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Abstract

Traumatic brain injury (TBI), a major cause of mortality and morbidity, affects 10 million people worldwide, with limited
treatment options. We have previously shown that (-)-phenserine (Phen), an acetylcholinesterase inhibitor originally designed
and tested in clinical phase Il trials for Alzheimer’s disease, can reduce neurodegeneration after TBI and reduce cognitive
impairments induced by mild TBI. In this study, we used a mouse model of moderate to severe TBI by controlled cortical
impact to assess the effects of Phen on post-trauma histochemical and behavioral changes. Animals were treated with Phen
(2.5 mg/kg, IP, BID) for 5 days started on the day of injury and the effects were evaluated by behavioral and histological
examinations at | and 2 weeks after injury. Phen significantly attenuated TBI-induced contusion volume, enlargement of the
lateral ventricle, and behavioral impairments in motor asymmetry, sensorimotor functions, motor coordination, and balance
functions. The morphology of microglia was shifted to an active from a resting form after TBI, and Phen dramatically reduced
the ratio of activated to resting microglia, suggesting that Phen also mitigates neuroinflammation after TBI. While Phen has
potent anti-acetylcholinesterase activity, its (+) isomer Posiphen shares many neuroprotective properties but is almost
completely devoid of anti-acetylcholinesterase activity. We evaluated Posiphen at a similar dose to Phen and found similar
mitigation in lateral ventricular size increase, motor asymmetry, motor coordination, and balance function, suggesting the
improvement of these histological and behavioral tests by Phen treatment occur via pathways other than anti-
acetylcholinesterase inhibition. However, the reduction of lesion size and improvement of sensorimotor function by Posi-
phen were much smaller than with equivalent doses of Phen. Taken together, these results show that post-injury treatment
with Phen over 5 days significantly ameliorates severity of TBI. These data suggest a potential development of this compound
for clinical use in TBI therapy.
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Introduction

The estimated annual global incidence of traumatic brain
injury (TBI) is over 10 million, and the risk of subsequent
morbidity, mortality, and disability is high'. Patients with
TBI have been reported to develop neurodegenerative dis-
eases, including amyotrophic lateral sclerosis, Parkinson’s
disease (PD), and Alzheimer’s disease (AD)*>. Previous
studies have shown about a 2-fold increase in risk of PD for
subjects who reported a TBI*®. A meta-analysis showing
that the pooled odds ratio for the association of PD and head
trauma was 1.57 (95% CI, 1.35-1.83); a history of head
trauma that results in concussion is thus associated with a
higher risk of developing PD*.

TBI-associated brain damage can be classified into two
key phases. The initial primary damage occurs at the moment
of insult, and includes contusion, laceration, diffuse axonal
injury, and intracranial hemorrhage that results in immediate
(necrotic) cell death’. This is followed by an extended second
phase that involves cascades of biological processes initiated
at the time of injury that may persist for much longer times
and produces ischemia, neuroinflammation, glutamate toxi-
city, astrocyte reactivity, and apoptosis®’.

Several animal models for TBI have been proposed and
each of them has attempted to mimic clinical TBI. Animal
models of TBI that have been frequently used for research
include fluid percussion injury (FPI), control cortical impact
injury (CCI), weight drop impact acceleration injury, and a
blast injury model®. CCI is a TBI model that provides a more
specific injury in terms of velocity force, time, and depth of
injury as compared with the FPI model. This model creates
cortical injury, axonal injury, and subcortical injury in the
thalamus and hippocampus. CCl-induced brain injuries
cause long-term neurobehavioral deficits that persist for
more than a year and are associated with cortical atrophy
and reduced brain perfusion®.

(—)-Phenserine (Phen), initially developed for AD at the
National Institute on Aging (NIA), is a low molecular weight
(mw 487.5), chirally pure, lipophilic (Log D 2.2), orally bio-
available agent. The compound was developed as an acet-
ylcholinesterase (AChE) selective inhibitor with a high brain
delivery’'!; importantly it can be administered in the form
of its tartrate salt to support improved aqueous solubility for
pharmacological actions'?. Phen has a broad range of poten-
tial pharmacological benefits of relevance to the effective
treatment of disorders such as TBI and AD. Such actions
include anti-inflammation, reducing oxidative stress, neuro-
protection from preprogrammed cell death, and neuronal
stem cell augmentation'>.

Studies have revealed functional impairment of the cho-
linergic system in experimental TBI models as well as in
post mortem human TBI samples'*!>. AChE inhibitors have,
for example, been appraised in preclinical and clinical TBI
studies, but have generated mixed results'®'®. Rapid eleva-
tions in acetylcholine (ACh) levels within cerebrospinal
fluid (CSF) in animal models and humans have been

reported following TBI, with higher levels associated with
greater injury'”. This trend supported the early experimental
and clinical use of anticholinergic agents, particularly mus-
carinic antagonists, for the mitigation of ACh-related toxi-
city to ameliorate TBI-induced deficits?®".

Previous studies demonstrated that Phen enantiomers
have different AChE actions. Whereas Phen has a potent
AChE inhibitory action (ICsy 24 nM), Posiphen ((+)-phen-
serine) does not (ICsq >5000 nM). Although they have dif-
ferent activities as AChE inhibitors, both enantiomers are
equipotent in their ability to downregulate expression of
amyloid precursor protein (APP) and APy, protein in human
neuroblastoma cell cultures and to increase neuronal differ-
entiation of human neural stem cells**?°. Besides their
potential therapeutic effects for AD, both agents have the
ability to reduce o-synuclein translation®, thought to be
linked to the etiology of familial PD. The beneficial effects
of both enantiomers have been well documented in AD in
preclinical models and in clinical trials''***7?%. However,
their comparative efficacy in TBI remains to be evaluated. In
this study, we examined the potential of Phen for reposition-
ing as a TBI treatment in the light of its efficacy in mTBlI,
including its anti-AChE effects involved in histological and
behavioral measures in the CCI animal model.

Materials and Methods
In Vivo Model of TBI

Animal. All animal protocols were conducted under National
Institutes Health (NIH) Guidelines using the NIH handbook
Animals in Research and were approved by the local Insti-
tutional Animal Care and Use Committee. Mice were housed
at 25°C with a 12/12 light/dark cycle and continuous water
and food supply. All efforts were made to reduce animal
suffering and to minimize the number of animals used. The
procedures of this study were conducted by following the
Institutional Animal Care and Use Committee (IACUC)
guidelines (Protocol approval number 2016-0209).

Animal studies were conducted in 8-week-old male
C57/BL6 mice (25-30 g, body weight) (Jackson Labora-
tory, Bar Harbor, ME, USA). Fifty-nine mice were
randomly assigned across five groups: sham (8 mice),
CCI (8 mice), CClI-saline (15 mice), CCI-Phen (15 mice),
and CCI-Posiphen (13 mice), to evaluate the effects of
Phen isomers on TBI and to assess the contribution of
cholinergic mechanisms to these parameters. Mice were
evaluated for motor asymmetry, sensory/motor activity,
motor coordination, balance function, and lesion size.
Animals were subsequently assessed for cellular changes
in histology and immunocytochemistry.

Animal model of TBI and drug administration. Mice were
anesthetized with 2.5% tribromoethanol (Avertin: 250 mg/
kg; Sigma, St. Louis, MO, USA) and placed in a stereotaxic
frame (Kopf Instruments, Tujunga, CA, USA). Using sterile
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Fig 1. Timeline of animal Phen treatment study design. Mice were first evaluated for their baseline sensorimotor, motor coordination/
balance, and motor asymmetry functions by adhesive removal test (ART), beam walking test (BWT), and elevated body swing test (EBST)
I week before CCI injury (PRE). On day 0, mice were given CCI or sham procedures, and 30 min after injury, they received a first
injection of Phen (2.5mg/kg body weight, i.p.) or saline. Eight hours after the first injection, a second injection was provided. All mice
received two injections of Phen or saline for five consecutive days. Behavioral tests were performed on day 7 and 14 after CCl, and
thereafter, mice were euthanized for assessment of contusion volume and histology and immunocytochemistry. A similar timeline was

used for Posiphen treatment.

procedures, the skin was retracted and a 4 mm craniotomy
was performed at a point midway between the lambda and
bregma sutures and laterally midway between the central
suture and the temporalis muscle. The skull was carefully
removed without disruption of the underlying dura. Prior to
injury induction, the tip of the impactor was angled and kept
perpendicular to the exposed cortical surface. The mouse
CCI instrument consists of an electromagnetic impactor,
Impact One (Leica Biosystems Inc., Buffalo Grove, IL,
USA) that allows alteration of injury severity by controlling
contact velocity and the level of cortical deformation inde-
pendently. In these experiments, the contact velocity was set
at 5.0 m/sec, dwell time was set at 0.2 s and deformation
depth was set at 2 mm to produce moderate-severe TBI.
The injury site was allowed to dry prior to suturing the
wound. During surgery and recovery, a heating pad was
used to maintain the core body temperature of the animals
at 36-37°C. Mice were given a 5-day regimen of either
Phen or Posiphen (2.5 mg/kg, intraperitoneal (i.p.) in
0.1 ml/10 g body weight) or saline injections, twice daily
(every 12 h), with the first injection administered 30 min
after injury (Fig. 1).

Phen ((-)-phenylcarbamoyleseroline) and Posiphen ((+)-
phenylcarbamoyleseroline) were synthesized in the form of
their water-soluble tartrate salts (>99.9% chemical and
100% (-)- chiral purity) according to published procedures’.
The biological half-life of (-)-phenserine is 810 h*°, and is
4-5 h for Posiphen®’. Hence, any acute effects of both drugs
would be washed out well before behavioral studies.

Behavioral Assessments

Asymmetrical motor function. Body asymmetry was quantita-
tively analyzed by the use of the elevated body swing test
(EBST), as initially described by Borlongan and co-work-
ers’' . Briefly, animals were examined for lateral move-
ment/turning when their bodies were suspended 10 cm above

the testing table. The animals were lifted from the table
while held by the base of the tail. A left/right swing was
counted when the head/torso of the animal moved more than
a 10° angle from its vertical axis after elevation. The fre-
quency of the left/right swings was scored across 20 consec-
utive trials. An uninjured animal shows an equal frequency
to swing to either the left or right side. The number of con-
tralateral rotations was determined and used to generate a
mean number of rotations for each treatment group, which
then was statistically analyzed.

Somatosensory function assessment. A tactile adhesive
removal test (ART) was used to evaluate somatosensory
function; this test measures the ability of the animal to per-
form sensitive paw-to-mouth movements and mouth-to-paw
dexterity as well as sensory input. Essentially, two small
adhesive stickers were used as bilateral tactile stimuli that
were placed on the distal-radial region on the wrist of each
forelimb. Animals were pre-trained daily for 3 days before
CCI, and the time required (no longer than 2 min) for the
animal to remove each sticker from the forelimb was
recorded 4 days before CCI, and 1 and 2 weeks after CCI.
The times taken to remove the stickers were used to generate
a plot displaying the latency time of the sticker removal from
each paw; the times were then used for statistical analysis.

Fine motor coordination. CCl-induced deficits in fine motor
coordination were assessed by the use of a beam walk test
(BWT). Mice have an inherent preference for a darkened
enclosed environment, as compared with an open illumi-
nated environment. Each animal was placed in darkened
goal box for a 2 min habituation and then the trial began
from another (light) end of the beam. The beam was con-
structed with the following dimensions: 1.2 cm (width) x 91
cm (long). The time taken for each animal to traverse the
beam to reach the dark goal box and the ipsilateral and
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contralateral foot falls were recorded (with the caveat that
total time was not to exceed 30 s). Five trials were recorded
for each animal before CCI and 1 and 2 weeks after CCI.
The mean times to traverse the beam were calculated, and a
plot was generated to evaluate treatment effects on beam
walk times and foot falls; these times were used for statis-
tical analysis.

Biochemical Analysis

Fixation and sectioning. The animals were deeply anesthetized
with 2.5% tribromoethanol, Avertin (Sigma) and perfused
transcardially with 0.9% saline and 4% paraformaldehyde
in 0.1 M phosphate buffer (PB, pH 7.2). Brains were
removed and post-fixed for 1 day in the same fixative and
sequentially transferred to 20% and 30% sucrose in 0.1 M
PB until the brain sank. The brains were cut into 25-pm
sections on a cryostat (Leica Biosystems Inc.). Every
seventh section was selected from a region spanning from
striatum to hippocampus.

Quantification of brain lesion and lateral ventricle size in TBI
animals. One set of post-TBI 2-week brain sections
(25 um) was mounted on slides. The sections were then
stained in 10% Giemsa KH,PO, buffered solution (pH 4.5)
for 30 min at 40°C. After a brief rinse, slides were
de-stained, differentiated, and dehydrated in absolute etha-
nol. Thereafter, the sections were cleared in xylene and then
coverslipped. Slides were scanned in a Path Scan Enabler IV
slide scanner (Meyer Instruments Inc., Houston, TX, USA),
and areas of the brain images were quantified using ImageJ
software (National Institutes of Health, Bethesda, MD,
USA). The calculation formula for contusion volume size
and lateral ventricle size rate was as follows: X(area of con-
tralateral hemisphere — area of ipsilateral hemisphere) /
2 area of contralateral hemisphere; X area of ipsilateral lat-
eral ventricle / X area of contralateral lateral ventricle. There
were six brain sections of each mouse for counting, the
region starting from bregma 0.86 mm to —1.46 mm.

Microglia, astrocyte, and neuronal cell labeling. A total of 24
brain sections per mouse were incubated with blocking buf-
fer (4% bovine serum albumin (BSA), Sigma) for 1 h. A
series of primary antibodies were prepared in the blocking
buffer and the sections were incubated in the solution over-
night. The antibodies used were rabbit anti-glial fibrillary
acidic protein (GFAP) (1:1000; Invitrogen, Carlsbad, CA,
USA), guinea pig anti-NeuN (1:1000; Millipore, Burlington,
MA, USA) or mouse anti-Ibal (1:1000; FUJIFILM Wako
Pure Chemical Corporation, Richmond, VA, USA). After
incubation with primary antibody, the sections were washed
and incubated for 4 h at room temperature in diluted
secondary antibody prepared with blocking solution
(secondary antibody conjugated with Alexa 488 or 594
(1:1000; Life Technologies, Carlsbad, CA, USA). The
sections were then washed with Tween tris-buffered saline,

mounted, and coverslipped. Four images per mouse brain
were taken using an Olympus microscope (Shinjuku
Monolith, Tokyo, Japan). Omission of primary or secondary
antibodies resulted in no staining and served as negative
controls. Cell numbers of each image were counted using
Image] software (National Institutes of Health).

Statistical Analysis

For statistical analysis of behavioral measurements, a two-
way repeated measure analysis of variance (ANOVA) was
used to test both group and time factors. Multiple within-
subject comparisons were taken with the Bonferroni
correction post hoc test when the main effect of time was
significant. For quantification of contusion volume size and
lateral ventricle size, a one-factor analysis repeated measures
ANOVA was used to compare the five groups of data fol-
lowed by a Bonferroni correction post hoc test on 2-weeks
post lesion. Data were analyzed using SigmaPlot version
12.5 (Systat Software Inc., San Jose, CA, USA) with the
significance level set at p < 0.05 for each assessment. All
data are presented as the average + standard error of the
mean (SEM). The time line for the histochemical and beha-
vioral experiments with Phen is shown in Fig. 1. Similar
times were evaluated for studies with Posiphen.

Results
TBI Injury in Mice

Phenserine Treatment Reduced TBI Contusion Volume and
Lateral Ventricle Size Enlargement. We measured the contusion
volume (as % contralateral) of ipsilateral hemisphere for
various groups at 2 weeks after CCI. The cortical region of
the brain was injured after CCI in this TBI model, and tissue
loss was observed in the ipsilateral hemisphere (Fig. 2A).
The contusion volume, quantified by loss of the volume in
the CCI group, was 16.44 4+ 0.35% of contralateral hemi-
sphere volume 2 weeks post-CCI. The contusion volume in
CCI + Saline group was not significantly different from
that in the CCI group, whereas no tissue loss was
observed in the sham group (0.3 4+ 0.65%). Phen treat-
ment (2.5 mg/kg body weight, i.p., twice daily x 5 days
after CCI) significantly reduced contusion volume (from
18.00 + 0.96t0 12.93 + 0.09%, p <0.01, CCI + Phenserine
vs. CCI+Saline) (Fig. 2B).

In order to determine whether Phen treatment could have
a correlate for clinical observations of increased intracranial
pressure after TBI, we measured lateral ventricle size in our
TBI model. We found the lateral ventricle enlarged after CCI
(1.96 + 0.65 fold of the contralateral ventricle size), com-
pared with the sham group (1.11 + 0.05 fold of the contral-
ateral ventricle size). Moreover, the CCl-saline group also
showed an increased ipsilateral lateral ventricle size (2.2 +
0.08 fold compared with the contralateral ventricle volume),
and Phen treatment reduced this change to 1.52 + 0.09 fold
(p < 0.05) (Fig. 20).
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Fig 2. Phen treatment (2.5 mg/kg body weight, i.p., twice a day, for 5 days after CCI) reduced contusion volume and swelling of lateral
ventricle (LV) evaluated 2 weeks after CCI. Lesion volume was quantified using the IMAGE-PRO PLUS 6 software (Media Cybernetics, Inc.,
Rockville, MD, USA). (A) Representative Giemsa-stained coronal brain sections of the CCl-induced cavity in sham (control without CClI),
CCl, CCl+Saline and CCl+phenserine rats at 2 weeks post-TBI. (B) Contusion volume. Significant reduction of lesion size was observed in
the Phen-treated group. "*p < 0.01, *p < 0.001, compared with the saline-treated and CCl-only groups. (C) Significant differences in
lateral ventricular (LV) size ratio between ipsilateral and contralateral sides were also detected between Phen-treated and saline-treated
groups ("p < 0.05) as well as CCl and CCI-Phen (#p < 0.05). Analysis by one-way repeated measure ANOVA followed by Holm-Sidak
method. Data are expressed as mean + SEM; n =5 (SHAM, CCl), 8 (CCl+Saline, CCl+Phenserine).

Phenserine Treatment Reduced Neuroinflammation
after CCl

Microglia play many roles in the brain, including tissue
repair and mediating the immune responses to peripheral
infection. Microglia are quickly activated in response
to brain injury. We assessed microglia morphology at

2 weeks after CCI (Fig. 3A, B), and represented this as
percentages of morphology of the microglia (Fig. 3C).
Ibal-immunofluorescence revealed microglial cells with
round, amoeboid (Fig. 3A), ramified, and intermediate
(Fig. 3B) morphologies. Microglial activation was assessed
via morphology, with ramified and intermediate cells
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Fig 3. The effect of Phen treatment at 2-weeks after CCl (2.5 mg/kg body weight, i.p., twice a day, for 5 days after CCl) on microglial
morphology percentages in the ipsilateral (injured) cortex. Ibal immunofluorescence staining showing microglial cells with amoeboid, round
(A), ramified and intermediate (B), morphology. (C) Quantification of the proportions of microglia in activated and resting stages. The
morphological stages are shown as follows: activated (A), amoeboid and round forms; resting (B), ramified long branching processes with a
small cell body and intermediate transition forms. Phen treatment significantly reduced the activated forms of the microglia (p = 0.022)

compared with CCl-saline group (n = 3 per group).

defined as in resting stage, whereas round and amoeboid
morphologies are regarded as in activated stage. In CCI ani-
mals, the fraction of activated microglia was significantly
increased in comparison with the sham group. Phen treatment
significantly reduced the percentage of activated microglia
from 64.3 + 3.39% to 25.1 + 3.59%, CCI + saline vs. CCI
+ phenserine (p < 0.05), at 2 weeks after CCI (Fig. 3C).

The reactive gliosis that is known to occur after brain
injury is associated with upregulation of GFAP protein®*.
We observed that astrocyte activation persisted in tissue
adjacent to the lesion area at 2 weeks after CCI and GFAP
immunoreactivity was significantly elevated in the ipsilat-
eral cortex of CCI mice, compared with sham animals. The
numbers of GFAP-positive cells in the ipsilateral brain of
CCI, CCI + saline, and CCI + phenserine groups were
greater than in the ipsilateral brain of sham group, indicating
reactive gliosis in the ipsilateral (injured) site in all CCI
animals. (Fig. 4A, B; p <0.001, ipsilateral CCI vs. ipsilateral
sham; p < 0.001 vs. contralateral side; n = 4 per group).
Treatment with Phen decreased the gliosis caused by CCI
(Fig. 4B; p < 0.05, ipsilateral CCI+Saline vs. ipsilateral
CCI+Phen; p < 0.001 vs. contralateral side; n = 4 per
group). The number of ipsilateral cortical astrocytes in the
CCI group was 249 + 23 cells/image field, (p < 0.001 vs.
sham group, 17 + 3 cells/image field; » = 4 per group)
(Fig. 4B). Phen treatment decreased the number of ipsilateral
cortical astrocytes to 155 + 26 cells/field, compared with
the CCI + saline group, 222 + 13 cells/image field
(p <0.05; n = 4 per group) (Fig. 4B).

Phenserine Treatment Reduced Neuronal Loss
after CCl

We counted the number of neuronal cells at 2 weeks after
CCI (Fig. 4A, 4C) in each group, shown by representative
cortical sections (Fig. 4A). Significant levels of neuronal
loss occur in the injured cortex after CCI, the number of
ipsilateral cortical neurons in the CCI group was 421 +
60 cells/image field, (p < 0.001 vs. sham group, 719 + 19
cells/image field; n = 4 per group) (Fig. 4A and Fig. 4C). In
CCI + Phen animals, the number of neuronal cells was sig-
nificantly increased at 2 weeks after CCI, compared with the
CCI and the CCI + Saline animals (Fig. 4C; p < 0.05, ipsi-
lateral CCI4-Saline vs. ipsilateral CCI4-Phen; n = 4 per
group). Phen treatment increased the number of ipsilateral
cortical neurons to 578 + 51 cells/field, compared with the
CCI + saline group, 402 + 92 cells/image field (p < 0.05;
n = 4 per group) (Fig. 4C).

Phenserine Improved Multiple Behavioral Outcomes as
Shown by Behavioral Assessment at | Wk and 2Wks
after CCl

Groups were assigned to behavioral evaluations 4 days
before CCI then weekly after injury (Figs. 1 and 5). When
asymmetrical motor function was evaluated by the EBST, a
significant difference was detected after injury. Asymmetry
was increased in the CCI group compared with the sham
group with elevated body swings toward the contralateral
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Fig 4. Phen post-injury treatment (2.5 mg/kg body weight, i.p., twice a day, for 5 days after CCl) decreased GFAP-positive astrocyte
and increased NeuN-positive neuron numbers at 2 weeks after CCI. (A) Immunofluorescence of GFAP and NeuN in cortical brain
sections. GFAP, a marker for astrocytes, is showed in green. NeuN, a marker for neurons, is shown in red. (B) CCl injury significantly
increased the number of astrocytes in the ipsilateral cortex. ¥**p < 0.001, ipsilateral sham vs. ipsilateral CCl. Treatment with Phen
significantly reduced astrocytic increments caused by CCIl. Mean + SEM (n = 4 per group). p < 0.05, ipsilateral CCl+Saline vs.
ipsilateral CCl4-Phenserine; ##p < 0.001 ipsilateral CCl vs. ipsilateral CCl+Phenserine; two-way ANOVA with Bonferroni t-test for
multiple comparisons. (C) CCl injury significantly decreased the number of neurons in the ipsilateral cortex. **p < 0.001, ipsilateral
sham vs. ipsilateral CCl, CCl+-Saline, CCl+Phenserine. Treatment with Phen significantly reduced neuronal loss caused by CCl. Mean
+ SEM (n = 4 per group). #p < 0.05, ipsilateral CCl, CCl+Saline vs. ipsilateral CCl+Phenserine; two-way ANOVA with Bonferroni t-
test for multiple comparisons.

side. Phen treatment significantly improved behavioral (CClI+phenserine) at 1 week post-CCI (p < 0.001), and from
asymmetry by reducing the contralateral swing turns 15.00 + 0.78 (CCI+Saline) to 12.07 + 0.61 (CCI+phen-
from 18.73 + 0.25 (CCI+Saline) to 14.29 + 0.6 serine) at 2 weeks post-CCI (p < 0.001) (Fig. 5A). Moreover,
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the results of the EBST evaluation had a significant positive
correlation with contusion volume, as evident by scatterplot
analysis (r = 0.7727, p = 0.0012) (Fig. 5B).
Somatosensory function was evaluated by the ART,
assessed by latency to remove adhesive stickers from the
front paws. Sensory and motor functions were impaired
on the contralateral paw of mice after CCI (Fig. 5C).
There was no difference in time spent removing the
sticker from the contralateral paw in the sham group at
all time points. However, the CCI and CCI+Saline
groups showed functional deficits, and had significantly
increased times for removing stickers from their contral-
ateral paw, compared with the sham group (40.83 +
11.34 s, CCI+Saline; 83.96 + 13.91 s, CCI; 23.66 +
6.98 s, sham, p < 0.001) at the 2-week time point. Impor-
tantly, CCI4-Phen animals were less impaired than the
CCI+Saline group, requiring a significantly shorter time
to remove the contralateral sticker (27.89 + 4.03 s,
p < 0.001 vs. CCI+Saline group (69.01 + 11.18 s)) at
1 week after injury. However, there was no significant
difference between the CCI-saline (40.83 + 11.34 s) and

CCI-Phen (24.55 + 2.79 s) groups at 2 weeks after injury
(Fig. 5C).

When motor coordination was evaluated with the BWT,
we found that CCI significantly impaired function in the
injured mice; the contralateral foot faults in CCI and
CCI+Saline mice were significantly increased from
0.19 + 0.12 in sham to 2.73 + 0.56 (CCI) and 2.25 +
0.36 (CCI+Saline) 2 weeks after injury (Fig. 5D,
p < 0.001). However, the CCI+Phen group demonstrated
significantly better performance with the average foot faults
in the contralateral side (0.48 + 0.14, p < 0.001 vs. CCI or
CCI+Saline group).

Posiphen Shared not all Effects on Tissue Loss,
Lateral Ventricle Size, EBST, BWT at | Wk
and 2Wks after CCl

In order to ascertain whether AChE activity is responsible
for the behavioral and histological improvements of CCI
animals, we compared the effectiveness of Phen and its
non-cholinergic (+4) chiral enantiomer (Posiphen) in our
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behavioral tests. (A) Significant reduction of lesion size was observed in the Phen-treated group. **p < 0.0, compared with the CCl+Saline
group. Posiphen showed no difference in lesion size compared with CCl+Saline group. (B) The LV size ratio between ipsilateral and
contralateral sides of CCl+Phenserine and CCl+Posiphen groups were significantly different from the saline-treated group (*p < 0.05,
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(CCl+Saline, CCl+-Phenserine), n=4 (CCl+Posiphen). (C) Motor asymmetry evaluated by elevated body swing test (EBST). TBI-induced
deficits were attenuated by both Phen and Posiphen treatment (2.5 mg/kg body weight, i.p., twice a day, for 5 days after CCl) | and 2 weeks
after CCI. (D) Sensory/motor function was evaluated by adhesive removal test. Mice will spend more time to remove an adhesive sticker
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with the saline-treated group. Analysis by two-way ANOVA followed by Bonferroni t-test. Data are expressed as mean + SEM; n = 15
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study. Unlike the Phen treatment group (Fig. 2A, 6A), we did
not observe a reduction of tissue loss in the ipsilateral hemi-
sphere in the CCI+Posiphen group, in which loss was 17.88
+ 0.86% of the contralateral hemisphere volume compared
with 12.35 + 0.75% in the CCI-Phen group and 17.82 +
0.92% in the CCl-saline group (both p <0.01 vs. CCI+Phen)

(Fig. 6A). On the other hand, the enlargement of lateral
ventricle size after CCI that was reduced by Phen treatment
was also seen in the Posiphen treatment group (1.75 + 0.14
fold more than contralateral ventricle volume), compared
with the CCI+Saline group (2.2 + 0.08 fold) (p < 0.05).
Moreover, there was no difference between Posiphen and
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Phen groups in lateral ventricle size (1.52 + 0.09 fold,
Fig. 6B).

In the EBST test, unilateral CCl-lesioned mice exhibited
significant biased swing activity with the direction contral-
ateral to the lesioned side, and Phen effectively improved
this behavioral deficit by reducing the contralateral swing
numbers (p <0.001) (Fig. 5A, 6C), as noted above. Posiphen
had a similar effect to Phen on EBST (14.92 + 0.61 1-week
post-CCI (p < 0.001), and 13.00 + 0.71 2 weeks post-CCI
(p <0.05)) (Fig. 6C).

Somatosensory function was evaluated by the ART,
assessed by latency to remove adhesive stickers from their
front paws. Sensory and motor functions were impaired on
the contralateral paws of mice after CCI (Fig. 5C). CCI4--
Phen animals were less impaired than the CCI4Saline
group, requiring significantly less time to remove the con-
tralateral sticker at 1 week after injury (Fig. 5C, 6D),
whereas Posiphen showed no positive effect on this beha-
vioral deficit at both 1 week (91.22 + 9.2 s) and 2 weeks
(54.62 + 12.92 s) after CCI.

Motor coordination was evaluated with the BWT. We
found that CCI significantly impaired this function in the
injured mice; the average transit time of both CCI+4-Phen
(5.36 + 0.3 s) and CCI+Posiphen (5.39 + 0.34 s) groups
were significantly decreased at 2 weeks after injury com-
pared with CCI4-Saline group (6.94 + 0.46 s) (p < 0.01 to
CCI+Phen; p < 0.05 to CCI+Posiphen) (Fig. 6E). The con-
tralateral foot faults in CCI4-Phen and CCI+4-Posiphen mice
were also significantly decreased from 3.22 + 0.38 in
CCI+Saline to 1.74 + 0.34 (CCI+Phen) and 1.75 + 0.36
(CCI+Posiphen) 1 week after injury (Fig. 6F, p <0.001), and
from 2.25 + 0.36 in CCI+Saline to 0.48 + 0.14 (CCI+-
Phen) (p <0.01) and 0.73 + 0.16 (CCI+4-Posiphen) 2 weeks
after injury (Fig. 6F, p <0.05). Thus there were both simila-
rities and differences in behavioral improvements after CCI
between Phen and Posiphen.

Discussion

TBI is typically considered as a time-dependent process,
consisting of an initial primary injury that involves a focal
deformation of the brain followed by a series of secondary
processes that include neuroinflammation, oxidative stress,
and excitotoxicity responses’>. To date, there is no approved
drug for the treatment of TBI, despite the evaluation of a
large number of drug classes focused on a range of different
specific mechanisms pertinent to TBI. Therefore, an effec-
tive pharmacological treatment for TBI is urgently needed.
In this study, we used the well-characterized CCI as a TBI
model in mice. The primary injury typically leads to the
formation of a necrotic core that is not amenable to pharma-
cological treatment®>*®, Previous studies have demonstrated
that the experimental AD drug Phen has neuroprotective
effects in cortical cell cultures challenged with oxidative
stress and glutamate excitotoxicity, two insults implicated
in the pathogenesis of a wide number of acute and chronic

neurological disorders, including TBI*’>°. Importantly,

these neuroprotective effects translated significantly into the
amelioration of motor and sensory-motor impairments in our
mouse model of TBI.

The lateral ventricles contain CSF that provides cush-
ioning for the brain while also helping to circulate nutrients
and remove waste. Previous clinical studies reveal that
ventricular enlargement is a frequent finding in patients
with TBI and is regarded as an early sign of asymmetric
intracranial pathology. In TBI patients, increased ventricu-
lar volume may be related to an atrophic process resulting
from diffuse axonal injury and other mechanisms, a sec-
ondary CSF absorptive deficit, or a combination of both
phenomena®® 2. In our study, we also discovered the same
phenomenon in the mouse model of TBI, and Phen reduced
the enlargement caused by CCI.

The effects of Phen were assessed by this well-known
mouse TBI model following clinically translatable doses
of the drug (2.5 mg/kg, BID Xx 5 days) initiated 30 min
after injury. This dose is approximately equivalent to
12 mg in a 60 kg human, following body surface area
normalization®®. The dose is similar to that previously
used in clinical AD trials.

TBI occurs when the brain structure is disrupted due to
mechanical insult to the cranium, resulting in neuronal, axo-
nal, and vascular damage. In response to TBI, the brain
undergoes a complex immunological tissue reaction similar
to that in ischemic reperfusion injury’>. It has been sug-
gested that macrophages and microglia migrate to the site
of the injury to establish a protective environment that can
mitigate deleterious consequences of the injury**. The acute
function of microglia in response to TBI is to eliminate
cellular and molecular debris. Injured cells release Danger-
Associated Molecular Patterns (DAMPs), which can become
potent inflammatory stimuli, resulting in further tissue
damage***®. The vast majority of the ionized calcium-
binding adapter molecule 1 (Ibal)-immunostained microglia
normally exhibit a ramified phenotype, followed by an inter-
mediate form with shorter processes, and larger soma. In
response to tissue damage or pathogen invasion, microglia
change into an amoeboid morphology to act in a phagocytic
fashion and are difficult to differentiate from infiltrating
macrophages*’. The stages of microglia changes could there-
fore be relevant to the progression of TBI into other neuro-
logical disorders such as AD and PD, and could interfere
with recovery of the patients and the effectiveness of partic-
ular anti-inflammatory treatments*®. It should be noted that
both microglia and macrophages are Ibal positive and both
elements are present at the injury site. Prior studies have
demonstrated that Phen possesses anti-inflammatory
actions®’, and the finding that it normalizes the microglial
signature response to TBI in the present study may prove
valuable to ensure that the short-term benefits of TBI-
induced microglial activation to initiate reparative actions
are not lost to a prolonged inflammatory phase that drives
oxidative stress and, ultimately, pathological processes 2.
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This is important for consideration of treatment of long-
term post-TBI deficits since potentiated neuroinflamma-
tion, particularly in the hippocampus, leads to memory
impairments>>.

The evidence for the beneficial effect of AChE inhibitors
in TBI remains controversial'®*. There is a sound basis for
a cholinergic involvement in TBI-mediated cognitive
impairments, as reviewed by Arciniegas and colleagues”>>°.
Cholinergic neurons and their ascending projections appear
to be especially susceptible to TBI-induced damage.
Acutely, central cholinergic neurons are triggered by
mechanical trauma®”>® and, similar to other neurotransmit-
ters like glutamate, release excess neurotransmitter. Such
acute cholinergic overload is shortly followed by a chronic
decrease in brain ACh levels, whereas initial excesses in
other neurotransmitters return to normal over time>>~°. Con-
sequent to ACh’s key role in attention, memory consolida-
tion, and other critical features of cognitionS(”(’O‘(’l, central
cholinergic loss and dysfunction may significantly promote
TBI-induced cognitive impairments and explain, in part, the
differential and superior actions of Phen versus Posiphen in
our equimolar comparison here.

Although opposite enantiomers and clearly structurally
related, Phen and Posiphen are wholly separate and discrete
drugs both pharmacologically and chemically, and there is
no chiral switching in the 3a chiral position of either com-
pound. Whereas their molecular weight and physicochem-
ical characteristics are alike in that both have a balanced
lipophilicity (cLogP value 2.22) to support a similarly high
brain penetration®®, the pharmacokinetic profile of each is
unique, generating different metabolite profiles in a different
time-dependent manner, and hence the toxicokinetics of the
two agents are different'®?’. Both agents appear to lower
APP and o-synuclein levels, and demonstrate potent neuro-
trophic and protective actions at equimolar concentra-
tions?*2%%2, However, only Phen, but not Posiphen, has
anticholinesterase actions®®; it is thus possible that Phen and
its (-)-enantiomeric metabolites have other actions as well
that differentiate the final pharmacological profiles of these
two drugs in animals and humans. In the current TBI study,
Phen demonstrated an additional range of pharmacological
properties, only some of which are related to cholinergic
activity, that provided greater efficacy in specific evalua-
tions, as was also evident in a different model of neuronal
apoptosis involving soman-induced toxicity®’.

In a recent study, we used neuronal culture and a mild
weight drop TBI animal model to address the effects of Phen
treatment in TBI**. We found that Phen effectively protected
neurons from oxidative stress and glutamate excitotoxicity,
and also ameliorated mild TBI-induced cognitive deficits. In
the current study, using CCIl-induced focal injury, we
demonstrate Phen efficacy across a more severe TBI animal
model, which is notable since no single model mimics the
human condition®®. Comparison of our results with Phen and
Posiphen suggest that Phen-mediated effects on reduction of
contusion volume and sensorimotor function may involve

cholinergic mechanisms, whereas effects on lateral ventricle
size, motor asymmetry, and motor coordination may involve
other mechanisms. A previous study has shown that AChE
activity is elevated after TBI in the basal forebrain®, which
contains numerous cholinergic neurons, and projects to the
hippocampus and cortex. Reports further showed that the
basal forebrain and hippocampus have cholinergic neuron
loss after TBI in rodents and humans®”-°®. Hence the multiple
combined cholinergic and non-cholinergic actions of Phen
may provide this drug with a broad range of favorable
actions to mitigate the scope of impairments that are mani-
fested in humans following TBIL.

In summary, post-injury treatment with a clinically
translatable dose of Phen significantly alleviated beha-
vioral impairments in a well-defined mouse model of con-
trolled cortical impact TBI. Phen reduced the injury
contusion volume, lateral ventricle size, and ameliorated
neuroinflammation. These findings support further apprai-
sal and optimization of Phen as a new treatment strategy for
clinical TBI.
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