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ABSTRACT

Mild traumatic brain injury (mTBI) is a risk factor for neurodegenerative disorders, such as Alzheimer's disease
(AD) and Parkinson's disease (PD). TBI-derived neuropathologies are promoted by inflammatory processes:
chronic microgliosis and release of pro-inflammatory cytokines that further promote neuronal dysfunction and
loss. Herein, we evaluated the effect on pre-programmed cell death/neuroinflammation/synaptic integrity and
function of (-)-Phenserine tartrate (Phen), an agent originally developed for AD. This was studied at two
clinically translatable doses (2.5 and 5.0 mg/kg, BID), in a weight drop (concussive) mTBI model in wild type
(WT) and AD APP/PSEN1 transgenic mice. Phen mitigated mTBI-induced cognitive impairment, assessed by
Novel Object Recognition and Y-maze behavioral paradigms, in WT mice. Phen fully abated mTBI-induced
neurodegeneration, evaluated by counting Fluoro-Jade C-positive (FJC+) cells, in hippocampus and cortex of
WT mice. In APP/PSEN1 mice, degenerating cell counts were consistently greater across all experimental groups
vs. WT mice. mTBI elevated FJC+ cell counts vs. the APP/PSEN1 control (sham) group, and Phen similarly
mitigated this. Anti-inflammatory effects on microglial activation (IBAl-immunoreactivity (IR)) and the pro-
inflammatory cytokine TNF-a were evaluated. mTBI increased IBA1-IR and TNF-a/IBA1 colocalization vs. sham,
both in WT and APP/PSEN1 mice. Phen decreased IBA1-IR throughout hippocampi and cortices of WT mice, and
in cortices of AD mice. Phen, likewise, reduced levels of IBA1/TNF-a-IR colocalization volume across all areas in
WT animals, with a similar trend in APP/PSEN1 mice. Actions on astrocyte activation by mTBI were followed by
evaluating GFAP, and were similarly mitigated by Phen. Synaptic density was evaluated by quantifying PSD-
95+ dendritic spines and Synaptophysin (Syn)-IR. Both were significantly reduced in mTBI vs. sham in both WT
and APP/PSEN1 mice. Phen fully reversed the PSD-95+ spine loss in WT and Syn-IR decrease in both WT and
APP/PSEN1 mice. To associate immunohistochemical changes in synaptic markers with function, hippocampal
long term potentiation (LTP) was induced in WT mice. LTP was impaired by mTBI, and this impairment was
mitigated by Phen. In synopsis, clinically translatable doses of Phen ameliorated mTBI-mediated pre-pro-
grammed cell death/neuroinflammation/synaptic dysfunction in WT mice, consistent with fully mitigating
mTBI-induced cognitive impairments. Phen additionally demonstrated positive actions in the more pathologic
brain microenvironment of AD mice, further supporting consideration of its repurposing as a treatment for mTBI.
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1. Introduction

The occurrence of single or repeated episodes of traumatic brain
injury (TBI) is associated with disability and death, and impacts 10
million individuals worldwide annually (Hyder et al., 2007; Ruff et al.,
2012). TBI is estimated to constitute the third largest portion of global
disease by the year 2020 (WHO, 2006). Within the US, some 1.7 million
people sustain a TBI annually, and approximately 5.3 million people
live with a TBI-induced disability (Langlois et al., 2006; Prins and Giza,
2012). Generally assessed using the Glasgow Coma Scale (GCS), the
majority of TBIs (80-95%) are considered mild (GCS 13-15) to mod-
erate (GCS 9-12) in nature, with severe TBI (GCS <8) comprising the
remainder (Tagliaferri et al., 2006; Teasdale and Jennett, 1974).

Mild TBI (mTBI) commonly causes a broad spectrum of neurological
symptoms including headache, sleep and vision disturbances, depres-
sion, anxiety, changes in mood and impaired cognitive function (Dixon,
2017; Tweedie et al., 2016a). Despite improvements in survival rate
following initial injury, TBI can give rise to substantial and lifelong
cognitive, physical, and behavioral impairments that necessitate long-
term access to health care and disability services (Tagliaferri et al.,
2006; Diaz-Arrastia et al., 2014). The elderly are especially susceptible
to TBI, as the same insult generally gives rise to greater disability and
dramatically increases the risk of developing neurodegenerative
(Barnes et al., 2014; Gardner et al., 2014) and neuropsychiatric dis-
orders (Chen et al., 2011). Although TBI symptoms may sometimes
resolve within the first year after injury, a substantial number of pa-
tients exhibit protracted and sometimes permanent dysfunction, parti-
cularly emotional and cognitive problems (Pagulayan et al., 2006). TBI
is hence considered to represent a ‘progression of events’, and emerging
evidence indicates that this process can lead to an early onset of de-
mentia (Barnes et al., 2014; Gardner et al., 2014) and neurodegenera-
tive pathologies such as Alzheimer's disease (AD) and Parkinson's dis-
ease (PD) (Chiu et al., 2016; Greig et al., 2014; Daneshvar et al., 2011).
A recent study from Fann and collaborators, in a population-based co-
hort of nearly 2.8 million adults, showed that even a single event of
mild TBI increases the risk to develop dementia and to acquire it earlier
in life (Fann et al., 2018). Recent gene expression studies have de-
monstrated that mTBI can induce an upregulation of pathways that lead
to AD and PD (Tweedie et al., 2013a, 2013b; Goldstein et al., 2012;
Greig et al., 2014). In light of the lack of available therapeutic options
(Moppett, 2007), it is important to understand the mechanisms that
underlie the neuronal dysfunction and loss following head injury to aid
the development of new therapeutic strategies, and to facilitate the
evaluation of existing compounds.

TBI neuropathology develops in association with two major bio-
chemical phases. The first phase includes the acute damage that occurs
at the moment of the trauma. It is characterized by mechanical damage
of the tissue, involving shearing, contusion and laceration, often
causing vascular and axonal damage and blood-brain barrier (BBB)
breakdown, which result in diffuse and immediate necrotic cell death
(LaPlaca et al., 2007; Greig et al., 2014). This acute phase is followed by
a longer-lasting secondary cascade of biological processes including
neuroinflammatory and neurotoxic mechanisms, such as free radical
generation, oxidative stress, excitotoxicity, microgliosis and release of
pro-inflammatory cytokines (Maas et al., 2008; Bains and Hall, 2012;
Das et al., 2012; Zhang et al., 2008; Chiu et al., 2016; Witcher et al.,
2018), with consequent neuronal dysfunction and apoptosis (Greve and
Zink, 2009; Barkhoudarian et al., 2011; Morganti-Kossmann et al.,
2002; Schmidt et al., 2005). Our recent studies, together with those of
others, suggest that such secondary processes may be halted and po-
tentially reversed by mechanism-based treatments, if administered
sufficiently early (Yang et al., 2016; Nudo, 2013; Moppett, 2007; Greig
et al., 2014).

Extensive studies support the hypothesis that the unregulated re-
lease of inflammatory cytokines and chemokines are critical to the
pathophysiology of TBI (Acosta et al., 2013; Lozano et al., 2015).
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Whereas the inflammatory response is fundamental to the initiation of
neuro-reparative mechanisms that follow TBI (McCoy and Tansey,
2008; Schmidt et al., 2005), if excessive or unregulated, these same
processes can drive neuronal dysfunction and degeneration by pro-
voking a self-propagating pathological inflammatory cascade (McCoy
and Tansey, 2008; Frankola et al., 2011). Following a TBI, there is a
marked elevation in the generation and release of proinflammatory
cytokines from activated microglia, particularly tumor necrosis factor-a
(TNFa). In line with this, brain levels of TNFa mRNA and protein are
raised in humans and rodents following TBI, and have been noted to
precede the appearance of multiple other inflammatory cytokines
(Feuerstein et al., 1994; Frugier et al., 2010; Woodcock and Morganti-
Kossmann, 2013). Depending on the signaling pathway initiated, TNF-a
can exacerbate oxidative stress, contribute to glutamate release, induce
synaptic loss and exacerbate BBB dysfunction, each of which can lead to
neuronal dysfunction and initiation of preprogrammed cell death
(Frankola et al., 2011; McCoy and Tansey, 2008). Relatively few drugs
have the potential to positively impact these multiple pathways, each
leading to degenerative processes; this likely has, in large part, under-
pinned the failure of many drugs that have a single mechanism of action
in clinical TBI studies, since no two TBI events are entirely alike in
humans and all involve the instigation of multiple neuropathological
cascades.

Our recent studies have highlighted the ability of the experimental
drug (-)-phenserine tartrate (Phen) to provide neuroprotection and
neurotrophic actions via multiple mechanisms (Lilja et al., 2013; Chang
et al., 2017; Hoffer et al., 2017) following a brain insult. The focus of
the present study was to ascertain whether such mechanisms are per-
tinent to mTBI in both normal and pathological brain environments. To
determine this, we evaluated clinically translatable doses of Phen in
both wild type (WT) and transgenic AD mice subjected to mild con-
cussive head injury, with the latter providing a more complex brain
milieu that may better parallel the complexity of the aged human brain
(Becker and Greig, 2019).

2. Materials & methods
2.1. mTBI induction and drug treatment

For induction of mTBI, 6 to 8weeks-old WT CD1 and 52 to
69 weeks-old APP/PSEN1 AD transgenic (Tg) male mice were an-
esthetized with isoflurane and placed under a metal tube device where
the opening was positioned directly over the animal's head, just anterior
to the right ear. mTBI was induced by dropping a blunted cylindrical
metal weight (30 g) down the metal tube (inner diameter 13 mm) from
a height of 80 cm. Phen was administered I.P. twice a day, starting
30 min after the injury (0.1 ml/10g body weight in double distilled
H,0). Using behavioral and immunohistochemical techniques, we
evaluated Phen at 2 clinically translatable doses in separate cohorts of
WT mice (2.5 and 5.0 mg/kg BID post mTBI) and in APP/PSEN1 mice at
5 mg/kg BID post mTBI. For behavioral studies, Phen was administered
for 5 consecutive days following TBI, allowing a 2-day washout period
prior to initiation of cognitive evaluation to ensure that possible cho-
linergic systemic effects were not a confound in the behavioral para-
digms. Immunohistochemical and LTP studies were performed at 72h
following mTBI, with an 18 h washout period following the final Phen
or vehicle dose (our prior studies have demonstrated that cholinesterase
inhibition and cholinergic effects are negligible after these washout
periods (Greig et al., 2000; Greig et al., 2005). Prior to mTBI induction,
mice were randomly selected into mTBI and sham groups, and within
these groups mice were then randomly selected to receive either Phen
or vehicle treatment. Sham animals underwent the exact same proce-
dure as mTBI challenged ones, except without the weight drop. Vehicle-
treated mice received 0.1 ml/10 g body weight double distilled H;O on
the same schedule as Phen-treated mice.

All studies were implemented under experimental protocols that
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Table 1
Animal numbers associated with experimental procedures and groups. Notably,
there was no mortality or morbidity of mice across groups.

Wild type mice AD Tg mice
NOR Y-maze IMHC EPhysiol IMHC

Total No. 50 56 20 25 15

Control 12 17 5 5 5

mTBI 16 18 5 7 5

mTBI+ Phen 2.5 11 10 5 - -

mTBI+ Phen 5 11 11 5 8 5

Phen alone - - - 5 -

NOR: Novel object recognition paradigm; IMHC: Immunohistochemistry;
EPhysiol: Electrophysiology studies.

were fully approved by either the Animal Care and Use Committee of
the Intramural Research Program, National Institute on Aging
(Baltimore, MD, USA) (Protocol No. 438-TGB-2019) or by the Sackler
Faculty of Medicine Ethics Committee (Tel Aviv, Israel) (Protocol No.
M-11-086). All animal study methods were performed in accord with
the National Institutes of Health (DHEW publication 85-23, revised,
1995). The animal numbers evaluated in each assessment group
(Table 1), and the selected experimental measures and times at which
they were performed were based on our prior studies. An analysis of the
variance of data from these prior studies was evaluated in order to
minimize the numbers of animals used based on power calculations
(a = 0.05 and 1-f = 0.80).

2.2. Behavioral tests of cognitive function

As previously reported, mice subjected to mTBI were indis-
tinguishable from those subjected to the sham procedure when assessed
at 1 or 24 h later in relation to a series of evaluations focused on health
and well-being; subjective measures that included grooming and ap-
pearance, righting skills, ambulation, and blinking reflex were com-
bined with objective ones comprising weight and body temperature
(Baratz et al., 2015). An evaluation of body temperature was under-
taken in pilot studies across animal groups prior to and following mTBI,
and demonstrated no statistically significant change. The cognitive
abilities of mice were then quantitatively assessed by the novel object
recognition (NOR) and the Y-maze paradigms to evaluate visual and
spatial memory, respectively, 7 days following mTBI challenge (for
animal numbers see Table 1). All equipment used for behavioral testing
was cleansed with 70% ethanol between testing sessions to eliminate
any potential olfactory-dependent cognitive influences on mouse be-
havior.

2.2.1. NOR paradigm

The NOR paradigm evaluates recognition memory, as previously
described (Messier, 1997; Baratz et al., 2011; Edut et al., 2011). This
task is based on the tendency of rodents to explore unfamiliar objects
within their environment. The use of this natural propensity allows
quantitative assessment of whether a mouse is able to discriminate
between a familiar and a novel object. Mice were individually habi-
tuated to an open field black Plexiglass box (59 x 59 X 20 cm size) for
5min, 48 h prior to the test. 24 h later, animals were allowed to explore
a set of two identical objects for a 5 min acquisition phase. On the day
of the test, animals were presented with a set of objects in the same
environment, where one object was novel to them. Each mouse was
allowed to freely explore the objects again for a 5 min period. The times
spent exploring the familiar and the novel objects were recorded.

2.2.2. Y maze paradigm
The Y maze paradigm evaluates spontaneous exploration, respon-
siveness to novel environments and spatial memory function, as
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previously described (Dellu et al., 1992; Baratz et al., 2010). The ap-
paratus consisted of a three-armed black Plexiglass maze with each arm
(8 X 30 x 15cm size) separated by 120° and distinctly marked with a
different spatial cue (a triangle, a square, or a circle). A start arm for
each experiment was chosen randomly. Each mouse was introduced
into the Y maze on two occasions separated by a 2 min interval, during
which the mouse was returned to its home cage. During the first 5 min
trial, one of the two arms was randomly blocked. During the second
2 min trial, all arms were open for exploration and the total amount of
time the mouse explored within each arm was measured.

2.3. Immunohistochemical studies

At 72h following mTBI or the sham procedure, animals were an-
esthetized with a combination of ketamine (100 mg/kg) and xylazine
(10 mg/kg), and perfused transcardially with 10 ml phosphate buffered
saline (PBS) followed by 20 ml of 4% paraformaldehyde (PFA) Brains
were removed from the skull and post-fixed with 4% PFA overnight.
Coronal sections from the dorsal hippocampus and the posterior par-
ietal cortex were cut at 40-um thickness and stored for im-
munohistochemical procedures. N = 5 per group (Table 1). This 72h
time was selected based on our prior studies demonstrating substantial
degeneration and neuroinflammation at this interval (Tashlykov et al.,
2007; Tashlykov et al., 2009; Deselms et al., 2016).

Across our studies in both WT and APP/PSEN1 mouse models, im-
munohistochemical evaluation of mTBI damage was undertaken in
hippocampus and cortex ipsilateral to injury. The brain regions eval-
uated; specifically, the CAl, CA3 and dentate gyrus areas of the hip-
pocampus and the posterior parietal cortex (cortex) are shown in
Supplemental Fig. 1 in relation to a Figure plate schematic obtained
from the Paxinos and Franklin's mouse brain atlas (Paxinos and
Franklin, 2012). To evaluate the existence of contrecoup damage, im-
munohistochemical evaluations also were undertaken in contralateral
brain regions to allow direct ipsi- and contralateral comparisons (Sup-
plemental Fig. 2).

2.4. Fluoro-Jade C (FJC) staining

The number of degenerating cells was assessed by using Fluoro-Jade
C (FJC; Millipore, AG325- 30MG). Specifically, brain slices were air-
dried on a slide warmer at 50 °C for at least 1h, and then were im-
mersed into a 1% sodium hydroxide and 80% ethanol solution for 5 min
and into 70% alcohol for 2 min followed by 2 min in distilled water +
PBS (pH 7.4, 50:50). Next, the slices were incubated with a solution of
0.06% potassium permanganate for 10 min, then washed and immersed
into a 0.1% acetic acid and 0.01% FJC solution for 30 min. The slides
were then rinsed, dried for 5-10 min, and incubated in xylene for 1 min.
DPX non-fluorescent mounting medium was used for mounting slides.
Finally, images of FJC-positive cells within the hippocampus and cortex
were captured using a FITC filter on a confocal laser-scanning micro-
scope (FV 1000, Olympus, Japan). The number of FJC-positive cells was
analyzed and counted using NIH software Image J 1.43 m.

2.5. Immunofluorescence

For Ibal and GFAP single staining and for Ibal/TNFa, MAP2/PSD-
95 and MAP2/Synaptophysin (Syn) double staining, brain samples were
immunoreacted for 48 h with the following primary antibodies: anti-
Ibal 1:200 (goat polyclonal anti-Ibal, Abcam, USA, #ab5076), anti-
GFAP 1:2500 (chicken polyclonal ant-GFAP, Abcam, USA, #ab4674),
Ibal plus anti- TNFa antibody 1:200 (rabbit polyclonal anti-TNFa,
Abbiotec, USA, #251900); anti-MAP2 1:500 (mouse monoclonal anti-
MAP2, Abcam, USA, #ab11267) plus anti-PSD-95 antibody (rabbit
polyclonal anti-PSD-95, Thermo Fisher, USA, #51-6900); anti-MAP2
plus anti-Synaptophysin antibody (rabbit polyclonal anti-SYN, Thermo
Fisher, USA, #MA5-14532). After PBS washing, sections were
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incubated with a donkey anti-goat secondary antibody AlexaFluor®
555-conjugated IgG (H + L) cross-adsorbed 1:400 (ThermoFisher, USA,
#A-21432) for detection of Ibal, with a goat anti-chicken secondary
antibody  AlexaFluor®  488-conjugated IgY (H+L) 1:500
(Thermofisher, USA, #A-11039) for detection of GFAP, and with a goat
anti-mouse secondary antibody AlexaFluor® 594-conjugated IgG
(H + L) cross-adsorbed 1:400 (ThermoFisher, USA, #A-11005) for de-
tection of MAP2. A three-step detection was used to increase the signal
of TNFa, PSD-95 and Synaptophysin by use of biotinylated anti-rabbit
IgG (H + L) 1:200 (Vector Labs., USA, #BA-1000) and streptavidin—
fluorescein 1:400 (Vector Labs., USA, #SA-5001). Controls consisted of
omitting the primary antibody.

2.6. Laser scanning confocal microscopy

Imaging of immunofluorescence staining was performed using an
Olympus FV1000MPE confocal laser scanning microscope. Confocal
images were acquired by a PlanApoN, x 60, 1.42 oil objective, a x 40
or a X 20 objective.

2.7. Immunofluorescence analysis and quantification

e Tbal analysis: Ibal-positive microglia were identified at X 60, 1.42
oil magnification. For each animal, three fields of hippocampus
(CA1, CA3 and DG) and one of cortex were captured from both the
left and right hemispheres and analyzed. For each microglial cell,
the body and primary processes were outlined. The mean area/cell
was then measured using NIH software ImageJ 1.43 m.

e GFAP quantification: For each animal, one field of hippocampus
(CA1) and one of cortex were captured from both the left and right
hemispheres using a X 63 oil objective and analyzed. The total area
occupied by GFAP IR was quantified using NIH software ImageJ
1.43 m. The result is expressed as percentage of change vs. control
group.

Ibal/TNF-a colocalization analysis: For each animal, three fields of
hippocampus (CA1, CA3 and DG) and one of cortex were captured
from both the left and right hemispheres and analyzed. The volume
of colocalized elements was determined as follows: for each dataset
(20-30 images, step size: 1 um), a colocalization channel between
the red channel for Ibal IR and the green channel for TNF-a IR was
automatically composed by Imaris 7.3. In the resulting stacks, the
volume of the elements of interest was calculated, summed and
expressed as volume/yum>.

e PSD-95 quantification: Changes in the expression of the post-sy-
naptic marker PSD-95 were evaluated by PSD-95/MAP2 double
immunostaining. Confocal images were taken using a X 60, 1.42 oil
objective (x1.8 zoom). For each animal, n = 20 MAP2 positive
dendritic segments (about 10 um of length) from each field of hip-
pocampus and cortex were randomly chosen and the PSD-95 posi-
tive (+) spines along the dendrite were manually (Imaris 7.3)
counted. The result is expressed as spine density/um.

e Synaptophysin quantification: For the pre-synaptic marker
Synaptophysin, three fields of hippocampus and one of cortex were
captured from both the left and right hemisphere, and then ana-
lyzed. The total volume occupied by Syn immunoreactivity was
automatically quantified using Imaris 7.3 software. Results are ex-
pressed as IR Volume (um?).

2.8. Long Term Potentiation (LTP) evaluation in hippocampal slices

For slice preparation, mice were anesthetized with isoflurane and
decapitated at 72 h post TBI or sham procedure. The brain was rapidly
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removed and submerged in a modified artificial cerebrospinal fluid (m-
aCSF) containing, in millimolar, NaCl 92; KCl, 2.5; NaH,PO,, 1.2;
NaH2PO4 1.2; NaHCOs3, 30; HEPES, 20; glucose, 25; sodium ascorbate,
5; sodium pyruvate, 3; MgCl,, 10; CaCl,, 0.5. Transverse hippocampal
slices (280 um) were prepared using a vibrating tissue slicer (Leica
VT1200S, Leica Biosystems, Nussloch, Germany), and then stored in a
holding chamber containing standard aCSF (containing, in millimolar,
NacCl, 126; KCl, 3; CaCl,, 2.4; MgCl,, 1.5; NaH,POy,, 1.2; NaHCO3, 26;
and glucose, 11). Caffeine (50 uM) was added in order to limit the in-
fluence of endogenous adenosine on synaptic transmission. After a
20 min incubation at 35 °C, slices were allowed to gradually equilibrate
to room temperature for at least 30 min prior to initiating recording. All
solutions were constantly oxygenated with 95% 05/5% CO,. On
average, n = 4 slices were used from a single animal per day with
N = 13 slices total per group on average. Table 1 provides a breakdown
of animal No. evaluated across groups.

Hippocampal brain slices were submerged in a chamber (RC-26,
Warner Instruments, Hamden, CT, USA), and continuously perfused
with aCSF (2ml/min) using a peristaltic pump (Cole-Parmer
Instruments, Vernon Hills, IL, USA). Bath temperature was maintained
at 30-32 °C by passing the aCSF through an in-line heater (TC324-C and
SH27-B, Warner Instruments). Borosilicate glass electrodes (1.5mm
o.d. X 0.86mm i.d., Sutter Instruments, Novato, CA, USA) were fabri-
cated using a horizontal puller (P-97, Sutter Instruments) and filled
with aCSF. Electrodes were connected to the headstage of an AC am-
plifier (Model 1800, A-M Systems, Sequim, WA, USA). The tip of a bi-
polar-stimulating electrode consisting of twisted formvar-insulated ni-
chrome wire (50 um diameter; A-M Systems), connected to a constant
current stimulus isolation unit (DS3, Digitimer LLC, Ft. Lauderdale, FL),
was positioned in hippocampal area CA3 to activate Schaffer collateral
axons forming synapses on CAl pyramidal neuron dendrites. The re-
cording electrode was positioned in CAl stratum radiatum using a
manual micromanipulator, and gradually lowered while monitoring
field excitatory postsynaptic potential (fEPSP) responses, so that the
largest fEPSP for a given stimulus intensity was obtained. Recording
electrodes were fixed at this depth within the slice and input-output (I/
O) curves relating fEPSP amplitude to stimulus intensity (20-200 pA,
0.1 ms) were generated. Baseline fEPSP responses of 30-50% of max-
imum were then obtained using a stimulus intensity determined from
the I/0 relationship (which did not indicate any statistically significant
differences among groups, data not shown). Field EPSPs were then
obtained every 30 s for at least 10 min during the baseline period. After
recording a stable baseline, high frequency stimulation (HFS; comprised
of three consecutive 100-Hz, 1-s trains, delivered 10s apart) was de-
livered, and then fEPSP responses were continuously monitored at 30 s
intervals. The stimulation, data acquisition and signal analyses were
performed online wusing an A/D board (PCle-6321, National
Instruments, Austin, TX, USA) and WinLTP software (https://www.
winltp.com/; Anderson and Collingridge, 2007).

2.9. Analysis and statistics

All behavioral results are given as mean + S.E.M values and were
analyzed by SPSS V24. A paired t-test was used to determine sig-
nificance between the familiar and novel object/arm within each group.
Statistical significance was set at p < .05.

All immunohistochemistry/immunofluorescence results are shown
as mean * S.E.M values. The data from the analysis of FJC+ cells,
IBA1-IR, GFAP-IR and IBA1/TNFa colocalization, PSD-95 and
Synaptophysin in WT mice were statistically analyzed with a one-way
analysis of variance (ANOVA) followed by Tukey's post-hoc test. Due to
the greater variance across the broader age range among APP/PSEN1
mice, a Mann-Whitney test was used to analyze data from these markers
in AD Tg mice. The level of significance was set at p < .05.

For LTP measurement, data are likewise presented as
mean * S.E.M values. Comparisons among experimental groups were
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made using ANOVA tests, with a critical value for statistical significance
set at p < .05. A Dunnett's multiple comparisons test was used to
measure the mean level of LTP between 50 and 60min (i.e., last 10 min
of recording), following HFS.

3. Results

3.1. mTBI challenge and (-)-Phenserine were well tolerated across groups of
mice

Mice exposed to mTBI and/or Phen were indistinguishable from
sham animals when appraised at 1 and 24 h for evaluations of well-
being; these consisted of subjective measures such as grooming and
appearance, righting skills, ambulation, and blinking reflex combined
with body weight measurements (Baratz et al., 2015). Additionally, no
adverse or visually evident pharmacological actions were noted for
either dose of Phen (2.5 and 5.0 mg/kg BID) throughout the study.
Finally, there was no mortality or evident morbidity across all groups of
sham and mTBI challenged mice.

3.2. (-)-Phenserine treatment attenuated mTBI-induced cognitive deficits
The NOR paradigm was performed to probe for impairments in vi-

sual memory in WT mice 7 days following mTBI challenge and 5 day
Phen treatment. As illustrated in Fig. 1A, sham-mice spent a
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significantly longer time exploring the novel compared to the familiar
object (p < .001), whereas mTBI-challenged mice failed to differ-
entiate between the two items. mTBI-mice subsequently treated with
Phen performed in a manner similar to the sham group and spent sig-
nificantly more time exploring the novel object (2.5mg/kg: p < .05;
5mg/kg: p < .001), showing mitigation of the mTBI-induced visual
memory impairment.

The Y-maze paradigm was implemented to evaluate the spatial
memory of the same mice following mTBI vehicle or Phen treatments.
Sham-mice demonstrated a significant preference for the novel over the
familiar arm of the maze (p < .001), whereas mice subjected to mTBI
and treated with vehicle (mTBI-Veh) explored the novel and familiar
arms with equal preference. In contrast, mTBI mice receiving Phen
treatment showed no impairment in spatial memory, performing si-
milar to sham-mice (2.5mg/kg: p < .01; 5mg/kg: p < .001)
(Fig. 1B).

3.3. (-)-Phenserine prevented mTBI-induced neurodegeneration in the
hippocampus and lateral cortex across groups of mice

To evaluate mechanisms underpinning mTBI-induced cognitive
impairments and its remediation, cellular loss was quantified in ipsi-
lateral brain 72h following mTBI injury. Evaluation of FJC+ cells in
WT mice demonstrated a significant increase in the number of degen-
erating neurons following mTBI/vehicle treatment across all brain areas
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Fig. 1. Post-injury treatment with Phen mitigates mTBI-induced cognitive impairments, as evaluated by NOR and Y-maze paradigms 7 days following injury. mTBI
challenge induced significant behavioral deficits in NOR (A) and Y-maze (B) with mTBI-vehicle mice failing to differentiate between the novel and familiar objects or
arms, respectively. In contrast, animals treated with Phen (2.5 and 5 mg/kg, BID x 5 days) explored the novel object/arm for significantly longer than the familiar
one, similar to sham animals. Data are presented as mean * S.E.M. of N observations, *p < .05, **p < .01, ***p < .001 comparing the novel to familiar object/
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Fig. 2. Phen reverses mTBI-induced neuronal loss in WT and APP/PSEN1 mice. Degenerating neuronal cells were quantified using the marker Fluorojade C (FJC:
green). (A) An increased number of FJC+ cells were observed in vehicle administered mTBI (mTBI-VEH) vs. sham control (CTRL) WT mice across the hippocampus
(CA1, CA3 and DG) and cerebral cortex (***p < .001, ****p < .0001 vs. CTRL by Tukey's post hoc test). (B) A similar elevation was induced by mTBI in APP/
PSEN1 vehicle administered mice that reached significance in the hippocampus (#p < .05 vs CTRL by Mann-Whitney rank test in CA1). Post treatment with Phen

abated the neuronal loss, in which FJC+ cell counts were no different from values of sham control (CTRL) mice. Importantly in WT animals, values in the Phen 5 mg/

kg group were significantly lower than the mTBI vehicle group ("p < .01,

p < .001 vs. mTBI by Tukey's post hoc test). Representative images and graphs from

hippocampus and cortex. Data shown as mean * S.E.M. Scale bar = 30 um. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

studied, as compared to control (CTRL) sham-treated mice (p < .001
in CAl, CA3 and DG; p < .0001 in CTX). Treatment with Phen (5 mg/
kg, BID) fully mitigated mTBI-induced neurodegeneration across all
brain areas (Fig. 2A; p < .01 CA3 and DG; p < .001 CAl and CTX). In
APP/PSEN1 mice, the number of degenerating cells was consistently
greater across all the experimental groups, as compared to WT mice
(data not shown). After mTBI, a further elevation of FJC+ cells vs. the
control (sham) group was evident, reaching statistical significance in
area CA1 of the hippocampus (p < .05). Similar to WT mice, treatment
of mTBI APP/PSEN1 mice with Phen (5 mg/kg, BID) resulted in a de-
generation cell count in both the hippocampus and cortex that was not
significantly different from control (sham) mice (Fig. 2B).

3.4. (-)-Phenserine treatment of mTBI mice inhibited microglial and
astroglial activation in the hippocampus and cortex of WT and AD mice

To evaluate the role of neuroinflammation on mTBI-mediated cog-
nitive impairment and cellular loss, microglial activation state was
appraised by quantifying IBA1 immunoreactivity (IR; a microglial cell
marker) and TNF-a (Fig. 3). Following mTBI injury, IBA1-IR was in-
creased in mTBI vehicle vs. control (sham) mice, in all analyzed brain
regions of WT animals (p < .05 in CAl, p < .0001 in DG, CA3 and
CTX) and in the CA1 region of the hippocampus of APP/PSEN1 mice
(p < .05). In this regard, IBA1-IR was measured as the specific area
occupied by IBA1+ cells in the analyzed brain regions. In the control
group, microglial cells displayed a resting morphology with a small
soma, and long and thin processes. In contrast, microglia showed an
activated morphology in response to mTBI, characterized by a larger
body with shorter and thicker processes. In WT mice, Phen (2.5 and
5mg/kg BID) inhibited microglial activation throughout the hippo-
campus and cortex. In AD transgenic mice, a similar trend was evident,
reaching statistical significance in the cortex (p < .05).

Astroglial activation was evaluated by measuring the total area
occupied by GFAP-IR in the hippocampus (CA1) and cortex (Fig. 3B)).
Within the mTBI group, GFAP-IR was increased as compared to control
(sham) mice in the hippocampus (CA1) and cortex of WT mice (p < .01
in CAl, p < .05 in cortex); a similar trend was evident in APP/PSEN1
mice, although it did not reach statistical significance. In WT mice,
treatment with Phen (2.5 and 5mg/kg BID) fully mitigated the astro-
glial activation induced by mTBI throughout the hippocampus and
cortex. In APP/PSEN1 mice, an analogous trend for Phen was ob-
servable in both the CAl and cortex (p = .0519 in CAl).

3.5. (-)-Phenserine inhibited the mTBI-induced production of TNF-a in
microglial cells in WT and AD mice

The immunoreactivity (IR) for the pro-inflammatory cytokine TNF-
a was increased within IBA1+ cells in the mTBI-vehicle group, as
compared to the control (sham) group, in the hippocampus (p < .01 in
CAl and DG, p < .001 in CA3) and cortex (p < .0001) of WT, as well
as in the cortex of APP/PSEN1 (p < .01; p = .057 in hippocampus)
(Fig. 4). Notably, administration of Phen (2.5 and 5mg/kg, BID) re-
duced the levels of IBA1/TNF-a IR co-localization volume across hip-
pocampal (DG and CA3) and cortical areas in WT mice; Phen-treated
AD mTBI animals, likewise, were not significantly different from the AD
sham control group. Results are expressed as percentage of co-

localization of TNF-a IR in IBA1 + cells.

3.6. (-)-Phenserine mitigated the mTBI-induced loss of pre- and post-
synaptic proteins in WT and AD mice

To define changes in pre- and post-synaptic elements potentially
underpinning mTBI-induced cognitive impairment, levels of PDS-95
and synaptophysin were evaluated in the hippocampus and cerebral
cortex ipsilateral to injury. The post-synaptic marker PSD-95 was
measured by counting PSD-95+ dendritic spines in MAP2 + dendrites
(expressing data as the number of PSD-95+ dendritic spines/um). The
mTBI vehicle group showed a significant loss in the number of PSD-
95+ dendritic spines in WT mice (p < .0001 in hippocampus-CA1 and
cortex) as well as in APP/PSEN1 animals (p < .01 in hippocampus-
CAl). Treatment with Phen (2.5 and 5 mg/kg) reversed spine loss in WT
mice in a dose-dependent manner across both regions; the same trend
was seen in mTBI-challenged AD mice (Fig. 5A).

Changes in the expression of the pre-synaptic protein, synapto-
physin, were evaluated in terms of total volume (um®) occupied by
synaptophysin-IR, whose hippocampal and cortical expression was
significantly reduced in WT and AD animals challenged with mTBI
(p < .01 in CAl and p < .05 in cortex of WT; p < .01 in CAl and
cortex of APP/PSEN1). Administration of Phen at the dose of 5mg/kg
fully mitigated mTBI-induced synaptophysin IR reductions in both re-
gions in WT and APP/PSEN1 mice (p < .05 and p < .01, respec-
tively).

3.7. Contrecoup injury and mitigation by (-)-Phenserine

To evaluate potential contrecoup injury, FJC+ cells and markers of
neuroinflammation (IBA1l, IBA1/TNF-a co-localization volume) and
synaptic integrity (PDS-95, synaptophysin) were quantified in the
hemisphere contralateral to mTBI injury. Notably, a similar elevation
across all markers was evident within each of the brain areas evaluated
on ipsilateral and contralateral sides; specifically, there was no statis-
tical difference between the mTBI-induced damage between the ipsi-
lateral and contralateral brain areas. Furthermore, as reported above
for brain areas ipsilateral to mTBI, Phen provided similar amelioration
on the contralateral side (Supplemental Fig. 2).

3.8. (-)-Phenserine mitigated mTBI-induced LTP impairment in mice

To define possible physiological consequences of mTBI-mediated
reductions in pre- and post-synaptic markers, we evaluated LTP in
hippocampal brain slices obtained from sham and mTBI mice treated
with either vehicle or Phen (5mg/kg, BID). To minimize cholinergic
effects of Phen on LTP, all slices were prepared 18 h after the final Phen
treatment (in line with cholinesterase inhibition and cholinergic actions
being negligable (Greig et al., 2000; Greig et al., 2005)). In sham
(CTRL) brain slices, HFS caused a stable increase in fEPSP slope over a
60 min time course. In contrast, LTP was significantly smaller in slices
obtained from mTBI-Veh mice (Fig. 6A-B), relative to the sham (CTRL)
group (p < .001, Fig. 6B). Importantly, treatment with Phen mitigated
this LTP deficit, with the mTBI + Phen animals demonstrating post-HFS
fEPSP slopes that were not statistically different from the sham (CTRL)
group (p =.1503). The action of Phen in sham mice was similarly
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Fig. 3. Phen ameliorates mTBI-induced neuroinflammation in WT and APP/PSEN1 mice. (A) Following mTBI injury, ionized calcium binding adaptor molecule 1
(IBA1) immunoreactivity (IR) (a microglia/macrophage-specific marker) was increased in mTBI vehicle vs. sham control (CTRL) mice, in all analyzed brain regions of
WT animals and in the hippocampus of APP/PSEN1 mice. In contrast, IBA1 IR values throughout hippocampal and cortical areas for mTBI challenged mice
administered Phen were not statistically different from their respective sham (CTRL) groups across WT and APP/PSEN1 mice. In mTBI-challenged WT mice, Phen
(2.5 and 5 mg/kg BID) significantly lowered microglial activation throughout hippocampus and lateral cortex compared to the vehicle group. In APP/PSEN1 mTBI
mice, this was achieved by Phen in cortex. IBA1 IR was measured as the area occupied by IBA1 + cells in the analyzed brain regions. Graphs from hippocampus (CA1
for APP/PSEN1 mice) and cortex.

(B) Glial fibrillary acidic protein (GFAP) IR (an astrocyte marker) was significantly increased in hippocampus and cortex of mTBI-challenged WT mice, and a similar
trend, although not statistically significant, was evident in APP/PSEN1. Treatment with Phen fully reversed this GFAP IR increase in hippocampus and cortex of WT
mice. A similar trend that did not reach statistical significance was evident in APP/PSEN1 transgenic animals. GFAP IR was quantified as total area occupied by GFAP
+ fluorescent signal in hippocampus and cortex. Representative confocal images from hippocampus - CA1 of WT mice. Graphs from hippocampus - CA1 and cortex.
Scale bar = 100 pm.

*p < .05, **p < .01, ****p < .0001 vs. CTRL by Tukey's post hoc test; "p < .05, “p < .01, ™p < .001, "p < .0001 vs. mTBI by Tukey's post hoc test.
#p < .05 vs. CTRL by Mann-Whitney rank test; @p < .05 vs. mTBI by Mann-Whitney rank test. Data shown as mean *= S.E.M.

evaluated and found to have no impact on LTP compared to sham ve- 4. Discussion
hicle (CTRL) animals (p = .6579, Fig. 6B). Additionally, the I/0 (input-
output) curves were not different across treatments groups. TBI is extremely common, with a lifetime prevalence of up to 40%
among adults (Whiteneck et al., 2016), appears to be increasing in
occurrence and is a leading cause of disability and death worldwide.

Some 2.8 million Americans seek medical attention for TBI yearly
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Fig. 4. Phen inhibits mTBI-induced TNF-a generation within activated microglial in WT and APP/PSEN1 mice. mTBI induced an elevation in immunoreactivity for
the pro-inflammatory cytokine TNF-a within IBA1 + cells across all analyzed brain areas in WT animals (Fig. 4A) and in the cortex of APP/PSEN1 mice (Fig. 4B), as
evaluated by TNF-a/Ibal co-localization. By contrast, mTBI Phen-treated mTBI mice had values no different from the sham (CTRL) group. Administration of Phen
(2.5 and 5 mg/kg, BID) reduced the levels of IBA1/TNF-a IR co-localization volume across all hippocampal and cortical areas in WT mTBI-challenged mice, as
compared to the mTBI vehicle group. Representative confocal images showing co-localized elements (yellow) in IBA1 (red) positive cells in cortex. Percentage of co-
localization of TNF-a IR in IBA1 positive cells. **p < .01, ***p < .001, ****p < .0001 vs. CTRL by Tukey's post hoc test; “’p < .01, "'p < .0001 vs. mTBI by
Tukey's post hoc test. ##p < .01 vs. CTRL by Mann-Whitney rank test. Data shown as mean + S.E.M. Scale bar = 30 pm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Phen mitigates mTBI-induced loss of pre- and post synaptic elements in WT and APP/PSEN1 mice.

(A) Postsynaptic density protein 95 (PSD-95): mTBI induced a loss of PSD-95+ dendritic spines across all analyzed areas in WT mice, and in hippocampus of AD
mice, as compared to the sham (CTRL) group. By contrast, Phen treated mTBI mice were not statistically different from the sham (CTRL) group. WT mTBI mice
treated with Phen (2.5 and 5 mg/kg) possessed a greater number of PSD-95 + dendritic spines across both hippocampus and cortex, as compared to the mTBI vehicle
group. Representative images showing PSD-95+ spines (green) in MAP2+ dendrites. Data are expressed as number of PSD-95+ dendritic spines/pm.

(B) Synaptophysin: the total volume occupied by the presynaptic marker synaptophysin IR was evaluated across WT and APP/PSEN1 mice and found to be sig-
nificantly reduced in the mTBI vehicle group, as compared to their respective sham (CTRL) group. In contrast, mTBI Phen treated mice had synaptophysin IR levels no
different from sham (CTRL) mice. Importantly, Phen treatment of mTBI-challenged mice resulted in significantly higher amounts of synaptophysin IR, compared to
the mTBI vehicle group, across all analyzed brain areas in both WT and AD mice. *p < .05, **p < .01, ****p < .0001 vs. CTRL by Tukey's post hoc test; p < .05,
“p < .01,™p < .0001 vs. mTBI by Tukey's post hoc test. ##p < .01 vs. CTRL by Mann-Whitney rank test. Data shown as mean = S.EM. @@p < .01 vs. mTBI
by Mann-Whitney rank test. Data shown as mean = S.E.M. Scale bar = 20 um. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

(Taylor et al., 2017) at an annual cost in excess of $76 billion (CDC demonstrated its ability to mitigate many of the cascades associated
Grand Rounds: Reducing Severe Traumatic MBrain Injury in the United with TBI. This included glutamate excitotoxicity and oxidative stress, as
States [WWW Document], 2013). Unfortunately, current TBI treatment well as the down regulation of TBI-induced gene pathways that lead to
options are limited, and the development of efficacious drugs to miti- neurodegeneration (Hoffer et al., 2017; Tweedie et al., 2016b). Here we
gate the broad range of mTBI-mediated impairments continues to be a demonstrate that Phen ameliorates key aspects of neuroinflammation
critical and unmet current medical need. In the present study, we and synaptic and neuronal loss following mTBI in both WT and aged AD
evaluated the AD drug candidate Phen, since our prior studies transgenic mice. Moreover, the beneficial effects of Phen on these

10
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Fig. 6. Phen mitigates mTBI-induced deficits in LTP in WT mice.

(A) Time course of the mTBI-induced impairment in LTP (initiated by HFS at time = 0 on the x-axis) across the 60 min time course. The fEPSP slope is expressed as a
% of the control baseline, collected prior to HFS. (B) LTP magnitude, evaluated over the last 10 min of recording in each of the groups shown in A. (C) Representative
averaged traces of a control slice, a slice from a mTBI mouse, a slice from a mTBI+Phen 5 mg/kg mouse, and a slice from control mouse treated with 5 mg/kg Phen
showing the mitigating effect of Phen treatment on the mTBI-induced LTP impairment. Traces are averaged from the period immediately prior to (pre) and 60 min
following (post) high-frequency stimulation. LTP in mTBI-Veh mice was significantly decreased as compared with the sham (CTRL) group. Note that treatment of
mTBI-challenged mice with Phen (5 mg/kg, BID) mitigated the LTP impairment, and that the mTBI Phen group did not statistically differ from sham (CTRL) animals.
Data shown as mean *+ S.E.M. ***p < .001, one-way ANOVA (F (3 49) = 6.053), and Tukey's post-hoc test.

neuronal markers extended to an improvement in synaptic function and
plasticity, as LTP and cognitive impairments were fully mitigated by
Phen treatment after mTBI. Our studies reinforce the significant role of
neuroinflammation and both synaptic changes and neuronal loss in the
degenerative processes, and support the possibility of reversing such
neuropathology with appropriate intervention in humans.

Despite substantial progress in elucidated the pathophysiology of
TBI and dissecting the molecular cascades underpining the neuronal
dysfunction and death evident in the secondary phase of TBI-induced
damage (e.g., glutamate excitotoxicity, ischemia, intracellular calcium
dysregulation, oxidative stress, neuroinflammation, and other factors),
identifying and pharmacologically targeting such mechanisms has not
yet translated into clinical improvement for humans challenged with
TBI (Janowitz and Menon, 2010; Loane and Faden, 2010; Bolouri and
Zetterberg, 2015; Hawryluk and Bullock, 2016). Despite the investment
of billions of dollars into dozens of Phase III clinical trials for TBI, not a
single neuroprotective agent has entered into clinical practice (Stein
and Sayeed, 2018), representing a 100% clinical drug development
failure rate. Among many responsible factors that likely account for this
failure is that the molecular pathology mechanisms that have directed
‘target-based' TBI drug screening likely do not appear singularly, and
their temporal profiles and outcomes almost certainly differ between
preclinical models and human TBI. The emerging consensus is that
multiple TBI-associated cascades are triggered in parallel and, if true,
the multifactorial nature of TBI would make the discovery of a single
effective mechanism-targeted drug improbable. To counter this, phe-
notypic screens can be used in drug development to identify compounds
to mitigate a critical step associated with TBI, such as neuronal cell
death, which is agnostic to any specific mechanism(s) underpinning this
event. Thus, appropriate phenotypic-screening can identify drugs ef-
fective against a range of mechanisms, rather than against a single
molecular target as occurs in target-based drug discovery screening
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(Swinney, 2013). This advantage of phenotypic drug screening may
account for it being associated with the highest number of first-in-class
drug approvals by the FDA between 1999 and 2008 (Swinney and
Anthony, 2011).

Phen was originally developed through target-based screening as an
anticholinesterase with additional non-cholinergic mediated amyloid
precursor protein/amyloid-f peptide (APP/AP) lowering actions as a
treatment for AD (Greig et al., 2005). The agent proved well-tolerated,
was safely administered to 645 human subjects for up to and beyond
one year with no drug associated severe adverse events and, when
administered at therapeutic doses, demonstrated efficacy in AD
(Winblad et al., 2010; Kadir et al., 2008; Nordberg et al., 2015). No-
tably, more recent preclinical studies support Phen as a compound of
interest in phenotypic-based screens to mitigate neuronal cell dys-
function/death instigated by glutamate and oxidative stress in primary
and human immortal neuronal cultures (Lilja et al., 2013; Hoffer et al.,
2017). Cellular and animal studies demonstrated Phen's direct activity
against mechanisms associated with programmed (apoptotic) cell
death. Specifically, Phen mitigated neuronal cell death, lowered pro-
apoptotic proteins (Bax and activated-caspase 3) as well as APP, and
elevated levels of pro-survival proteins (Bcl2 and BDNF) in cellular and
animal models of ischemia/anoxia; thereby, mitigating behavioral im-
pairments in the animals (Chang et al., 2017). Phen, likewise, mitigated
programmed neuronal cell death in rodents challenged with soman
toxicity, and increased survival by upregulating a core set of neuro-
protective genes termed Activity-regulated Inhibitor of Death (AID)
genes (Chen et al., 2014). In line with this, in the present study Phen
(5 mg/kg) substantially mitigated mTBI-induced cellular degeneration,
as evaluated by FJC. Although not exclusive, FJC predominantly labels
degenerating neuronal cells (Schmued et al., 2005). Notable in Fig. 2,
the mTBI-induced cellular degeneration was diffuse and abated by Phen
in not only young WT but also aged APP/PSEN1 mice. Cellular loss was
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evident across the ipsilateral and, contrecoup, contralateral brain, and
both were equally mitigated by Phen.

Synaptic proteins perform a critical role in optimizing neuronal cell
signaling function by maintaining normal dendritic morphology and
numbers of spines. Alterations in synaptic markers in hippocampus and
cortex have been demonstrated in several animal models of TBI
(Rachmany et al., 2017; Merlo et al., 2014; Ansari et al., 2008;
Przekwas et al., 2016; Joo et al., 2018) as well as in AD, in both pre-
clinical and clinical studies (Cambon et al., 2000; Heinonen et al., 1995;
Selkoe, 2002; Berezcki et al., 2016). TBI, in particular, has been re-
ported to acutely induce extensive dendritic de-arborization and a re-
duction in synapse number (Winston et al., 2013; Wen et al., 2017).
Such a decline in synaptic strength has been proposed to underpin, at
least in part, TBI mediated impairments in LTP and cognition (Liu et al.,
2017). Indeed, synaptic loss, rather than either neurodegeneration or
the formation of amyloid pathology, has been demonstrated to best
associate with cognitive impairment (Selkoe, 2002; D'Amelio et al.,
2011; Marchetti and Marie, 2011). As markers of neuronal connectivity,
levels of the pre- and post-synaptic elements, synaptophysin and PSD-
95, were quantified in our mouse study and were consistently reduced
within hippocampus and cerebral cortex following mTBI. Synapto-
physin, a calcium-binding protein localized to the membrane of pre-
synaptic vesicles and implicated in vesicular trafficking, docking, sy-
naptic reorganization and synaptogenesis (Siidhof, 1995; Valtorta et al.,
2004; Kwon and Chapman, 2011), has been widely employed as a
marker to quantify synapse number following injury (Feng et al., 2016).
In contrast, PSD-95 is richly expressed on post-synaptic synapses and
has a regulatory role in ion-channel function, synaptic maturation,
dendritic spine formation, and its levels, like synaptophysin, impact
learning and memory deficits following TBI (Feng et al., 2016), in large
part, by affecting the stabilization of synaptic alterations in LTP (Ansari
et al., 2008; Ehrlich et al., 2007; Meyer et al., 2014). Notably, in both
WT and APP/PSEN1 AD mice the post-mTBI administration of Phen
consistently mitigated injury-induced losses of both these pre- and post-
synaptic markers.

LTP entails the long-lasting enhancement of synaptic strength after
repetitive activation of central glutamatergic synapses (reviewed by
Nicoll, 2017), and is important for hippocampal processing and the
encoding of memory (Lynch, 2004). Moreover, LTP impairment corre-
lates with memory deficits in rodents (Morris, 2003). To examine the
association between changes in synaptic protein expression and cellular
mechanisms of learning and memory related to mTBI-induced cognitive
impairment observed in our behavioral experiments, we evaluated
hippocampal LTP in these animals. In accord with the literature, mice
treated with vehicle demonstrated an impairment in the expression of
LTP, 72h after mTBI, coinciding with mTBI-induced declines in sy-
naptic proteins (Ben Shimon et al., 2017; Chen et al., 2018). Moreover,
in line with the changes in synaptic proteins, Phen mitigated the mTBI-
induced LTP deficit, suggesting a direct functional consequence of these
molecular alterations. Also, as Phen was without effect on LTP in sham
controls, it appears that the rescue of LTP is related to the effects of
Phen on the TBI-induced damage, and not to a non-specific enhance-
ment of synaptic function.

The presence of activated microglial and astrocytic cells, a hallmark
of neuroinflammation, has been reported across animal models of TBI
(Acosta et al., 2013; Perez-Polo et al., 2013; Chiu et al., 2016; Bader
et al., 2019; Glushakova et al., 2018). Consistent with this, mTBI in-
duced an elevation in IBA1-IR and GFAP, markers of microglia and
astrocytes, respectively, throughout the hippocampus and adjoining
cerebral cortex. In contrast to the typical resting morphology of mi-
croglia with small somata, and long, thin processes in control brain,
mTBI-related microglia manifested larger cell bodies and shorter,
thicker processes characteristic of an activated state (Kreutzberg,
1996). Levels of the co-localized pro-inflammatory cytokine TNF-a, a
chief mediator of acute neuroinflammation, likewise were elevated by
mTBI (Fig. 4). TNF-a plays a critical role in triggering the activation of
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surrounding glial cells (Shohami et al., 1996; Kirkley et al., 2017;
Liddelow et al., 2017). These can then generate and release additional
TNF-a, nitric oxide, IL-1f3 as well as trigger the complement cascade to
further exacerbate neuronal cell dysfunction, tissue injury and ulti-
mately programmed neuronal cell death (Lynch et al., 2004; Craft et al.,
2005; Chiu et al., 2016; Kirkley et al., 2017; Liddelow et al., 2017; Rizzo
et al., 2018). Heightened expression of TNF-o mRNA and protein has
been reported within 30 min of injury and to last for up to 24 h in TBI
rodent models (Vitarbo et al., 2004). These changes often resolve in
that time (Baratz et al., 2015; Woodcock and Morganti-Kossmann,
2013), but in some cases can last longer still up to 1-7 days post-TBI (Su
et al., 2014; Tsai et al., 2015). Likewise, in humans, elevations in TNF-a
appear to precede and trigger the appearance of other inflammatory
cytokines, and have been reported as early as 17 min after injury in
patients who die shortly after TBI (Frugier et al., 2010). Sustained
elevation of TNF-a levels have also been reported in human CSF and
serum at 24 h and later, for up to 3 weeks, following TBI (Woodcock
and Morganti-Kossmann, 2013).

Several lines of evidence support elevated TNF-a acting as the pri-
mary cytokine aberrantly impacting both LTP and synaptic scaling
during injury (Rizzo et al., 2018), and providing the molecular under-
pinning to cognitive impairment. TNF-a links the neuroinflammatory
and excitotoxic processes across neurodegenerative disorders, and has
been reported to enhance glutamate-mediated cytotoxicity by two
parallel routes effected initially, by directly inducing the surface ex-
pression of Ca*?2 permeable-AMPA receptors and NMDA receptors, and
concomitantly by reducing inhibitory GABA, receptors on neurons.
Indirectly, TNF-a inhibits glutamate transport in astrocytes (Fine et al.,
1996). Through these mechanisms, heightened TNF-a changes the
balance between synaptic excitation and inhibition (Stellwagen et al.,
2005; Ogoshi et al., 2005) and, consequent to excessive Ca input into
neurons, can induce neuronal cell dysfunction and death. This can
create disproportionately elevated reactive oxygen species that disrupts
glutamate transport in surrounding astrocytes, and thereby augments
further neuronal cell dysfunction and microglial activation. Phen can
likely mitigate this process at multiple levels; it lowers mTBI-induced
microglial activation and TNF-a generation, as in the current study, and
reduces both glutamate- and oxidative stress-mediated neuronal cell
death (Lilja et al., 2013; Tweedie et al., 2016a).

A caveat in our study is that we evaluated only male mice. Albeit
that the human incidence of TBI is two-fold higher in males vs. females
and the former are more likely to under report an injury event, there is
a growing literature indicating gender differences in post-injury out-
comes and prognosis (Mollayeva et al., 2018). Whereas the female sex
hormones oestrogen and progesterone are considered neuroprotective
and both gender- and age-related differences in the expression of other
neuroprotective and neurotrophic factors have been described, there
are also mixed reports of differences in immune and neuroinflammatory
responses as well as behavioral outcomes between males and females in
preclinical and clinical studies (Caplan et al., 2017; Mollayeva et al.,
2018). This warrants further analyses of treatments, such a Phen, in
female preclinical models. Also, to be appreciated is that most animal
models are limited, in that they do not mirror the mainstream pattern
and duration of TBI challenge in humans. Nevertheless, the signal of
efficacy of Phen in the current mTBI study provides impetus for further
investigation.

In the light of the many drugs that demonstrate activity in a rodent
model of TBI but then fail to show efficacy in humans, we additionally
evaluated the ability of Phen to mitigate mTBI-induced changes in aged
AD Tg mice. We hypothesized that these mice possess a particularly
adverse brain microenvironment that may have more parallels to el-
derly humans (Bickford et al., 2017; von Bernhardi et al., 2015; d'Avila
et al.,, 2018), and that TBIl-induced changes would prove more of a
challenge to mitigate (Becker and Greig, 2019). Although not a focus of
the present study and not directly compared, aged AD Tg sham mice
appeared to have a heightened level of neuroinflammation in contrast
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to that evident in younger WT mice in relation to IBA1-IR and colo-
calization with TNF-a. Similar to WT animals, Phen mitigated mTBI-
induced elevations in neuroinflammatory markers in aged AD Tg mice.

In addition, Phen (2.5mg/kg) was recently reported to mitigate
neuronal loss, neuroinflammation and behavioral impairments in mice
following controlled cortical impact-induced moderate TBI (Hsueh
et al.,, 2019); thereby demonstrating activity across TBI preclinical
models. Phen 2.5 and 5mg/kg BID doses, evaluated in the present
study, are translatable to a clinical dose following appropriate body
surface area normalization across species based on FDA guidelines (U.S.
Department of Health and Human Services Food and Drug
Administration Center for Drug Evaluation and Research (CDER),
2005).

In summary, with a brain/plasma concentration ratio of 8:1, and
primary metabolites possessing a ratio greater than unity (Greig et al.,
2005), Phen can readily enter the brain irrespective of whether or not
mTBI-induced changes in blood-brain barrier permeability occur. Fol-
lowing recent TBI clinical drug development failures, it has been pro-
posed that either relatively “dirty” drugs possessing several mechan-
isms of action or combinations of multiple drugs with discrete but
complementary mechanisms could provide a more favorable treatment
approach (Janowitz and Menon, 2010). Phen appears to fit this
guideline and, at clinically translatable doses, mitigates mTBI-induced
neuronal cell death, losses in synaptic connectivity and neuroin-
flammation across brain regions in not only young WT mice but also
aged AD Tg mice. Such actions translate into improved outcome mea-
sures in functional assays using LTP as well as visual and spatial
memory. Many of these findings have been confirmed in separate stu-
dies of Phen across cellular and animal models of neurodegeneration
(Chen et al., 2014; Chang et al., 2017; Hsueh et al., 2019). In the light of
its capability to downregulate mTBI-induced gene pathways potentially
leading to AD in prior preclinical studies (Tweedie et al., 2016) and its
favorable tolerability in human clinical trials involving dosing for up to
a year, there is increasing interest for the evaluation of Phen as a
clinical candidate for mTBI.

Similarly, IL and CL levels were alike within the CA3 and DG brain
regions across groups (not shown), and across all brain regions eval-
uated in sham control mice without head injury (not shown). Together,
these results suggest that our mTBI models results in contrecoup da-
mage, and that this — similar to ipsilateral damage — is mitigated by
Phen.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2019.104528.
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