust welght-diog niirne TBI madel has

Ethanel been implemented o investigate behaviomal (by sensorimotor and neurclogical {ests), and newro-immunological

Sreion Chy tiesoe cytokine anravs and dmmuno-histalegy) effocts of etbanod intowication on TR The effect of the oc-

Microgita currence of trmmnatic imtracerebral hemorhage was also studied. The resulis indicate that ethano] pretreatmend
results in o fsier and better recovery after TEL with recluged Snifilorarion of beukoeytes and reduced microglin
activation. These owtcomes correspond to reduced parenciymal levels of Gbd-CSF, IL-6 and [L-3 and o the
tramslent upregulation of 1L-13 and VEGF, indicating an early shift in the cyokine prafile towards reduced
inflammation. A significant difference in the cytokine profile was still hserved 24 h post injury in the ethanol
pretreated mice, & shawn by the delayed peak in -6 and by the suppression of GM-CSF, IFN-y, and [L-% Seven
days poat-injury, ethanol-pretreated mice displayed o significant decrease both in C045 + cells infiltration amd
i micraghial activation, ¢n the other hand, in the cose of raoemarc intrecerehral hemorrhage, the cymkine
profile was dominated by KC, CCLS, M-CSF and several interbenking and ethanol pretrestment did ol progdecos
mny modification. We can thus conclode that sihaned mtoxicntion suppresses the aenie pereinfllammoiary
riponse o TH, an effect which i correlaoted with a faster and complite pmurological recovery, wheress, the
presence of trmomatic intracerebrnl hemorrhape overrides the effecs of ethanal.

1. Introduction

Troumatic brain injury (TBIJ i5 a significant source of morbidity and
mortality, with 576,810,000 cases occurring every year in the US
abune, leading o 17.6/100,000 deaths per year |1 2): 3.2-5.3 million
patients surviving severe TBI suffer from life-long disabilities |1]

Aleohal intoxication bs a highly prevalent comorbidity of TBI and
43% of cor accidents involve aleohol as a risk fictor [4]. Up o 55% of
patients sdmitted for TBI show positive Blood Aleohol Levels (BAL)

25], the majority of them being binge-drinkers, Positive BAL is
therefore a relevant clinkeal variable, potentially affecting the patho-
physialogy and the clinical management of TRL

Surprisingly, positive BAL has been associated with a better out-
come ol TBE i several clindeal [6-12] anad ekperimental sudies
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[13-15], but not in athers [16-19], The mechanism for the purported
beneficial effects and the causes of the variable outcomes of the clinical
stuchies are still not elear.

Pathogenic cascades set in mation by TBI have a strong neuro-in-
flammutory companent: after injury, danger-astociated molecular pat-
terns (DAMPs) may act within minutes, engaging the comresponding
receplors on astrocytes and microghia, which i tum release cytokines
and chemokines [20]. TBl-associnted immune response evolves with the
recruitment of neutrophils [21] and, within 2-5 days, with the arrlval
of multiple subpopulations of | cells including lymphocytes, NK
cells and monocytes [22-20], The polarizaton of the immune response
taking place within the damaged cerebral tissue may contribute o the
net consequences of the neuro-inflammatory response [ 20,24],

Despite the clinical relevance, the imerplay of sthang] [oxication

= Conrresponiling aulhur ol [k, of Meunaliogy, Lilm University, Schouol of Mdiciee, I&mlrr Far Bummdmlli Resesrcih (ZHF), Ihlmhnllwmm &-’J (W1 540, &1 Uim, Germany,
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and the neure-immune response to TR i poarly anderstood. The effect
o ethanol on the neuro-Inflammatory response after TR has been de-
Tatecl: buth enhanced [25) and reduced [26] responses have been re-

Om the other hand, the imeraction of ethanal and srauma-incduced
Iinflammution has been studied at a systemie level, where ethanol has
demonstrated significant immunosuppressive abilities [27-28], redo-
cing cytokine levels and containing inflammaton-induced damage
[29 ),

In this sy, the effects of ethanol on sensorimataor recovery and on
the polartzation of the newro-immune respones after THL were n-
vestigated by manitoring the intraparenchymal cytokines Angerprint in
the seute stage of TB1 and the starus of pro-survival signaling pathways,
together with the sensorimobor performance and the histological eva-
luation of microghial activadon,

2. Materials and methods

2. Asimals, etfanod, aad b ic brain injury model

We sed 0 bluni nu)dmle-:ev\eritf THI model that was previously
reported [21], A summary of the timeline of pharmacological treat-
ments and procedures s provided in Tlg. 1. BB-SIL WT male mice aged
BO-90 days were administered, by oral gavage, 400 il of ethanol salu-
ton (5 gk as previously reported |29 corresponding to 32% v/v n
saline] or saline 30 min before the procedure. Animals were pre-
medicated with Buprenorplibne (0.1 mg/hg by intraperitoneal infection)
and put under sevollurane nnesthesia (5% in 95% Og), According to
esablished procedures (31, the scalp skin was shaved and Incised on
the midling (B-10 mm] and gently pushed sideway (5 mm) fo expose
only the right parietal bone, Scalp skin incision did not involve the
mandpulation of major vessels or sensory structures and did not resull in
macroscopic bieod loss, In order to aveid damage 1o the cornea, ocular
gel (Bepanthen, Bayer Leverkusen Germany) was placed on the comeal
surfaces before the procedure. Animals were then manually positioned
in the welght-drop apparatis as previously deseribed |31 ), with the
impactor site localized in the center of the right parietal bone. A 333 g
Impactor from a 3 em height was used to deliver the TBE Soon after the
experimental THI, animals were adminisered 100% Oy and were
monitored for apnes time. After spentaneous breathing was restored,
the scalp skin of the anesthetized mice was stitched with Prolens 6.0
surgical thread and the animals were wansferred to a recovery cage
{single-howsed ) contuinimg 0 warmed pacd and ad lixdom acosis w food
and water. Additional doses of buprenorphine were administered every
12 | Jor the following 48 h post-injury. To avoid unnecessary suffering
of the mice, their general health was checked regulardy using o score

Inemutisnul Inmunopharumcoligy 51 {2007) 66-73

sheet developed for TBI, determining fixed termination criterions, Ef-
fort was made 1o minkmize snimal suffering and reduce the number of
animaky required.

2.2 Behovioral and neurological scofe disessment

The overall neurological impairment was evaluated posi njury
using the composite Meurobegical Severity Score [31] at 3 b, 24 h, 2 dpi,
3 dpi and 7 dpl. Breefly, the assessment included motor {muscle status,
abnormil movement), sensory (visual, tactile, proprioceptive), reflex,
and balance tests. Mice were awarded one point for failure to perform &
task, 3o that scores rnged from © to 10, increasing with e severity of
dysfunction. The Arens Escape test, part of NS5 evaluniion, was per-
farmed by placing the mice in o circalar, brightly-lit area whose wall
included a narrow opening leading to a dark compartment, The time
reguired by the mice to enter the dark compartment was measured and
averaged over three attempis, The Beam walk test was performed (211
by allowing the mice walk over a suspended wooden beam, [rom an
apen platferm o a dark compartment. The time requiresd by the mice
for the completon of the test was measured. All tests were recorded
with an averhanging digital camera and scored off-line. In all the tests,
the performance of a cohort {n = 3) of mice never pdministered with
any drug and never exposed to any procedure [defined drug-naive™)
was measured as n comparizon 0 sham mice. To maintain homogeneity
within the cohort, the reported behavioral data have been obtained
from mice which did not display, at pest-moriem examination 7 dpi,
meacroscopic signs of traumatic hemarrhage (defined as the presspce of
imtracerehral hematoma or hematoma o the meningeal surface)
Therefore, experimenters were blind 1o the presence of hematoma
thuring the period of behaviorl testing,.

2.3 Tiasue sampling, cyrokine and Akt array

For the evaluation ol cyvtokibes and signaling profiles, mice were
cuthanized at 3, 6 or 24 h post-injury and the brain was rapidly cdis-
sected out and eooled n lee-cold PBS. Braln samples were visually
eviluated for the presence of macrascopic hematomas. In hematomi-
free bralns, cormical samples, 1.5 mm in dlameter, eentered on the TBI
site, were dissected and smap frozen, In samples showing hematoma
formaticn, the brain was immersed in a large volume of ioe-cold PBS
and the clot was removed using two 206G sterile needles under visual
guldanee with o 4 x magnification lens, Using the tip of & sterile
scalpel, additional cortival tissue was removed untll no macrascopic
residue of blood could be seen, The gize of the hematomn was in no case
larger than 0.5 mm and did oot disrept the gross architecture of the
brain. After chot removal, o coriical sample vas obtained with @

Ethanol administration TR M55 score
{gavage] Arena escape
Sevoflurane | syat sevofiurane washout Beam walk _Buprenorphine
anesthesia Start O , 100% adminkstration i.p.
Buprgnorphine WS scode
adminiptration Lp. TR Transferta ATSI Excapy
Beam walk
\ | oo ' 4 '
-30 -sTu 1 Ts 0 min i ? 211 h 2 3
Scalp incision and Scalp wound Independent Sacrifice:
parietal bone closure experinments: perfusion
EXPOSUrE sacrifice and tissue ~fixation
sampling

Fig. 1, Temaline uf the xpurimentnl destyrn depicting the liming fnr e administrsion of sthmal bupnennrphise anid for hebaviom| s, laie amplisg for cpiokines, ischemistey and

Timnky,

&
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diameter of 1.5mm, centered on the lesion, The clot removal proce-
dure, performed In bce-cold PBE, did ned last longer than 10 min.

Tissue samples were then suspended in Lysis Bufler (1 = Lysis
Buffer; C5T; 20 mM Tris-HIC] (pH 7.5). 150 mM NaCl, 1 mM NagEDTA,
1 mM EGTA, 1% Tritan, 2,5 mM sodiem ]'r].'mphn.q:hnle. 1 md begly-
cerophosphate, 1 mM NaV0y, 1 pg/ml leapepting in which freshly
prepared Phosphatase (1 mbber per 10 ml lysis buffer) and Protease (1
tablet per 50 mi lvsis buffer) inhibicors [Roche cOmplete tablets, Sigma-
Aldrich, Taufkirchen, Germany) cocktall were added and homogenized
with 20 strokes of Dounce homogenizer, Tissue homogenates were then
cleared by centrifugation (10,000 g, 10 min) aml assayed for protein
concentration with the Bradford Protein Assay,

Cytokine array assay (Mouse Cytokine Arroy GS51, Rayblotech,
Norcross GA, US) was penfum:l:d in line with the manufacturer's -
structions. Briefly, arrays were equilibrated ar BT for 15 min before
Blocking each sub-array i Blocking Buffer {provided by the manu-
facturer) for 30 min. Tissue lysates were diluted in blocking buffer to a
concentration of 0.5mg/ml and 100 pl of lysate from each tlissue
sample was incubated in each sub-armay for 18 h at 4 °C en an orbital
shaker, The sub-asrays were ten washed 5 = 5 min iy Washing Bulfer [
[as provided by the manufacturer] and 2 = 5 min in Washing Buffer [I
[provided by the manufacturer). The antibody array was incubated for
2h at BT with 70 pl of Riotin-conjugated Anti-Cytokine Antibody mix
[provided by the manufacturer) in each sab-array. The Antibody amay
was then washed 5 » 10 min in Washing Buffer | and 2 % 10 min in
‘Washing Buffer 11 before being incubated for Zh st BT with
Streplavidin-Alexa 488 conjugate [diluted 1:1000 in blocking bulfer].
After further washing steps (as above), the armay was air-dried and
scanned (g uorescent scanper {Genepdx 40008 microarray scanner,
Malecular Devices Gmbh, Biberach, Germany ).

The phospho-akt arcay (Cell Signaling Technologies Evrope, Ledden,
The Netherdands) was performes] accoording to the manofacturer's in-
seructions. Belefly, the antibody array was blocked for 2 b with 100 pl of
Array BEocking Buffer {provided by the manofacturer) in each sub-
arrny; After discarding the blocking buffer, 75l of tssue lysate [di-
Iuted in Wocking buffer 1o o concentration of 1 pgApll wos added 1o
each sub-array and incobated for 18h a1 4°C on an orbital shaker,
Titsue lysate wad discarded and each sub-array was washed 4 % 5 min
with 100 pl of Armay Wash Buffer (provided by the manufacturer); after
which, 75pl of the Detecton Antibody cocktail [provided by the
manufacturer) was added to each sub-armay and incubated for 1 h at BT,
Arrays were then washed 4 = 5 min with Wash Array Buffer, before
being imcubated with Streptavidin-AlexadB8 conjugate (1-10005 for
3 min at AT on an orbital shaker. After 30 min the areays were washed
A 3 5 min in Array Wash buffer, the array slide was rinsed briefly in
distilled water, air-dried, and scanned in & flucrescent slide scanner
(Genepix. 40008 microarray  scanner, Molecular Devices  Gmbh,
Biberach, Germany)

24, Armay iminge analyss

Array images were scanned a5 16-bits images and fluorescence in-
tensity was quantified using Imagel seftware. Belefly, a fived-size elr-
cular region of interest was positioned on each spot in the array and the
median Muoreseence intensity value was logped. T median values for
Tor [cytokine array) or two (Akt armay) replicated spots were averaged,
after exclading the spots showing artifocts {dust grains, crystals, da-
maged spot area). Loeal background was assessed for ench spot amd
subtracted. All arrays contained 8 homogeneous arrangement of saline-
sham, ethancd-shasm, salime-TB] and ethanal-TBI :a.m_p]d. The funsres-
cence intensity value wis expressed as percentage of the average value
ol the corresponding analyte in the saline-shom samples.

25 Immumostaiaing and confocel imoging

For the evaluation of microglial activation and  leukocytes
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infiltration, mice were euthanized at 7 dpi by transcardial pecfusion
(5 ml lee-cald PBS followed by 50 ml 4% PFA in PBS). This was per-
formed by subjecting the mice 1o anesthesia using ketaminexylazine
(100 mg/ke and 16 mg/kg). After the animal was deeply anesthetized
{checked by loss of @il pinch reflex), a lateral thoracotomy was per-
formed and a gauge2d needle, connected to the perfusion apparams,
was positioned in the lefi ventricle. Upon activation of the perfusion
pumgp, the right atrium was surgically opened (to allow the ouflow of
the perfusion fluld). Perfusion of PBS or of 4% PFA was performed with
a rotury peristaltic pecfusion pamp {(Ismatec) impasing a Now of 8.5 mi/
min (monitored during the procedure), Perfusion of lce-cold PBS e
quited approximately 6 min and quickly achieved the cooling of the
mse body 1o the temperatuce of the lee-cooled solution and washed
avay the resdual bood. 4% PFA perfusion was performed at the same
perfusion cate and it was completed in & min. During the procedure,
macroscopic changes in liver, lung and muscle stiffness were monitored
for quality control and this was achicved 3 min after perfusion with 4%
PEA. Therealter, the brain was dissected and post-fixed for 18 b in 4%
PFA at 4°C, then washed in PBS and eryoprotected in 30% sucrose in
PES for 48 b 40 pm cryosections, spanning tse parietal corex (subject
to TEI), were subjected to the antigen-retrieval procedure (60 min in-
cubation at 70 °C in 10 mM Sodium Chrate buffer, pH 8.5) and there-
after bocked in Bovine Serom Albumin 3%, Triton 0.3% in PRS for 2 h
Then, the sections were incubated in raf anii-CDM45 (150, BD
Rinsciences |, rahbit anti-lhal {1:250, Wakno), diluted in blocking buffer,
for 48 h at 4°C on an orbital shaker. The brain sections were then
washed in PBS (3 = 30 min} and incubated with the sscondary anti-
bodies {Alexa-594-conjugated donkey anti rar, Alexa-647F-conjugated
donkey anti rabbit), diluted 1:500 in blocking bulfer for 2h at 24 °C.
The sections were thereafter washed in PBS (3 % 30 min) and mounted
using Prolong Gold Antfsde (ThermoFisher) mounting medium.
Dheerview images were acquired with o Z2eis Axioscops ﬂq}dppﬂd
with a 10 = alr objective; high-resolutlon lmages were acguired with a
Frimy LSM TN confocal microscope (hoth microscopes from Zeiss,
Oberkochen, Germany} equipped with n £0 = oil-tmmerslon ohjective,
Al imoges were acquired as 12-bit and wstack of 20-40 optical sec-
tons, with acquisition parameters set to aveld saturation of the de-
tectors, Image snalysis was performed using the Image] saftware suite.
For microglial density analysis, confocal stacks of 3-5 optical sections
were collapsed in maximum-intensity prajection, thresholded and the
surface pocupied by Tbal-positive stroctures was computed. Por CD45+
cell counts, eells with jdemifiable aucleus and cyroplasm  im-

mamastained for CIMS were manually counted.

2.6, Smnisncal analysis

Statistical analysis was performed with the GraphPad Prism sofi-
wire. All behavioral experiments were performed using 4-5 mice per
group and the cytokine and Akt amay experiments were performed
using 3-6 independent biological replicates per group. For the analysis
af the behavioral performance, non-pammetric rank-based Krskall-
Wallis test was applied, witl Dunn correction for muliiple comparisons
Since NS5 soore was consistently D in saling-sham mice, the variance
was significantly different in sham ve THL mice. Although behavioral
ditta have been analyzed wsing non-paremetric tests {and the values for
statistical significance are reported accordingly), in order to improve
the readability of the time courses, we have chosen to display the e
silts as mean = SEM. For the analysis of cvtokine and Akt arrays; one-
way ANOVA with Tuckey cortection for multiple comparisans was
applied to ecach time point independently. Datn are disployved as
mean = 51k to avold graph overcrawding, statistical significance has
heen depicted anly for sl THL 5 oth-TBI comparisons. Statistical sig-
niflcanee wos set at p = 005
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3. Results

F.1. Etfwmni impaication resedis in émproved sensorimotor recovery after
severe THI

The sensorimotor and overall neurclogical impairment due o se-
were closed TBI (3em) [31] in mice pre-treated with either saline or
ethanal (5 g/kgd were assessed using the NSS scoring system amnd
quantitatively scorng the arena escape test and the beam walk test
Mice were assessed pogt hoc (ot 7 dpi or as soon as eathanization cri-
terln were reached) for the presence of intracerebral hemstoma; in
urder to obain a homogeneous cohort, only mice which did not display
any hematoma were included in the present analysés (5 onimals dis-
playing hematomn, 3 pretreated with saline and 2 with ethanol, were
excluded). Saline-pretreated mice subjected to TBI (henceforth sal-TBI)
dhispliyed a significant acute nearelogical impairment (measured at 3 h)
compared to saline-sham mice (henceforth sal-5; N5S = 0 in sal-5 mice
and 575 = 1.0 in sal-TBI mice, p = 0.01} and ethanol-sham mice
{henceforth cth-5; NES = 1.0 + 0.5 for eth-58); NSS§ score improved
over thne and decreased o 4.0 = 1.0at 24 b post-isfury, 3.0 = 1.0at
Zadpi, 25 £ 075 at 3dpi and 1.5 & 075 at Tdpi (all fime points
P o< 0.0 ve sal-5 and eth-5 mice; Fig. fA) Ethanol-pretreated mice
{hencefarth eth-TRI) displayed o trend towards lower MSS scores al-
ready at 3 hoand 24 b post-injury (4.0 £ 1.25 and 3.0 = 1.25) which
beeame statistically significant a2, 3 and Tdpi {15 = 075,
125 + 0.5 and @5 + 0.5 rmespectively; p < 005 vs sal-TBE
Fig. 2A), indicating a faster and better recovery of eth-TB] mice. The
quantitative assessment of sensorimotor performance in the heam walk
assay revesled that sal-TEI mice were significantly sower in the test at
3h post-injury (325 = 755 vs 70 = 355 in ml-5, p = 000017
thelr performance bmproved over tme, with completion dmes of
276 = 845 26] = 9d5 185 & Tdsand 143 = ddsafer2d h
post-injury, 2, 3 or 7dpd (p < 0.005 ve sal-5 and eth-5; Fig. 2Bh Etl-
THI mice, on the ather hand, pedormed sgnificanily better after 24 b
post-injury amnd 2dpl (17.2 = 6.4 and 138 + 555 respectively;
p = 005 vssal-TRI), resulting in o significantly improved recovery o
Fdpl (81 = 225 p < 0,05 vesal-TBL; Fyg 1B} Likewise, the arena
escape test revealed that sal- T mice were significantly slower in en.
tering the dark compartment than sal-S or eth-8 mice after trauma (at
3h post-dinfury, 1114 = 30.25 p = 0.001 vs sal-5 or eth-5) and did
ot display a statistically-significant improvement over time, with es-
cape tme at 7dpi comporable o that st 3h  posi-infury
(W22 = BM3x p > 005 vs 3 h post-injury time point). Eth-TRI
mice performed significantly better than sal-TBI mice in the arena es-
cape at 2 and 3dpi (43.4 = 1E1 % and 46.3 = 18.57%, ru'pm.ivd.y;.
p < 005 vs sal-THI) and displayed a better recovery st 7 dpi
(404 = 17.3% p = (D5 vs sal-TED. OF note, in all tests sal-8 and eth-
5 mice performed comparably to drog-naive mice, implying that
ethanal per se is not the cause of improved maotor performance. Based
on accepicd ethanol catabolic rote (500-600 mgkgsh), (3253084
complete clearance of ethano] would ke place within 24 h lrom the
administration, and therefore the performance at 2, % and 7 days is not
directly affected by ethanol. Taken together, these data support the
view that positive BAL ar the time of TR may deliver neuroprotective
effects

3.2 Ethonol adminisorotion couses a distinet early rssue cyrokine parterm
after TH

In wsrder to investigate the mechanisms Hnking ethanol intesxication
te improved neurclogical performance, we focused on the effect of
ethanal on the neuro-inflammatery response couged by TBL We sam-
pled primary sematosensory cortex from the impact side, 3, 6 and 24 h
post-njury, in order o lvestigate the enrliest phases and w sdeguately
oover the time in which brain tissue may b:crpnsnd b ethamod itelf or
its metabolites, based on known pharmacokinetie parsmeters (31,
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Fig. 2, Fshannl pretressmeni improves seoie neurnlogical sngairment and. socelermes
recorvery, Al mice mehadal in Ehis analysis did noi show dgne of renmate bemaioms
when Dising ween sgaminid, post-hoe, s 7 dpi. A} Erhanok-presnesed mice display 2
significanity hewer NES acore tham saline-pretrmind mice a2 2, 3 and 7 3 (1.5 £ 075,
125 = 0.5 and 05 2 05 Jor eth-TB vi 3.0 = L0l 28 25 = 075 o1 3 dpi and
L5 = 0.7 for sal-THI a1 2, 3 and 7 dpi, respectively; p = 0.05 for all thres dme painis
nfter correction for muloiple comparisons), Stam mice perdformed comparably o dug
nane mice. B) Echanol-pretressed THI mice daplay o befier performansce (foeser trivene |
im ihe Benm Walk toxi @i prveral tme poinks sfter eery (for eih T 12,2 = 84,
138 = BS5a B = 2.3 mt 34 h posi-inpuery, 3 dpl and 7 dpi. mespecinely, s crmganed
W 276 = BEs MR £ 04w 85 + Tdsamd 143 £ 44 in wal THE p < 005 for
all i vime pulnts), Sham mbee perisnmed comparsbly po dnig-viive mice. T} Evhanol
pretroated TBE mice show a Dioser escupe frod open orenid than salingprelresied mics
(424 & 1805 463 = IB5s and 404 = 173s ar 2 3 and 7 dpi, respertively, s
pompared (0914 = 4.5 962 = 31.Zand 102.2 = 20,3 5 m mline-pretreaied mice)
Sham mice prrformal compamhly g0 drug-nanve mice. Saisgicn] analygs was performed
with Ehe mon-parmeir - Kruskall- Wallie teg for clarity, walios wre dephtiod a5
mean = SEM of 0 o= 45 miew *p - 005
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Fig- 3. Parenchymal cyioking paitem i cerelen| cones aftsr TH| s

dified By etbannl g &) Cortical otrmineed i
dh pest-injury from salinedireoied moce show & smmsionlly =i
nificant increase in the levels GM-CEF, 1L, THF-o. [FN-p, I3 amd
MEP-1; FL-03 liwks s erdisced], Behanal-peetrested micn display a
discrisea w B bevrdn of MCP-1 and VEGF, av well as of GM-05F, [E-6
e 163 leveds of [L-13, MCSF pad VEGF pere dncressed. B Cortical
nsmmplinn cbiained al & h pest-injury dhnsy ey apregalation GM-CSF,
THF-a and IFN-y level, sl n amaller incresse in [L-4 and 115 k-
veli. In ethasol peetrestind animals, cortical samples show  the
downregulntion of 112, L6 and 175 o veell as 1113 whereas GB
C3F and THF-x lovels were comparable in the mam gronps. Vakess are
mean * S ole = 36 mice *p < G4
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Semi-quantitative values for owenty eytokines in whole-tissue protein
extract were determined by solid-state antibody array and the valoes
ware expressed as fodd-changes of the saline-sham contral,

In sal-TBE samples, significant elevation (n the levels of several cy-
tokines was observed at 3 h post-injury: among the 20 cytokines ana-
lyzed, bevels of GM-CSF {147.8 = 10.1% of baseline, p = 0.01 vs
salime-sham), -6 (1325 £ 7.9%; p < W0L), TNF-a (1357 & 6.8%;
p o< 005 vs ealine-sham), [FN-y (1254 = 7.7%; p < 0.05) IL-3
1364 = 99%, p < 0.0O5) and MCP-1 (1414 = 97H, p = 0.01})
were slgnificantly higher than in sal-S controls {Fig. 2A), Only 1L-13
levels were reduced in the =al.TRI compared 1o the sham grodps
(654 £ 10.5% of salinc-sham]), with all cther cytokines showing de-
vintions which were nol siatistically significant when compared to sal
5. Wheseas ethano] per se, caused o small decrease in the levels of MCP-
1 and VEGF [67.4 = 0.2 and 70.2 = 11.3% of baseline respectively,
p = 0.05), the interaction of ethanol and TRI in eth-THI mice gener-
aved a distinet eytokine pattern only partially overlapping the sal-TBL
In the eth-TBI group, GM-CSF (756 =+ 7.9% of baseline, p <= (.01 vs
sal-THIY, [L-6 (796 £ 11.3% of baseline, p = (.01 vs sal-TBI) and 1L-
3 (678 = 0.8% of baseline, p = 001 vs s@l-TBI) levels were sig-
nificantly decreased. Notably, the eth-TBI group displayed & remarkable
inerease i M-13 {1397 + 5.5 of baseline, p = 0.01 vs zal-TBI}) M-
C5F {133.4 + 13.2% of baseline, p < 0.05 vs sal-THI) and VEGF le-
vels {1322 + 10.1% of baseline, p < 0.05 v§ sal-TRI).

WSafine T @ Ethanol TBI

In order to investigate the evalution of these distinet cytokine pat-
terns in sal-THI and eth-TRI, we analyzed tsue cytokine levesly, & b amed
24 h after the travma. At the & h time podine the sal-TBI still displayed an
elevation of the GM-CSF {1494 = 7.7%, p < 0.01 vs baseline), TNF-
o (1493 & BA% ofsal-8, p < 0.00) and [FN-y (143.4 = 9.8% of sal-
5 p = 0.01) levels, and & less evident Inerease in IL4 and IL-6
(1294 + 8.8% oand 1334 £ 17.2%, p < 005 v ml-8) levels
{Fig. 18) The eth-TEl group displayed o largely divergent cytokine
pattern: IL-2 {655 + 11.2% of saline sham; p < (0] v sal-THI), IL-6
(75.5 + b.5%ofsal-5p < (.01 vssal-TBI) and IFN-y (B24 + 15.4%
of sal-8; p < 0QLOY vs sal TAI) as well o 1L-13 (655 = 10.2% of sal.&;
p = 0.0% vs gal-TBE) were significantly decreased compared to sham or
gal-TRE, wiswereas GM-CSF (1335 = 20.2% of zal-S: p = OS5 ve sal-
TBI) and THF-a (1512 = 204%, p = .05 ws sal-TBI) levels were
comparalde i sal - TRI and oth-TER (Fig. 3B).

At 24 b post-injury, the sal-THI and ech-THI groups still displayed
different tssoe cyrokine patterns: whereas in sal-TBI the upregulation
of GM-CSF (1478 = B8% of sline sham; p < 0.01), L6
(135.5 + B.1%, p < 0.05 vz saline sham), IL-13 (1545 = B.3%;
p = 001 vesal-5), (-3 {1424 = 7.7%, p = 0.001 vs mal-8} and CCLS
(135.5 + 9.4% of sal-§, p = 0.01) was maintained, the eth-TB] group
disptayed a significant dowmregulation of 1IL-13 (64.4 + 10.8% of sal
5 p < 001), RC (524 + 18.2% of =al5 p < 0.01) IFN-y
(1014 + 6.4%, p < 0.05 v4 sal-TBI) and [L-3 {75.5 + 8.3% ol @l -5,
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p < 0.1 vesal-TBI) but a stronger expression of 1L-6 (1834 = 17.1%
of wil-5; p < 005 = - THI: Flg, 4k

Taken together, the cytokine patterns highlight 8 major effect of
ethanal intoxication at the moment of the frouma, which carries over
24 h o produce a significant divergence in the immune response as-
soeiated with TBI

A3 Effect of ethamal in TBFoctivated signafing landscope

In order fo explore the relationship between the cytokine paltems
and the overall tissue response to TEI, we analyzed the activation of
several signaling pathways (including mTOR, Ak, and Erk)] which
correlate with cell survival and protein synthesis. At 3h post-injury
{Fig. 5A), cortieal tssues, subject 1a TBI, displayed a decreased level of
Akt (5473) phosphorylation (734 + 15.5% of sal-§, p < 0.05) and a
significant suppeession of proteln synthesis pathway, as shown by the
decrense in the phosphorylation of the rbosomal protein 56
{51.4 £+ 125%, p < 0.01 vs sal-5) and In the elevation in phosphor-
ylation of PRAS-4D (127.7 = 10.6%: p < 0.05 vs =al-5). Motably,
f 3h
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Fig. 4. Cortical ﬂ.l'l1|'||ﬂ- from salive-pretrezied mice subject m THI
shine the apregulmion of GM.CSF, L6, D-1% IL.3 and COLG,
wherens in ethanol-preireaied mice o significant downregnlation of
13, XKL 1PNy and IL-3 is desersed; ethanolpretreated mice show
mn rphanced expresdon of (L-f, Valees ame mmn = Sholn = 3-5
it 4 o 005

WM-CSF TNFa

B Cthanal TEI

activation of the Erk pathway was abso significantly decreased
516 = 14.7%; p < .05 v 52l-5). Stme of these effects were sig-
nificantly reversed by ethanol pretreatment, with Akt (5473)
(1156 + 24.8% ol sal-5 p = (.05 vs sal-THI) and Eck (81 = 9.E% of
saline sham; p < 0,05 vs @l-THI) levels increased in eth-TBI mice
comparsd o sal-TB and PRAS-40 levels restored 1o baselipe
(98.5 = 153%; p < 005 vesal-TBI), Notably, the overall impact of
ethaivol on ps6 levels was negligible (53.7 + 16.7% of al-5 p > 0.05
va sal- TR, Fhmphnr-_ﬂ:ltinn levels of AMPE, RSKL, PTEN, and FDE1
were not altered by TBI or ethassl (not shown),

This distinct effect of ethanal pretreatment on the signaling profile
of the cortical tissue observed at 3 h post-injury persisted at 24 h post-
injury [Fig. SB). While pS6 phosphorylation levels were still reduced in
sal-TBI (554 + 13.5% vs sal-5 p < 0.05), they were significantly
increased in eth-TBI (794 + 1B.3 of zal-8; p = 005 ve sal THIY
likewise, at this time paint, eth-TBI mice displayed significantly higher
phosphorylation levels of mTOR (784 = 6.7% in sal-TBI v
934 = I0.4% in eth-TBL p < 0.05)and Erk (52,9 = 7.9% in sal-THI
vi B7.8 £ 19.4% In eth-TBL p =< 0,05} than sal-TBI mice, although

Fig- 5. [hsine signahizg profile o saline and cchanol-precreased
mice mfier THE A) &t Bh posidniery, wheole mrtical s from
sadivw-protrestal mice shom decroasnl Jevel of Ak (5473) phos-
phorylation s well 38 decrmin] phosphorylacks of the rilusosa]
pralem 56 ad inerdied o pleaphondation of PRAS-40. Bk phics-
phurylation is slss significantly derremsed. In snmples from edsanal
precreaced mice, leveis of Akt (5473 and Erk e Increased and
FRASAD levely are ressored o boseling. 18] &L 24 h poa-injury, pin
levels ame wisll decressed in saline-pretreaied THI mace e they are
signifizmily higher in ethessl-pretreaind sce. Etbanol-preimeaberd
TEI mice abe displey sigrificanily higher Yevels of mTOR and K
phimploeylation.  Valuis  aw  mesn + 50
p o= S

ol i = 3-5 mice
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phosphorylation  levels of Bad (635 = BE9% in s=alTBl wvs
B7.5 = 96% v oth-TBI: P = D.05) were simikar in thie pw EFROAIPS,

3.4, Ethanol imoodcation decremees microgiial activation and lewkocyies
infilermitian

The different cytokine pattems observed at early time points were
then evahmted for their impact on the level of the microghial response
in the subacute phase. Ta this aim, mice treated with either saline or
ethianal before the TE] were saeriflced st 7 dpi and the cortieal secrions
spamning the injury site were immumastained for the microglin marker
Ital and the leukoeyte morker CD45. All samples (sal-TRE and eth-TB1)
incloded an identifiable injury site, corresponding to the dismoption of
the gross cortical architecture (Fig. GA) As expected, at 7 dpl in al-TBI

Salina TBI

B Saline TRI

ahagy 51 [P T G6-T5

Ty L EUTTR T

Ethanol TBI

Oherview

Confocal

Charview

H Ethanol TBI

mice, the density of micooglin was increased (77.0 = 11.1 in =al-THI,
ve 11.1 #* 4.2 in saline sham: p = (.05) at the Injury slue, with mi-
croghial cells assuming o distinctively amoeboid morphology (Fi B,
€, whereas in cth-THI mice, microglia densiey was significantly de
creased compared to sal-THI (187 = 2.2, p = 005 vs sal-TBI) and
displayed a hranched-dysrophic Apprarance | B, C) Likewise, n
strong  nfiltration of CO45 4+ cells were detected in $al-TBI mice
(955 & 7.4 cells 45 « 107 prn" vs {15 & (LS in sham [3-F1. This
issing in eth-TBI mice (1.2 + 0.5 cellss
"aken together, these data suggest that the

populaton was largely «
45 = 107 pm®; D-F}
carly di noe I cytokine pattern caused by ethonol intoxicatlon
resulty i tory profiles in the suluscate phase

inct neuwro-inflamn
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A5 Loss of ethano! offects an oytokine pelteres in TR wath bemaroma

Vascular damage with asociated blood extravasation and hema-
lma formation i pol uncommen n TBE (13 Sioee the elin-
icopatholegical details of TRl patients are oftén ot used to strtify
epidemiological studies on risk factors, we tried (o sscertain i the brain
tissue cylokine pattems observed in TRl with hematoma formation was
comparable to the one in concussive TBI and how ethanol might modify
the contusive TR response. To this adm, cortical tisue was sampled
from mice which underwent experimental TBI and wpon brain dissec-
tan displayed 8 macroscopic hematoma an visual examination. The
hloed clot was removed and the corical samiples were processed os the
concussive TBI samples. Both at 3 and & b the cytokine parteens of TBI
samples with or without hematomn were strongly differents the former
displayed a strong elevation in KC (177.8 + B.6% of sal-8; p < 001
w5 sal-THI-no hematoma) VEGF (1554 £ 11.7% of sal-5; p = 0.01 vs
sal-TBl-no hematomal, 1L-9 (151.3 + B.6% of sal-8; p =< 0.01 wvs sal-
THI-no hematoma) and CCLS (1675 £ 11.6% aof sal-5 p < 0L.001 v
sal-THl-no hematoma) Jevels when compared to concussive TEI at 3 h
[Fig. TAL

At the & h time point, sal-TBI-hematoma samples showed o massive

kp
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Fig. 7. Hematoma influences the cyinkine profile and the sensiiivicy
o ethasod in TBE &) A 3 h peat-injury, conical samples from 781
displaying macroscopi hemmomes show, compared o amples with
no hematoma, stong devation in KC, VEGE, (L% and CCLS. Ko
cytokine wis significanily afected by eithanol preireatment. Values
re mean = 80 of 5 = 34 mice p o 005,

Bl AL dhe S0 thme pobil, samphe fom mice wlil THIrmstos
idmples ahow @ maive epeviulation of KO, IL-6, M-CSF, L3 aid
UL e sigmifleant incvesses in VBGF, [L-12and [L-17 eompared 1o
THI wishomn hemaioma MNotably, ethanol pregeaimem doss nm
modify any of the imvesrigated cyimkines. ¥alues are mean x50 of
n = 3 mive *p < IS

IL-17 MCP-1 CCLS VEGF-a

KC M-CSF TNFa

 Exhanal TBlsHematoma

upreguiation of KC {(220.4 £ 14.4% of ml-§ p < 0.001 vs sal-TBl-no
hematoma), 1.6 (1823 + 13.4% of sal-5, p < 0.01 v sal-TBl-no
hematoma), MAOCSF (2126 & 14.4% of sal-5 p = 0.01 vs sal-TBl-no
hematomal, 1-13 (2026 = 14.8% of sal-5 p < 0.00 va sal-THl-ne
hemotoma) and CCLS {227.5 £ 18.4% vssalS; p < 00001 vs sal-THI-
oo hematoma) and significant increases in VEGF (182.4 = 16.2%,
p = Q0L vs sal-Thlno bematoma), 1L-12 (1654 + 12.6% af sal-5;
p = Q.01 vs sal-TBl-no hematoma) and IL-17 (1509 = 11.4% of sal-
S p = 0.0O1 ws sal-TRl-no hematoma) levels compared (o TBI without
hematoma [Fig. TB). Thus, the infloence in blood-derived products con
be detected as a dpnificantly different eytokine sctivation profile in the
two types of TRE

Notably, in contrast o what b seen for TBl without intrscerebral
hemantoma, ethano] did not influence significantly the cytokine pattern
in TBI-hematoma: at 3 h past-injury in eth-TBI-hematoma samples, le-
vels of KC (1743 = 16.8% of sal-5; p = 0,05 vs sal-TBI-hematomal,
1L [147.4 = 14.5% of saline sham; p > 0.05 vs zal-TBI-hematomal,
OCLS (2183 + 24.3%., p > D05 vs sl TREhemataoma | and VEGF
(153.6 + 19.6% of sal-5; p < .05 vs sal-THI-hematoma) wene com-
parable 1o the sline-pretreated TBEhematoma samples (Fig. TAL
Likewise, ot 6 h post-injury levels of IL-13 (1824 + 23.9% of sal-5;
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0,053 ws sal-TBl-hematoma), KC (2029 & 19.8% of salf;
0.05 va sal-THI-hematoma), M-CSF (20165 = Z2E% of sal-8;
005 vs sal-TBl-hematomal, 117 (1579 = 14.4% of salS;
0.05 vs sal-THI-hematoma), COCLS (2147 £ 204% of sal-5;
005 vi sal-TBI-hematoma) and YEGF (1984 £ 253.4% of sal-5;
0.05 vs sal-TBI-hematoma) and all other upregulated eyiokines
were  comparable i sal - TBI-hematoma  and  eth-TBI-hematoma
Fig. 7B

- - B - - - |
VWY YN

L

4. Discussion

Our data supports the view thid a positive BAL may represent a
protective factor In TBI outcome and suggest thor modulation of the
neurosinflammatory response, as detected by the shift in cytoline pat-
terms, may be one of the mechanisms of ethanol-indueced neuroprotec-
ton, Interestingly, our findings also suggest that the cytokine profiles
and ethanol effects are prefoundly affected by additional pathological
leatures, such as traumatie intracerelral hemorrhage.

Overall, ethanol sppears o suppress the earliest phases of TH-in-
duced neuro-inflammation, and this correlawes botl with the improved
neurolagical score and recovery with higher levels of Akt and Erk
phosphorylation and loss of proteln synthests suppréssion. These find-
ings are in line with the immanasuppressive effects of ethanal observed
in experimental auma models and in rauma patients, where ethanol
pre-administration results in lower hlood [L-6 and leukocyte coimts in
human patients [36,27,28] and in decreased KC release after in-
Rammatory challenge in cell Hpes [29.90), This correlaies well with
previous findings [26], It ks important te note, however, that cyfokine
milieu is only one of the fsctors regulating the neuro-immune response
totrmimia [ 20] and that the analysis of cytokine patterns provide only a
partial wiew of this very complex response.

Nevertheless, by considering a larger panel of cyiokines, we have
shown that ethanol exers 8 suppressive effect on several, but mot all
{==e ey TNF-a), mflarmmation-related cytokines, such as -6, MCP-1,
and GM-C5F (in agreement with what has been previously repored
|26} } while, at the same time, enhancing in!m[mr:rlch_llmul bewvels of 1L
13 amd M-C5F, The scute overall sappression of inflammintory cytokine
levelds [with rediced levels of KC and IFN-¢) suggest o stable decreae in
the inflammatory response, which corresponds both to the improved
nevralogical eondition i ethanol-pretreated mice, and to the higher
level of Akt signaling and protein synthesis (as shown by behavior] and
biochemieal sssays). Although the averall effect of eytokine patems is
most likely attributnble to the interaction of multiple playess (with roles
that remaln to be ascertalned), 1L-13 emerges as a sarikingly dynamie
cytokine in THI and subject to strong ethanol modulation. In fact,
ethanal can enhance 11-13 release onder reactive conditions |57, 5958]
rdxing the possibility thot the observid peak in IL-13 may originate in
the periphery or in the brain. Irespective of the source, 11-13 is a cri-
tical factor in inducing a protective/reparative phenotype in macro-
phages [19] and together with [L-4, is & key factor in nducing altes-
mative polarization of microglin [40-42]. Fuorthermore, IL-13 can
induce apoptosis in activated microglia [47-44] and con have direct
protective effects by inducing the seeretion of BONF in astrocytes (45],
Although the direct effect on VEGF levels may depend on cell- amd
tissue-specific mechanksms [46-47), IL-13-dependent VEGF upreguls-
tion has been described [ 48], suggesting that the TL-13 and VEGF peaks
ochserved in eth-TH mice may be correlated. Thus, the carly peak in IL-
13 may be a eritical instructive signal reducing early inflammation amd
thercfore allowing for reduced neurslogice] deterioration. These data
suggest that the translstional study of 1L-13 §n TH & wartanded,

Likewise, ethanol causes a remarkable change in the time course ol
L6 Jevels in cerebeal parenchyma suppressbng it in tse early phase b
enabling a significant increase at 24 h post-injury. Interestingly, 1L-6
has been considered o detrimental factor In acute TBI, and neutralizs-
tion of IL-6 in TBI {when asociated with hypoxia) is sufficient to de.
crease the extent of neuronal damage |49, Conversely, increased levels

Inemutisnul Innunopharumcoligy 51 {Z007) 66-73

of astrocytic IL-6 increases acute neuro-inflammation, but upen pro-
hanged secrethon, resulis in o comiplete recovery |50, Therelore, both
the initial suppression and the later increase of L6 may contribmite (o
the beneficial effect of ethanol, by suppressing early Inflammintory
cacades activation buf :nhnm:'ng aitrocyle recruitment oangd repair
meechanisams.

Despite the short hall-life of ethanal [72], the effects on cytokine
patterns are long lasting and affect the extent of immune cells in-
filiration and microglinl actvation at 7 dpl, I agreement with the
improvement in neurological function, Since  ethanad is cleared
within < 24 h, these hng-lastng effects may be of comsequence in
early events of TRl neuro-inflammation that play a critical “priming™
rode in orlenting the cascades that unfold in time, This priming effect
may be contributed by the systemic suppression of inflammatory
mediators caused by ethanod, such as the blunting of the hepatic IL-6
respianse [27-20), The earliest response to TBE is thought o be orche-
strated by local release of chemokines and by neutrophil infiliration
[51 |; notably, neatrophil depletion has been shown (o be protective in
THI [52] and, since ethanol pretreaiment resulis in decreased levels of
the neutrophll chemoattractant KC, mterference with early neutrophil
recruitment 5 an additional mechanism, together with the direce
madulation of microglia, through which acate ethanol exposure may
madulate the THl-associated newro-inflammatory response and the be-
havicral outcome.

Maost nadably, the brain tissue exposed to macmseopic traumatic
intracerebral hemorrhage displays a radically different cytokine pat-
1=, dominated by KC, IFM=y, and CCL-2, implying a much stronger,
and gualitatively different, immune response, In these conditions,
ethaiol produsces no discernible effect on the cytokine pattern. Thus,
any heneficinl effect bronght about by ethanol immunemedulatory ef-
fects may be absent when a significant traumatic Intracerebral hemor-
rhage takes place,

As Umitations of the presemt stedy, it must be noted thar the ex-
perimentnl conditions (including the pre-adminiseation of buprenor-
phine] which sre ethically and legally mandated in animal experi-
mentation may not closely reproduce the variability of TBI in human
patients (& Hmitatlon shared by virmoally all experimental TBL in-
vesligations): in addition, anly one dose of ethanol, comparable 1o what
is previously reported |5%], was Investigated. However, it is possibie
that o beneficial or detrimentil outcame may resull &5 a function of the
dose of ethanol and of Its metabolism, as suggested by clinical ob-
servations (9 10], We are unable o provide data for low-dose ethanol,
becase in the 3 cm- weight drop model (=l TBL mice) a pre-specified
apgregated rejection rote (mortallny and hemorrhage mice) was > 20
andl therefore it was judged oot o be ethical to st with a low dose of
ethanol. However, our data In & lower-severity drop-weight model
(2 cm weight dropd shoseed that h.igh-dnde {5 g'%kg) ethanal pn:u:'lul:l!d @
significant improvement in performance whereas the low-dose (1 g/kg)
praduced only a miner effect (that was noa-satistically significant for
all but one tmepoint) in behavioral improvement (Supplementary
Fig. 1

The divergent pattern suggests that the presence of hemarrhage
should be factored in as stratification eriterbon in clinleal stodies. 1n-
vestigating ethane] effects in human patients, since ethanol may nae
produce any effect In these patlents, Broadly speaking, Im-
mumermclulntory therapies for TBI may need to be tilored for specific
subgroups of patients displaying homogeneous nouro-immune response
profiles, since treatment strategies aimed at a specific cytokine pattern
may have different efficacies depending on the underlying polarization
of e medro-fmmune response.

Supplementary data to this article can be found onling at hop /e
dalorg/ 10101 intlmp 2017.08,002,
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ARTICLE INFO ABSTRACT

Keyworndi:

Trauimiathc beln lajury
Ethanal intnxication
Immediate early ganes

Ethanod intoxiation is a risk factor for troumatic brain dnjucy (TR bat clinical evidence suggests that (0 may
acivally improve ibe prognasis of insoxdcazed TR patients,

We have employed o closed, weight-drop TBI mewdel of different severity (Zem or 3 cm falling height),
preceded {— 30 mind or followed (+ 20 min} by ethanol odministrotion (5 g/Kg). This protoool allows o5 o

L’J“"”"l::m stidy ihe Interaciion of binge ethanol nioxleation |n TBL manliorisg belavionl changes, hisiological responses
a.'-l'-m! and the transcriptional regulntion of o seres of activity-regulated genes (immediate sarly genes, [EGs), We

demnonsiraie (hat ethanol pretreatment before maderate TH (2 om) significantly reduooes neurologieal impais-
ment ard nocelermtes recovery. In addrison, better preservation of neorom] numbers and cfos + cells was ob
served 7 days after TR, Ar rranseriptionn) level, ethanal reduced the wpregulnmion of & subser of I8Gs encoding
far transcription factors such as Atf3, «-Fos, FocB, Egrl, Ferd and Mposd bat did not affect the spregulstion of
nthers {e.g. Gooddsh ondd Godddsck While osubser of 1EGs encoding for effecoor projeins (soch nx Bdnf, nhhd
and DuspS) were dewnregulates] by ethamod, others {such as I-6) were unaffected. Notably, the majority of genes
were sensiitve o ethanol only when adminisiered Before TRI and not aftersands (ihe exceprions being o Fos, ST
and DrepS). Farthermare, while severe TH (3 cm) induced o gualitatively similar (bul quantitntively larger)
rranscriptiimad response fn moderaie THL @ was no losger sensidve o ethanal prerestment. Thas, we have
shawn that o subsel of the TB-induos) ramscriponal responses were sensitive o ethanol mboxication a1 the
irstance af traama {ultmotedy resuling in beneficinl outcomes) and that the effect of ethanod was restriceed oo
oeriiin time window (pre THE treatmend] and o THE severity (moderatel. Thin nformatios coull be critioal for
the ernnslatinnal value of ethanod in THI and for the design of clinical studies aimed ot disencangting cthe male of
etfhunal imMoisaion in TEL

1. Introduction

Ethaned (ExDH) intoxscation 8 o common comorbidiy of rawma
and im particular of maumatic brain injory (TRE. Up o 43% of cor
crashes involve patients testing positive for blood aleohol level (BAL;
Cummings et ul., 20060 and ap te 55% af patients hospitalized due to
THI show a positive BAL {Savala 1 al , 2005), However, patlents with
pasitive BAL may actually have a better prognosis than patients with

undetactable BAL (Bremnan o0 ol 2015 Raj el ol 2015 Raj e al

006 Berry ef al, 2011; Salim of al., 2009; Cho et al., 2006, althowgh
some studles dispure this notlon: Joseph or ol 2005, Pandlt er al,
04L In particular, BAL > 230 my/dL has been suggested tn p'rnu:i:k
the largest decrease in mortallty (Salim et al, 2009 Bersy or ol 2001)
im mioderate-boesevers TEL Despite being among the momt common
comorhidities of THI, the clinical relevance and the impact of BAL on
the multifaceted TBI pathophysiology remadns only  partially
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understood particularly from a molecular and cellular point of view, In
particular, a beneficiol or detrimental effect of EfOH on TBI, and the
bosindaries of the paremetric space of such an efect {in terms of doses
nnd of timing of administration), remaing inclear and the moleculsr
mechanisms af EtOH interaction on TRI, amd their conssquences, are
largely unkmown.

The peuronal response o TB] is strongly driven by excitation-trig-
pered cascades. Micro dialysis studies have revealed strong and rapid
Increases in extracellular glutamate both 0 experimental models
(Folkersma et of 2011} and in poatients (although with different ki-
methes: Chamsin et al., 2000 Bath the shock wave of acute trauma and
increased levels of excitntory amino acids have been linked to the onset
of the spreading depolarization waves (5ato et gl., 2004, Hineman et ol
2316), Initial release of glutamate is followed by secondary enhance.
ment of excitatory amine acid levels through the dysfunction of the
glial uptake systems (for review see Dorselr et al, 2007 The rise of
glutamate and the activation of excitatory glutamate recepiors is
thought i contribute coitically 1o Co* " dysregulation {Weber o al.,
2 Webor, 2012 and may lead to death of nearons due o ex-
cliotaxicity (Hardinghom and Sading, 20100 Morsover, excitat|oi-de-
pendent transcriptional programs are activated in TBI, Specifically, the
Incuction of prototypical immediate-early genes (IEG), such o8 c-Fod
and A, have been detected in rodents and in human tssue (Diatcher
et ul., 1999 Glea oo ul., 2002; Crgner ef al, 2004; Wang et al., 2004;
Matale ef al, 2003; Thang e 2, 2014). Transcriptome data soggest thal
c-Fos iz among the master regulators of the transcriptional response to
TBE [(Samnl e gl 3R15)

Although excitation-dependent 1EG ranscriprion is associated with
enhanced neuronal integeity and survival after insults o the central
{Chang et al,, 2002; Fhang of ol 2008 Thang ot al, 2011; Ahlgren
e al, 2004 Rawal ¢t ol 2016) as well as to the peripheral nervous
system [Gey e ol 2006], it modulates a wider set of biological re-
spomses b the CNS, such as learning and memory (Ramanon 21 ol
NS Mellsindim ef al., 2004; LI =t al., HEO7), pevwreinflammation
(Momaru et al, 2014 Wang ot ol 2012), and structuralfunctional
circuitry remodeiling {Hu =t al., 2004; Lising et al., 2017 Renmudineai
ot pl., 20A0), 1EGs have been implicated in adaptive as well as mala-
daptive changes in pathological conditions such as downregulation of
nxonal sprouting (Losing f al, 2017), expression panterns in Alzhei-
mer's disease [Corbet! ef al, 2017) and epilepsy (Honkanleml smd
Sharp, 1999, Maorris et al,, 2600 Yoisudo ef al,, 2013),

Because of the cambined GABA-enhaneing and NMDAR-antagonis
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2 Materials and methods

2.1, Experimentel animaly, ErQH administration and treumatic boin injury
model

All experiments were approved by the local veterinary and animal
experimentation committer under the license aumber 1222, Four ex-
perimental groups were employed: Saline-sham (mice ndministered
with saline amd undergaing only sham surgery; heneefarth sal-5), E0(OH-
sham [ErOH administration, sham surgery; eth-5], saline TBI {sal-THI)
andl ExOH TBI (eth-TRI) When trestment was admindstered after TBI
(hath EtOH and saline), addiional sham mice (saline and ExQM-nd-
ministered after the THE procedure) were analyzed. The group size for
each experimentnl group is provided in Supplementary Table 1,
Administration of saline or EvOH and delivery of TBI or sham surgery
wits randomiged and the evaluation of gene transcription, histalogy and
behavior was performed by experimenters blind to the treatment group,
Independent animal groups, together with the corrsspomding controls,
wege included for each timepoint of tissue sampling and for different
schedules of administration, Sham mice wnderwent all the procedures
(gas anesthesia, Oy administration, opening and closing of the scalp
gkin, handling and positoning in the TBI apparatus, treatment with
buprenorphine; see below) but were not subjectesd to the trauma itself

BE-5JL male mice aged S0-90 days were subject to closed weighi-
drop TR (Flierd &1 al, 2009) aler being admindstered by oral gavage
gither 5 g/kg or 1 g/kg of EtOH solution in 400 pl {32% v/v or 6.4% v/
v, respectively, in saline) or saline 30 min before or, in separate ax-
periments, 20 min after T8 Barh doses and administration routes wero
it egrecment with previously published protocols (Wognes e1 ol 2017,
Karelina of al., 2007 Relfa et al., 201 3), ﬂu]'n\cnurphim (0.1 m."kg by
subcutaneonsly (njection) was administered before anesthetizing the
mice with sevoflurane (4% in 86% Oy) The skull aoface was exposed
by incislon of the sealp skin on the midline, before positioning the
animal in the weight<drop apparatis as previously described (Flier
et nl, 2009). The impoct was directed to the center of the right partetal
bone, with TRI produced by a 333 g impactor free.falling from a 2 am or
n 3 cm disthoce. Apnea time was mondtored. The overall time of ex-
posuire ol the mice 1o sevallirane, in 96%: O, never exceeded 10 min.
After the restoration of regular breathing, the skin was sutured with
Prodene 6.0 surgical thread and the anineals were transferred 1o a re-
covery cage (single-housed) with warmed pad at 35 °C and ad libitum
msa to food sne water. Additional deses of buprenorphine were ad-

properties (Criswell of al., 2003, k), it cold b hrpull med ghad
EfOH would be well-suited 1o affect the excliation-dependent tran-
scriptional respanse in TBI, which has besn shown to have o strang
NMDAR component [Wang et al . 2014), These effects impinge not only
on meuronal survival bt also on symaptic plasticity and  meurain-
Aammation. However, the actual effect of EvOH on TBI-induced tran-
seriptional regulation, and on the resulting outcome, has o been ex-
plored hefore,

Here we show that high doses of EtOH show neuroprotective effects
{1 ehavioral and histobegical leveld through the partial inhibition of
neuranal injury reaponse, which involves the significant decrease of the
induction of a subset of 1EGs, Furthermore, we demonstrate that EvOH
Is effective anly when taken/sdministered before TB1 and these effects
are limited b moderate but not (o ssvere TRL By analyzing a number of
[EGs encoding ranscription factors or effector genes and by sdminis-
tering EOH before or after TRI, we shiow that there is a hierarchy on the
activation of transcription factors wpon TBI with differential sensitivicy
by EXOH.

il every 12 h for the following 24 h. To awvedd unnecessary
suffering of the mice, thelr general state was checked regularly vsing a
seore sheet developed for TE determining fixed termination criterions,
Hffort was made to minimize the suffering of animals and redoce the
number of animals used,

2.2 Betwrvioral assessrens

The overall peurclogical impadement was evaleated using the
compasite Newrological Severity Score, as described by Plierl et al
2008 AL 3 b post-tnjury, 24 b post-injury, 2 dpl, 3 dpl and 7 dpl the
assessment of motor (muscle stores, abnormal movement), sensory
(visual, tactile, propriaceptive) reflex. and balanee abikities were tested,
Animials were awarded ane podnt for failune to perform a task, such thae
increasing scores ranged from O to 10 indicate stronger severity of
dysfunction. The Arens Escape test, part of NBS evaleation, was per-
formed by placing the animals into a circular, brightly-lit area whose
witll incheded 8 norrow opening leacing to the dork compartmend. The
time required by the amimal to enter the dork compartment was mea-
sured and averaged over three smempa. The Beam walk test was per-
formed as previously reported (1eong et al, 200111 Mice were habi-
mated to walking over a suspended wooden beam (11 mm In disgmeter)
from an open platform to o derk compartment and the pest was then
repeated at 2 dpl and ¥ dpl. The time required to reach the dark bex
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was measured, The tests were tecorded with an overhanging digital
camera and scored off-Hne

The Open Field test was performed as previously reported (Zimprich
el al, 2014), Briefly, the animals were placed inte & squared
(45,5 = 45,5 = 39.5 cm) arenn, illuminated with 200 Iz in the center,
and mondtored with an overhanging monochrome camern for 20 min.
The movement of the mouse and speed parnmeters was analyzed off-
line by the EthoVision system (Version 3.1.16, Noldus Information
Technology, The Metherands; 125 He Activity settings: minimum
distance movesl: 1 cm),

23 Tissue srrpling for modecrdor biology

Independent cohorts of mice were sacrificed by cervical dislocation
11 or 3 hafter ravma. Mice were decapitated, the brain was extractied
after opening of the parietal and sccipital bones and quickly deposited
in ice-cald PRS. Left and right hippecampl were identified by gross
morphalagy, dissected oul mansally under 4 * magaification and snap-
frozen,

24 (uantiterrve RT-PCR

Total RNA was extracted from ipsilateral and contralateral hippo.
campl from mice subjected to TBI using the RMNeasy Mind Kit (Qfagen,
Hilden, Germany} with additional op-colomn DNase | digestion o
eliminate genomic NA contamination according to the monufacturer's
instroctions [Qiagen). 2.4 pg of extrocied RNA was reverse transeribed
into frst strand cDMA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosysiems, Foster City, CA) For the
screening of activity-dependent transcription factors, mRNA levels in
moderate and severe TBI samples (Fips. 20, B, SA, 6A, Suppl Fg 1 amd
Sappl Fig 2k quantitative reverse tanscriptase PCR (QRT-PCR) was
performed with the StepOnePlus™ Real-Time PCR System, TagMan
Gene Expression Master Mix and FAM dj’!-libﬂlﬂd probe seis d.c:imnd
by Applied Blosystems (validated in previous studies: Moucer] or al
H11) The expression levels of target genes were normaliced 1o the
expression of Gapdi,

Far the quau'l.'l:iﬁt.nrjfn af effector molecuiles {Figt 3A~C, BA[DuikpS
and Dusph], 6B) qPCR was performed on 8 Roche LightCycler® 480
with the SYBR Premix Ex Taq [TH RMase H Phs) PCR Master Mix
(TaKaRa), Gapdh RNA levels served as intermal standard for normal-
|zation, The two approaches were used because for each gene, the set of
primers and the cormesponding qPCR method, which was already pre-
tested] nnd established was used. Primes sequences are provided upon
recjuest,

25 Western hor

Protein lysates were prepared with the ISOLATE 11 RNA/DNA/ pro-
tein kit (Bioline} according to manufacturer’s instroctions, Phosphatase
inhibitors {1 * PhosStop (Rocle)) were added to the protein lysates,
Samples were resolved on §-10% SOS-PAGE, followed by transfer om
PVDF membranes (Amersham). After 1 h of bMocking, the membranes
were incubated with the primary antilaslies ovemnight at 4 C; anti-Egrl
(rabbie 1:500; Santa Cruz) and mowse anti-tubulin (0:1000; Acris),
Detection of the primary antibodies involved homseradish-peroxidase
conjugated secondary antibodies {(1:2000; Santn Cruz) and the ECL
Western Blotting Substrate [Pierce or Millipore). For the duantification
of the antibodies, images were imported in Image) and RCY were iraced
o the significant bands, The optical density value was obtained and
correched for local background

26, Perfusion fovarion and hislogy

For hisological evaluation of the neoronal density and c-Fos ex-
pression in hippocampas, the eohort of mice undergoing hehavioral
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testing was sacrificed a1 ¥ dpd. For cFos expression at 3h, an in-
dependent colort of mice was used. Anesthesin and perfusion were
performexd a5 previously reported [(Chandrasekar et al., 20017L Briefly,
mice were terminally anesthetized with ketamine/sylazine {100 mg kg
and 16 mg/kg) and intra-carclinlly perfused with 50 ml ice-cold PES
followed by 50 mL of 4% PFA in PBS. The brain was then extracted and
postfixed b 4% PFA for 18 h at 4 °C, washed in PES and ervoprotected
i A% sucrose in PBS. Brains were thereafter embedded in OCT on dry
bee and sectivned o 40 pm-thick coronal sections in a eryostat (Leben
CK 1950). Floating sections cormesponding to the dorsal hippocampus
were processed for mmunostalining. Briefly, sections were blocked in
ABSA/ M Donkey serumy 0. 3%Triton in PRS for 2 h at 24 °C and then
incubated with the appropriste primary antibody (mwouse ant-Neu,
1: 10}, Millipore; rabbit anti-c-Fos, 1:500, Santn Cruz) for 48 h at 4°C;
sections were thereafter washed ZX30min in PES and incubated in the
appropriate secondary antibody mix (Donkey anti mouse 568, in-
vitrogen; Donkey anti rabbit 488, Invitrogen) for 2 h at 24 *C, together
with DAPL (1:1000) for nueclear counterstaln, washed sgain
{3 = 3 min in FBS), and finally mounted in Fluorogold-Frolong Anti-
fade {Invitragen).

2.7, Conrfocal Uraging and bmage analysis

Confocal images were acquired using an LSM-700 (Corl Zelss AG)
mverted micmscaope, fitted with a 20 % air ohjective. All images wers
acquired in 12-bit format, Imaging parameters were set in order to
abilain signal lor the mmunostained antigen > 150 (arbitrary Muores-
cence intensity/grey value scole in 12 bits images, ranging 0-4095)
while avoiding saturation in high-intensity nevrons. In order 1o avold
flunrescence cross-hleed, all fluorescent channels were acquired in-
dependently. For each mouse, 3—4 braln sectlons obtaiped ar
200-300 pm. distance, encompassing the dorsal hippocampus, were
imaged focosing an the upper blade of dentate gyrus (DG) and on the
apex of the CAl profile. For neuronal counting, optical stacks u'n'rlpm:d
of 20 1qum-thick optical sections were Imported in Imaged and col-
lapsed separately in maximum-intensity-projecion mode for each
channel. A fixed-area (107 um® in size] was manunlly pesitioned at the
apex al the CAT profile ar an the upper blade of the DG, An intensity-
threshold was applied 1o hin the image inte positive and negative cells;
the value of the threshold was kept constant scross images and e
plicated, MewN' and cFos’ cells were then visially identified and
counted by an experimenter hlind to the treatment groups.

2.8 Blood ethanol [evel measurement

Whole bood deawn by poncture of the right ventricle (in sterile
plasmn EDTA microtubes; Kabe Labortechnik, Moembrecht-Elsenroth,
Germany ) was centrifuged at B00g for 10 min &t 4 "C. The supermatant
was further centrifuged ar 132000g for 2 min ar 4 °C. The resulting su-
pernatant wias collected and stored ot — 80 °C, Ethanol levels were
measured using the Abeam Ethanol Assay Kir (ab85343; Abeam ple,
Cambridge, UK} according to the manufacturer's instructions, Briefly,
50 il of diluted sample (1:500 for eth-5 and eth-TBL; sal-5 and sal-TBI
samples were diluted 1:10) wene added to each well of a 96-well plate,
together with 50 ul of reaction mix (46 yl Ethanol Assay buffer, 2l
Fhamnol Probe and 2 pl Ethanol Enzyme Mix), Afer brief mixing, the
plate was incubated for 30 min at room temperatune, Absorbance was
measured  with 0D 570 [(Fluostar Optima  plate  scanner, BMG
LABTECH).

2.9, Smristical anatysts

Statistical annlysis was performed with the GraphPasd Prism sofi-
ware sult. Statlstical analysis of behavior] data (NS3, Avenn Escape and
Open Field) was pedformed using two-way ANOVA for repested mea-
sures with Twrckey post-hoe multuple-comparisons  test. For the
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srugiecal staplisirg) o & unified “sham” group.

AL ALE Boalier Injury, the NES stofe wens conmpacsBle in sal-TB1 and hrw-duse @h-TE] bot wise signiffcantly reduced in high-dose &th-TEmice (350 + OT75), Wheness linw-dode e1h-TRI
mice were e different from sl TE] mice, ar 24 b bsgh-dose eth-THE sl @splayed o lower NS5 soore than sab-THL mice

W Bal-THE méce required significantly longsr rime 3o exit arens than tham coaersds fac 2 dpi]. Low-doss ech TIA mace were not stanationlly differen from sl T8I, whereas high-doss esh
THI was signbficenely fsier ai 2 dpd and becmre compomble o sham mice in e next B@epotms

L1 In the comparsen of Open Fiek track-lenpth of stam, sal- T8 and eth- T, sat-TH displayed a omd towand reduced track-lengpih at 2 dpi nrd a syputicemly decrmsed mack-length m

7 dpi. Kth-TH was comparable o sham both ot 3 amd T dpi,

13} Cvernll aetivity Trsction (i perveriiig ol Gime spenl s movement] wes comsparabbe in shim, sal-TH] am) eth-TRI mics Bl sl 2 dpi wmd a8 7 dm
B} The sime: spent in the central guadrant i measurs of ansdery) was sigasficamly shorier alor injusy s ol THE mice compared oo o T wheesis eth-THI mice were companlile (o

wakce. A wemilar rend was detecieble of T dpi. Behidocsl dats e displayed o ovenige = SEM. (7 = 0005, ** < il *°

comparisen of cell counts {NeuN + density, cFos + density), one-way
ANDVA with Holm-Sidak post-hoe multiple comparisans test wias used.
The analysis of Western hlot was [mrl'v;lmwrl with nnn-'[ur;rm-.rril;
Kruskall-Wallls ANOVA with Dunn's multlple-compartsons test. For the
annlysis of the gene expresion, non-parmmetric ANOVA wis performed
using the rank-bosed Kruskall-Wallls test, with Dunn comrection for
multiple comparisonms. Statistical significonce was set a3 p = .05,

3. Resulis

High-tese EIOH pretreatment enhanees neurobogbeal recovery after
moderate THL

First, we inspecied the impact of EtOH on overall TBI survival
Weither high-dose nor low-dose EtOH had a negative effect on overall
THI survival. For the moderate THI (2 em falling helght), survival mie
was 32/35 (91%) for sal-TBI and 3034 (B84) for eth-TEI (high-dose)
and 55 (100% survival) for low-dose eth-TBIL In order to establish the
overall effect of EEOH infoxication on the nu:urnlagbmf oulcome of
miderate THI, we sdministered mice with either 1 g/Kg (low-dose) or
5 /K (high-dose) of EAOH 30 min before the experimental TBI pro-
cedure. As control, mice were injected with saline solution, The per-
formance ol the mice was aswssed by the Neurslogical Severity Score
[MSS) aml by their perfformance in the Arema Bscape (AE} test (Fliorl
et ol M09 The performance of eth-5 and sal-5 mice was indis-
tinguishnble in M58 and AE tests. Therefore, for -_qraphic.ul simplicity,
the two groups were merged and a single “sham” group {sal-5 + eth-5)

=& O0OlL

is displayed in Fip. | A-E.

The performance of the mice in different groups was signifieantly
different across treatment groups {Fiy e = 456, p < (LODO1) and
time polnts (Figomy = 549, p < (L0D01) with a significnnt intersction
between treatment and time (Fys = BB, p < 0.0001), Post-hoc
analysis revealed that 3 h afier injury, all méce subject w THI displayed
an increase in NS5 soore, underscoring their aoute peurodogical ime
pairment. Whereas NSS scores were comparable in sal-TB and low-dose
eth-TRI mice (60 £ 1.25 in =al-TBl ws 525 £ 150, p = 005
Pl LAY, mioe odministered with the high-doss EvOH had a significantlhy
better (bower) NS5 score (350 = 075 p = 0.01 vs sal-THI Fig 1AD
The beneficial effect of high-dose EHOH adminissration was still de-
tectable at 24 h, when high-tose eth-TBI sull displayed a lower NS5
soore (275 = 0.6) than sal-TH! mice [4.25 = 1.25 p = 0.06),
whereas low-dose eth-TBL were never different from sal-TBI (Fig. 1AL

The effect of EtOH on the acute newrolagical impairment and re-
cavery was further investigated in the Arena Escape test. A signdficont
effect of tremtment (Fgan = 327, p < 0D001) and time point
(Fig, oy = 16,4, p = 0.0004) was identified but no interaction between
treatment and time (Fagy = 1.9, p = (L149), Post-hoe analysis e
vealed that sal-TH] mice required significantiy longer to exit the arena
than sham controls (a1 2dpl, 168 = 418 vs 5.7 = 1438, respec
tively; p = (L0 Fig. 1B). Low dose eth-TBI mice were nat statisticolly
different from sal-TBI, whereas high-dose eth-TB were significantly
faster at 2dpi (9.1 £ 225 p < 0.00 vssul-TBL, p = 0.05 vs sham)
ampd become comparable to sham mice afterward (Fig. 1B). Statistieally
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significant differences between sal-TBI and eth-TBI persisted at 7 dpl
(p = 0.0]; Fig. 1B}

Thus, any beneficial effect of EIOH Intoxication on the neuralogical
outcomes af TR is limited to high-dose administration. We further in-
vestigoted this dose in an independent cohort of mice which were tested
in the Dpen Field test for the evaluation of spontaneous ambulation and
anxiety, As before, the performance of sal-5 and eth-5 mice was com-
parable and the two groups were merged (and are displayed as “Sham”
in Fig. 11=F), When the track-lengeh of sham, sal-TBI and cth-TBI] were
compared, o ﬂHliHlk.‘.‘.ll.I}' sigmificant effecl of treatment [Fig,z5y = 7.5,
p = 0.0026) but not of time point [Fy = = 002, p = 0.88] was

'l

Egr2 Egr3

Eeperimeninl Neuroksgy 302 {2018) 34435

Fig. L THA:indured mansoripional resposse wos decremeed
by scule eisanol ndmininadee

Ad sad-THI mice displryed & significant upregulacion of A3,
o-¥pi, FmB,; A-Foff, Lgl, Fgd bor aot Egrl in etmann)
pretreaied T mice, the nduction of A s of all the
penrs of 8 Fux Family were significastly. rndurod This
wifrct way also oheermed Tor Egrl sd gl

B lii sald-THI siee, lvels af mAN0 foe Npadd, SadaM 5D aiid
okl 45 wise mpicgulalind, Buy sod thide of Dadddsa, Bgt,
Dreare snd Cred, Ethseol sdministmton prevemed the up
regulation of Npasd b did oot affect the inducoon of
Giandd4% and Godd45z mBENA Hoinbly, alihoogh mob af
feciml by THI or ethanol alnne, Crelr mEMA was reducesd in
rih- T nammplios. [+ w6 G046, ** = 000, *= = Q0010)

C, I} Hippoessigal secthons (3 5] were min nosse] e
OAF] s cFos. The mesber of chog + neurnss were sig
nifcancly higher in =l T than i sale sham (oo0 shows)
wed eth-tham mice but were significandy reduced by che
premetment with erhanal, Scalehar 50 um

i, ¥ Wexinrs Bloi of total hippcampal lysste showed the
upregulation of Kgrl proten level ai the 35 dmepmin in
U sl TED Bak ok i Tl wth-THI saimples. Thaia digdayed as
wigmage = SEML (* =005, ** S0, Y = L0

Mpasd  Creb Btg2

50 CAY

-
b

BEfhanol sham 8 Saline TBI ®Ethanal TBI

identified. Post-hoc analysls showed that sal-TBI miee displayed o trend
toward redoced track-dength at 2dpi {p = 0.05) as well a5 at 7 dpi
(p =< 0,01} compared to eth-TB! mice whereas eth-TBE was comparable
to sham both ot 2 and 7dpi (603 = 14l m, 462 £ 1.21 m and
667 + 12m at 2dpl for 5 sal-TBlI and cth-THL, Tespectively)
p=00E 603 £ 1.02m, 4.21 £ 1.08m and 7.22 = 1.11m at
7 dpi for sham, sal-TBl and eth-THI, p < .05 for sal-T8 vs eth-TBE
Fig. 10). Furthermore, the overall activity frection {the percentage of
time spent in movement] was comparable scross reatment growups
(Figgm = 0.2, p = LB, but a significant effect of time was detscred
(Figzy = 18,6, p = 000 Fig. 1E). When the time spent in the center
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Al The actevier-cepemleni genes Bl and InkhA are sigssficanily tnoressed in =l TR bt repressad by ethassl sdministration, wheres Vegl ond Vg ae st affected by T8 o ethanol,

B Thee Brle phoap® Peaph iy wigmi
bewds 10 the dowrmegudation of DispS iedaction,

Iy wpregnlitod im vt TIE wherrns Are, Drsp© aml Dusps mne vt and £ 8 dlisplays only s bend sresnd incrvasid levels. Eshannl preieeatment

) TEl causes the markel wgegulation of Celd and 5, Il ot of Cef5, O3 o Mg bo oth TR sesples, mBSA e Cell, Cefs and CF s increasnd compaesd 1o sil- TED whersa @
eapresion b wchanged p = 005 w5 sal TR} and bevels of Mapd are sowally redeeal {p < 005). s displayed as svenige = BEM. (% = {105, ** < Gull, **F < UMK L

of the quadrant {n measure of anxiery) was assessed, a significant effect
of treatment was found (Fgqy = 11.2, p = 00005} but not of the
timepoint (Fjy ¢ = 09, p = 0.3} Posi-hoc analysis showed that at
2 dpi 2al-THI mice spent significantly less time than sham mice in the
central quadmnt (p < 0.001) whereas eth-TBEl were once again com-
parable toshom mice (6008 + 1335, 20.2 + 45=and 47.0 = 1798
ok 2|:||'|u' for sham, sal-TBI and eth-TBI, respectively; p < 0.05; Fig. 1F);
at 7 dpl, sal-TBI spent significantly less time in the eenter quadrant than
eth-TBI (p = 0.05; Fig. IF) Taken together, these dam suggest that
ErDH intoxication at the instance of trauma leads to 8 fster and beter
behavioral recovery after TBL

A1 Bl reduces a subset of excitotion-dependent trarseripfionm
respanses induced by moderaie THI

We set aut t0 investigate the effect of E1OH intoxication on the TBE-
Induced transeriptional profile in hippocampus, focusing on a set of 14
transcription factors genes kncwn o be regulated inoan activiy-ce-
pendent manner (Loslivg e0 al, 2007), Mice were adminisnered either
ErH 5 g/Kg) or saline by oml gavage 30 min before closed madernge
THL (2 em-weight drop), As control, we employed ErOH or saline
treated animals with o sham surgery (sal-5 or eth-8). E1OH sdminis-
tration resulied in a bload ExQH level (BAL) of 205.0 + 1053 mg/dL
in sham-operated and of 3759 + 1322 mg/dL in TBI  mice
{p = 005) These values correspond to BAL measured rypically mea-
sured in TBI patients (R of gl 2006) Apoes time was comparable in
ErOH-pretreated or saline-pretreated mice (6.8 + 1.1sws7.1 £ l4g
po= 05L We sampled hippocampl at 36 peat-injury in order 1o ai-
mulate a clinically-relevant time point of observation, Saline-treated
T mice displayed o significant upregulation of mANA encoding for
A3 (9.6 = Thof =l p < 0.01; Fig 2A), c-Fos (174 = (051 of sal.
S p < Q0% Fig 2A), FesB (5.31 = 1.96of sal-8, p < 0,05 Fili 240,

d-FosB (463 = 1.95 of sal-5, p = 0.05 Fig 2B}, Egrl (1.78 £ 031
of sal-8, p = 0.05 Fig. 24), Eged (3E1 + 1.92 of sal-8, p = 005
Fig. 2A) but not Bgr2 (1.3 = 0.4, p = 0.05 Fig. 2A) Likewlse, levels
af mENA for Npasd {2.05 + 023 of sal-§, p < 0.05; Fig. 2B), Gadd43h
(fold change 203 * 082 of salS, p < 005 and CGodddSg
(1.62 + 0.56 vesal-S, p < 0.05) were upregulnted (Fig. 2B), but no
those of GoadddSo (1.42 = 0.31 of =8 p = 005 Fig 2B) On the
other hand, the mRNA for the genes Bre2, Dream and Creb were un-
affected by TBI(1.33 = 0.54, 087 = 032 and 091 = 0.26 of ml.5,
respectively; p = 0.05; Fig. 2R)

Mext, we wondersd o which extent EtOH sdministration modalates
THI mediated gene induction. BfOH administration per se did nat resule
in a major change in the rranderiptional peofile of the 15 genes under
shwdy, However, in EbOH-pretreated TRI mice (eth-TRI), the indouction
of Aff3 and of all genes of the Fos family was significantly reduced
(32 = 21, 099 = D.22, 188 = 1.49, 1.75 = 1.72 of sals, for
Al p o< 001, e-Fes, FosB, AFesH, respectively, p < 0.05 va =al-TBL;
Fig, IA) The effect of EiOH was also ohserved on Egrl (113 £ 019,
in eth-TBE vs sal-5, p < 0.05 vs sal-TBI), Egr3 (1.44 % 1,13 In eth-TBI
v sal-5, P = 0.05 vs sal-THI; Fig. 2A) and Npasd (.73 £ 0,21 in eth-
T ws sal-5, p < (05 vs sal-TRI; Flg. 2B). Notably, although not al-
fected by TBI or E1OH alome, Creb mRNA levels appeared o be reduced
in eth-THI samples (.67 * 0,12 of smal-5; p < 005 Fig ZA) On the
other hand, inducton of Gadd45h and Gedd45g mANA was nat affected
by EiQH pretreatment (1.51 = 039 and 1,84 = 039 of sal-5, re-
spectively; p > (W06 ve sal-THIL e 1A)

‘We confirmed the effects ohserved at mRNA level by evaluating the
number of c-Fas' cells in the CAT region of immunostained hippo-
campal sections. There a significant difference across reatmend groups
(Fryz = 215, p = 0LO01). Post-hoc analysis (Holm-Sidak) showed that
the number of cFos + cells in CA1 was significantly increased 3 h alter
TBI when compared te sal-§ (385 & 0.7 cFes + neurnns 107 pm? vs
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0+ 24 cFos + mewrons/ 10 pm®, p < 001 Pl 2C, D). Whereas
administration of EtOH per se decreased slightly the number of ¢-Fos
+ cells compared 1o sal-5 (185 = 0.5 cFos + newrons/ 107 pm?), ethe
THI mlee displayed a marked decrease In the number of ¢-Fos + cells
compared to sal-TRI {227 + 2] cFos + nearans/10° pm®, p < 0.0
va 5al-THE; Vg, 2C, D), Furthermore, we assessed Egr-1 protein level by
Western Blot in whale-hippocampues (ot 3 h) protein extract. We con-
firmed the upregulation of Egr-1 in sal-THI samples (0,53 = 0.05 Egr-
1/B-tubaulin ratio in sal-TH1 mice vs 0.09 = 0004 and 0,11 = 0.05 i
sal-5 and eth-5, respectively; Vg 2E, F), which was significantly de-
creased by ErOH pretrestment (0016 = 005 Egr-1/f-tubulin ratio;
Fig. IE, F} in accordance with datn olserved for oFos on protein level,

As poute secondary damage has been reported to spread in newronal
networks (Hinsmon et al., 2016), we analyzed the expresion of o subset
of [EGe in the contralnteral hippocampus. The transcriptional response
in the contralateral hippocampus, coherent with the digtance from the
impact site, showed similarities, but the increase of mANA levels were
sipnificantly Bunied compared with ipsilateral one. Only FosB
(3.4 & 27 of sal§, p < .05 Supplementary Fig. 1A) and Gadd45g
[L7 = 0.3 of sal-5, p = 0.05, Supplementary Fig. 1A) mRNA levels
were upregulated compared to sal-5. In agreement with the effect ob-
served in the (psilateral hippocampes, in the contralateral hippo-
campas, too, EHOH pretreatment resulted in the significant decrease in
FeaBl (1.6 = 1.3 of sal-5, p = 0.05 vs sal-TBI; Supplementary Fig. 1A}
but not of Gadd45g (1.8 = 0.5 of @l-8, p = 0.05 vs sal. TRE Sopple-
mentary Fig. 1A],

In summary, E1OH administration interferes with TBI pssociated
incluction of a lnrge set of activity-dependent genes.

3.2 EiOH precreatment extenstvely affect THI-assoctared tromscriprienm
FEApOnES

We further extended the analysis of the impact of EIOH pretrest-
ment b TRl-indvced transcriptional responises considering a set of of
fector genes regulnted by - activity-dependent transcription factors
[Lasing et al, 20171 Thess genss encode for proteins invalved in the
regulation of neuronal survival and sructural integrity (Bdnf, Vel In-
hihinA, 'l"dfo.: Mauceri ¢ al,. 200 1; Zhaog e al., 2009), signaling (Are,
Cyrtel, Dunl Specificity Phosphatase [Pasp] 1, Dusps and Bueph, which
Inhibit MAP kinage signaling by dephosphorylating ERK; Losing e ol
20017) and pewrninflammation {Col2, Colf, Complement C2 factor, [1-6
and Mmp@),

Whereas Vegf and VegfTF were not induced by TBI (0.63 = 0.31 and
D.E7 + 0,07, respectively, fold change ve sal-5, p > 0.05) Bdaf and
TnfthA were sisnlﬁl:rmliy imcreaged (1,75 = 0.45 and 3.81 = 0.96 of
sal-5, p < 005 Flg 3A) These data are consistent with previoos dati
showing that increased neuronal activity does not increase VegfDr levels
whike triggering expression of Bdnf and InhibA (Mancerd e al, 2011,
Zlnng er b 2009), The TBl-induced upregulation of Sdnf and InkbA
was markedly decreased by E2OH pretreatment (107 = 0.54 and
111 + 070, p < 0.05 va 2al- THL Fig 2A).

Modably, mANA levels of DuspS were significantly upregulated
(1L.61 = 033 of sal-8, p < .05 FlgureZB) whereas those of Are,
Duspl, Duspé and Cyr6] were not or only mildly induced by TBI
(1.22 £ 020, 1.25 + L3, 1.33 + 0.39 and 1.2 + 0.61 of sal-5,
respectively, p = 0.05), EtOH pretrestment led to the significant
downregulation of Dusps induction (1.04 = 0,27 of sal sham in eth-
THI samples; p = 0.05 vs sal-TRE Fig. 38} and showed a trend toward
decreasing also Puspl, Duspt and Cyrd 1,

Boant, we consbderesd chemokines and peorolnflammatory maleculey
and other activity-dependent transcription foctors, This included for
Instanee Cel chemokine famdly members such a5 Col2 known to be re-
pressed by ATF3 (Gey etoal, 0060, THI cansed strong upregulation of
Cel2 (9.71 = B.35 of sal-5, p.< 0,001 ; Fig. 3C) and #6 {221 + Q.10
aof .HI!S_, P = 0.001; Fig. 3C), but omly weakly, at this time Fu;rinl, of
Cei5 (1.34 + O.2bofsal-5, p = 0.05 Fig 3C), or Mmp@ {1.26 £ 0.10
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of sal-5, p = (0% Flg J€) On the contrary, C3F showed only & trend
toward being downregulated In sal-TBI samples (0.73 = .06 of sal-5,
p = 005 Fig 2C)L In eth-TH samples, levels of mRNA for Cel2, CelS
and €3 were actually increased compared o sal-TBL or sham
(29.14 * 13,88, 3.73 = 0,88, 301 = 1.00 of sal§, respectively;
p = 405, Fig 3C), On the other hand, {16 induction was unaffected by
EOH (225 + 0.5%ofsal-5, p = 0.05 vi sal-TRI; Fig. 5C) and levels of
Mmp@ (073 + 0,03 of sal-S, p < 005 Flp 3C) were actually de-
crensed by E1OF.

Taken together, these data confirm the specific effect of EtOH in
preventing TBI-ndwced upregulation of a distinet ser of sctivity-regu-
lated effector genes.

1.3 E(N pretreaiment bas o prolenged smpact on hippocempal achivity
pattern and prevents hippocampal cell loss

In order to verify if the obhserved effects of EtOH on the trauma-
induced gene Induction pattern were long-term and corresponded 1o
congequences on the integrity of hippocampal fanction, we measured
the denslty of meurons in CAL and in dentate gyrus {DG) at 7 days post
injury in sal-5 and eth-5 mice and in =l-TBI and eth-TRI mice. For this,
we assessed numbers of NeuN®™ amd c-Fos' neurons In these areas
[Fig- 4}

MNotably, the moderate closed TBI profocol reswlted in o small, albei
statistically  significant, Josx of newrons  specifically i DG
(Fignz = 10.4, p = 00602 post-hoc: 107.5 + 125 NeuN ' /10" pm®
in wal-THl v 127.5 = 16.3 NeuN' /10" pm® in sal&; p < 001
Fig 4A,B), but not in CAT (Figay = 0.1, p = 0.8; posi-hoc: 689 = 3.9
MeuN ' 10 pm® in sal-TBI ve 702 = B4 NeuN™/10% pm? in sal-5;
p = 005 Fig, 40E) EfOH pretmeatment, which impinged on the THI-
induced transcriptional program (gee Fige 1, 2 and 3), resalted in
normal newronal counts in the DG after TR (1283 = 21.1 ReuN™/
10° je® i eth-TBI ws 1275 = 163 NeuN™/10°um® in sal-5,
p = D.0O5; Fig. 4A, B

The numbser of c-Fos* newurons in mice subjected o TBI 7 days be-
fore was significantly different across treatment groups beth n DG and
CAal 1qu,_'|.1:¢ - 13\.?. p= 'D.I:H:IEII. Fn,..:” - 1?5.5.. p = I:I'I]O&I} Post-
hoe analysis revealed higher numbers af c-Fos® eells bath in DG
(524 = 3.2 cFos"/10%im% p < 001 Fig 4A, C) and CAl
(61.2 + 4.4 cfim” A0 um™s p = 0.01; Fig ADF) of sal- TRl com-
pared to sal-§ (27.22 = 031 c-fos ' /10" pm® and 227 + 3.4 c-fos”
10* jun®, respectively; Fip. +CF) mice. Mo difference was found ot 7 dp
im sal-8 or ethef mice, Acute EHIH administration before TBI, however,
resulted in reduced numbers of e-Fos ' newrons at 7 dpd both in DG
(374 = dS5cdos /10° pm?, p = 0,05 vi sal-TRI; Fig, 4A, C) and CA1
(24.5 + 1.4 edos” 0% pm®, p < 005 v sal-TBI; P 4D, F).

Thus, ErOH pretreatment reduced l-nng term consequences of THI
such neuronal cell boss and induction of TP associated with propaga-
tion of neuronal activity.

3.4, Admindstration of FeOl after TBI hos a levdied sffect on the T8I
activared rromscriprions progrom

We have demonstrated that EtOH pre-administration is able o
dewnregulare a large gene ser of the THI-induced wanseriptional pro-
gram. In order to exploit this effect for therapeutic purposes, however,
ExH shoulel prove effective when administered after the oocurrence of
the trauma. Therefore, we compared the gene induction (ot the 3h
timepoint] in the hippecampus of mice treated with the same dose of
E2H {5 Efkg} gither 30 min hefore {pre-eth-TRI) ar 20 min after THI
(post-eth-TEL),

For control, we administered saline either 30 min before or 20 min
after TRI Since these two groups displayed the same effect across all
genes ested, they were grouped for analysls, Sorikingty, the differenc
timings (pres or post-TRI) of ErCH d.r:l.iwq' differentially affected gene
trapscripton. The TBEi-ndoced wpregulation of Awf3, Egrd, FosB and
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AFuosH was no longer decreased by EiOH when administered after T8I 449 = 109, p > 0.05 Fig 5A) In contrast, the Induction of c-Fos,
[AFfE: 1450 = 7.8]1 in post-eth-TBI vs 13.83 £ B59 in mal-THI], Thsp§ and Dhesp was  strongly  redoced  (coFos: 0086 £ 020 vs
p > 005 Fosit: 337 + 085 vs 5.07 £ 196, p > 0.05 JAFesH 186 = 054, p < 005 DupsS 1.07 = 020 vs 167 & 030,

393 £ 0.6 v 633 = 312 p = 005 Egd 290 £ 065 v p o= 005 Duspd 099 £ 020 ve 133 = 039 p < 005 1 A
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Thus, a subset af genes was still downregulated when E1OH was ad-
minlstered after TBL, wheréas a distinet subset became Insensitlve to
EOH acmiindstration. We then examined if the induction of Bdnf and
InfshaA was EtCdH-dependent or -independent. We found both genes 1o he
iy longer affected by FOH when this is administered after TBI [Bdnf
249 + 050 vs 162 + 057, p > 005 ImhbA: 294 + 053 wve
440 £ 219, p > 0.05; Fig GBL Lilkewise, the upregulation of Cel2
and Ccls ohserved in eth-TBI vs sal-THI samples is no longer detected
when EtOH Is administered after the TRI[14.3 = 35and 1.21 + 0.32
of sal-5, respectively, p = 006 vs sal-TBE Fig. 5C)L

3.5 EndH fails o dewnregelie the transcripiional responses m severe TBI

The effect of EtOH on TBI prognosis may be dependent on the se-
verity of the trauma (tsell. Thesefore, we compared the effect of EIOH
on the transcriptional respense in 0 moderate TR (see Fip 2 above) toa
severe trauma. In case of severs trauma, a 3 em welght-drop blunt TBI,
corresponding to an mcrease in kinetic energy of 33.3 mJ (66.6 mJ in
the I-cmi model vs 999 mJ in the 3-cm model) was employed. Overall
survival was lower in severe TR than in moderste TRI {456 |67%] n
severe sal-TRI, 4/5 (8] in severe eth-THI).

The transcriptional pattern was comparable in the severe sal-TRI
and in the maderate sal-TBE severe sal-TBI resulted in the marked
elevation of mANA levels of Ag3 (136 £ 121 of sal-Sham, p = 0.05;
Fig. 6A) c-Fos (2.8 = 1.5ofsal5 p < 0.05) FosB (104 2 5.208 sal-
5 p < 005 Flg, 6A), Goddd5k (25 = 1.2afsal-5 p < 0005 Fig &A)
and Gadddsy (2.0 £ (WG af sal8, p = Q05 Fig, SAL When compared
to the moderate sal-TBI, the opregulation of [EG in severe-THl was
statistically significant only for FosB (p = 0.04) although a trend to.
ward higher levels of expression was detected for c-Fos and for Aif3
{both p = QL1

Om the contralateral hippocampus, we abserved a stight elevation of
Af3, FosB and Goddd5g (26 + 16,34 = 27 and 1.7 = 0.4 of sal-5,
respectively, p = 0.05; Plg [H) whereas mRNA abundance of all other
[EGs was not induced. When compared to contralateral modesage-TBI
IEG pattern, o significant elevation of AT was detected (p = 0L03],
whereas no difference was found in the other 1EG (including, for

5 FP
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example, &-Fos, FosH and Gacd45h),

Interestingly, now the same dose of E1OH that significantly redueced
1EG induction in moderate TR (Fig. 1A) was completely ineffective in
severe THBL In fact, mow levels of Agf3 (17.5 = 125). e-Fu
(26 = 1.2), FsB (9.2 = 7.6) but also Goddd5h and GoadddSy were
comparable in sab-TBE and eth-TBI (Fiy GA). Likewise, EMOH pretreat-
ment did neither prevent A and Foslf induction in the contralateral
hippocampus (Supplementary Fig. 21 nor modulate Bdnf and inhba
expression (g 6B). Thus, E1OH's petendial i modulate THI associated
gene expression appears o be only effective within a certain TBI in-
tensity Fange and 18 blunred once TR severity (s too high.

4. Discussion

Cur data suggest that EOH intoxieation may have protective effects
in TBI at behavioral nnd histological level. Furthermore, these effects
are correlated with a distinet TB associated modulation of an early
transcriptional response connecied to propagation of neuronal activity.
We narmwed down the impact of ethanol on modulating TBI inflicted
processes and demoanstrated the importance of pre-TRI alcohal admin-
istration and 10 moderate, but nod 10 severe TRL

Owir data suggest that EI0OH intoxication at the time sharly before
trauma is potentially protective, althongh this effect is restricied to o
high-dose of E1OH. The protective effect appears already ai the earliess
time points assessed, suggesting that the main effect is on dampening
acute pathogenic pathways which contribute o the onset of neurala-
gical deficits and set the sage for pathogenic evolation over the nest
few hours or days. These findings are in agreement with elinical stsdies
suggesting a posible beneficial interaction (Salim et al, 2009, Berry
ot ol 2001 Bremnan et al., 2015) end with some (Janis o ol 1998
Kelly o al, 1997) but not all {Vasgeness e al., 2015) experimental data,
While the efiect in clinical cohorts may have been relatively small bhe-
cause of the large vardability of cdimeal presentations of TBI {ey.,
confisive w5 concussive, with or without bone fracture), experimental
canditions such as species differences (rat va miee) and different models
of THI {open ws blont) may affect EtOH action by modifying its own
kinetles and the pathogenic events unfolding {e.g.. the presence of

Fig: &, Ethasol [nilal o decroee the irsscnipriooal e
spensas 0 v THL

A} Severe sal-THI resnlted in the musked epecgulmion of
A, e-Fus, Fesll, Gaddd5b and Godd45y. The mmsornpoional
respomse of AT, oFor and FesH were not affeoied by
echannl pdmintstratson (at the same dose adminstered in
ihe modersie THI meeadel )

i Severe ml-Thl causes the wpregulstion of Bdnf aml
Inkbd, Fhowevrr, (his ovmeee was ool redeaiod by
ethinol pretremmesd. [* < Q05 ** <000, *** <00001%

Big2

EEthanol sham ESaling sewere TEl B Ethanol severe THI
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macrascople hematomas; Chondrasehar ot al , 2007) Desplre some in-
trinsic experimental restrictions required by ethical reasons [pre-ad-
ministration of oplolds, binge administration vs self-administraton),
the beneficial effect of E3OH, observed in cinical and experimental
conditions, provides an entry point to the understanding of poute cas-
cades in TBL

The early transcriptional response to TH 5 oot only the dinect
comsequence of signaling cascades (Wang et al, 200 4) but also a gaging
event of the processes unfolding in the following hours or days (Samal
et al, 2015). To this respect, the intersction of TBI and ELOH reveals &
hierarchy of gene indwction characterized by sensitivity o TBI, and to
EtDH sensdtivity amd schedule of admingstrathon (Fig. 7) When eval-
uated) at 3 h, a set of genes (Godd45a, S, Hegd, Epr2) are not madified
by ‘TB1 at all and are not affected by ExOH, implying that this set is not
invalved in pathogenic events explored here. On the other haned, the
epigenetic regulators Godd45h pnd Godiddsg were upregelated by THI
but were inssmsitive to EWOH. Whereas, the nfter moy be due to the
reclundant  pathways triggering  Godd45h and Gadd45g expression
(neuronal depolarization, BONE, TGF-[; Grassd et nl_ 2017), their per-
sistent activation may be relevant not only o direct newroprobective
effects (related 1 large scale contral ol activity-regulated transerdption,
Girwssi et al, 201 7% but alse to the regulation of the reuroinflammatery
cascade. In faet, thelr gene trget 06 (Kigur =1 al, 2015; Shin et al,
HH2Y b5 unaffected by EtOH. It remains to be undersiood if the per-
sistent nprepulation of Godd4sh and Gadd45g amd -6 Is a necessary
prerequisite for EtOH effech,

The largest group of 1EGs bs activated by TBI and markedly, af-
though in same cases nal completely, downregulated by EROH pre.ad-
ministoation, EvDH reduces (although to variable extent, cfr. A3 and
Egr-3) the transeription of ¢-Fos, FosH, AFosH, Egr3, Af3, Npasd, which
are known o depend on excitation-activated Erk signaling cascade
(Wang e al, 2004, Flavell and Greenberg, 2008} Many [EGa in-
vestigated in this study are well-established surmogates o label neg-
ronally snd - synaptieally activated newrons (Flavell and Greenberg,
ZE), Thus, it is conceivable that EfOH ndminisiration pre-TRI intes-
feres with a signaling cascade triggered by neuronal excitation and
|=a.d|:n:3 to transcriptional regulation. EWOH s recognized to be either a
podentistor of GABAR currents (Hanchar et o], 200% Kumar et o,
WG Botta et al, 30314} or an antagonist of NMDAR (Criswell et al.,
20404 Fe ot nl,, 20030, amnd therefore exerts an overall suppressive ac-
tion on newronal excitation. This, 1t i likely that EiOH directly im-
pinges on propagation of neuronal activity inducing signaling cascades
at the neurotransmiimer receptor level. Subsequently, aetivity of
downstream signaling efectors including MAP kinases known to acti-
viate IEGE might be inhibited.

Despine the fact thar [EGs are classically correlated with profifera-
tion and nenropredecton (Zhang et al, 2002 Flavell and Greenberg
2008], thelr functional wrgets and the walvement in regulating nea-
romal cellular biology is only partially understood, In fact, both pro-
wective and detrimental effects hove been assoclated with [EG indue-
tion: recuced [EG induction is associnted with preservation of neoronal
integrity In epilepsy models {Losing et al, 2007 and In the reting
(Oshitarl et al, Z002). Thus, ethanal-induced downregulation of 1IEG
mary contribute directly o the ohserved ethanol-related neuroprotec-
.

Although the transcriptional programs regulated by activity-in-
duced ranscription factars are beoad [Samal oo al, 2015], we bove
shown that several effector genes are effectively downregulated by
ethanol pretreatment. In particular, Bdrf ranscription ls strongly re-
ducem] by ethanol (Fiy 3), and excess RDNF has been linked to ex-
citotoxic oell death in wrauma (G er ol 20023, Furthermore, ethano
pretreatment prevents the ebevation of the Dusp mRNA levels, which are
imvalved in the homeostatic shut-down of Erk signaling. In fact, once
their trimscription is induced by the Erk signaling pathway, the accu-
mulation of the Dusp phosphatases results in the dephosphorylation of
Brk wsell (Kidger es al, 2017 The induction of Dusps and Duspé re-
maing sensitive o EtOH even when administered after TRI, suggesting
that the feedback loep an Erk signaling may remain sensitive 1o the
intervention delivered after TRI, Notably, persistent shut-down of Erk
dlgnaling has been repomed after TR CAtking e gl 20049}, simee ac-
Ii\r.il.‘j'-d:pﬂlhnt neuropratection miy contribite o the survival of
neurons after TBL (Ikonomidou el al, 200433, Prevention of DUSP ac-
curmitlation may further contribule to ethanol-induced newrog tian
after rrauma,

Finally, ethans| decreased the TRI-induced elevatlon of A3, A3
plays multiple roles in peuroprotection and newrnregeneration [Gey
el al, 20006) but it hes been shown 1o downregulate injury-induced
neursinflammagion (Wang ot ol 2001 2), In fct, ethano] administration
resulted in the sctual elevotion of chemokines (eg. Cel2) which are
normally rqu'r_wed |:|3,- ATF3 (Gey et al, 20016} The interaction of
cthanol with TBI are complex and rather than suppressing Inflamma-
tion, ethanol appears to polirize the neunsinflammatary response to-
ward a pro-survival phenotype (Chandraseknn eb ul, 2007, Goodman
el al, 2000 Wing et al |, 2013), alihough this may not happen n every
mle] (Teny et al, 2005 Kok et al, 20059),

Notably, only a smaller subset of the [EGs [Egrl, ¢-Fos) remained
sensitive 1o EtOH administered after the trauma, suggesting that the
mapority of the transeriptional responses are sctivated (n a very narrow
fime-window af the instance of trauma and EfOH must be present at
that mament to mpact them slgnificantly. In line with this, NMDAR are
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activated in a time-restricted manner after tmuma (Biegon et al., 2006}
similar to our findings on EtOH administration. Furthermore, smilar to
our data on B0, WMDY recepior blockers convey newroprolective
effects only if sdministered in 8 narcow time windaw while application
at later stages were detrimental (konomidon et dl., 2000),

As 0 limisstion of the present study, it must be stressed that, despite
the careful match in the dose of ethanol administersd to eth-5 and eth-
THl mice, the BAL measured at 3 h were significamily higher in the
latter than in the former, We hypothesize that a significant sbow-down
of ethanel metabodism may take place in mice undergning TRL In fact,
THI per s& can affect visceral blood Now (Yean e al, 1990} and liver
metabolic enrymes expression (Ma et al, 2017), The detnils of the
pharmucokinetic of ethanol under TR conditions dre therefore worth to
be further investigated.

In conchesion, our data show thar when EfOH intocdeation (s present
at the mament right before trauma, it significantly decreases the
trnuma-induced transcriptional responses of hippocampal neurons.
However, the buffering capacity of E/DH may be Hmited in parametric
space of insult severity and timing of sdministration, limibng its
translational potential.

Supplementary data to this amicls can be found online at hepe,
dielarg/ 10,1016/ L expaenrol 201712017,
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The Neuroprotective Effect of Ethanol Intoxication
in Traumatic Brain Injury Is Associated
with the Suppression of ErbB Signaling
in Parvalbumin-Positive Interneurons

Akila Chandrasekar! Florian olde Heuvel! Martin Weplar? Rida Rehman, Annetta Paimer,
Alperto Catanese? Birgit Linkus! Albert Ludolph, Tobias Boeckers)! Markus Huber-Lang?
Peier Radermacher” and Francesco Rosslli '™

Abstract

Ethanol intoxication (E} is a frequent comorbadity of truumatic beun imgury {TBL, but the imvpact of EL on TBI pathogenic
cascades and prognosis s unclear, Although clinical evidence suggests that E1 may have peuroprotective effects, experi-
mental suppon 15, o dite, mconclusive, We aimed at elucidating the impact of E1 on TBE-associated neurological deficits,
sigialing pathwiys, ind pathogenic cascades in opder to identify new modifiers of TRI pathophysiology. We hive shown thal
ethanal administration (5 gfhkg) before trauma enbances beluvioral recovery in a weight-drop TBI madel, Neuronal survival
ini the injured somatosensory conex was also enhanced by EL We have used phospho-receptor tyrosine kinase (RTK ) amuys
to sereen the impact of ethanol on TEI-induced activation of RTK in somatasensory contex, identifying ErthBL/ErbB3 among
the RTRs activated by TBI and suppressed by cthanol. Phosphorylation of ErbB203/4 RTKs were upregulsted in vGiu2™
excilatory synipses in the injured cortex. including excitutory synapses located on parvalbumin (PY -positive interneurons.
Administration of selective ErbB inhibitors was able o recapitulate, to a significant extent. the neuroprotective effects of
ethansol both i sensonmetor performance and structural imtegniy. Further, suppression of PY inlemeurons m somisosensory
contes before TBIL by engineerad recepiors with onthogonal pharmacology, could mimic the beneficial effecis of ErbB
inhsbatoes, Thus, we have shown that ED interferes with TBL-induced pathogenic cascades at multiple levels, with one
prominent pathway, involving ErhB-dependent modulation of PV intermewrons,

Keyworda: chemogenetics: ethanol infoxication; inhibitory infemnewrons; traumanc brain injury; tvrosine kinase receptors

Introduction

RAIN TRALMA IS & FREGUENT CAUSE OF INTURY 18 civilian and

military populotions. with 577 per [(CLO00 cases per year re-
poried in the United Siates (hetween 2002 and X06) and even
larper numbers in the developing world. " Moderate-to-severs
iraemadee bromn njury (TR accounis for W-30FF of the owverall
incadence, but resulis, pevertheless, in 17,6 per 1K, 00K deaths per
year i the United $tates alone. ' It s also estimated that 3.2-5.3
million patiems live with Tong-term disability related w TEI in the
Umited States.” Overall survival in cases of severe TR has changed
very little in the last 20-30 yenrs.” Epidemiokopical evidence can
b usmeal o wbennify miodilers and medolators of THI Pragnnss in
homns, alicviating the pitfalls of targes wentification m rodent
models.

Climienl dita have shown thot ethanal intoxicution (ET) is o
deﬂn.lml maxlifier of TBT outcome, Bl s detected in WP b S50
patients adoutted for THIL with the greal majonty of patents
displaying a hinge-drinking pattern (i.e.. nol being chronic aloo-
halics), ™" Swrprisingly. positive blood-akcohol level (BAL) hos
been associated with @ betier suicome of TBL™ ' although not in
all stullif.x.""” In rlﬂl"ll.:ll]itr. Berry aml ucr]lu.'lgllca. reponied BAL
XA mptdl as being strongly associaied with redsced morabny
in moderate-toesevere THL™ Likewise, patients with positive BAL
showed a Faster recovery of peurccopnitive fusctions.™ abthough
ather stadies found deirimental or no effeet' ™'

Interacton between El amd TBI has been investigated in experi-
mental mislels wlthzang chiTerent THE mondels and differem schedules
of ethanol administration: ethanol admimsieaton before o Muad
percussiin injury’ ™ or three-dose eihanol sbministration before and

'Ll‘rmllls-h'fl ul Meupedogy, “Insabqute of Aesllwsiakyeal I“u‘lllll.'lrlII}"-il.lllll;u.I uind Process Enplneening. lmsabiute of Clinteal sl Experinmnial Treawmu-

Aoy, und *lep

of Anavomy md Cell Blogy, Ulm Univenaiy, Ulm, Gerroay,

e
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after controlled cortical impact (i rots)'” worsened sensorimnior
recovery, whereas single-dose ethanal administration  soon after
hlunt TBI™ ar before Bent TELY contusive TBL™ or comtrolled
corteal dnjury™ bencl to Tavier recovery. Thus, Bl may provide
context-dependent beneficial cffects in TBI, offering an eniry podim
b urdlerstnnding hoard- or subtype-specific tirgets of intervention.

Mechanistic understanding of El influence on TBI is lirmited: E1
i the imstasce of trowma medualates the nevminilammatory cis-
cade, reducing production o proinflammatory. cylokimes and en-
hamcing secretion of intedeukin (ILR13.%7 alibough it ks alse
reportad 1o increase brain edema ™ Nevenheless, EvOH pharma-
cological specirum of activities inchede antugenistic effects on
M-methyl-D-aspartate seceptor (NMIARF and agonistic effects
i “;urr:rru-:lmmuhul}'rlu acid (G A H.I"HIEL'\EFIJ!T.!" aumslin.g LIS
El may affect mubiple, distinel sets of biologecal Tupctions in
menrons, pstrocyies, and immune cells (such as synaptic plosticity,
prodiferation, and inflammation) at once,

At the molecular level, these functions are mediated ond or-
chestrated (although not exclusively) by a st of receptor tyrosine
kinases tRTE=), includimg, smong many, the ErbB family and Trk
famly receptors (nvolved i synaptic plusticiny and astrocyte
proliferation,” " AsVDikMetk receptors (alfecting micmglia
physiolegy),™ and EphA and EphB family receptors { modulating
astrocyle responses),’| Becouse distinet sets of RTKs control dif-
ferent hiological responses and struciures (synaplic plasticity, ns-
Lrngl:irl.l TESPONINES, wisl meurovascular I.Il'lilhl"'“ =l mlrn'ihn'i'ng the
achivitin slatis ol such receptors nike 10 posable o probe the
ongiing cellular responses elicited by TB] and the combination of
El and TBL In particular, activation of the ErbB family RTEs
provides an entry point to the excitationfinhibition balance in the
altected cordex: In fuct, ErbB family members are expressed on
indubilory i:|'|l|.':r||||:ur|.1r|:~.“'l-" where they contmil the stremgth of
excitanmy synapses.S 0 Among the inhibatory intemeurons, EfbB
receplors & promipent regulsios of parvalbumin-positive (FY)
Intemeurons™*' and thus previde un entry point to the effects of El
and TR on perisomatic inkibition and comicnl excitahility,®'

Theretore, we monitored the impact of Bl on behavioral and
histolegical consequences of THI and explobted an aray af -
boudies direcied aﬂalru['[ﬁmphsu'_'.ﬂulﬂl RTES boddenti ly the pattem
of RTK activation in TBI and hiow this was influenced by EL Be-
cawse of the highly dynamic noture of phosphorylaticon events. this
approach privided a more direct sampling of the ongodng signaling
compared 1o pene-transcription. profling. In addition, because
HTKs are torgetes) by o growing number of seall malecules ap-
prnw‘:d o humnn use (e, %ee 0 previous m:rrku_l. they provide
opporiuniies lor drug sepurpoang in TEL

We have demonsirated that EI aceelerates newrological recovery
and ameliorsies the histological damage coused by THL The RTK
wrray anilysis nevealed that Bl prevented the TBLndeced phas-
phrylataon of several RTES sl i purticubar, the ErbBE Gamily,
We huve demonstred Ut phosphorylated ExbB Gmily members
are lecalized i vesicular glutamate transponer 2 (vGlae) synapsis
on inhibitory neurons, and that nevroprotective effects of EI can be
partially recapitulated by phaormacological modulation of ErbB or
by chemogenstic control of PV inlemesrons,

Methods

Arimals, affans! acmnistiration, and frawmatic brain
nfury model

The experiments described were approved by the [ocal veter-
mary nmd antimal experimentalion service under the hoense bW e

and successive integration. Bé mice were bred locally (Lilm Uni-
versty, Ulm, Cermany) under stamland ushandry  conditions
2400, B0-RiKe humidary, 140000 lightidark eyche, with ad lihwn
access o food and water). BPY -Cre mice were a kind gift of Pico
Caroni (FMI, Basel, Switzerlond) and were hred locally (Ulm
University b wnder the. same conditions, Experimental duta are re-
poited from a votal of 194 mice frem an averall cohort of 224 mice
twith 30 mice experiencing svute mortality r meeting ienmnation
criferia, see below), Experimental groaps and mice allocations
fior each group with respective resdouls are summanzed m Supple-
meitary Talde | (see online supplementary materal a hnp:ifwww
liebertpub.com). For behavioral and hsiobogecal analysis of EVTEI
imterachions, the experimentol desipn incloded four groops; 1) control
mice ahministered with saline and subject 1o shim surgery (sal-5;
=15 2} control mice sdminstened with high-dose ethanol (5 g/kg)
diluted in saline and subject w sham swrpery deth-5; 0= 300 3) mice
pre-treated with saline belore TBI (a)-TBI; o = 8); and 4) mice pre-
trested with high-dose ethanol {5 gkg) difuted in saline before TRI
(eth-TBL =6} Ethanol solution (£00 ul. of ethanol solution, § g
in 32% [wiv] i saling or saline alone), dilubed in salime was ad-
ministered by oral gavage 30 min before the procedure. ™ Wild-type
minle mace S-S :I::(x ol ape were subpect 10 chsed miphl:-&q‘r THI
after admintsration of bugmenorphine 10,1 mpfky by subeutamesas
injection) and put under sevoflurane amesthiesia { 2.5% in 97.5% Oy).
Scalp skin was incised on the midline 10 expose the skull. Animals
were Ehen m.um.ul]}' [uwilil:n'n.:d m Lhe u‘eighlaih'l:lrl appuralus, as
previously deserbed, with the inpactor site locilized at the cemter of
the right parictad bone, TBI was deliverad by a 333-g impacior
free-falling from a 2-cm distance,™

Trnmedimtely after the expenimental TEL animals were admin-
psteered OO 0 and were monitored fior apoea tme, Alter spson-
mneous breathing wis pestored, scalp skin of apesthetized mice was
slitched with Prolene 6.0 surgical thread and animals were trans-
ferred to 8 warmed recovery cage (single-bosed ) wath ad kit
sy oy Fooad amdd water, Addoonnl doses 1:ll'l'n.|pnmnrpl1lr|: WETE
aminisvered every [2h for the following 24 h post-injury. For
shnm-surgery, mice were subject 1o the same procedures and
treatments (enesthesin, skin opening and closure, hamiling, and
pusitbing in the THI apparatus|, bl moe Crakiinid weas deliversd.

To avead unnecessary suffering of mice. their penenl slae was
checked regularly using a scose sheet developed for TBI deter-
miming fixed terminntion criteria, Effort was made to minimize
andmal suflenng and reduce the namber of necessary antmals

Phaspho—raceptor yroging KiNase screening

For the screening of RTK activation pattem, o singhe time paint
03 Iy was comsidened and four experamental groups were icloded: 1)
saline-shom (m==8), 2¢ ethanol-sham (n=35); 3) saline-THI (n=T);
and 4p ethanol-TBI Ur =51, Mice were sacrificed 3h after TBI (oo
sham sungery )t by cervical disbocation and the brain wis quickly
dissected in wee-cold phosphate-buftersd saline (PRS). Costex sam-
ples 1L3-2.0mm in cdiarmeter were dissected from the pasictal bobe
tsomatosensory area) and smap-frozen. In order 1w obtain corical
protein exiracts, cortical samples were thawaed i bomogenization
huaf¥er (1 = Lysis Baller: C5T: 2000 mM Tos-HO [pH 7.5], 150mM
af MaCl, lmM of MNa, EDTA (shylencdaminetetraacetic acid),
I mM of ethylene glyeol tetrascetic acid, 1% Triten, 2.5 mM of
sidium pyrophesphate, | mM of f-glyeerophosphate, 1mM of Nay
WO, and 1 pgfm Lol beupepten ) contuiming phosphiatiase (1 tahlel per
10mL of lysis bafier) and protease (1 tabler per S0mL of Bysas
buffer) inhibitor (Roche cOmplete tmblets;: Sigmoe-Aldrich, Tauf-
kirchen, Germony b cockial and homogenized with 20 strokes of
Duounce apparatus, Tissue homogenates were then cleared by
centrifugation {10000 g, 10min} and assayed for prolein con-
centration with the Brodford protein assoy,

Phnsghio- BT activiio sereening was hased om 3 nitroceflubose-
membeme cndwsch |.r|1n|1.|.r||.ms.1u:,- aiin] wiks [u.'rﬁ:rmnd mccorcdimg 1
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the manufucturer’s instructions (R& D Systems, Minneapolis, MM}
Brefly, niirocellulose membrane spotted with the anti-RTK anti-
bondy wese: blocked in array buffer 1 for 1 h an room temperstone
{RTL before heing incubated with 500 g of tisswe homogenates
dibwied in L.5mL of Armay buffer | for 24h al 4°C. Thereafier,
membranes were gquickly rinsed in sterile water and washed
3¢ 10 ke by weash boffer. Membraney were then mscubated with the
anti-phospho-tyrosine - horseradish peroxidase (HRP) detection
antibody, diluted to | = Armny Buffer 2, for 2h st RT, Membranes
were then washed N s before and detection of the HREP wag
performed by adding v each mentbrane | ink of the Chemi Reagent
Mix and imaged wang the chemDOC MP Imaging System from
Biv-Rad (Heroulbes, CA),

Amray images were then quantified using Image] (NIH, Be-
thesda, MDD A fixed-size region of interest (RO was drown on
cach antibody spol and the integrated median gray value was ol
twined. wpether with & valoe for the bocal background. Each ex-
perimental mn contmed of keast fwo saline-sham samples, aml
values for each spol pre expresaed as percentage of the salise-shom
reference.

Drugs and drug adrvnisiralion

The ErbB iphihitos, Lapatinib (Selleck chemicals, Munich,
Germany), the ErbB anhibivor, AGE2S (Tocns, Bastol, UK), the
broad-spectrum TE inhibitor, LDN-211904 [ Merck, Dormistadi
Grermany ), and the plarelet-derived growth Factor (PERGF) inhibitor,
CP-673451 (Selleck Chemicals, Munich, Germany ), were com-
merctally avalboble. Each druag wos dissolved b o minbmal volume
of dimethyl sulfoxide and diluted in vehicle (conmining 3% PEG-
400, 5% Tween-80, and W% waline ) before ndministration. Mice
were administersd with each drug in g volume of 400 4L of vehicle
by owal gavage, The experimental design included 1) mice. wl-
miistered with vehicle umbergolng sham-surgery (veh-5.n=41. 2)
mice pre-wncated with ethanol (3 afkey dilated in vehicle and un-
derpoing sham surgery deth-58; o=131. 3} mice administered with
vehicle undurgn'rnﬂ_ TRI {veh-TRL r=5}, 4} nifce FT!JIl'L'ﬂIﬂI witl
ethanol snd wndergoang THI (ath-THE: n=4), and 5) mace pre-
treated with specific inhibitors undergoing TBL For ErbB inhibitors
Lapatinitb and AGEIS, two trentment doses were considered:
1hmefky in="6 aod 0=5, respectively) ond S0mafky ir=4 and
n=d, respectivelyy For LDN-211904 (r=d4) and CP-673451
(=41 only one dose {1(0mgfkg) wis considered, In pre-treated
mice, all drugs (or vehicke alone) were aidministered 30 min before
TBHI, T acleatiom s the foar jrouaps citedl phove, for |_,.q[1;|li|1|h amd
AGE2S ome mose growp was analyzed: mice treated wath the spe-
cifie inhibitor W min aftee TB] (n=4 and n=4, respectively). In
this growp, only one dose {50 mpkg) was administered. OF note,
admmistrtion of ethonol diluted mosaline or saline alone did not
produce o significantly differens effect an behaviogal or bistobogical
teadouts thin ethancd diluted in PEGA-TweenBik-saline vehicle
or of vehicle nlone,

Behavioral and neurological score assessment

Crverall neurclogical impairmen was evaluated using the com-
posite Ncmr]ngl.tul Sevenity Score {NSS), as descnbed by Flied
anad colleagues.'’ At 3 b post-injury, 24h post-injury, 2 days post-
impuery (dpi). ddpi, Sdpi, and 7 dpi, assessment of mmor (mescle
akzifiis, abpidmial movementl, sy sl tactile, wnd r.|r|.1|11'i||1-
ceptivel, reflex, and balance abilities were tesvied. Animals are
awarded 1 point for failore w0 perform o task. soch that scomes
ranped From o 1, increasing with severity of dysfunction. The
Arend Escape twest, part of N85 evaluation, wis pecfonned puting
the ansmals o a corenlar, brightly-lit area whose wall ipclided a
narrow opening leading o the dork companment. The ume re-
guired 1o enfer the dark compartment wis measured ond averaped
over ihee atlempls, The Benm Walk e wy Fmrl-:rmad HENR RS

CHANDRASEKAR ET AL.

ously reported: Mice were habituaded to walking over o suspended
woniden beam, from an apen platform s dark compartment, and
thie pest wis then repeated at 2and 7 dm * Tine requibied o reach ihe
dark o wis measared.

Immunastaiming, confocal imaging, and image analysis

For evaluation of ErbB family members” phosphoryiation by
immunostaining, mice treated with either 1) saline (sa1-5; 7= 3)or
20 ethumnl (eth-50 r= 3} were subject e sham surgery, aml inde-
pemslent groups af 3) saline pre-reated isal-THE n=31 amd 4)
ethanol pre-treated (edh-TBE #=4) mice underwent the TET pro-
cedure das indicared abovel. Inerder w further evaluate the phos-
pharylation of ErbB2 after the pdministration of ErbR-specific
inkibitors: AGHE2S and Lagatinib, the loHowing geoaps were con-
anilened: | ) mice treated with vehicle and undergoing sham surgery
{veh-5, w= 31 2} mice weated with vehicle ond undergoing TBI
{veh-TRI, m=3) 3} mice treated with AGES inhibitor and un-
dergoing THE (n=1), anal 4) mice treated with Logatinib and an-
dergoing TBI (e =3} Mace were perfusion-fixed (25 mL of jce-codd
PBS Followed by 30 mL of ice-cold 4% paraformaldehyde [PFA] in
PBS) after 3hoor 7 days, Brains were dissected and stored in PEFA
(4% m PRES) for TR at 4°C, before lu:i:rrg wasled i PHS, -
protecied in 30% suicrose in PBS. and embedded a0 optimum cul-
nng temperuture compound (TissueTek; Sakura Finetek USA,
Torrance, CA), Sections were cul in cryostal ol 40-pm thickpess,
Immurestaining was ]'n:rl'nrm:d s |;||.'|:l."i|.'|l.a'tilg.I l\:pq:n'h:l.l.* anﬂy.
lree-fluating brain sections spaniing the raumi sile were blocked
in bovine scrom atbumin 3%+ donkey serum 3%+ Triton 0.3% in
PBS fior 2 h at 247°C and incubated with primary antibody in blocking
baifler For 40k a1 440

The folloswing primary antibodbes - wege used: rabbat anti-
phosplhoryled-ErbB2 (pErbEB2. 1200, #3235, Cell Signaling
Technology [CST]. Danvers. MAD, rabbat anti-phosphorylated-
ErbHA ipErhB3: 1:100H, #2842; CST) phosphorylated Erbid
ﬂ‘!iE'thld-. oAk, ab BOOT3: Al i, :ql'lll'rndgq.'._ BAA, ol anli-
wGlutl (1500, #135311; Synaptie Svstemns. Brossels. Belgium),
Buinea pig anti-vGlat (1500, #135404; Synaptic Systems |, monse
anli-Synapiotagnan-2 (1:200, abE34035; Abcam), and goat anti-
PV 1000, PYG-214: Swant, Bellioom, Switeerlamd),

For detection of phospho-ErbBY and phaspho-ErbB3  and
phosphe-ErbB4, the tyrumide signal amplification provocol was
wsesl (Alexa Fluor-485 Tyramibe SuperBoost kit, B4HR22; Thermo
Fesher Scientific, Waltham, MAJ, amd the manufeciorer’s nsie-
tioms were modificd ascconding o free-floating staining. Briclly,
sections were washed 3= min in PES o BT and incubated
for alhmin with poly-HRP-conjugsted secomiary antibody, Afler
washing (32 Mimin i FBS al BT, sections were incubated in
tvrnmide working solution (100G vramide sock solution, 100:= Hail,
soltion, and 1 = reaction buffery for 10min. the tyramide working
sobinfion was stopped by adding the sections in sop reagent. After
washing |33 30 min in PHS af BT bean sections were mscibated
with opporiune secondary antibodies {Abexa-conjugaicd donkey
antimouse. antirabhit, anti-guinea pgl diloted 150 ogether
with the nuclear stnin TOPROLD (Inviteogen, Cardshad. CA)
110 for 20 01 BT and mounted using FluoroGioeld  mouni-
ing mediiim. Por assesament of neuronal loss, the following
proups were considered: 1) mice administered with vehicle and
undergoing sham surgery (veh-5; n=3), 2) mice administered
with ethanol {5 a=13, .‘iwﬂcg. utleited 1n vehicle) 1.|.|1|.'E|:3L1i|'|g
sham surgery, 3) mice sdministered with vehiclke undergoing TBE
{veh-TBE i = 5), 4) mice slminisiersd with ethanol underpoing TBE
(eth-TRE n=4), 51 mice administered with AGE25 or Lapatinib
(=5 and a=0, rexpectively), and &) mice sdminbstered with
LDM ar CP (n=4 and =4, respectively ). Mice were swerificad
at Tdpi by perfusionfixotion, and brain tissee was then pro-
cessed for immumastaining oz reported ohove. Immimastaining
Wik rln'rftlrnwd with mouse anbi-newmnal nucler {NeuM; 1:1H,
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MABITT; Millipore. Billerica. MAY with the same experimeniul
predoc ol detailed above

Confocal images wene acquired vsing an LSM-700 1 Card Zeva
AG, lena, Germany) knvered microscope. fted with a 20X air
or #1=ail objective. All imnges were acquired in 12-bit formai
und fmaging purameters wene =21 in order 1o obtain signal for the
immumstabned antigen =E50 while avolding satwration i high-
imensity newrons. For newronal densicy measurements, RO cor-
responding to the trusma site asd spanning the surmounding regions
for uf |east | 5LRY e woere w.'qui:rl:d with Zﬂiu'h]:cliw: v Bilecsean
rwle, with aptical section thickness set at | g, NeoN' were
counted in ROCs located inthe primary injury site (on the axis of the
imjury site: Supplementury Fig. [ {see online supplementary ma-
terind @t hatpffwoww lichertpubocom) and in the penumbral zone
(locatsd at o fixed distance of WX on from tee axas of the imjury
site:; Supplementary Fig, 1) isse online supplementory moterial st
hitpefwww liehertpab.com b Multiple broin sections spanning the
imjury sife were imiged, and the ores with the Iorgest extent of
bjury [measured bnothe latero-lateral axis) were conshdered os o
reference for the evaluation of the injury siee.

For phospho-BTK quantification, images were aoquired with
40 % ehpective with optical thickness st ot S00mm amd wang the
tle-scnn mode o :-c:quil\e pu\mpu':ilu pidun:h. hpanu.ing thir prismury
injury site and the penumbaa. Confocal image stacks composed of
10 optical sections were collnpsed in maximum-inensity - projec-
b sy e [mapﬂ sollware sk (NIH L For overall |'|F:hH2.
pETbES, and pErbi4 levels, two fined-sive reclangular RO were
liscubed symmetrscally on ench side of the axis of the injury site wnd
the mean gray value was compated

For analysis of pErbBI colecalization with synuptc markens,
singhe opteen] sections acguined with the =5l ehgective were
considersd and each chamnel was sequined independesly 1o preve
fluorescence cross-bleed. Each synaptic marker was evaluated in-
dependently agamst pErbB2 (the following co-mmmamostaimings
were performed: phbR2AGlatl, plErbB2Glal, wnd pErbBY
Syl Multi-channe] images were processed in Imaged (NTH) ROl
for symaptic analysis were Iocated a1 4050 gm fmom the axis of the
imjury site. pErbE2 Ruorescence imapes from veh-THI simples were
Theesholdied 1o alliow a Iitary clisalication asd ihe colocalizalion of
pErhBY synapaes amd vGlucl, vGlue2, or Syaapotagmin wis vi-
sually cvaluated by listing the number of pEbB” synapses plso
displaying =10 pinels positive for each symaptic marker considered,
A mimamanm of |50 synapses for each marker were evaluated | from
thees replicaes) asd the percentage of pErbB2+nCilul ', pEdBIY
vGlutY", und pErbB2Sy2 synapses (over the total number of
pEThBI" in the consudered ROEs) was computed

Intracerabral injaction of adeno-associaied virus and
chemogenatic aganist Faministranion

For the study of PV activation or inhihition by chemogenetics,
asud the evenneal additive effect of etanal. PYV-Cre mice were in-
jected with adeno-associated virus (AAY ¥ expressing cither ac-
tivatior pharmacolepically selective actuator maodule (PSAM) or
imhibitor PSAM. For both the former and the luter (independently),
the fullowimg expertmental desiym was considered: | mice inpected
with suline and subject w sham surgery {sal-actPSAM-S wnd sal-
ithPSAM-5. hath n= %), 2} mice injected with phanmacologically
sebective effector molecule (PSEM) and subjest o shom sergery
IPSEM-actPSAM-S widd PSEM-thPSAM-S. both r=31 ) aniee
injected with saline and sulyject 1o TB] (saf-actPSAM-TBEI and sal-
ithPSAM-TBI, both n=4), 4) mice injected with PSEM ond sub-
Fect io THI (PSEM-actP5 AM-THE and PSEM-inhPSAM-TEL both
=35y %) muce dnjected with PSEM, admunistered . ethanol and
subfject v TB1 (eth-PSEM-actPSAM-TBI and  eth-FSEM-
inhPSAM-TBIL, both =41, and ) mice administered with cthans)
wlone and subject o TRI (eth-actPSAM-TRI aml eth-inhPSAM-
TBL Iwb =3}

Intracerehral injection of AAY vector was performed of the oge
o PR0- P40 as previously r:pwrlud.“ Hrielly, nrice were pretrelis)
with buprenorphine (01 mp&g: Reckin Beckiser Healtheare,
Berkshire, UK} aml meloxicam (1.0 mgfkg: Bohringer Ingelheim,
Bihernch an der Rill, Germany ) be fore being put inio a sterectanic
frame (Bilaney Consuiltants GmbH, Disseldor!, Germany | under
continuous wodlurase aneshesia (4% in Os a1 300 mLimin). Skin
sealp was incised on the midline 10 expose the skall. Using o hand-
held micro drill, a burr biole was drilled ot the coordinates (x = +2.0L
:,-:—2.[”, l.:n'rr:\'[xmdrng it ihe pri miry  sanpfosensry  corex,
AAND vectors, encoding floxed PRAM-canrying AANV D (exciation,
pAAVIY-pCAG-Tox-PSAMI Lewd | Phe, Tyrl 16Phe ) SHT3-WPRE;
inhibiticn, pAAVID-chafiox-PEAMILeu 141 Phe Tyr] 16Phe iG1vE-
WPRE was obnined from Yecior Biolabs { Malvern, PA}ag the titer
of 9=10 virnd genomesiml., MNexr, 2H00-500 nl of viral suspension
were injected wt x=—0400T wsing o pulled-glass capillary con-
necied o a Picospritzer microffuidic device.

Injection was performed with 19-msec pulses over [0min and
the capillory was kept in place for 10 mere nrinutes: before being
withdrawe, ™ Scalp skin was stitched with Profenc 7.0 surgical
threauds and animals were transfered for recovery in single cages
with fucilitated avcess o water amd food, Arimals were moniioresd
for eventual meumlogical impairment Far the following 72 b amd
were adminisered additional doses of buprenorphine, if needed.
THI prowedure was performed 3040 doys afier viral injection, No
ancrease o mordadily or morhichity was whserved inomrce inlmcn-
miafly inpected in companisoen W miceowhich were sebject 10 THEL
but were never subject o mricrodrilling wnd virl injection (corne-
sponding to the saline-TBI or vehicle-TBI mice wsed as contrals in
behavioral and pharmacological experiments), The PSEM308 up-
oaks (obtained from Apex Scientilie s, Siony Brook, NY 7™ was
administered as previously reported”’ at the dose of 5 pkg M-
G0 min before the TBI procedune by intraperitonenl injection (di-
lated in stenle saline a1 0 mgml), Admimistration of ethanod vwas
perlil:rrrrupt.l as repirted abiwe (ol givige, afiluated im saline, Sg."ﬁ.g'l.

Blood gas analysis

For 1the evaluation of hyposemio and hypercapnion, which may
result Trom the interaction of ethanol intozication and TBE, Bood
gas analysis wos performed. Three expenmental groups were
considereed: 11 ethanol administered, shiun TBI (1 = 3); 2) saline-
|1|.1.'I|1=;.|IE|J andd TBI (n= 3 and 3y L-I.h:'ruﬂ-pn:ll\eulr:d, TBI (n=4).
Baseline reference values for PaOy and PaCO; were obteined Trom
Schwarzkopf and colleagises. ™ Briefly, 30 0l of arerind hlood was
drawn from the shdominal aora in calciwm-hepann-contrining
syringes, Blood gas wensions were measured using o Radiometer
ABL 500 oo gas analveer.

Blaad giial fbeilary acidic protein assay

Fuor glial fibrillary acidic proiein (GFAP) Blood messarements,
the following experimental groups were considered: 1) mice ad-
mimstered with saline ondergoing sham surgery (n=13), 1) mice
achministered with ethanol (5 g/kg) and undlergoing shaum surgery
(=231, 31 mice miministered with saline underpoing TBI (n=41,
und 4p mice adminkstered ethanol usdergoing TBE (n=4), Whole
biood wis taken by pancture of the right veniricle and transfermed
sk sl e FlLumn;l EDTA  muciotivhes. (Kabe Laborechik,
Muembrechi-Elsenroth, Germany j. After contrifugation ar B0y for
10min at 4°C_ the supemitant was iaken and centrifuged w 13, 000g
for 2onin at 4°C. Plasma samples were analyaed by commercially
avallable eney me-Hinked immunosorbent ssay specifled For mouse
GFAP, acconding w0 the manufactsrer’s nstractbons {LSBia,
Seattle, WA), Colorimetric detection was made ot a wavelength of
d50nm wsing o plate reader (Tecan Sunrise Plate Reader; Tecan,
Crilsheim, t';ennu.nyr
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i)

{n proxy of the severity of parenchymal damuge coused by TH] in
terman and murineg models ) at the 3-h tme point: Plasma GFAF was
.umngly eleviried i both TRI g i:ur:q'xntd lex shasrm mice, bat
weere fol sipmilicantly alTected by ethanal (125 2032 ng/ml in sal-
TBI vs, 117 £ 042 ng'mL in eth-TBE as compared to 0058 £ 0,004
aned TL0EE £ (00 3 ngfml in sal-5 wnd eth-5 proups. respectively:
005 for al-TRI ve eth-TRI; Fg, 1E.™

Taken togesher, these ditis show that sensorimoler abilities wene
signilbcantly comserved afler trauma in ethamod-treated THL mice
coampared o sal-TBL supgesting an deule nearoprobective effect ol
ethanal.

Screening receptor lyroaing kinase achvation dentifies
multiple signaling cascades activated by traumatic
brain infury and affected by efhanal

In order to gain mechanistic insizhis on the neuroprotective ef-
fect of E@in TBL, we st out 1o screen the phosphorylation level (in
other words, the activabon stoius) of 3% different RTK= re-
presenting multiple lunctional pabwiys (incloding neuronal, ghal,
viscular, aml inflammitory responses) sl endowed with high
translatbonal potential, To achieve this alm, we sampled the rauma
site from mice treated with saline of cthonol which underwent TBI
o sham surgery. Whole-coriex protein extmcts wese then probed
for RTK phosphorylation using nitracellulose antibody armys,

For four phospho-RTE (EphAT, EphAf, EphB2, and EphB4)
absiute levels were below the detectionm Bl aied couild oot be
aalyged. Two-way ANOVA revealed o statistically significant
differcnce berween treatment groups (F 5 7,,= 1325 p<0.000] )
amd & significant inleraction between TBE ood EFCE, iz 204 = 30052
<UL L Post-hoc analysas (35 groups, six compansons per
growp) reveaded that Sal- TEI cowed o siatstcally sipnificant ugwe-
gulation of the phosphorylation levels of nine RTEs (ErhB2.
pr=00011: ErbB 3. = 00001, FGFR 1, pr= (000 FGFR3, p=0.0311;
hepwocyte growth factor recepior [HGFR - Met, g 0000002
MSP-R, p=0022 EphAZ. p<O0001; EphAl, p<(0000;
EphAg, p=0,004 ) and the downnegulation of one BTE (1GF-R1)
when compared 1o sham samples which had o reached sutistical
sugluﬂnmue aler r|1|.||.1||':]e-usur.|pnn.u|n'\. cormecton,

Ethanol displayed a mainly negative effect on TBl-activated
RTE. althaugh not all activated RTE were equally downregulated
by El {Fig. 2A.B1 When sal-THI ond eth-TBI groups were com-
pared post-hoc, ETcansed o stanistically sigmficant downregulation
of nine RTKs ErbR2 (1544 15% i calsTBI vs. 711 20% in eth
'|'|'H;p=l'|'.l:lﬂ.ﬂ], ErbB3 {166+ 19% insal-TBI ve. 67 £ 205 et
THL: p<04dKi ). Abroblast growth fscter receptos | (FGFRE:
1F0£31% in sal-TBI vs. 735£ 21% in eth-TBIL p =001}, Other
RTEs whose activation was significantly reduced by ethanol in-
clude PDGE-Rb (1385 16% 0 sal-TBL vs, 672 21% in eth-THI:
p=00020 Fl-3 (135 2495 in eal- TR vs, 71 £ W% in sth-THI:
p=00088), EphAl (190£72% in sal-TBI vs, 137 2£51% in eth-
THI p=10iMy, MSP-R (1304 109 in sul-THI ve, 932 85% o eth-
TBL: p=0.023T), EphA3 (aliheugh with large  variations:
2089 = 035 inosal-THI v, 152 £33% in eth-TBL p=0UI243), and
EphAt and EphB1 (EphAd, 152 £ 3% insal-TBI ve 752 1%F m
elth-TBI; p=0.0011; EphIFl, 1382 22% in sal- TR vs. 6342 11% 0
eth-TBL, p=0004 1} Additionally, some RTKs were not affecied
by ethanel. such us HGFR/c-Met (2692 151% in sal-TE1 va
AR5 121% in cth-TBL p=0.05) and FGFR3 (147 235% in sal-
THI vx, |0+ 35% in eth-TBI; p>=0.05)

Taken lsgether, these dmla suggest that the effest of ethanol
i TR 1% multi-facetéd and mvolves the modulation of r.||.1:||i;|1'|E

CHANDRASEKAR ET AL.

signaling cascades unfelding in possibly multipte cellular
subpopulatinns

Erb82, ErbB3, and ErbB4 phosphoriation
is upregulated by frawmatic brain iy
and it is downreguialed by concomitant
efhanal infoxlcation

Amsong the multiple RTEs modulated by TII and ethancl, we
decaded o analyee in further detal the effect of THI and ethanol
intuxication on ErbBLAS activation and signaling. becanse of their
high expression in the cerebral comex and because of their trans-
lational value given that these receptors can be dargeted with U5,
Foud and Drug Administration (FDAapproved  small mile-
r_'ulcsu.u'“""" First., we sought to walidate the screeming resulis and
idennly the cellular sources of the plusgrhorylaed RTKs by im-
munostzining of bruin sectiens (sampling the traama side) from sal-
shim. eth-sham, sal-TBL or eth-TBI mice (perfused 3 b after TB1
for phasphorylated ErbB2 (p¥ 1221712220, phosphorylated Erbi3
{PY 12590, anml phosphorylated ErbiBd (py 1 254)

Arth I'Dt'nilrlll:ilur_l,'. pfl:lhl.lz. |1|."'.|.'|1H-."I. and FI-.'rhI.i-i prermo| e
rescence levels were strongly increassd in the sie of njury in sal-
THBI mice compared 1o sal-sham control conical samples and
nearby cortices {371 2 6E%, 432 4 T3%, and 321 £ 57% of haseline,
respectively) po (001; Fig. 3A-F). Notably, whereas eth-shum did
not elesplay signilicantly bower levels of pErbB2. eth-TBI mice
showed o significant reduction n pEbB2 floorescence intensdiy
(M £4T% of sal-sham; p<003 vy sal-shan amd vs, sal-THI:
Fig. 34 B, Likewise, ethanol pee-treatment resulted in the Blunting
of TBI-imduced uprepulation of pErhB3 amd pErbB4 (2494 51%
amd 203 + 48.9% of haseline, respectively; p< L] sal-sham and vs.
«al-THI; Fig, MC-F) Thaes, immunostining date validated the an-
thoaly array hndings and dermonstrated the suppressive effects of
ethaml on ErbB Family activation afier THIL

pErbB2 and pErbB3 (and, 1o a lesser extent, pEcbB4 ) displayed a
sinkingly pumcluate pattern. reminiscent of synaplic localizations
in the arens prosimil o the injury site and in the permbra. pErbi4
alser dhisplayed immunolecatization in cell bodies and proximal
denlrites of o swhset ol newnons Tn fact, when cortical samplis wene
co-pmmuostamed for pErbB2 logether with the excialory pre-
synagtic markers vGhut] and vGln2, pERBB2 puncia colocalized
almost excluzively with vGhe2" puncia (93 £ 4% b and very little
with wiiutl (3+2%) and never with the marker of inhitatory
synapses. Synaplotagmin-2 {Fig. 3G.H)

Acute admirvstration af ErbB2 intibitors mimics
athanol effect on trawnatic brain injuwy behavioral
culeame,

We further mvestigated the importance elbanol-induced sup-
pression of RTKE, particalarly of ErbB- signaling m TBL Mose
accurately, we éxplonsd whether specific RTE inhibitors could
recapitulate El-associstied imjrroved behaviceal owlcemes. Becauss:
the pharmacokinetics of ErbB inhibitors lave not been studied in
the contexi of TB] (Lapatinib penetrtion of the brain has been
previously pssessed, plthoagh in a conhition in which no central
nervins syslem JCMNE] imsull was IJI'.']H-'!I.‘M':I.'H we wenfed that pre-
administraiton of 30mgkg of the ErbB indubitoss, AGELS and
Lapatiniby { or vehicle), could sffect pErbB2 levels in the comex wfier
TBL Mice were sacrificed 3 h after trnuma and pErbB2 immuane-
Muorescence levels wene assessed: Wherens in sol-TBI we detected
a significant increqss in ErbB2 phosphorytation in v G synapses
{Sal- TRl 354 £ 60F% vs. sules <A ws, sham)., THI-tnduced
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FIG. 3. Phosphorylation of mltiple RTEs after TBI and their modolation by ethanal. (A} Hestmap depicts the relative phos phorylation
lewel of 38 RTKs measured nosamples from eth-5 (r= 51, sal-TRI (n=T7), and eth-TBE (n=5), using sal-5 (n=8) s baseline. THI indisces a
significant increase in phospharylation of 11 RTEs (ErbB2, ErbB3, FREGL, FGFR3, FOFR4, HOF-Ric-Met, PDOFR-#, FU3, EphA2. EplhAs,
and EphB 1) a: the 3h time point. Ethanol pre-treatment decreases phosphorylation of ErbB2, ErbB3, FGFRI, PDGFRb, i3, Ephat, and
EphB 1, but not of FGFR 2 and 3. HGFR, and EphAd, (B ) Quanti feation of a subset of RTR phospharylateon afier TBLL In whole-coniex protem
extract; THI vpregulntes ErbB2, ErbBL, and FGFRI, wherens ethonel pretrestment prevents opregulution (ErbB2, p={UXKE; Erbl3,
[ O FOGRRL, =000 Flck, p=0006R; Ephab, p=000011; EphB 1, p=0004] ). Sranisnical analysis by twoeway AROVA with Tukey's
posi-hoc test. For clarity, onky statistical significapce for comparisons between sal-TBI ond eth-TB1 ure gruphically depicted. ANDYA,
anulysis of varance; RTK, receptor tyrosine kinnse; TBI tmumatic brain injury. Color image is available online at wwow lieheripub. com/neny

pErB2 jscrease was stieongly limited by pre-treatment with
AGE2S 50mp'kg (AGEZS-TEI 162 £46% of sal-5; p=<001 vs,
THI: Supplementary Fig. 2} {see online supplementary material
at hetpetfweww licherpub.com) or Lapatimb 50mgfkg (Lapatinib-
Bl 153+ 65% of sal-8; p< 0,01 v, TBI; Supplementary Fig. 21 (see
online supplemenary muerial ot hipeivwarw lebenpab,com),
Theresfier, distinct groups oF mice were administered ErbB2
inhibitors (AGE2S 50mgkg or Lapatinib 50 mgikg) & PDGF re-
ceplor (PDGERY mhibitor (CP-6TM51, 10mg'kgl or the broacl
RTK inhibitor (LIN-21FRM, 10mpkg), in a single administmation
before TR, and assessed for their purlm'm:l:nl:\e b sefsorimedonr il

hehavioral tests. We also considered two groups of mice rested
with a lower dose ¢ [mgfkg) of either Lapatinib or AGHE25. For
companson, independent groups of mice were pre-treated with
ethimol diluted iy vehicle or with vehacle aloni: aml sabpect b0 sham
sungery or to TR, Mo dilference in perfonmance i any fest was
detected between veh-5 and eth-5 mice, which were comparable i
saline pre-treated mice (efr. Fig 1)

When assessed in the Beamn Walk sest. mice meated with S0mgfkg
of AGEIS or Lapatinib performed significantly better than vehicle-
treabed THI mece and compimble fo eth-TH] mice (m 2dps, 10,1227
and 12.6% 24 w=c, vespectively, as uﬂn|:l.:md bod MY YT M see mi vehe

64



Dhwrilimdind by T1 Brmnschwsdig Term wesst Jieheripifs com o U] 101%, For pessiml s onlly
) E I F

2726 CHAMDRASEKAR ET AL.
A Sal-Sham  Sal-TBI B C Sal-Sham Sal-TBI D
i 1 7 1
£ 4004 400
£ 8@ A
g 300+ S Ta00
th-Sham th- el | = h-Sham th-THI o 2
Eth-5 Eth-TBI 2 Eth-Sh Eth-TBl o .
% =200 @ 200
i a iy 1
a 1004 2 1004
i 4
E Sal-Sham Sal-TBI F G Sa TBI Eth TEI H
500 N ) .
B | 2100
e (=9
§ 400+ e E B0
29 @
S & 300 % 60
Eth-Sham _Elh-TBI 5 5 7] T 40
@ £ 2004 LT
] -1 B 20
b. 100-— ﬁ
- &
Fe e

viGhit2

B Saling sham ®Ethanol sham ®Saling TEI M Ethanol TBI

FIG. 3, Suppressiom of TREnduced phosphorylation of ErbB2 and ErbBS in vOlat2” escitntory synapses by ethapol, (A amd B) Levels

of phosphorylsted ERBE2 were increased 3h after TBL Iminumsdluormscence mtensity for pErbB2 wis increased o 371 £68% of sal-S5
(=4 p= 001} in sal-TBI mice (n=5), whereas cthanol pretreatment resalted in reduced elevation of pERBB2 levels (n=4; p< ] v
sal-TBI and vs. sal-5 and eth-5) afier TBI (eth-TBI). Scale bar, 50 ym. (C and I} Levels of phosphoryluted ErbB3 were incressed after
TBI, Immunofluorescence miensity lor r!l':rh'IH m,'r:nllsr_':lnlly imeresseel compeinedd to sal-5 {p< 1ot 3hin sal-TRE mce {v=4), wherens
cthanol pretreatment (eth-TRL a=4) resulied in reduced elevation of pERBR2 levels { p <000 va sal-TBI and v sad-5) alter TR Scale
bar, 50 um. {E and Fj Increased levels of phosphorylaied ErbB4 was noted afier TR Immunefluorescence intensity for pErbBa was
sipmificantly increased (=4 p<0L01) ot 2h in sal-TBI mice, whereas ethanol preirentment results in the reduced elevation of pERbB4
levels fm=d4; pe (L s sol-THL and vs. shom) after TR Seale bar, 50, (G and W) ERBB2 phosphorylated ot vGloi2” synapses afler
TBL At 3k post-injury (sal-TBL n=3), 93 4% of pERBA2 chustens colocalized with vGlut whereas only 1+ 2% eolocalized with vGlul

aml never with inhikstory synapses synapiotagmin-27. Sististical analysis by teo-way ANOVA. Scale bar 2pm. ANOY AL analysis of

varignce; TB, trsumatic brain injury; vGlut. vesicular ghuamate transporter, Color image is availohle onlise ot wew liehertpub.comineu

TBI and 14.3+ 2.8 sec in cth-TEI mbce: p< 0001 vs. veh-TBI for bath
comipounds; ethanol wis dilued in vehicle for proper comiparison:
Fig. 4A ), The effect of ErbB inhabitors was stifl detectable when a
1Tkmagkg dose was administered, with ends wwird dose-dependeni
eflects (although for AGRIS the srong rend dald nis reach utisiscal
stgnifbcance; ot 2dpd, 15,1223 and 173+ 58 sec awd p=00071 fior
AGEYS 10 vy, Sthing; p< 003 for Lapainib 10 ve. S0me; Fig. 4A)
The brond-sebectivity RTE inhibitor, LDMN-21 1904, also produced &
significant impeovement in performance (8.6 34sec; p<00] vs
veh-THI; Frg, 5A) whereas the PDGEFR -selective drug, CP-6T3E51
daid mol alleet significantly e perlormance (s 2 dpl, 22,04+ 6. se;
p=015 vs. veb-THI Fig. 4A) Ax Tdg, eth-TBI as well as mice
treated with enher dose of Lupatinib, AGR2S, or LD were similar in
performance ¢ sal-5 of eth-5 mice, whereas sal-TBI was still sig-
nificantly slower (Fig. 4Bi

Likewess, '|'n.~r|'nn'|\i|n|.'r im the Aremn [E.'.ralru:' Test wis \slgnlii-
cantly mochfied by BTE mubiioes. Both §1)- and Stkmgikg AGE2S-

anad Lapatinib-treated mice performed significantly betier than
vehicle-treated ones wfter TBL (or 2dps. 9.1 £2.4 and 6,42 |1 sexc
for AGEIS and 113X 1.3 and 7.5% |.fisec, respectively, wvs
17242 4sec; p<0A15; Fig. 40 pnd comparubly 1o the ethinol-
tresited] omes (7.4 +2.2 see, p=0L05 when compared 10 AGE2S and
Laputinib ). Likewise, mice pretreated with the brosd-selectiviny
RTK inhibitors were well|!l:||u|!'||.' i vieh-5. eth-5, or eth-TBI mice
{6,042 4 sec; p>0005F when compared o veh-5 or eth-5 or eth-
TBI), whereas mice pretreated with the PDNGFR inhibitor per-
lonmed comparably to the veh=-TREmice {2000 £ 6.5 sai; p > (L5 v
veli-THI: Fig. 47}, Like in the Beam Walk, in the Aseia Escape
tests the improved performance of mice acutely ireated with
AGH2S or Lapatinib was still detectable sg 7 dpi (Fig. 409,

To esplore the trunslations]l potential of ErbB inhibitors as

thernpentic agents for acute THL we administered o single dose of

liIZ:'|1|1:."|».|:1H-I'[.:lrlill:iuih f@n T'T}."I.-ilprlm:\r'ml |1|'u|',:. 1% knovwn b be ahle
o penedrale the b p:runu!lyrl:ul"' ar of the alieriabive bBrbB
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FIG. 4. linprovesseit i belsviornl satcome by adiminisization of ErbB nlibitors befoee o after TBL (A wicl B Treatinenl with BB
inhibiter AGEZS or Lapatinib before or after TBI resulted in improved recovery in the Bearmn Walk test To demonstrate whether selective
RTK inhibition may recapitulate EI effect. mice were acministerad with either 100or 50 mg'kg of the ErbB 2-specitic inhibitor, Lapatinib {1 = 6
and n =4, respectively ), or of the pan-Erbl inhibiior, AGE25 (o= 5 and =4, respectively), ¥ min before T Mice treaed with 10 mpfg of
AGEZS or Lagrtinab performed spgnibeantly better than vehacke-treated TR mice w0 2dp (| p< {0001 vs, veh-TBI for both compounds), Mace
administered with 30 mg/kg of AGE2S or Lapatinib mice shewed a trend toward better perfomance than mice adminissered with o 10-mg/kg
dose [ pc 005 for Lapatinib 10 vs, 50hmg). Administrmtion of the broad-selectivity RTK inhibitor, LDN-Z11903  1mp'kes ne=d), als
proviuiced o significant improvement in performance { p< 001 vs, veh-TBI) wheress the PDGFR-selective dmg, CP-67345] (10mgkgin=4)
el it alffect wigificaiitly performance { p = (005 vs, vel TR, Administration of AGR2S or Lapatinib (50 mgg; =4 and o =4, retpectively)
30 man after TBI resulted in o significan improvement in performance an 2dpi (g <005 v, weh-TBIL AL T dpi, eth-TBI as well as mice reated
with either dose of Lopatinib, AGE2S. or LDN were similor in performance 1o sal-5 or eth-5 mice, whereas sal-TBI were sl signiticantly
slovwer, Siatistica]l anulysis by one-woy ANOVA with Bonfermoni pest-hoc test. (0 and D) Perdommunce in the Arenn Escape fest was
slznificantly improved in mboe pretreated with AGES { Lor 50 mpkg; n=3 and =4, respectively ), Lapatinals ¢ 10 or 50 mefkg: n=6aml =4,
respectively ) or LDMN-211904 (10 mgke: =4} At 2 dpi, AGR2S, Lapatinib, 10 or 30 mg/kg. and LON-21 1904 pre-treated mice performed
significantly better than veh-TBI mice | p< (005). Mice pre-treated with the FDIGFR inhibitor ( 10mg'kg: # = 3) performed comparable o veh-
T8I mice, Al 7, mice trested with ethanol, Lapatinb, AGE25, or LIN-21 M4 displaved o comparable performance and were sigmi ficamly
berter than vehicle-treated TBI mace. Motably, mice treated wath eather S0mgfke of AGRE2Y or S0mgke of Lapatnib in=4 amd n=4,
respectively) 30 min afice TBI displayed & significant inyprovement in performance companed 10 sal-TBI ( g <005 . Thas beneficial effect was
persisient at 7 dpi. Stutistcnl unalysis by one-way ANOYA wiih Bonferroni post-hoc test. For clarity, staftistical significunee mdicated
gruphically is comesponding to the comparison each treatment group with veh-TRL ANOW A, anolysis of variance: dpi, days post-imfury: EL
ethanol msoxscation: BTK, receptor tynsme kinase; THL rmmmatic bram injury. Color image s available onlne af www hiehertpab.comimeu

inhibitor, ACHZS, Mmin alter TEL Perlormance of mice in the
Benm Walk and Areni Escape fests wis eviluated at 2 and 7 dpi,
Interestingly, mice meaed with either ErbB inhibitor pos-TBI
displuyed a significantly improved performance in both tests (for
the Beam Walk, 1001 2 0.6 and 12.5+ 2.3 see ai 2 dpi; for the Arena
Escape, 62222 and 8421 9sec for AGEZS und Laputinib, re-
spectively, at Zdpi; p<005 compared 1 s0l-TAT), The beneficial
ellect was pep:i:unﬂ al 'hl'pi.

Traumatic frain injury—induced neuronal loss
Iz prevented by ethansl infoxication and ErbB intibitors

We then explored the siructural counterpans of the reduced
behavioral disiurbances observed in ethanol-pretested TBI mice.
To this aim, we measured the densily of NeuM-positive cells in the
injury ares (Coore.” defined by the Jongiteding] uxis of the mpury

sile in covonil sections amd in the I '--.:1'3'--1-; | i 1"11. |
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FIG, 5  Ethanol pre-treatment and ErbB inhibitors ireaiment reduces newromal boss afier TBL (A-C) AL 7 dpl, mice admimstered with
vehiche alone (s 3y or ethaned (n= 3} in vehicle that underwent sham surgery displayed o comparable density of NMeaN™ cells in the “come™

angl in the Y pemnis mhra™ BCH. Veh-TRI (=&} dll.‘PI;I_'_L\:I! an nkmosd r-:u1-.|-|ln'h.' beess oof Meu™ T cells in the core as ..'n.smrqu'nl o veh-5{ p< (N1
and & sgmificant decrease of NeuM' in penumbea (<0001 b Ethanol pretrcatment (eth-TBE n=4) resulted g Brger poplation of MeaM'
vells at the injury site ¢ p<0.00 1 and in the pemembira § g< 001 vs. both veh-5 and veh-TBI). Administration of EcbB inhibitons | 1 mefe;
o= and s = 3 for Lapatinib and AGE2S ) or of broad-spectrum RTE inhibitor LDN-21 10544 (10 mgfe: o= 4) did not pffect NeuN' cells in the
e [ o005 vs, veh-TRI), bug s.ip'uili_':lnll}' rln:ﬂ.'u,'n'gl.l it imthe penumbra (s |:W|1|'|.'||m,| to veh-TRI, p < 0L05), Administration of the FOGER
inhibitor { 10 mgikg: n=4) did mod affiect the number of NeuN' cells in the core { p=0.05) or in ihe penumbra | p 008, Statistical analysas by
one-way AMOVA with Bonfermoni post-boc test Scale bar Xhyon, ANOVA, anolysis of vanance; MNeaM, newronal nuclel; ROL, region af

interest; RTK, receptar tyrasine kinnse: TBI, traumatic brain injury. Color image is available online at www lichertpob.comimeu

{sme online \.||'|1f||1_'nwnl;|r1_: mnterial al h:l:p:.'n'www Ji-.;-b-,-npnh Com
see Methods), As contml, mipe :|n|I|,'rp-.||r|.|_' sham srgery wens
asdministered either vehicle (5% PROGANESS TweenX3 (M6 Sal
e alone (veh-5) or ethanol dilused in vebscle jeth-5). In sham
mice, ethamd sdininiaration per g dd ot affocr the density of
NeulN-positive cells (3342 3.0 vs, 349222000 yum® NeuN~ cells
in veh-5 and eih-5, Tr\.'p::u;l,ih'l:. . pr=005; Fip 44), On the ofher
hangl, 7 cluys after THI, cortical I».:u'|1|1ln.". From weh=THRI mice dis
played a primary ingery site largely devold of MNeoM' cells
(L3001 e MeuN" eells s compared 1o 334+ 3.1/10° jan®
in veh-5 mice;, p< (L0001 Fig. 4A B whereas a significant decrease
was observed in the penombrmil orea (1564 LIA0DY m® v
ISSE2AN0" ym” in veh-S and vs, M44221410° gm® in b8
mice; pU,001; Fiy. 4805 MNotably, @bunel (diluted in veldcle)
pre-treated THE mice displayed a significamtly larger population of
sipviving NeuN' meurons 0 the bnjary sbe (0034 (3000 i
p=0.00) and a sirong preservotion of NeulN peurons in the pen-
umbra {270+ 1L910" ym?; pe001 ve. both veh-5 and veh-TBI
Fig. 48,C), further supporting the view of neumoprolective effects
of weule ethanal i THI

Because our melings had shown tal E@ resals moa sypmticant
suppression of THI-mduced ErbB phosphorvlation and we have

shown thal ExbB inhibitors partiolly recapitulate E] effect, we st
ol b 1.'|:-ril':.- whether se=lective inhibitson of ErbB '\.lgnu]iu!_l could
ez sk hcaent to partially recagatulzle El ellect on neuronal survival.
T thas aim, mpce were administered either with Two 'l:rI.IL"II.IIil.“:I-'
distinet ErbB inhibivors ( Lapatinib. [0mafkg s AGE2S 10mglg:
hecouse both 500and 10 mefkg proved effective in hehavioral tests,
we selecied the Fowesd dose o ansune sru-..'lii-.:ily:-.':-r with a PIVGFR
imhihitor {CP-AT35], 10mglkgh or with i hr|1:u|-~c|1-.'|.'1n|rn BTk
inhibitor (including EphR within its selectivity spectrum, LDMN
211904, 10 mefke), All drags were administered n g single dose
before the THE and mice were then sacrificed after 7 days for the

; ; ™ 5 : ;
eviluntion of the neuronal survival, ™ Single-dose ndministration of

gither dnrg did not affect apnen time ond acate or overnll survival
(sl shown), and all deugs were well tolerated. Although Erbi
inbibitars ded mor alfect NeaM™' cefls in the core (2.3 2009 and
1.5+ 0300 I|¢|L|: for AGR2S and Lapatinib, respectively: p=0058
va. veh-TBID, they significantly preserved newronal density in the
penumbra (21.3+3.2 and 23,3+ 4.700" um’ for AGE2S and La-
patinib, as compared o 106550107 pm’ in veh-TBI; p=ihis;
Frg. 44,5, olbeil #0 o lesserextent thon what obtmped with ethanol
Im fact, the broad-spectmm RTK also caused a significanl merease
\fi '\-\Ir\'ILiII_I.' NeuN™ cells i the peniuimlbra (I!J_‘i}-_t_?__".'!lll |'II'II:.
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ERBBE IN P¥ NEURDONS MEDIATES ETHANOL EFFECT IN TBI 729

peoils vs, veh-TEIL whereas administration of the PDGFR in-
hibator was much less effective (135245000 ™ pefiiF),
Meather of them, how ever, helped with preservation of NeuX" cells
it the core (20424 and Lo+t IIII'IJ; ,u-}“.ll.*.-: l—'ig. 4.0,

Trawnatic brain injury=induced incréase in pErbE2
axcilalory SyNapses on panatbumin iNferneunans
is prevernted by ethamal infoxication

EibE recepiors are expressed mmnly in inhibitory nearons {in
the cortexd, ™ incloding PV intermeurons, where they control the
strength of excitatory inputs ™™ and. in turn, the level of periso-
matic inhibition and principal reurons firing, ! We therefore
elected o investigate whether ErbB2 phosphory lation in excitatory
sy NApEES 01 PV interneurons was apregubated by TRI amd alTecie]
by ethanol. 'Y intemeunens wene dentified by mmunostamang for
PV, and the sebpopulation within a 5080-um ROI centered on the
injury site and restricted wo bivers 1-1Y wis considercd. On each PY
imternearon, the fraction of v(lui2 ErbB2" synapses over the todal
V" wirs counted, The fraction of »Gilue2" ErbB27 wis com-
Flumlw&'l}' Toww v sal=S and eth-5 (8 + 5% and 5 +4% of all vGlin2*
were pEcbB2" 5. However, in sal-TBI mice, 5T £21% of vilu2" on
PV imterneurons was pErbB27. Mosably, in eth-TBI samples, the
fraction of vGlu2" ErbB2" synapses on PY interncurons was sig-
nificamtly lower than in sal-TBI sumples ¢34 £ [8%; p< (.05 vs, sal-
THI; Fig 6A B, Thues, TBE results in ErbB phosphorylation in
excittory synapses on PV internewrons, an effect prevented by
concomitant EL Given that EI and TBI reciprocally regulae PV
excitatory input, we reasoned that TBl-induced increase im PV
petivation and perisomatic inhibition may have pathogenic effects,
which wonld be prevented by EI We thergfore set out to manip-
ulale directly FV firing in TBI, to verify whether suppression of PV
firing may recapitulute £ effect.

Chemogenetic inhibition of panalbumin miemeurons
parkially mirics but doas mal fully pveciude efhansl
infoxicalion-associated Newromrolaction

We injected AAVY encoding either cation- or anaon-permenfble
uvngmmeersl on chanmels watls |:||'I|‘.||.1}{\sma| p|:|.ur|1:|u|.1s|uﬂf iPSAM,
cither exciiatory or inhibitery | i the somatosensony corey of PY-Cre
mice,** Mice were then injected 30min before further procedures

with either saline alone or the orthogonal sgonist {phurmucologically
sebective effecior madile, PSEM 3] and subjecied tn either sham
surgery or THI, Mice were sascrificed at Tdp, The density of Neah®
cells a1 7 ddgn both in the core and tn e penansbea o the TBI-mduced
lesion was used as a readout. In sham-operated mice, whether ad-
ministened with saline or PSEM and expressing either eacitstony or
inhibitory PSAM, Meul™ cell density was comparsble af 7 dpi
(24444, 334124, A 965, and W IE4E NeuN' cells 107
llﬂlll; p=005; Fig, 6C-E) In saline pre-reated mice {sal-actP3AM

THE o sul-inhPFSAM-TBL only saline b e PEEM adimaistered ).
wrespective of PSAM expression, TBI resulted in almost complete
Toss of Neu™" cells in the core lessom (2.3 L4 amd 1.9+ || KeuN*
celle 10! um” in saline-trested mice expressing cither sctPSAM or
s S AM: e LES vs, wal§ :su.m'p'lru: Fig, GELE} and a srignilh'_'unl
loss of Bearmns i the penombeal rone (201233 axl 194244
MeuN® colbsd 107 pm?, p 0,08 va, gal-x samples; Fig 60E). How-
ever, when PV insernearons were activaied in mice undersoing TE]
{PSEM-actPSAM-TBRIL the number of NeaMN' cells in the core was
not affected (3,0 1.4 MeuN” cells! 107 am®). but an increased loss of
mEu in the penurmben was ohservexd (10,51 2.7 Neol™ cells 101
g a5 v sal-actPSAMCTHL Fig. 609, On the other hand,
inhibiting Y mgcemeurons (PSEM-inhiPSAM-THI) produced a sig-
nificantly higher number of MeuN™ cells in the core (B.2£3.0;
P05 vs, sal-TBI) and o larger preservation of MeuMN™ cells in
the penumbrn {244+ 3.2 Neul' cells 10" um™; pa(L.05 v, sal-
whPFSAM-TEI, Thas, acate inhibition of PV firing resubied m
redisced lng-term principal neurons villnerability whereas acti-
vadion of PV firing icreased neuronal boss.

We than reasoned that if reducing excitation of PY imemeurnons
wis the magor mechanism of El-associated neuroprotection and
suppressing PV inng wouald preclude any further beneficial effec
of Bl We therefore sdmimistered ethanol 05 gfkg) ogether with
PSEM in PV-Cre mice expressing the inhibitory PSAM and com-
pared the loss of peurons o that ohserved i PSEM-oaly admin-
istered mice. Although E1did not improve peuronal survival in the
code lesion when applied logether with the chemuogenetic inhibition
af PV interneuroms 9.3+ 14 cells 107 jan®; p= 005 vs, PSEM
alone or El alone), El exerted an adiitonal beneficial eflfect on the
preservialion of nedrons i Lhe [mu.lmhru. 2Rd+1.1 cr:lis.l'I[F' ||rr|1:;
= 0d vs: sal-THI and vs. PSEM-TBIL Fig. 6E}, with PSEM + El
being comparshle o Bl alone (295422 cellw/ 10" pm’, p=(u05

>

FIG. &, pErbE phosphorylation involves excitabory synapses an PV mternearons and chemnogenetic suppression of PY imemeunns
reduces neuronal hoes after TBL (A and B pErbB activation o excitatory synagses on PY imemearons 15 redoced by ethamal
prereatment. In sal-TBI mice, a significantly larges froction of »Glur2” svnapses was pEbB2 " compared 10 sal-5 and eth-5; 0 eth-TEI
samples, however, the fraction of vGlu2™ ErbBX" synapses on PV internewrons were significontly lower than in sal-TBI samples
{ p< (HEMS, sal-TRI #5. eth-TBI. Seale bar, 4 pm, (C<E) Enhancement of PY mlemeuren activity reduced neuronal survival, All PV-Cre
mlee were inpected with the AAYY for PSAM expresion. In thain-operated mice (sal-actPSAM-S, n=3; PREM-aciPSAM-5, k=3 sal-
inhPSAM-5. n=3; PSEM-inhPSAM-5_ n =31, NeuN" cells counis were comparable at 7 dpi ¢ p > 0.05; pancls C-E} and were compamble
o salime-treated, naive mice (C), 5al-TBI (sal-aciPSAM-TBL r=4; sul-mhPSAM-TBL n=4) resulted in the almost complete loss of
MeoM" cells m the core lesion {p <005 vs. sdum amples) aml 3 sigmficant decrease in the penumbra ((p< 0,051, Activaiion of PY
imerneurans finng (PSEM-actPEAM-TBL o= 53 did ner affect the number of Neub™ cells inthe core (D), bar worsened the Joss of Mewi®
immunoreactivity in the penambra (p= 005 vi sal-sCtPSAM-TBL panel Dy Conversely. inhibiting PV intemeurons (PSEM-inhPSAM-
TBI; w = 5) resulted in g higher number of MeuN' cells in the core (E) ond significantty higher Nea™™ cells in the penumbia { pz (005 v

sal-inhPSAM-TEL pupel Ej. Coadminstration of ethansd and PV inhibition (eth-PSEM-inhPSAM-TBI n=4) did nol increase newronal
survival Turther i the come lesion (p0L05 vs. PSEM alore: panel E). but further enhonced the pressrvation of nearons 1o the penumbra
{p=00% vs. sul-actPSAM-TBI and vs. PSEM-inhPSAM-THI pancl Ej o o level comparablé 1o eth-inhPSAM-THI mice (n=3) Re-
ciprocally, opplication of ethanol tegether with PV pctivation (eth-PSEM-actPSAM-TBI, # =4} did not incrense the number of Neal inthe
cone, bt increased neuronal preservation in the pemumbra {pe 0005 v PSEM-actPSAM-TRI: punel 11, wherens both valoes remiained
b than eth-actPSAM-TBI mive (r=3) Statistical analvsis by one-way AROVA with Bonfernmi’s post-boc st Scale bar, 200 .
ANMOVA, analysis of variance; dp, days post-injury; MeuM, newsonal mucles: ns, not significant; PY, parvalbumin; RTE. receplor tyrosine
kinuse; TBI, troumatic brain injury; vGlut. vesicular glutomate transporter. Color image is available onlineg at www liehenpub com/nen
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ERBBE IN P¥ NEURDOMNS MEDIATES ETHANOL EFFECT IN TBI mn

vs, PSEM + EL. Fig 6E) Likewise, when ethunol was pre-
administered o mice in which PV firing was enhanced, it did mot
enhance survival in the cooe of the lesion turrqm-tl to chemoge-
pethes only (40+ 17 cellod WP pms p= 0008 v PSEM) amd the
PSEM + El group showed fewer cells than El alone (7.9 % 1.2 celisf
11" um?). Conversely, the addition of EF 1o the chemogenetic ac-
tivatinn of PV intermeurons incressed peoronal survival compare
to chemogeneic lm!;r (76124 el jon’ vs, 105427
el cellaf10F pm™; pe (05 Fig, 61, althoagl did ot resch
the level of preservation produced by EDalone (278 £ 3.4 NeuN"
cefla/ 10" 7). Taken topether. these data indicare that inhibi-
tion of PV internewrons does ned preclode EI effects, bat che-
mogenelic activition of PY strongly decresses El-associated
menrnprdection,

Ethano! infoxication doas nof reduce overall sunival
upon fraumabic brain infury

Frnally. we retrospectively investignied whether EI hod n sig-
nitwant effect on the overall survival of expenimenial mice i THI,
In the sul-TBI and veh-TRI groniges, o botal of 52 mice underwent
TBI procedure and 11 died either during the procedure or el the
pre-specified criteria for eutharization (21.2% ). Ineth-TB] grougps,
i townd of 45 mice underwent TBI, with 12 fatal owicemes (26, 7%).
When ull animals treated with inhibitors were growped wgether, 7
ftalities were observed ol of 48 which underwent TE] ( 1206%],
The ‘;:2 wale was 1LI6T, with p=ll58. Therelore, neiber etharms]
administration nor RTR inhibltors coused a significan mcrease in
overall momality afer TBI

Discussion

Flaere, e Bkve shovwn that ethanol prestreatmient, resudling o
BAL comparable 1o the ane that was found o be highly correlaged
with protective effects on THI patients (=230 merdL), " resules in
enhanced recovery of sensorimotor skills and in reduced neuronal
boss in coriex, afier blunt TBLL supponting the hypoethesis of nearo-
protective effects of ethanol observed in clinical seres. Lower
doses of ethanal were md explosed, because we have previously
L'Epul‘ll.'d that thve dose of iﬂ;ﬂ.g s 1| pth:wir]: profeciiee effec
O SENSOOMMOT perionmance.

W have investiguted the involved mechonizms exploiting as on
entry point the patiern of phosphorylation of multiple RTK afier
THI Activation of RTE may be o physiological, protective
response selm mnkion h:.' the trawma stself {and therefore, n
agreement with ihe classical antiapopiotic role of RTK. play o
protective role i TBIL Under this viewpoint, El-associased
dewnregulation of activation of several RTKs may reveal that El
may limit the initial damage and prevent the activation of the
protective espone i the Birst ploce, Given thal ethanol has pow-
erlul AR Aergic activities™ and {8 is an NMDAR :rila.jp:mlsa,“ in
iy prevent excimtion-related damage’ and Gimit excitation-
related RTE setivation (such as the phasphorylanon of ErhB™ o
FOFR and EphB phosphorylation).”' " On the other haad, in the
CME, RTK may he involved in malasdaptive responses to fraama,
which muy be directly pathogenic. In foct, sctivation of PDMGFR has
heen fmked b0 nerensed permeatality of the blood-bram barer
(BEB) after wravma, amd the PROFR imhibies, Imatmb, has been
ahiwm 1o redice edemn and reduee cognitive dysfunctions™ Fur-
ther. activation of the RTE EphA2 has been linked o increased
HBR dysfunction and newronal Toss in g stroke model,™ Ths,
ilthemgh the RTK activation paitermn reveals the bresdth of BT im-
et o THI-pssocibed xig:'mllnp; evenly, e :|'|E|:|Iic role of eachi

RTE (and associated cascodest in El-sssociuted neurmprotection
shiould be investigated in o cnse-by-case manner, (0 nole, sone
cascides endowed with pathogenic polential are nol modidated by
El: The-2 phosphorylation, whech is lnked (o reduced pesmeabiliny
of endothelinl barriers. is not significantly modified by ethanpol
pretrearment ™! Likewise, HGFR signaling is strongly activited by
TBI, but not affected by EL The mole of HGFR in THI has never
been explored hefore, bal s involyement in enhancing NMDAR™
iy suggest o potential involvement,

Muotably. several of the THI-activated RTKs ane also invilved
talthough not exclusively) in the regulaton of symaptic events:
EphB signafing con potentine NMDAR currenss™ and may
therefore enhance plutamute toxicity in the acute phase of THI
Acthvation of other RTEs. sweh as FOFRT amd the BErbi |'J1rr||1:.-. (9
knowi o control protein elustering al mhibitory synapses™ ™ and
excitatory inputs on interneurons, ™ respectively. Thus, ous RTEK
sereening reveals that EI may affect surongly events unfolding at the
synaplic level ufter rauma and may identify new targeds for in-
tervendion at this level,

Focusing on the BErbR receplor funily, we have shown that TH]
mnduces the phosphorylution of ErbB receplors in excilatory syn-
apses and thot specific inhikitors of ErbB are able o recapitulate a
significant fraction of El-associated neuroprobection. ErbB family
expression patiern has been originally reported 1o anclude pym-
midal cells as well ns inhibilory intermeuroms. However, recent data
ohitaimeid by in sim hybndization and Teporier zl;pn:w'n:rn hasel om
FriH4 uruJquchnlm r.|c|1:a|1n|.1lver‘s\"iqi ak well utl..-”--ipdl:ﬂh_' knotkoix
experiments™ hove demonstated tha ErbB4 expression is re-
siricted in the comes only o inhibitory iemeurons (althoogh
ErbB4 is expressed in several non-GAB Aergic subpopulations in
subcortical strociures ) and thot BrbBd is dispensable for the func-
tion of excitatory synapses between pyramidal neuns ™" Albough
data on the expressaon of ERBE2 and ErbB3 are not as detadled,
ErBE family members sighal either ax ERbB4 homodimens or as
heterodimers of ErbB4, ErbB3, and Erbb2."" and therefore iheir
expression is predicted to be comparable. Thus, we show thay TE]
imbuces the phosphorylotion of ErbB i excitatory synapses on
wahibalory interneurons. Among mbibatory intemewnns, ErhB oex-
|111=us'n:lr|. m PV interneurons hoy been shown to be !‘I-Ighl_'f relevam
fior the controd of the function of these cells in nocmal cortex™*'
ond under pathelogical conditions,™ ™

The effect of El on ErbB and PY activation moy appear pam-
doxical, considering the GABAeTgic action of ethanal, However,
Erbf phosphorylation on nterneurons has been shown 1o be
hommeastatically regulated: Reduced cortical excitation lesds w
the decrease in ErbB phosphosylation in PV interncurons, de-
potentiation and de-siabilization of excitalory synapses, and.
ultimately, redoced PV activation.” ™ Reciprocally, activation
of ErbB results in the inseriion of x-aming-3-hydroxy-5-methyl-
defser i lepropionic actd receptor TAMPAR) and increase ex-
citation to inbibitory intermeurens,”” although the ratio between
AMPAR and NMDAR may change significantly ** Thus, afier
TBl-associated depolarization, upregulation of ErbB in excii-
alory synapseson PY interneurons moy result in upregulation of
perisomatic inhibition, wherens concomitant El may prevent il
amd leawe PV intérmedrons o Eheir basal stode of excitatory inpul,
We speculate that upregulation of ErbE phosphorylation may be
i homeosstatic event triggered by THI-riggered exchiation wnd may
lead o increased PV excitation after TBIL In fact. ErbB recepiors are
activated by the extrocellular domanin of seveml isoforms of newr-
egulins (Mrehk Immature Nrg are immsmembrane proleins (widely
E:Frnsmll m prim.'lr.ul rmmms'l"-" whiose exfracellular MN-lermbral
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FIG. 7. EsB-mediated the effect of ethanol on inhibitory mi-
emcimenitry after THIL Ethanol pre-treatment results in suppression
of The activation gl r|1|.1|li|,1l.|= IT.IK;h}- THIL In 'pillil::.ll.ur. THI-amlaced
actvation of ErbB phosphorylanon in vGlul2™ synapses on PY
interneurans is suppressed by ethanol. Loss of excitation atirib-
uted toexcess inhikition may inenease the valnerahiliny of new-
rons by THI-nduced nesntoxic cascades; and by suppressing
PV-medised perisomatic inhibition, ethanol may enhance neu-
ronal survivol. This effect is recapitulated by either direct EfhB
inhibition or by direct suppression. of PY finng by chemogenetics
FOFR L, fibrobdas p‘u'.\"lh Taeind reveplin 1) PIMGFR, rﬂuhﬂﬂt-«h‘nml
growth fector receplor, PV, parvalbuming RTE. receptor tyrosime
¥inase; TBL troumatic brain injury: vGlut vesicelor glutamate

imnsporier,

dennzmin 15 releasedd upon actvaty-dependent protealysis™ amd acu-
vates FrhB family Tecepbor xianullng.“ Wl le been shewn o act
directly on ErbB recepiors localized on intermnewrons to enhance the
relense of GABA™™ In fact, seizwre activity swrongly enhances
activation of the Newregulinl/ErbB sipnaling unit,™ whereas
defetion of ErbB4 i PV inferneotons increises sepurmes sus-
r.'zphhﬂ:l:y."":' On the other hand, admimartion of soluble Neg |
ragrdly upregulares exciatony mputs io PV intermesmons throwg b
ErbH4 signaling.®”

Iexcitatory input o Y is upregulated as o consequence of THL,
amdd prevented by El downregulation of PY firing would mimic, ai
lesist partially, El effects, (e chemogenetic mumipulagion of PV
firamg, i Fact, demonsieates that whereas mereasing PV finng
detrimentad, decreasng it resulis i an imsproved nearomal suevival.
This fesult iy apparently contesdict the current model of hypes-
excitability and excitooxicity-induced neuronal death in TBL™
Although a number of neurons may be direcily killed by an ex-
citotoric meghanism ot the instance of trauma, it must be nobed that
eortical newroms swbject (o THI developa hyperexcitable phenatyye
several weeks after wauma,” ™ On the other hand, recordings of
sensory-gvoked responses i mudtiple THL models have revealed
that cortical neurons are Bargely hypoactive™ and do not nespend to
sensory stimulation in agreement with incrensed inhibation ™™™
This effect hus been hypothesized 1o contribute e the genention of
THl-associfed acide |||:m!||:|gi.|.':|l l.luli:ilsi.-""' Thius, cowtecal pewmons

CHANDRASEKAR ET AL.

muy be acivally hypoactive seon afier trauma, un effect that may be
related 0 increased inhibition (in fact. achivation of PV inlerne-
o have been shown 1o be sulficient to completely shutting down
the firing of principal erslls), 4!

Althongh the mechanisms linking neurenal hypoactivity to cell
denth in TBI require further elscidation. the cument evidence s in
agreement with the view that preventing neurnal silencing by ei-
ther preventing ErbB upregulation ios in the cose of Bl or redacing
peresanatic inlibation (esin the case of chemogenenic inhibiton of
PV bterewrons) may contribute o acuroprotection (Fig. Tk In
fact. mewronal pctivity bas been shown o increase nesilience of
newrons o several woxic agents and to nesrodegeneralive processes
threugh activity-controlled newroprotective transerptionad pro-
yxrm""'?"'."u amd xilm—ing neirons revdders Lo imore sensitive (o
the degeneraive processes {Fug. 6%

Mevertheless, the reuroprotective mechanisms of E1 may extend
beyond the limitation of pest-TBI inhibition, In fact, chemogenetic
suppression of PV interneurons does not preciode EN effects and EI
enhares neuronal survival even in the cose of strong activation of
PV idermearons, Civen thal ethancod 1= both o GARA ap}qluﬁ"'“ ns
well ax an WMDAR :I.llt:l.gurli![.l:" Ell-sssocmted neursprotection
may include direct decrease of excitability at the instance of wrau-
ma, reduced excitotoxicity through glamate recepior inhibition,
ns well ns modulatory effects on the pearmimmunelogicn] re-
Tﬂnw- 2

Imiriguimgly, blockads of ErhB2 signu.]mg by trasturumab en-
haisces peripheral nervie regenenition aller dcule or chromde dam-
age. ™" However, the mechanism involved requires te interaction
betwieen Meuroligin expressed on axons and ErBBE2 and epidermal
gronwih factor receptor (EGFR) expressed on Schwann cells, whinse
interachions comiml Schwann cell dedifferentiation after inpury and
may theretore be mudependent of potential effects in the cms
Newverthebess, i polytrawma patlents suffering from ceniral and
peripheral nervous svstem injunies, targeting of ErbB signaling
would be highly attractive for the delivery of a double benefit.

The present work has been performed, in agrecment with ethical
pndefines for pnimal experimentation. providing the animals with
the best supportive care aod with the opporhime measunss o prevent
UNnECERSITY i, Thi= has h."quln.'r] the adminsstration of fl_> duning
the procedure and the treatment of animals with buprenorphine.
Adthough these conditions nre pod comparable 1o those experienced
by human patients after TRL we have provided evidence showing
that the combination of ethans and buprenorphine dad potl resuliin
adbitiomal respirlory suppression and PaCO); levels were compa-
rahle i cthane] and salive pre-reated animads, In addition, ad-
munlstrateon of O has been shown to have neuroprotective effects
in 2 TE] + hemoerhogic shock model ! Although sdminissration of
Oy may have alfected the disense process examined inour model, it
mist be siressed that nevroprofection was observed with hypox-
et kasting lor o less than 2 b, whereas sar animals wiere relimed
1o aimbaeat air within 15 min of the rauma. Furthes, any protective
elfect of O would kave been balanced across groups, given that
Pal}; was comparable scross treatment groups.

We have identified 0 previously unrecognized stromg effect of
THBI on ethancel metabolism leading to disting pharmacokinetics in
elh-TBI versus eth-5, which resubled in signifcamly higher levels
of cthoonl assessed 3 (but not 15 min afer THIL Given thar the
kinethcs ¢of the BAL are different in terms of metabolism, they could
not be matched by increasing the dose administered to the eth-5
proup. In addhition. administrotion of doses larger than 5 glkg (32%
ethunol [viv]h may be against ethically acceptable practices for
aneemidl expenmentitions wiven thal “1E:-' iry cpdse mucieil
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damige or unacceptably high moriality rates. THI bas been previ-
nusly shown o affect liver hiochemistry and gene ::prminrt."""'
which moy affect drug metabobism™: m adediion, TRI decreases
|.u:r|u.-si|:|i aof the liver tand of other abslosminal m'g'.lrbi-}.ﬁj These
factors may contribute to the aliered pharmacokinetics of ethanod in
THI and may contribate o gccounting for the increased BAL val-
ues. Thus, the difference in BAL obtained by administering the
same ethanol dose in eth-5 and @b-TBI mice should be comsigere:
. leivateon of the present stisdy (and lurther imvestigations of THI-
imluced changes in pharmacokineties are warranted). However, it
s neeworthy that for no RTK., the effect of eth-5 and eth-THI was
qualitmtively divergent {i.e., eth-8 and eth-TEI either showesd both
o decrease BT [such as for ErbB2, ErbB3, PGFRI. Fled, and
I:'TJ(]!"R| actevation or W have e or Timted elfect on BRTE aci-
watlon [like Tor HGEFR, FGFRA, and EphAZ]p, amd there 15 no evi-
dence sugpesting that higher levels of @hanol found i eth-TEI
mice may have a radically different or npposibe effect on RTE than
thase observed in eth-5 mice. Therefore, the difference in BAL
between eth-5 nnd eth-THI does not negibe the maim comclusions of
the article. Given thot patsents with very high BAL huove been
repoeted on,™ amd i climeal seres ethanol Tos been reported 1o be
protective for the groups with the highes BAL ™ the effece of high-
dose ethanol on THI remnins relevant for clinical and transiations
investigalions,

The translational potentin] of our Anding 15 supported by the
wtennfication of L,ilpilti.nih fum F"I,J.l'luuwrnv:d drug for the tnept-
el al hiasd [T T o T |'u.1|.i:r||!|=| r|:l:h!||'.|h1|=|.'[ivu agenil ﬂ'hurl
admimstered before but, most important, alse after the aama.
Lapatinih pharmacokinetics have been descnbed and partial, dose-
dependent penetrtion of the brmin has been shown in murine
masdels, ™" Penetrtion of brain parenchyma his been shiwn 1o be
enhanced when the BER dlsﬂ'uplnsl.m supgesting that it may reach
therapeutically relevant concentrations in murine and hunan beakns
afier TBL We have supponied the Lapotinit data with a second
ErhB inhikitor, AGS25, Although AGEDS has been previously used
i vive,™ ™ corrently mo pharmacokinetics duga about AGE2S
penetration of the BBE are available,

I conclusson, our dito provide sappont o the clinieal evidence
ofa meEurEprtec v eiTect of hi.nh-dum: etlwnol m THI, showrng i
mechanistic elfect targeting multiple signaling cascades, including,
importuntly, RTE signaling, controlling the activity and plasticity
of inhibitory internewroms. Direct modulation of the pathways that
control inhitatory microcircuits muy thenelore offer a new approach
for umberstambing and tarpeting TH] pathogenic pathways.
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Summary

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 are major 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 PSAM/PSEM control of PV-Cre* neurons
and the DREADDs control of principal neurons in a blunt model of TBI to explore the role of inhibition in
shaping neuronal vulnerability to TBl. We demonstrated that inactivation of PV interneurons at the instance
or soon after trauma enhances survival of principal neurons and reduces gliosis at 7dpi whereas, activation of
PV interneurons decreased neuronal survival. The protective effect of PV inactivation was suppressed by
expressing the nuclear calcium buffer PV-NLS 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 TBI
may 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 depolarization (triggered by the physical forces of the trauma) are known to cause
glutamate release and/or failure in glutamate re-uptake 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 (Hardingham et al.,
2002; Hardingham and Bading, 2010; Pohl et al., 1999; Wroge et al., 2012; Hinzman et al., 2015; Samson et al.,
2016). Toxic NMDA receptor signaling leads to calcium (Ca?*) overload, followed by a loss of structural integrity,
mitochondrial dysfunction 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 acute TBI: spreading depolarizations (pathophysiological 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 stimulation and sensory inputs are suppressed for
several days after TBI (Johnstone et al., 2013; Johnstone et al., 2014; Allitt et al., 2016) and neuronal metabolism
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 neuronal 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; Leveille et al., 2010;
Hardingham and Bading, 2010). Thus, both excessive glutamatergic drive (excitotoxicity) and insufficient
neuronal excitation may modulate the sensitivity of neurons to TBl-associated pathogenic cascades (as in other
neurodegenerative conditions; Roselli and Caroni, 2015).
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The net neuronal firing is determined not only by intrinsic properties, but is strongly influenced by the activity
of glutamatergic synapses (together with the activation of non-synaptic glutamatergic 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 propagation of excitation in space and time (Wilent and Contreras,
2005; Haider et al., 2013). Although selective loss of GABAergic subpopulations 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-positive (PV) interneurons constitute a subset of the cortical GABAergic population integrated in
the local microcircuitry 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; Donato et al., 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 cortical 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
pharmacology (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
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long-term viability and TBI-associated astrogliosis. Furthermore, we have demonstrated that neuroprotection
of principal neurons through PV manipulation requires nuclear Ca* 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.
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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, 14/10h light/dark cycle, unlimited access to water and food).

Viral vectors and chemogenetic agonists: AAV9 mediating the expression of Pharmacologically Selective
Activation Modules (PSAM) (previously described; Magnus et al., 2011; Saxena et al., 2013) were obtained from
Vector Biolabs (Malvern-PA, US) at the titre of 9*10%? viral genomes/ml using the following constructs: pAAV-
pCAG-flox-PSAM(Leu41Phe, Tyrl16Phe)5HT3-WPRE and pAAV-cbaflox-PSAM(Leul41Phe, Tyrl16Phe) 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-CaMKlla-hM3D(Gqg)-mCherry, corresponding to the plasmid #50476) were obtained from AddGene viral
service. AAV2 mediating the expression 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 University of North Carolina (UNC) Vector Core facility. pAAV-hSyn-PV-NLS-
mC, which drives the expression of Parvalbumin-NLS-mCherry (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, validated batches

of viral vectors from different sources.
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The PSAM agonist PSEM308 was obtained from Apex Scientific Inc. (Stony Brook-NY, US) and was administered
by intraperitoneal injection (i.p.) at the dose of 5 pg/g (dissolved in sterile saline) 30 min 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 ug/g (dissolved in sterile saline) 30 min 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 buprenorphine
(0.05 mg/kg; Reckitt Beckshire Healthcare, Beckshire, UK) and meloxicam (1.0 mg/kg; Bohringer Ingelheim,
Biberach an der RiB, Germany) 20 min before the procedure. After administration, mice were put under
continuous isoflurane anesthesia (4% isoflurane in 96% O,) 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. 200 to 500 nl of the viral suspension (mixed with an equal
volume of 1% Fast green solution) was injected using a pulled glass capillary, connected to a Picospritzer
microfluidic device, over a span of 10 min. The capillary was kept in place for another 10 min 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 72 hours and monitored for eventual neurological impairment.

Experimental traumatic brain injury procedure and experimental groups: TBl was induced in mice by a modified
closed, blunt weight-drop model (previously reported Flierl et al., 2009). Animals were pre-administered
buprenorphine (0.1 mg/kg by subcutaneous injection) and put under sevoflurane anesthesia (5% sevoflurane in
95% 0,). 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 three-axis mobile platform
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in the apparatus, 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 40cm. A mechanical stop prevented a skull
displacement (by the impactor) larger than 1.5 mm, in order to limit brain damage. Apnea time was monitored
after TBl. Mice were administered 100% O until normal 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 Figure 1A). Additional doses of buprenorphine were
administered every 12h for the following 24h 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 chemogenetics, 6 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 intracerebral injection of the inhPSAM virus
and injected with PSEM agonist 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 injection 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, 6 experimental groups were
established (Supplementary Figure 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 undergoing sham surgery,

henceforth inh-S), saline TBI (mice with intracerebral injection of inhPSAM virus but injected with saline before
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undergoing TBI, henceforth sal-TBI), inhPSAM/PSEM TBI acute (pre) agonist administration (mice with
intracerebral injection of inhPSAM virus and injected with PSEM agonist before undergoing TBI, henceforth inh-
TBI), inhPSAM/PSEM TBI acute (post) agonist administration (mice with intracerebral injection of inhPSAM virus
and injected with PSEM agonist 30min after TBI and 8h after TBI, such that the inhibition of PV interneurons was
maintained for a total of 24h, henceforth inh-24h-TBI) and inhPSAM/PSEM TBI sub-acute agonist administration
(mice with intracerebral injection of inhPSAM virus and injected with PSEM agonist starting 2dpi up to 4dpi (two
doses daily), such that the inhibition of PV interneurons was maintained for a total of 72h, henceforth inh-72h-
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), CaMKlla promoter) of ipsi or contralateral principal neurons was explored with
an experimental design including 7 groups: mice expressing the DREADD(Gq) expressed on the ipsilateral side
but saline injection before sham surgery (henceforth Gg-sal-S), mice expressing the DREADD(Gq), injected with
CNO but subject to sham surgery (henceforth Gq-CNO-S), mice expressing the DREADD(Gq) expressed on the
ipsilateral side but saline injection before TBI (henceforth Gg-sal-TBI), mice expressing DREADD(Gq) virus on the
ipsilateral side and administered the Clozapine-N-Oxide agonist before TBI (henceforth Gq-CNO-TBI), mice
expressing DREADD(Gq) virus on the ipsilateral side, administered CNO, subject to sham surgery but for which
the contralateral cortex was assessed (henceforth Gg-contra-CNO-S), mice injected with DREADD(Gq) virus on
the ipsilateral side, injected with saline before TBI delivered on the contralateral side (henceforth Gg-contra-
sal-TBI), mice expressing DREADD Gq virus on the ipsilateral side and administered CNO before TBI on the
contralateral side (henceforth Gg-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-
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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 Figure 2).

Immunostaining: For immunostaining, mice were intracardially perfused. Animals were terminally anesthetized
with ketamine/ xylazine and fixed (25 ml ice-cold PBS followed by 50 ml 4% PFA in PBS, pH 7.4) at 3h or 7 dpi.
The brain was carefully extracted and post fixed in 4% PFA for 18h and thereafter washed in PBS and
cryoprotected in 30% sucrose in PBS. Cryoprotected brains were embedded in OCT (TissueTek, Sakura). 40 um
thick free-floating sections, spanning the injection/TBI site (identified by fast green) were cut in a 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 antibodies (chicken anti-GFP, 1:000, Abcam; goat anti-Parvalbumin, 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
incubated for 48h at 4°C. Sections were then washed in PBS for 3*30 min and incubated in the appropriate mix
of secondary antibodies (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 2h at 24°C. After further washing the sections for 3*30min in PBS, the

sections 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 20x air or 40x oil objective. Tile-scans of 5x3 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
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(laser power, photomultiplier voltage, digital gain and offset) were established with the goal of preventing
saturation in target structures 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 maximume-intensity projections using the Imagel software.
Neurons were identified based on their morphology, size and positive immunostaining for the neuronal marker
(NeuN). A target region of 40,000 um? was considered for each section, spanning the cortical layer II-lll 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-Ill) 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 projections in Imagel) 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*%10° um?) was then traced in layer II-1lI
and the number of c-Fos* cells were counted. The number of c-Fos* PV interneurons were also separately
counted.

For the measurement of NeuN" cells, 5x3 composite tile-scans of confocal stacks were acquired with the 20x
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 maximume-intensity projections in Imagel). Multiple ROls
were considered: the “lesion core” (76,000 um?) ROl was positioned centered on the axis of the injury site and
two “penumbral” (48,000 um?) ROIs were located at 400 um from the lesion axis, bilaterally, in correspondence
of the layer IlI-lll (Supplementary Figure 3A). A third ROI was considered for the experiment with the NLS-PV-

mCherry AAV2; this ROI (76,000 um?) was located 700 pum away from the lesion axis (Supplementary Figure 3B).
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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 ANOVA with Tukey correction for multiple comparisons.
The whiskers in the box and whiskers plot were set between 10 and 90 percentiles. For the fluorescence intensity
of pS6 in PV interneurons and the number of cFOS* cells in PV interneurons, non-parametric t-test with Mann-
Whitney correction was performed to compare the two groups (sham vs TBI). Non-parametric t-test with Mann-
Whitney correction was also used to compare the number of PV interneurons in mice injected with AAV2 GFP
vs AAV2 Caspase 3. The values for the neuronal counts are reported as meanSD. For the fluorescence intensities

the median values and the interquartile range are reported. Statistical significance was set at p<0.05.
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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 labelled (to prevent identification biases due to the state- and subpopulation-
specific variations in parvalbumin 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 Figure 4A). One month
after injection, we verified by double immunostaining for PV and for the corresponding 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 Figure 4B). We verified that, at the 3h 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 fluorescence intensity : 1340, interquartile range 1215-
2015 in sal-TBI vs 679 with an interquartile range 615-796 in sal-S, p<0.0001) compared to sham-operated mice
(Supplementary Figure 5A-B). Likewise, the number of c-Fos* PV interneurons was significantly higher in TBI mice
than in sham mice (1843 cells/2.2*10° um? in sal-TBI vs 7+2 cells/2.2*10° um?in sal-S, p<0.0001; Supplementary
Figure 5D,F), suggesting the recruitment of these interneurons by the cortical trauma. Recruitment of PV
interneurons 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 intensity 1483,
interquartile range of 1108-1997 in sal-TBI vs 756 with an interquartile range 652-1021 in sal-S, p<0.0001;
Supplementary Figure 5A,C) as well as in the fraction of c-Fos* neurons (for non-PV neurons, 18+3 cells/2.2*10°
um? in sal-TBI vs 5715 cells/2.2*10° um? in sal-S, p<0.0001; Supplementary Figure 4E,F). Likewise, the increase

in c-Fos* cells in TBI vs sham was 257+22% in PV neurons and 311+32% in non-PV neurons (p=0.34).

We then functionally explored the impact of PV interneurons 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
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interneurons at the time of TBIl. Thereafter, we monitored the impact of activation or inhibition of PV
interneurons on the acute response of cortical neurons to TBl. More specifically, PV-Cre mice were injected (30
days before the TBI) with AAV mediating either actPSAM or inhPSAM expression; 30 min before the procedure,
mice were administered either the PSEM agonist (or saline) and then underwent either TBI (act-TBI, inh-TBI or
sal-TBI, respectively) or sham surgery (act-S, inh-S and sal-S, respectively (Supplementary Figure 1A, 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*) population (composed largely of principal neurons,

Supplementary Figure 6A-C) 3h post-TBI.

One-way ANOVA revealed a significant difference among the groups in pS6 levels (F(s3315=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 to a median fluorescence intensity of 925.9 with an interquartile range of 682-1345 in
sal-S mice, p<0.01; Figure 1A-B), whereas, PV inactivation caused the predicted increase in pS6 levels (median
fluorescence intensity of 1105 with an interquartile range of 887-1546 in inh-S mice compared to a median
fluorescence intensity of 926 with an interquartile range of 682-1345 sal-S mice, p<0.01; Figure 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-TBl compared to sal-S was observed (median fluorescence intensity of 1565
with an interquartile range of 1209-1976 in sal-TBI mice compared to a median fluorescence intensity of 926
with an interquartile range of 682-1345 sal-S mice, p<0.0001; Figure 1A-B). Interestingly, the TBl-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 to a median fluorescence intensity of 1564.7 with an

interquartile range of 1209-1976 in sal-TBI mice, p<0.0001). Notably, chemogenetic activation of PV
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interneurons caused a massive decrease in TBl-induced pS6 upregulation (median fluorescence intensity of 969
with an interquartile range of 764-1321 in act-TBI mice compared to a median fluorescence intensity of 1565

with an interquartile range of 1209-1976 in sal-TBI mice, p<0.0001; Figure 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 anticipated (inh-S vs sal-S,
p<0.05 and act-S vs sal-S, p<0.01). At 3h post-injury, sal-TBI mice showed a strong increase in c-Fos* neurons in
the affected cortex (F(ss3=111, p<0.0001, 3545 cells/2.2*10°um? in sal-S vs 101+12 cells/2.2*10°um? in sal-TBI
mice; p<0.0001, Figure 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 3h after injury (5516
cells/2.2*¥10°um? in act-TBI, p<0.0001 vs sal-TBI; Figure 1C-D) down to baseline values (p>0.05 vs sal-S; Figure
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*10°um? in inh-TBI vs sal-TBI, p<0.0001; Figure 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 3h post-injury there was a significant difference
in LC3A levels for the different groups (Fs2765=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 to 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 to a median fluorescence intensity of 725 with an
interquartile range of 578-870 in sal-S mice; Figure 1E-F). Importantly, in saline-treated mice, TBI resulted in the
significant elevation of LC3A levels in a population of principal neurons as compared to sal-S controls (median
fluorescence intensity of 1250 with an interquartile range of 1024-1579 in sal-TBI; p<0.0001 vs sal-sham; Figure
1E-F). Interestingly, inactivation of PV interneurons strongly downregulated LC3A induction (median
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fluorescence intensity of 693 with an interquartile range of 461-931 in inh-TBI mice; p<0.0001 vs sal-TBI; Figure
1E-F) whereas stimulation of PV firing did not result in a further elevation 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; Figure 1E-F).

Notably, virtually all cells (>95%) displaying the elevation of p-S6 and LC3A levels or positive for c-Fos were also

NeuN*, implying that the observed responses are specifically occurring in neurons (Supplementary Figure 5A-F).

Taken together, these findings show that PV interneurons strongly modulate neuronal activity in acute TBI and

significantly 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 7dpi both in the core and in
the penumbra of the TBI-induced lesion (as compared to sham-operated mice). The core and penumbra were
defined as depicted in Supplementary Figure 3A. Differences between the groups (Supplementary Figure 2B)
were noted both in the core (F(s53= 10,05 , p<0.0001) and in the penumbra (Fss3)= 225, p<0.0001). No effect on
NeuN* density was observed after PV activation or inactivation in mice undergoing sham surgery (core: 29+2,
29+1 and 27+1 NeuN* cells/10* um?in sal-S, inh-S and act-S, respectively, p>0.05; Figure 2A; penumbra: 3243,

29+2 and 29+2 NeuN* cells/10* um? 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/10* um? in sal-TBI, p<0.0001 vs sal-S; Figure 2A-C) and a significant cell
loss in the penumbral ROI (14+1 NeuN* cells/10* um? vs 29+2 in sal-S p<0.0001; Figure 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/10*
um?in act-TBI vs sal-TBI, p>0.05; Figure 2A-C) but, surprisingly, it caused a significant worsening of neuronal loss
in the penumbra (11+1 NeuN* cells/10* pm?; p=0.005 in act-TBI vs sal-TBI; Figure 2A-C). Conversely, the

inactivation of PV interneurons at the time of trauma resulted in improved long-term (7 dpi) preservation of
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NeuN* cells in the core (841 NeuN" cells/10* um? in inh-TBI, p<0.0001 vs sal-TBI; Figure 2A-C) as well as in the

penumbra (22+1 NeuN* cells/10* um? in inh-TBI; p<0.0001 vs sal-TBI; Figure 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 7dpi. We found significant differences in the
expression of GFAP between the groups (Fss4=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 (ROl area=6.3*10* um?, 31+1% of the total area in sal-
TBI vs 5+0.4% in sal-S, p<0.0001; Figure 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 7dpi (9£0.5% in inh-TBI,
p<0.0001 vs sal-TBI and p>0.05 vs sal-S; Figure 2D-E). Conversely, activation of PV interneurons resulted in a
significant increase in the GFAP* volume when compared to sal-TBI (65+2% in act-TBI, p<0.0001 vs sal-TBI; Figure

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 neuroprotective role of PV interneurons by
inactivating them with PSEM injections administered at different time points (Supplementary Figure 1B, refer to
the methods section) relative to TBI: 30 min before TBI (acute-pre), 30 min and 8h after TBI (acute-post), or 48h

to 96h after TBI (sub-acute). The density of NeuN* neurons was assessed at 7 dpi.

At 7 dpi, significant differences were seen in NeuN* cell density among the groups (Supplementary Figure 2C)
both in the core (Fiss2= 851, p<0.0001; Figure 2F) and the penumbra (Fiss2= 254, p<0.0001; Figure 2F). As
mentioned before, inhibition of PV interneurons per se (i.e., without trauma) affected neuronal vulnerability

neither in the core nor the penumbra. Interestingly, inactivation of PV interneurons starting 30 min after TBI for
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24h still had a protective effect comparable to pre-TBI PV inactivation; reduced neuronal loss was observed in
the injured cortex both in the core (8+0.6 NeuN* cells/10* um? in inh-24h-TBI vs 3+1 NeuN* cells/10* um? in sal-
TBI, p<0.0001, p>0.05 vs inh-TBI; Figure 2F-H) and the penumbra (22+2 NeuN* cells/10* um? in inh-24h-TBI vs
14+2 NeuN* cells/10* um?in sal-TBI, p<0.0001, p>0.05 vs inh-TBI; Figure 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 interneurons starting 48h 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/10* um?in inh-72h-TBI vs 3+1 NeuN*
cells/10* um? in sal-TBI, p>0.05, p<0.0001 vs inh-TBI; Figure 2F-H) and in the penumbra (12+1 NeuN* cells/10*

umZ2in inh-72h-TBI vs 14+2 NeuN* cells/10* um? in sal-TBI, p>0.05, p<0.0001 vs inh-TBI; Figure 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*10°
um?, ablated mice had 2+1 PV* neurons compared to non-ablated mice, which had 90+5 PV* neurons, p<0.0001),

while nearby areas exhibited normal numbers of PV* neurons (Figure 3A-B).

When the density of NeuN* cells were assessed at 7dpi, a significant difference in the number of NeuN* cells
among groups (Supplementary Figure 2D) was detected both in the core (F27)= 2116, p<0.0001) and the

penumbra (F27= 224, p<0.0001). In abl-S mice, the loss of PV interneurons did not lead to a major loss of NeuN*
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cells (PV interneurons constitute only a small fraction of the total cortical neuronal population) compared to
GFP-S mice (26.4+1.0 NeuN* cells/10* um?in GFP-S vs 26+1 NeuN* cells/10* um? 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/10*
um? in GFP-TBI vs 26+1 NeuN* cells/10* pm?in GFP-S, p<0.0001, and 1+0.2 NeuN* cells/10* pm? in abl-TBI vs
26+1 NeuN* cells/10* um? in abl-S, p<0.0001). This loss was, however, more extensive in the ablated group (3+1
NeuN* cells/10*um? in GFP-TBI vs 0.6%0.2 NeuN* cells/10* pm? in abl-TBI, p<0.0001). Furthermore, in the
penumbral area, abl-TBI mice showed a much larger loss of neurons (15+1 NeuN* cells/10* um? in GFP-TBI vs
10+1 NeuN* cells/10* pm? in abl-TBI; p<0.0001, as compared to 32+1 NeuN* cells/10* pm?in GFP-S and 30+4

NeuN* cells/10* um? in abl-S; Figure 3C-D).

We also examined the effects of PV interneuron ablation on the astrocytic response. In addition to the enhanced
vulnerability of neurons upon chronic PV ablation, a significant difference in GFAP* area was detected
(F(s,47=182, p<0.0001). The glial response was significantly larger in the abl-TBI than in the gfp-TBI mice
(ROI=6.3*10* um?, 52+2% of the total area in abl-TBI vs 35+1% in GFP-TBI, p<0.0001; Figure 3E). 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 neurons to TBI.

The effect of acute PV inactivation is mediated by nuclear Ca?* signals in principal neurons.

Acute inactivation of inhibitory (PV*) interneurons delivers significant neuroprotection in both the core and the
penumbra of the TBI site (Figure 2). Since PV inactivation resulted in an increase in the activity-dependent
markers c-Fos and pS6, we investigated if the neuroprotective effect was dependent on activity-regulated
neuroprotective programs (Bading, 2013). We reasoned that if nuclear Ca?* 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
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AAV?2 driving the neuronal expression of PV-NLS-mCherry (Schlumm et al., 2013) to buffer nuclear Ca®* and

prevent the induction of neuroprotective transcriptional responses (Zhang et al., 2009; Figure 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 difference in the number of PV-NLS-
mCherry* cells among the different groups (Supplementary Figure 2E) both in the core (F(2,39= 832, p<0.0001)
and in the penumbra (Fi39= 23, p<0.0001). In fact, mice expressing inhPSAM and PV-NLS-mCherry and
administered with PSEM (PV inactivation and nuclear Ca®* buffering) displayed 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/10* um?2in the
sham mice. For those animals receiving TBI, there were 2+0.5 PV-NLS-mCherry* cells/10* um? in NLS-inh-sal-TBI
vs 2+0.4 PV-NLS-mCherry* cells/10* pm? in NLS-inh-PSEM-TBI (p>0.05; p<0.0001 vs NLS-ihn-sal-S; Figure 4A, C).
Likewise, the penumbra of the mice injected with the PV-NLS along with the inhPSAM also showed increased
vulnerability to loss of neurons (1241 PV-NLS-mCherry* cells/10* um? in NLS-inh-sal-TBI vs 18+2 PV-NLS-
mCherry* cells/10* um? in NLS-inh-sal-S, p<0.0001 and 13+2 PV-NLS-mCherry* cells/10* um? in NLS-inh-PSEM-
TBI, p>0.05 vs NLS-inh-sal-TBI; Figure 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 Figure 3B) was comparable in sham and TBI
samples (8+2 PV-NLS-mCherry* cells/10* um? in NLS-inh-sal-TBI vs 10+2 PV-NLS-mCherry* cells/10* um? in NLS-
inh-sal-S, p<0.0001 and 9+1 PV-NLS-mCherry* cells/10* um? in NLS-inh-PSEM-TBI, p>0.05 vs NLS-inh-sal-TBI and
NLS-inh-sal-S; Figure 4E), indicating a comparable infection rate in all mice. In addition, the density of inhPSAM"*
PV interneurons (measured in the third, not-affected ROI) was comparable in sham and TBI mice (20+5 GFP*
cells/10° um? in NLS-inh-sal-TBI vs 25+7 GFP* cells/10° um? in NLS-inh-sal-S, p>0.05 and 2316 GFP* cells/10° um?
in NLS-inh-PSEM-TBI, p>0.05 vs NLS-inh-sal-TBI and NLS-inh-sal-S, Figure 4E ), underscoring the reproducibility

of the AAV injection.
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Thus, the inactivation of PV interneurons enhances the survival of neurons through an activity-dependent

program requiring nuclear Ca?* 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 (Figure 1),
and provided neuroprotection following TBI through an activity-dependent neuroprotective mechanism
involving nuclear Ca?* signaling (Figure 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 CaMKIlla promoter) either
in the side going to be subject to TBI (ipsilateral injection, Figure 5A) or in the opposite side (contralateral
injection, Figure 5B). In the latter experiment, we aimed at exploiting the homotopic connectivity between the
symmetrical somatosensory (SS) cortices (Chovsepian et al., 2017) to drive the activity of ipsilateral neurons
(subject to TBI) by chemogenetically stimulating projection neurons in the contralateral cortex. Indeed, the
expression of DREADD(Gq)-mCherry highlighted numerous mCherry* axons in the corpus callosum connecting

the two hemispheres (Figure 5B) and providing input to all layers of the SS targeted by TBI (Figure 5A, B).

Mice subject to ipsilateral injection were administered saline or the DREADD cognate agonist, CNO (5mg/kg), 30
min before undergoing sham surgery (Gg-sal-S or Gg-CNO-S) or TBI (Gg-sal-TBl and Gg-CNO-TBI; Supplementary
Figure 2F). Likewise, mice subjected to contralateral injection were administered CNO before sham surgery or
TBI (Gg-contra-CNO-S and Gg-contra-CNO-TBI; note that saline-treated, contralateral injected mice subject to
sham surgery were equivalent to Gg-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 to Gg-sal-S mice (3745 cells/2.2*10°um? in Gg-sal-S vs 69+8 cells/2.2*10°um? in Gg-CNO-S, p<0.001).

Notably, activation of the contralateral SS also resulted in a significant increase, although with a trend towards
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lower absolute values, in c-Fos* cells in the ipsilateral SS (49+7 cells/2.2*10°um? in Gg-contra-CNO-S vs Gg-CNO-
S, p=0.2; Figure 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 TBl and DREADD(Gq) activation
on c-Fosinduction. In Gg-sal-TBI mice, a significant increase in c-Fos* cells in the injured site was observed (Figure
5D, in agreement with what shown in Figure 1D). Notably, activation of ipsilateral DREADD(Gq) resulted in a
further increase in the number of c-Fos* cells (10412 cells/2.2*10°um? in Gg-sal-TBI vs 150420 cells/2.2*10°um?
in Gg-CNO-TBI; p<0.0001; figure 5D). On the other hand, activation of contralateral cortex resulted in a much
smaller increase the number of c-Fos* cells compared to Gg-sal-TBI (115+9 cells/2.2*10°um? in Gg-contra-CNO-
TBI, p=0.3827 vs Gqg-sal-TBI, Figure 5C,D), suggesting that the efficiency 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 (31 NeuN* cells/10* um? in Gq-CNO-TBI vs 1+0.4 NeuN*
cells/10* um? in Gg-sal-TBI, p<0.0001; Figure 5E,F). However, the penumbra of the mice injected with the
DREADD(Gq) showed a strong reduction in neuronal vulnerability, resulting in a pronounced preservation of
neurons (27+3 NeuN* cells/10*um? in Gg-CNO-TBI vs 11+1 NeuN* cells/10*um? in Gg-sal-TBI, p<0.0001; Figure
5E,G). Thus, direct excitation 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. Figure 2B,C and Figure 5F,G).

When we investigated the effect of contralateral cortex activation on neuronal integrity at 7 dpi. One-way
ANOVA revealed a significant difference of NeuN* cells between the four groups (Supplementary Figure 2F) both
in the core (Fi332= 22, p<0.0001) and in the penumbra (F332= 83, p<0.0001). However, in contrast to the
observation when principal neurons were directly (ipsilateral) activated, activation of the contralateral cortex
produced no difference in the neuronal survival in the core (1+0.6 NeuN* cells/10%*um? in Gg-sal-contra-TBl when
compared to 1+0.4 NeuN* cells/10*um?in Gg-contra-CNO-TBI, p>0.05) and only a modest (although statistically
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significant) increase in the number of neurons in the penumbra of the Gg-contra-CNO-TBI mice when compared
to the Gg-contra-sal-TBI was observed (16+3 NeuN* cells/10*um? in Gg-contra-CNO-TBI, 12+2 NeuN*
cells/10*um? in Gg-contra-sal-TBI when compared to p<0.05; Figure 5E-G) indicating that synaptic activity may

produce a small but significant neuroprotective effect.

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 interneurons modulates neuronal loss in TBI. Acute inactivation of PV interneurons is sufficient to decrease
autophagy, enhance protein synthesis and promote the survival of principal neurons; conversely, stimulation of
PV firing results in the decreased viability 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 Ca%, suggesting that an
activity-regulated nuclear Ca?* 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 excitation in acute TBI may exhibit protective effects (summarized in Supplementary

Figure 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, 24h
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
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cortical activity seems to affect infra- and supragranular principal neurons within the first 2 weeks after TBI (Allitt
et al., 2016), well before hyperexcitability can be identified in the chronic phase (8 weeks after TBI; Allitt et al.,
2017; Johnstone et al., 2013; Ding et al., 2011). 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 significant decrease in action potential frequency together with an increase in the size
of inhibitory post-synaptic potentials has also been described, ultimately resulting in a net shift of the
excitation/inhibition balance toward increased inhibition (Sawant-Pokam et al., 2017). Notably, increasing
inhibition by administering GABAergic drugs increases the occurrence of CSD in human patients (Hertle et al.,

2012, 2016), suggesting that excess inhibition may be detrimental in this condition.

PV interneurons are powerful modulators of cortical excitability 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 firing rate of principal neurons in the somatosensory cortex (Yang et
al., 2017; Agetsuma et al.,, 2017). Likewise, PV interneurons are recruited early in epileptic discharges
(Cammarota et al., 2013; Khoshkhoo et al., 2017) and activation of PV interneurons can block the propagation
of pathological discharges (Trevelyan et al., 2006; Paz et al.,, 2013). Here we have demonstrated 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 elevation 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
direction, 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

99



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 24h after trauma. In fact, the effectiveness of PV inactivation disappears when
treatment is given in a delayed manner (from 2 dpi). Interestingly, the amount of inhibition provided by PV
interneurons seem to decrease after 24h (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 (Hsieh et
al., 2017; Buritica’et al., 2009; 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 beneficial (and may actually increase the
area of neuronal loss). Thus, the chronic hyperexcitability of principal neurons that is anticipated to occur
(Martin et al., 2001) may enhance their vulnerability to the excitatory wave triggered by the trauma itself; on
this basis, one may speculate that, although PV interneuron 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 CaMKIlla promoter); in agreement with the pro-apoptotic
effect of NMDAR antagonists in the subacute stage of TBI (Pohl et al., 1999) and with the neuroprotective effect
of excitation observed in neurodegenerative 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),
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the degree of c-Fos expression and the neuroprotective effect obtained through circuit 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 TBl itself (by injuring
trans-callosal axons and/or by increasing the activity of local PV interneurons) 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 Ca?* buffer (Schlumm et al., 2013), further confirming the
excitation-dependent neuroprotective pathway. Indeed, synaptic activity and excitation-dependent
transcriptional responses have been shown to generate a state of “acquired neuroprotection”, which renders
neurons less vulnerable to stressors while not affecting neuronal survival at baseline (Zhang et al., 2009). The
build up of this “neuroprotective shield” is controlled by nuclear Ca% 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, inhibinBA and SerpinB2 (Zhang et al., 2009; Zhang et al., 2011; Ahlgren et al.,
2014; Qiu et al., 2013; Bading 2013). Acquired neuroprotection attenuates excitotoxicity by mechanistically
distinct processes, which includes inhibinBA-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 Ca?* load through Npas4 mediated suppression of the mitochondrial calcium
uniporter (Mcu) (Qiu et al., 2013), and increased resilience 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, TBl causes acute and subacute dendritic
degeneration and synaptic loss (Winston et al., 2013; Wang et al., 2016), whereas the synaptic activity- and
nuclear Ca?* -regulated factor, VEGF-D up-holds structural integrity of dendritic arbors (Mauceri et al., 2011),
and suppression by nuclear Ca?* of Clq, a synapse pruning factor (Simonetti et al., 2013) prevents spine loss

(Mauceri et al., 2015).
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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 mechanisms, 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), neuroinflammation and oxidative stress, which may be effectively counteracted by excitation-
activated transcriptional programs (Zhang et al., 2009; Zhang et al., 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 vulnerable to the

unfavorable conditions generated by the trauma and by TBI primary injury.
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7 Discussion

In the present work, we have demonstrated that ethanol pre-treatment (resulting from a BAL
that was comparable with protective effect on TBI patients [>230mg/dL], Berry et al 2011),
resulted in enhanced recovery of sensorimotor skills and reducing neuronal vulnerability to TBI.
This supports the clinical hypothesis that pre-ethanol intoxication is neuroprotective in TBI. Our
findings also suggest that the modulation of the neuroinflammatory response and the early
transcriptional response connected to the propagation of neuronal activity may be some of the
many mechanisms of ethanol induced neuroprotection. We were also able to show that
mechanistic targeting of signaling cascades, importantly RTK signaling, show that ethanol
intoxication may strongly affect events unfolding at the synaptic level after trauma and thus
pave the way for identification of new targets for intervention at this level. The translational
potential of our finding is supported by the identification of Lapatinib (an FDA approved drug
for breast cancer) as a potential neuroprotective agent when administered after trauma. Our
results also show that apart from targeting RTK signaling which control the activity and plasticity
of inhibitory interneurons, we could use chemogenetic tools to directly modulate the activity of
the inhibitory microcircuits involving PV interneurons which modulate neuronal loss and gliosis

in TBI.

7.1 Ethanol intoxication before TBI is neuroprotective

An aim of this work was to establish the effect of ethanol intoxication on TBI. Our data suggest
that ethanol intoxication before injury is potentially protective both at a behavioral and

histological level although this effect is restricted to a high-dose of ethanol. These findings are
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in agreement with clinical studies suggesting a possible beneficial interaction (Salim et al.,
2009; Berry et al., 2011; Brennan et al., 2015) and with some (Janis et al., 1998; Kelly et al.,
1997) but not all (Vaagenes et al., 2015) experimental data.

The protective effect of ethanol already appears at the early time points assessed (starting 3h
post injury) suggesting that ethanol works by dampening acute pathogenic pathways which
contribute to the onset of neurological deficits, thus setting the stage for pathogenic evolution
over the next hours or days after TBI.

While the effect of ethanol in TBI is controlled by many parameters including: the small clinical
cohort (due to large variability in the clinical presentation of TBI), different species (rats vs mice)
and different TBI models (open vs blunt) in an experimental setting and modification of its own
kinetics due to the pathogenic effects unfolding after TBI (presence of macroscopic
hematomas, Chandrasekar et al 2017), the beneficial effects of ethanol observed definitely

provides an understanding into the acute cascades following injury.

7.2 Neuroinflammation after TBl is modulated by ethanol intoxication

The neuroprotective effect of ethanol intoxication on TBI suggests a modulation of the neuro-
inflammatory response as shown by a shift in the cytokine pattern. Ethanol has
immunosuppressive effects in experimental models and trauma patients as shown by the lower
blood IL-6 and leukocyte counts (Griffenstein et al 2007, Wagner et al 2016, Relja et al 2016)
which correlate with our finding of higher levels of Akt and Erk phosphorylation and loss of
protein synthesis suppression.

In our study, a large cytokine panel helped us elucidate that ethanol exerts a suppressive effect

on several but not all (exception TNF-a) inflammation related cytokines such as IL-6, MCP-1
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and GM-CSF (Goodman et al 2013), to name a few, and at the same time increases
intraparenchymal levels of IL-13 and M-CSF. The acute overall suppression of inflammatory
cytokine levels suggests a stable decrease in the inflammatory response, which corresponds
both to the improved neurological condition in ethanol-pretreated mice, and to the higher levels
of Akt signaling and protein synthesis.

Although the overall neuroinflammatory effects of the cytokine patterns is influenced by the
interaction of multiple players, IL-13 emerges as a striking cytokine in TBI which is strongly
modulated by ethanol. It is know that ethanol can enhance IL-13 release under certain
conditions (Bouchard et al 2012, Alonso et al 2012) which suggests that the observed peak in
IL-13 could originate from the periphery or in the brain. IL-13 is a critical factor in inducing a
protective/reparative phenotype in macrophages (Bosurgi et al 2017) and together with IL-4, is
a key factor in inducing alternative polarization of microglia (Kiguchi et al 2017, Mori et al 2016,
Dooley et al 2016). Furthermore, IL-13 can induce apoptosis in activated microglia (Yang et al
2002, Won et al 2013) and can have direct protective effects by inducing the secretion of BDNF
in astrocytes (Brombacher et al 2017). Thus, the early peak in IL13 may be a critical instructive
signal reducing early inflammation and therefore allowing for reduced neurological
deterioration. These data suggest that the translational study of IL-13 in TBI is warranted.
Despite the short half-life of ethanol (Wilkinson et al 1980), the effects on cytokine patterns are
long lasting and affect the extent of immune cells infiltration and microglial activation at 7 dpi,
in agreement with the improvement in neurological function. Since ethanol is cleared within<
24 h, these long-lasting effects may be of consequence in early events of TBI neuro-

inflammation that play a critical role in orienting the cascades that unfold in time.
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7.3 TBI associated early transcriptional response helps modulate

propagation of neuronal activity

Immediate early genes are classically correlated with proliferation and neuroprotection (Zhang
et al., 2002, Flavell and Greenberg, 2008). This makes them interesting candidates of study
for many pathological conditions including trauma.

The early transctiptional response to TBI is a staging event of the process which unfold in the
following hours or days (Samal et al 2015). To study the interaction of TBI and ethanol we
characterized a set of immediate early genes at 3h using RT PCR. This revealed that there is
a hierarchy in the gene induction characterized by sensitivity to TBI, sensitivity to ethanol and
the schedule of administration. The largest group of IEGs is activated by TBI and markedly,
although in some cases not completely, downregulated by EtOH pre-administration. EtOH
reduces (although to variable extent, cfr. Atf-3 and Egr-3) the transcription of c-Fos, FosB,
AFosB, Egr3, Atf3, Npas4, which are known to depend on excitation-activated Erk signaling
cascade (Wang et al., 2014; Flavell and Greenberg, 2008). Many of the IEGs investigating in
this study are well-established in activating neurons which leads us to conceive that pre-
administration of ethanol interferes with a signaling cascade triggered by neuronal excitation
and leads to transcriptional regulation.

Ethanol is recognized to be either a potentiator of GABAR currents (Hanchar et al., 2005;
Kumar et al., 2009; Botta et al., 2014) or an antagonist of NMDAR (Criswell et al., 2004; He et
al., 2013), and therefore exerts an overall suppressive action on neuronal excitation. Thus, it
is likely that EtOH directly impinges on propagation of neuronal activity inducing signaling
cascades at the neurotransmitter receptor level. Subsequently, activity of downstream

signaling effectors including MAP kinases known to activate IEGs might be inhibited.
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Despite the correlation between IEGs and neuroprotection, their functional targets and
involvement in the regulation of neuronal cell biology is poorly understood. In fact IEGs are
associated both with protective and detrimental effects (Losing et al 2017, Oshitari et al 2002).
Thus, ethanol mediated downregulation of IEGs may contribute to the observed ethanol related
neuroprotection after TBI.

In conclusion, our data shows that presence of ethanol at the moment before trauma
significantly decreases the trauma induced transcriptional response in the hippocampal
neurons and also reduces neuronal vulnerability to trauma in the dentate gyrus of the
hippocampus. However, limitations of the buffering capacity of ethanol to the severity of injury

and the timing of administration limits its translational potential.

7.4 ErBb inhibitors recapitulate ethanol intoxication associated

neuroprotection

In the course of this study, we have investigated the involved mechanisms following TBI
exploring the pattern of phosphorylation of multiple RTKs after TBl. RTKs are recruited in
signaling pathways involved in growth and survival and are anti-apoptotic in nature. The
activation of a panel of RTKs after trauma point to this physiological, protective response.
Ethanol intoxication associated downregulation of several RTKs after TBI may point towards
ethanol limiting the initial damage and preventing the activation of the protective response.
Given that ethanol has powerful GABAergic activities (Fazzari et al 2010) and it is an NMDAR
antagonist (Criswell et al 2004), it may also help prevent the excitation-related damage
(Brennan et al 2015) and limit excitation related RTK activation (such as the phosphorylation

of ErbB3 or FGFR and EphB phosphorylation, Neddens et al 2011, Huang et al 2015). On the
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other hand, RTKs are also involved in pathogenic responses to trauma. Activation of PDGFR
has been linked to increased permeability of the blood brain barrier (BBB) after trauma (Su et
al 2015) and activation of EphA2 has been linked to increased BBB dysfunction and neuronal
loss in a stroke model (Thundyil et al 2013). Taken together our results show that the RTK
activation pattern helps reveal the impact of ethanol intoxication on TBI and the specific role of
each RTK needs to be investigated further in a case-by-case manner.

Further we were able to identify that TBI induces phosphorylation of ErbB receptors in the
excitatory synapses and specific inhibitors of ErbB were able to recapitulate a significant
fraction of El associated neuroprotection. ErbB family members signal either as ErbB4
homodimers or as heterodimers of ErbB4 and either ErbB3 or ErbB2 (Mei et al 2008) and thus
their expression is predicted to be comparable. In this study, we were able to show that TBI
induces phosphorylation of ErbB expression in the excitatory synapses of the inhibitory PV
interneurons and this is highly relevant for the control of the functions of these cells in the
normal cortex (Wen et al 2010, Yin et al 2013) and under pathological conditions (Guan et al
2015, Zhang et al 2017). ErbB phosphorylation on interneurons has been shown to be
homeostatically regulated: Reduced cortical excitation leads to the decrease in ErbB
phosphorylation in PV interneurons, depotentiation and de-stabilization of excitatory synapses,
and, ultimately, reduced PV activation (Sun et al 2016, Lu et al 2014). We speculate that
upregulation of ErbB phosphorylation may be a homeostatic event triggered by TBI-triggered
excitation and may lead to increased PV excitation after TBI.

Intriguingly, blockade of ErbB2 signaling by trastuzumab enhances peripheral nerve
regeneration after acute or chronic damage (Hendry et al 2016). Targeting ErbB signaling in
polytrauma patients suffering from central and peripheral nervous system injuries, would be

highly attractive for the delivery of a double benefit. The translational potential of our finding is
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supported by the identification of Lapatinib (an FDA-approved drug for the treatment of breast
cancer) as a potential neuroprotective agent when administered before but, most important,
also after the trauma. Lapatinib pharmacokinetics have been described and partial, dose
dependent penetration of the brain has been shown in murine models (Afshar et al 2016, Polli
et al 2008). Penetration of brain parenchyma has been shown to be enhanced when the BBB
is disrupted (Polli et al 2008), suggesting that it may reach therapeutically relevant
concentrations in murine and human brains after TBI. We have supported the Lapatinib data
with a second ErbB inhibitor, AG825.

ErbB family expression pattern has been originally reported to include pyramidal cells as well
as inhibitory interneurons. If excitatory input to PV is upregulated as a consequence of TBI,
and prevented by El, downregulation of PV firing would mimic, at least partially, El effects. To
demonstrate the effect of PV firing on TBI, we used chemogenetic tools to manipulate the PV
firing and we able to show that whereas increasing PV firing was detrimental, decreasing it
resulted in improved neuronal survival. This result contradicts the current model of
excitotoxicity-induced neuronal death in TBI (Carron et al 2016), however, it must be noted that
cortical neurons subject to TBI develop hyperexcitable phenotypes several weeks after trauma
(Carron et al 2016, Alwis et al 2012). On the other hand, recordings of sensory-evoked
responses in multiple TBlI models have revealed that cortical neurons are largely hypoactive
(Iwakura et al 2017) and do not respond to sensory stimulation in agreement with increased
inhibition (Johnstone et al 2013, Allitt et al 2016, Johnstone et al 2014). This effect has been
hypothesized to contribute to the generation of TBl-associated acute neurological deficits
(Johnstone et al 2014). Thus, cortical neurons may be actually hypoactive soon after trauma,

an effect that may be related to increased inhibition (in fact, activation of PV interneurons have
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been shown to be sufficient to completely shutting down the firing of principal cells, Atallah et
al 2012).

In conclusion, our study shows that preventing neuronal silencing either by preventing ErbB
upregulation ( as in the case of El) or reducing perisomatic inhibition (as in the case of
chemogenetic inhibition of PV interneurons) my contribute to neuroprotection after TBI. The
neuroprotective mechanisms of ethanol intoxication may extend beyond the limitation of post
TBI inhibition. Chemogenetic suppression of PV interneurons does not preclude the effects of
ethanol and in fact, ethanol intoxication enhances neuronal survival even in the case of strong
activation of PV interneurons. Given that ethanol is both a GABA agonist (Kumar et al 2009,
Huang et al 2015) as well as an NMDAR antagonist (Criswell et al 2004), El-associated
neuroprotection may include direct decrease of excitability at the instance of trauma, reduced
excitotoxicity through glutamate receptor inhibition, as well as modulatory effects on the

neuroimmunological response (Chandrasekar et al 2017).

7.5 Manipulation of cortical micro-circuitry using chemogenetics helps

neuronal vulnerability to TBI

In this study, we explored more in detail the manipulation of the cortical microcircuitry involving
PV interneurons and were able to show that an underlying mechanism of the modulation of
neuronal loss after TBI was blockade of nuclear calcium.

PV interneurons are powerful modulators of cortical excitability. In fact, strong activation of PV
interneurons is enough to completely silence cortical areas (Atallah et al 2012), whereas
inactivation of PV interneurons increases the basal and evoked firing rate of principal neurons

in the somatosensory cortex (Agetsuma et al 2017, Yang et al 2017). In this study we show
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that modulation of neuronal activity through PV interneurons offers an entry point to controlling
the cortical activity in the first phases after trauma. In fact, not only are PV interneurons
recruited in TBI (as shown by elevation 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. Our previous finding that TBI
upregulates the phosphorylation of ErbB in the excitatory synapses of PV interneurons shows
that PV interneurons may actually be involved in the pathophysiological regulation of activity
within the microcircuits soon after trauma.

The principal neuron survival can be enhanced by inhibition of PV interneurons within the first
24 hours after trauma. These effects disappear when the neurons are inhibited in a delyed
manner (starting 2dpi). Interestingly, the amount of inhibition provided by PV interneurons
seem to decrease after 24h (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 (Buritica et al. 2009; Hsieh et al. 2017; although not in all models: Carron et al. 2016).
Although early inactivation of PV interneurons enhance the overall survival of neurons, ablation
of PV interneurons does not prove beneficial showing that the chronic hyperexcitability of
neurons which is expected to occur (Martin and Sloviter 2001 may enhance their vulnerability
to the excitatory wave triggered by trauma.

The neuroprotective effect of PV inactivation can be recapitulated by the direct activation of
principal neurons. This is in agreement with the neuroprotective effects of excitation observed
in neurodegenerative diseases (Saxena et al.,, 2013, Roselli and Caroni, 2015). As an
underlying mechanism, we show that the effect of acute inactivation of PV interneurons is

blocked by the expression of an engineered nuclear Ca?* buffer (Schlumm et al 2013),
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confirming the excitation dependent neuroprotective pathway. The neuroprotection after TBl is
controlled by the nuclear Ca?* and involves activation of IEG factors such as ATF-3 and Npas-
4 and the secreted proteins inhibinBA and SerpinB2 (Zhang et al. 2009, 2011; Bading 2013;
Qiu et al. 2013; Ahlgren et al. 2014).

In conclusion, increasing the neuronal activity of the principal neurons either directly or
indirectly helps prevent loss of neurons after TBI and appears to have a more pronounced

effect on the penumbra of the injury than the core.

7.6 Conclusion

Taken together, our data provides support to the clinical evidence of neuroprotective effect of
high dose ethanol (Brennan et al 2015, Salime et al 2009) showing a mechanistic effect
targeting the neuro-immune response, transcriptional response of IEGs, RTK signaling and
controlling activity and plasticity of inhibitory interneurons. IL-13 emerges as a striking cytokine,
from the panel, which is upregulated by TBI and modulated by ethanol but it warrants a
translational study into the effect of IL-13 in TBI. Our data revealed a possible therapeutic
intervention using Lapatinib (an FDA-approved drug for the treatment of breast cancer) as a
possible neuroprotective agent when administered shortly after trauma. We were also able to
show that controlling cortical activity using chemogenetic tools also modulates the neuronal
loss in TBI. In fact, pathological decrease or increase in the firing properties of vulnerable
neuronal subpopulations appears to be a shared phenotype of multiple neurodegenerative
conditions (Roselli and Caroni, 2015). Further understanding into the signaling of RTKs
following TBI and modulation of the pathways controlling the inhibitory microcircuits many offer

new approaches for understanding and targeting TBI pathogenic pathways.
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