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PEG-PDLLA Micelle Treatment Improves Axonal Function
of the Corpus Callosum following Traumatic Brain Injury

Xingjie Ping; Kewen Jiang!? Seung-Young Lee? Ji-Xing Cheng? and Xiaoming Jin'

Abstract

The initial pathological changes of diffuse axonal injury following traumatic brain injury (TBI) include membrane
disruption and loss of ionic homeostasis, which further lead to dysfunction of axonal conduction and axon disconnection.
Resealing the axolemma is therefore a potential therapeutic strategy for the early treatment of TBI. Monomethoxy poly
(ethylene glycol)-poly (D, L-lactic acid) di-block copolymer micelles (mPEG-PDLLA) have been shown to restore
depressed compound action potentials (CAPs) of spinal axons and promote functional recovery after spinal cord injury.
Here, we evaluate the effect of the micelles on repairing the injured cortical axons following TBI. Adult mice subjected to
controlled cortical impact (CCI) were treated with intravenous injection of the micelles at Oh or 4 h after injury. Evoked
CAPs were recorded from the corpus callosum of coronal cortical slices at 2 days after injury. The CCI caused significant
decreases in the amplitudes of two CAP peaks that were respectively generated by the faster myelinated axons and slower
unmyelinated axons. Micelle treatment at both Oh and 4 h after CCI resulted in significant increases in both CAP peak
amplitudes. Injection of fluorescent dye-labeled micelles revealed high fluorescent staining in cortical gray and white
matters underneath the impact site. Labeling membrane-perforated neurons by injecting a membrane impermeable dye
Texas Red-labeled dextran into lateral ventricles at 2 h post-CCI revealed that immediate micelle injection after CCI did
not reduce the number of dye-stained cortical neurons and dentate granule cells of the hippocampus, indicating its
ineffectiveness in repairing plasma membrane of neuronal somata. We conclude that intravenous administration of mPEG-
PDLLA micelles immediately or at 4 h after TBI allows brain penetration via the compromised blood brain-barrier, and
thereby improves the function of both myelinated and unmyelinated axons of the corpus callosum.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) often leads to the impairment
of sensory, motor, and cognitive function of the brain, and is
the leading cause of death and disability in children and adults.'™
Axons are one of the most vulnerable components of the central
nervous system (CNS) that are commonly injured in brain traumas
of various severities.”™ Traumatic axonal injury (TAI) is regarded
as one of the most important causes of morbidity and mortality in
TBI patients.®® Although TAI has been shown to involve a series of
pathological changes, including proteolysis, ionic dysregulation,
and mitochondrial failure, formation of membrane pores caused by
mechanical deformation, termed ‘‘mechanoporation,” is thought to
be the initial pathological mechanism that may result in membrane
failure, loss of ionic homeostasis, and axon degeneration and dis-
connection.'®'* Membrane sealing has, therefore, been hypothe-
sized to be a promising strategy that may stop the initiation of the

pathological cascade and rescue axons following spinal cord and
brain injuries. Administration of polymers such as Poloxamer 188
and polyethylene glycol (PEG) has been demonstrated to seal
broken membranes, promote axon conductance, and recover lost
brain functions.'*"”

A previous study demonstrated that micelles consisting of self-
assembled monomethoxy poly (ethylene glycol)-poly (D, L-lactic
acid) di-block copolymer micelles (mPEG-PDLLA) are effective
in restoring the compound action potentials (CAPs) of the injured
spinal cord, decreasing calcium influx into axons, and promoting
the recovery of locomotion function in a rat model of spinal cord
injury.'® Intravenously administered PEG-PDLLA micelles can
penetrate into the injured spinal tissue to exert its membrane-re-
pairing effect without causing any detectable adverse effects. Ad-
ditionally, it may be used as a carrier for efficient delivery of
drugs.'® These unique properties make the PEG-PDLLA micelles a
valuable candidate for the early treatment of TBI.
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The purpose of the current study is to use the micelles as a
membrane sealant for repairing the injured cortical axons following
TBI by evaluating their effect on axon conductance using extra-
cellular field recording of CAPs from the corpus callosum. The
corpus callosum contains myelinated axons and unmyelinated
axons,'®?® which can be separately evaluated from the first and
second peaks of the CAP waveform from field potential record-
ings.>'™* CAPs evoked in the corpus callosum are dramatically
suppressed in the fluid percussion model of TBI,*!** and are rescued
by treatments with the immunophilin ligands cyclosporin-A (CsA)
and FK506, or the calpain inhibitor MDL 28170.2?7 1n the con-
trolled cortical impact model of TBI, our results indicated that mi-
celles treatment improved the function of both the myelinated and
unmyelinated axons in the corpus callosum in up to 4 h after TBI.

Methods
Animals

Male CD1 mice 30-35 days old were used for this experiment.
The mice were housed five per cage in a temperature- and hu-
midity-controlled animal facility on a 12h light/dark cycle, with
food and water supplied ad libitum. All procedures were approved
by the Animal Care and Use Committee of the Institutional Guide
for the Care and Use of Laboratory Animals at Indiana University
School of Medicine.

Controlled cortical impact (CCIl) model
and micelles administration

The CCI model was prepared similarly to published experi-
ments.?$ Mice were anaesthetized with ketamine/xylazine (87.7/
12.3 mg/kg, i.p.) and fixed on a stereotaxic apparatus. Following the
exposure of the skull with a midline incision, a 4 mm diameter
cranial window was made between the lambda and bregma sutures
of the left hemisphere, with the medial edge being 1 mm lateral
from the midline. CCI was induced on the exposed cortex by using
a 3mm diameter impacting rod tip to compress the cortex at a
velocity of 3.0 m/sec to a depth of 1.0 mm. We kept the consistency
of physical impact in all animals that underwent CCI by using
constant velocity (3.0 £ 0.04 m/sec) and depth (1.0 0.1 mm). Mice
with impacting parameters out of the range were excluded from
further experiment. The cranial window was covered with a small
piece of plastic sheet and the incision was sutured. The mice in the
sham group received only craniotomy without CCI.

A single dose of mPEG-PDLLA micelles (200 pL at 10 mg/kg)
or vehicle (200 uL saline) was injected via tail vein immediately
(CCI+0h micelles group) or 4h (CCI+4h micelles group) after
CClI surgery. Our previous study successfully revealed the fusion of
micelles and plasma membrane by using micelles that were labeled
by a fluorescent dye DilC, g3, a hydrophobic fluorescence probe.*
To trace the distribution of the micelles in brain tissues, two naive
mice and two CCl-injured mice were injected with fluorescently
labeled PEG-PDLLA micelles (200 ul) immediately after CCI. The
mice were perfused 2h later, and the brains were postfixed and
sectioned for confocal imaging.

Field potential recording

Two days after CCI, each mouse was anesthetized with 65 mg/kg
pentobarbital (i.p.) and was decapitated, and the brain was rapidly
removed. Coronal slices of 400 um thick were cut in ice cold (4°C)
artificial cerebrospinal fluid (ACSF) with a vibratome (LEICA
VT1200, Buffalo Grove, IL). The ACSF consisted of (in mM):
NaCl 126, KC12.5, NaH,PO, 1.4, CaCl, 2, MgSO, 2, NaHCO; 26,
and glucose 10, pH 7.4, saturated with a mixture of 95% O, and 5%
COs,. Slices that contained midline-crossing segments of the corpus
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callosum overlying the mid-dorsal hippocampus were transferred
to a holding chamber that contained oxygenated ACSF at room
temperature for at least 1 h before recording.

Extracellular CAPs were recorded according to techniques
previously described.?!! Individual slices were transferred to an
interface chamber and perfused with oxygenated ACSF at a rate of
1-2 mL/min. Recordings were performed at 22-23°C, at which the
two components of CAP were more discernible. CAPs were evoked
with stimuli delivered via a bipolar tungsten electrode (FHC Inc.,
Bowdoin, ME) placed in the corpus callosum of the uninjured
hemisphere, at ~0.5 mm lateral to the midline. The responses were
recorded with a recording electrode consisting of a glass pipette
with 3-5 MQ resistance when filled with 4M NaCl. The tip of the
pipette was placed in the corpus callosum of the injured hemi-
sphere, at a distance of ~1.0 mm from the stimulating electrode
(Fig. 1A). The depth of the stimulating and recording electrodes in
the slice was adjusted so as to evoke maximal responses.

Current pulses of electrical stimulation were generated by a
stimulus isolator (Isolated Pulse Stimulator Model 2100, A-M
Systems, WA) and delivered once every 20 sec. For analyses of
TBI-related changes in CAP amplitude, standardized input-output
functions were generated by varying the intensity of stimulus
pulses (50-1500 pA, 200 us) from threshold level to an asymptotic
maximum for CAP components. Signals were filtered (DC to
10kHz), recorded using a differential amplifier (DP-304, Warner
Instruments, CT), and digitized with PowerLab digitizer (ADIn-
struments, Colorado Springs, CO). Data were stored and analyzed
with LabChart 7.0 software.

Intra-ventricular injection of Texas Red-labeled
dextran dye

The mice in the treatment or vehicle groups first received CCI
surgery and immediate intravenous injection of the micelles or
saline as described. Two hours later, a small burr hole was drilled
on the contralateral hemisphere. A glass pipette with a sharpened
tip (~35-50 um) was lowered into the lateral ventricle (0.5 mm
caudal and 1 mm lateral from bregma, depth 2.0 mm), and 6 uL.
Texas Red-labeled dextran (10,000kDa, Invitrogen, CA) at a
concentration of 25 mg/mL was injected at a rate of 0.5 uL/min
using a Pneumatic PicoPump (PV 820, World Precision Instru-
ments, Sarasota, FL). The pipette was kept in position for 3—5 min
and then withdrawn slowly. Two hours later, the animals were
perfused with 4% paraformaldehyde. The brains were removed for
overnight postfixation and transferred to a 30% sucrose solution
until the brains sank. Coronal brain sections were cut at a thickness
of 25 um using a cryostat (Leica CM1950). Mice from a normal
control group (n=3) received no CCI and intravenous micelles
injection, but they received an intraventricular injection of dextran
dye, and were processed identically.

The sections were examined under an invert microscopy system
(Zeiss, Axiovert 200M equipped with Apotome) interfaced with a
digital camera (Zeiss, Axio Cam MRc5). Dextran dye-labeled
neurons in the ipsilateral hemisphere of the cortex and the dentate
gyrus of the hippocampus were counted at 40 X magnification. In
brain sections that contained the lesion cavity, all fluorescent cor-
tical and hippocampal neurons were separately counted from a set
of sections 250 pum apart. The total number of fluorescent cortical or
hippocampal neurons in each mouse were estimated by multiplying
the total counted number of cortical or hippocampal neurons by the
total set number of sections.

Statistical analysis

Electrophysiological data were analyzed similarly to previous
studies.?!-3! From average traces of four successive sweeps at each
stimulation intensity, the peak amplitudes of N; and N, waves were
determined by manually measuring the vertical distance from the
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Extracellular field recording of compound action potentials (CAPs) for evaluating axonal function in cortical slices of sham

and controlled cortical impact (CCI)-injured mice. (A) For CAP recording, a tungsten bipolar electrode (right, ““Stim’’) was placed in
the corpus callosum of one hemisphere of a coronal slice (400 um thick), and a glass pipette (left, ““‘Rec’”) was placed in the corpus
callosum of the other hemisphere, ~1 mm from the stimulating electrode. (B) A CAP waveform evoked in the corpus callosum usually
consisted of two sequential negative peaks (N, and N;), which were generated by myelinated and unmyelinated axons, respectively. The
time of electrical stimulation is marked with a black dot. (C,D) Two-photon images of fluorescence Nissl staining of coronal cortical
slices from a sham-injured mouse (C) and a CCl-injured mouse at 2 days after injury (D). Note the impact site and lost cortical tissue of

the injured slice. Scale bar: 250 um.

individual negative peaks to the baseline (Fig. 1B). In each mouse,
measurements from recordings of 3-5 slices were averaged. The
significances in the shifts of the input-output curves of the CAP
were evaluated with the Mann—Whitney U test. Because of the
inhomogeneity of variance of the data sets, a nonparametric sta-
tistical test was used (SPSS v19) (Fig. 2).25 Dextran dye-labeled
cortical and hippocampal neurons (Fig. 4) were analyzed by using
Student’s 7 test. Values are presented as mean+ SEM.

Results

Electrophysiological recordings were made from 11-14 mice in
each of the sham, CCI + vehicle, CCI+ 0h micelles, and CCI+4h
micelles groups. We recorded extracellular CAPs to evaluate the
effect of moderate CCI on axonal function, and the efficacy of
intravenously administered mPEG-PDLLA micelles at Oh or 4h
after TBI. In coronal slices from uninjured neocortex, CAPs were
recorded at room temperature by separately placing a stimulating
electrode and a recording electrode in the corpus callosum as shown
in Figure 1A. The evoked responses usually exhibited two well-
separated negative peaks (Fig. 1B), representing action potential
conduction of the fast myelinated axons (N;) and slow unmyelin-
ated axons (N,), respectively, which were similar to previously
reported results.?'2*?7>! The mean peak amplitudes of the N and

N, waves at the maximal stimulus were 0.52+0.05mV and
0.47£0.07mV, respectively.

In cortical slices prepared from CCI mice at 2 days after injury,
the impact sites of the neocortex were clearly visible under a 5 X
objective. A portion of the injured superficial cortex was usually
missing in the slices. The medial edges of the impact sites were
~ 2 mm from the midline of the cortex (Fig. 1C and D). Recordings
at 2 days after CCI revealed that both N; and N, components of the
CAPs were significantly suppressed in CCI-vehicle group when
compared with the sham group. Statistical analysis of the input-
output curves showed significant decreases in the peak amplitudes
of N; (Z=—-8.421, p<0.001) as well as N, (Z= —6.811, p<0.001)
components in CCI-vehicle animals when compared with the sham
group (Fig. 2), with the maximal amplitude of N; being 21.0% of
the sham group (p <0.001), and that of N, being 28.4% of the sham
control group (p <0.001). The result indicated that the CCI caused
severe functional loss in both myelinated and unmyelinated axons.

Immediate intravenous injection of the micelles after CCI re-
sulted in highly significant increases in the N; (Z=—7.388,
p<0.001) and N, amplitudes (Z= —5.146, p<0.001) when com-
pared with the CCI-vehicle group, although they were still signif-
icantly lower than the sham group (Z= —3.32, p<0.001 for N; and
Z=-2.686, p<0.01 for N,, respectively) (Fig. 2). Similarly,
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FIG. 2.

Intravenous injection of the micelles within 4 h after controlled cortical impact (CCI) improved the function of myelinated and

unmyelinated axons of the corpus callosum. (A) Representative traces of compound action potentials (CAPs) evoked at threshold (top
traces), 2x threshold (middle traces), and maximum (bottom traces) stimulation intensities in the sham, CCI+ vehicle, CCI+0Oh
micelles, and CCI+4h micelles groups. The times of stimulation are marked with black dots. (B,C) Input-output curves of mean N; (B)
and N (C) peak amplitudes evoked at increasing stimulation intensities in the four groups. CCI resulted in significant decreases in both
N, and N, amplitudes. Injection of the micelles at Oh or 4 h after injury improved the recovery of N; and N, amplitudes. **p <0.01,
*#%p <0.001. Group sizes (mice): Sham = 14; CCI+ vehicle=11; CCI+0h micelles=13; CCI+4 h micelles=12.

treatment with the micelles at 4 h after CCI also resulted in highly
significant increases in N; (Z= —6.343, p<0.001) and N, ampli-
tudes (Z= —4.920, p <0.001) when compared with the CCI-vehicle
group, although they were still significantly lower than the sham
group (Z=—5.143, p<0.001 for N; and Z= —3.446, p <0.001 for
N,, respectively) (Fig. 2). Additionally, the recovery of N; ampli-
tude in the 0 h micelle group was better than that of the 4 h micelle
group (Z=-2.717, p<0.01) (Fig. 2B), but this difference was
not statistically significant in the recovery of N, amplitude (Z=
—0.772, p>0.05) (Fig. 2C). Together, the results indicated that
intravenous injection of the micelles at either Oh or 4 h post-CCI
was effective in improving the function of both myelinated and
unmyelinated axons of the corpus callosum following TBI.

A focal contusion lesion induced by CCl is usually accompanied
by dramatic damage of the blood—brain barrier, which may allow
the micelles in the bloodstream to diffuse into brain tissue and exert
their membrane repairing effect. To trace the distribution of the
micelles in the brain tissue, we injected Dil-labeled micelles into
the tail vein of naive and injured mice immediately after CCI. In
coronal cortical sections from the naive mice, the micelles only
lightly stained scattered spots of the brain tissue, with some spots
surrounding vessels (Fig. 3A). In the CCI injured mice, the micelles
heavily stained cortical tissues, including the gray and white mat-
ters underneath the impact site (Fig. 3B and C). In some sections,
the corpus callosum was also strongly stained (Fig. 3C). The results

indicated that micelles were able to leak through the compromised
blood-brain barrier and bind with the injured gray and white
matters of the impact site.

TBI has been shown to cause disruption of the neuronal plasma
membrane and subsequent cell death,'*** which leads to the idea
that the micelles may work as a membrane sealant to repair the
damaged plasma membrane and to rescue the injured neurons. To
determine whether intravenous injection of the micelles promoted
membrane resealing in neurons after CCI, we injected 10kDa of
Texas Red-labeled dextran into the lateral ventricle of the mice at
2h after CCI, and immediately administered an intravenous in-
jection of the micelles or saline.** Similar to previously reported
results,3 2 uninjured cell membrane was impermeable to fluores-
cent-conjugated dextran dyes, and no neurons in the neocortex or
hippocampus were labeled by the fluorescent dye (data not shown).
The CCl resulted in membrane disruption and fluorescence labeling
of cortical and hippocampal neurons (Fig. 4). In the neocortex,
neuronal somata beneath and on the edge of the impact sites were
frequently labeled (Fig. 4A). In the hippocampus, neuronal somata
in the ipsilateral dentate gyrus, CA3, and CA1 were also frequently
labeled (Fig. 4C). In some mice, a smaller number of neurons in the
contralateral dentate gyrus were also labeled (data not shown). In
mice that received the micelles treatment, fluorescent neurons were
still visible in the neocortex and hippocampus (Fig. 4B and D).
Quantitative analysis of the dye- stained neurons showed that there
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FIG. 3. Penetration of Dil-labeled micelles into injured cortical gray and white matters. (A—C) Confocal images of coronal cortical
sections under transmitted light (left column), red fluorescence (middle column), and the combined channel (right column) show that the
dye-containing micelles only minimally stained uninjured brain tissues of the naive mice (A, n=2), but they heavily stained not only
cortical gray matter directly underneath the impact site (B), but also the white matter including the corpus callosum (white arrows in B and
C) of the controlled cortical impact (CCI) mice (n=2). Scale bar in C: 250 yum. Color image is available online at www.liebertpub.com/neu

were no significant differences between the CCI+saline and
CCI +micelles groups in fluorescently-labeled neocortical neurons
(Fig. 4E) (3096580 and 2440+588 neurons per mouse in the
CCI+saline and CCI+ micelles groups respectively, n=12 mice
in each group) and fluorescently-labeled hippocampal neurons
(Fig. 4F) (1846+347 and 1246+358 neurons per mouse in the
CCI +saline [11 mice] and CCI+micelle [10 mice] groups re-
spectively) (p>0.05 in both comparisons). Additionally, we did
not find dye staining in axons in the corpus callosum or white matter
of the CCI injured brain slices (data not shown).

Discussion

Perturbation of the axolemma in TBI often results in the entry of
ionic species and large molecules,'® which is commonly followed
by progressive abnormality of neurofilaments and microtubules,
and eventual disconnection of axons.''**?* Therefore, sealing
the damaged axolemma at the acute stage of TBI may be a valid
strategy for the early treatment of TBI. Consistent with the effective
results of the mPEG-PDLLA micelles on axonal damage following
spinal cord injury in an earlier study,'® here we demonstrated that



MICELLES IMPROVES AXON FUNCTION FOLLOWING TBI 1177

CCI + saline CCl + micelles

E
A1 A2 4 B1 g 4000y
3 |
3 £ 3000
w
5 8
o S 2000
o @
@ 1=
pd l:l 8 1000
2
[ 8 »
ccl Oh mic
C1 C2 F
o 3
= £ 3000
N --Ed :
4] =} —
[&] 3 |
2 2 T
=2 3
T 3
©
- o
CCl Oh mic

FIG. 4. Micelles treatment did not improve resealing of neuronal plasma membrane following controlled cortical impact CCI. (A-D)
Two-photon images of cortical (A,B) and hippocampal (C,D) neurons after CCI, which were labeled by ventricular injection of 10 kDa
Texas Red-labeled dextran dye. The moderate CCI resulted in membrane disruption and Texas Red-dextran labeling of cortical neurons
(A,B) in the vicinity of the injury sites and the dentate granule cells of the hippocampus (C,D). (E,F) There were no significant
differences in the number of dye-labeled neurons in either the cortex (E) or hippocampus (F) between the saline + CCI (white bars) and
micelles + CCI (black bars) groups (p>0.05). Scale bars: 200 um in D1 for Al, B1, C1, and D1; 50 um in D2 for A2, B2, C2, and D2.

Group sizes=10-12 mice.

intravenous injection of the mPEG-PDLLA micelles within 4 h is
effective in improving the function of both myelinated and un-
myelinated axons in the CCI model of TBI in mice. Additionally,
we also found that immediate administration of the micelles fol-
lowing CCI did not have a significant effect on resealing the rup-
tured plasma membrane of neuronal somata in the neocortex and
hippocampus, suggesting that the effect of the micelles on axonal
function is independent of resealing plasma membrane.

The corpus callosum is the largest bundle of axonal fibers in the
mammalian brain that connects the right and left hemispheres of the
cerebral cortex. Recording CAPs of the corpus callosum is an ef-
ficient method for separately evaluating changes in electrophysio-
logical properties of the fast-conducting myelinated axons and the
slow-conducting unmyelinated axons under pathological condi-
tions such as TBI and demyelination.">*3! Depressed CAPs of the
corpus callosum have been demonstrated in the lateral fluid per-
cussion and CCI models of TBL.>"***73 In the current study, we
found that the peak CAP amplitudes of both N and N, of the corpus
callosum were significantly lower in the CCI group than in the sham
group, suggesting an impaired function of both myelinated and
unmyelinated axons in this model. The maximal amplitudes of the
N; and N, were 21.0% and 28.4% of the values of the sham group,
indicating that CCI caused slightly more severe damage to the
myelinated axons than to the unmyelinated axons. This result is
different from previous morphological and electrophysiological
studies in the fluid percussion model showing that unmyelinated
axons of the corpus callosum are more vulnerable to TBI than
myelinated axons.'®?' This difference in the severity of axonal
injury may result from a difference in biomechanical features be-
tween the CCI and lateral fluid percussion models.>® Alterations
that may potentially contribute to a decrease in CAP amplitude
include a decreased number of axons that are capable of conducting
action potentials, poor action potential conductions of axons caused
by axonal dysfunction, damaged myelin, or changed gating and

conductance of ionic channels (e.g., voltage-gated sodium chan-
nels). Given the spectrum of axonal alterations such as abnormal
axonal cytoskeleton, transport interruption, mitochondria dys-
function, and structure disconnection after TBL® it is likely that
several of these pathophysiological mechanisms are involved in the
TBI-induced depression of CAP amplitude. Although determining
the exact mechanisms of CAP change is out of the scope of the
current study, the result of CAP recording does provide an efficient
and comprehensive measurement of axonal function.

Polyethylene glycol (PEG) is a well-known fusogen that has
been shown to induce a rapid recovery of axonal integrity after
spinal cord injury and promote its functional recovery.’’*® The
polymeric mPEG-PDLLA micelles are recently developed na-
noscale particles that contain a hydrophilic PEG (monomethoxy
polyethylene glycol) shell and a hydrophobic PDLLA (poly D,
L-lactic acid) core. This structural feature may allow them to
quickly fuse with plasma membrane for repairing damaged mem-
brane and for delivering hydrophobic drugs.>® The use of these
types of nanoparticles provides several advantages over traditional
membrane sealing agents, including better tissue penetration, high
efficacy at a very low concentration, minimal toxicity, and the
capability of carrying hydrophobic drugs.'® Here, we demonstrated
that the Dil-labeled micelles penetrated the compromised blood—
brain barrier and entered the gray and white matters underneath the
impact site of cortical focal contusion. The presence of the micelles
in the white matter, including the corpus callosum, may allow them
to reseal the injured axolemma and improve axonal function, al-
though additional benefits of the micelles on cerebral vasculature or
gray matter still cannot be excluded.

The mPEG-PDLLA micelles have been shown to restore CAPs
and diminish calcium influx into the spinal axons after compression
injury.'® Similarly, we found that the micelles significantly in-
creased the amplitudes of both myelinated and unmyelinated axons
of the corpus callosum following TBI. This nonselective repairing
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effect of the micelles is in contrast to certain therapeutic agents
reported earlier, which have a more prominent effect in repairing
either myelinated or unmyelinated axons. For example, im-
munophilin ligand tacrolimus (FK506) has a much greater effect on
increasing the N, CAP amplitude than on increasing the N; am-
plitude.?” In contrast, early administration of CsA, another im-
munophilin ligand, is shown to significantly improve the Ny, but
not the N,, component of the CAP in the corpus callosum after fluid
percussion injury.?® The efficacy of the micelles in improving the
function of both types of axons may be explained by their ability to
physically reseal the damaged axolemma of both myelinated and
unmyelinated axons.>°

TBI also causes almost immediate membrane perturbation of
neuronal somata in the brain, which is followed by abnormal ul-
trastructural changes such as plasma and nuclear membrane dam-
ages, nuclear chromatin condensation, and eventual necrosis.' 332
In the CCI model, the number of neurons that have a damaged
plasma membrane increase dramatically between Smin and 1h
after injury.'® This progressive membrane damage may provide a
therapeutic window for early neuroprotection through resealing the
leaky membrane. Unfortunately, immediate micelles treatment
following CCI did not result in a significant reduction in the number
of neurons that were labeled by the membrane impermeable fluo-
rescent dextran dye. The different effect of the micelles on re-
sealing plasma membrane and axolemma may indicate that the
mechanism, severity, and consequence of plasma membrane
damage of neuronal somata are different from those of axolemma
damage, and, therefore, that their response to a therapeutic treat-
ment may also be different. In support of this idea, persistent ele-
vation of intracranial pressure after TBI exacerbates poration of the
plasma membrane but not axonal injury.*® Furthermore, it seems
that neurons with plasmalemma damage will inevitably degenerate
and die by 7 days after CCIL, even though some neurons are found to
undergo spontaneous resealing of the damaged plasma membrane,
suggesting that permeable plasmalemma after TBI is probably fatal
to neurons.'>*® Similarly, although the ruptured somata membrane
could be repaired by using a membrane-resealing agent Kollidon
VAG64, such effective repairing of the membrane does not rescue
the injured neurons.*

Repairing the injured CNS remains a major challenge in neu-
rotrauma research. Rescuing and preserving the injured axons at
the early stage of injury may be a more efficient and practical
strategy than promoting axonal regeneration at a later time period.
The restoration of depressed CAP in axons by the micelles sug-
gests a better axonal function and potentially better preservation
of axonal structure, which allows more efficient conduction of
electrical signals. The improved functional recovery of the corpus
callosum in this study may not only promote the communica-
tion between the two hemispheres of the cerebral cortex, but
also be indicative of a repairing effect on other axonal fibers in
the brain, such as the equally vulnerable white matter and the
internal capsule.*'*?
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