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Abstract

Chemotherapy-induced peripheral neuropathy (CIPN) is an irreversible off-target adverse effect of many chemotherapeutic
agents such as paclitaxel, yet its mechanism is poorly understood and no preventative measure is available. CIPN is characterized
by peripheral nerve damages resulting in permanent sensory function deficits. Our recent unbiased genome-wide analysis
revealed that heat shock protein (Hsp) 27 is part of a transcriptional network induced by axonal injury and highly enriched for
genes involved in adaptive neuronal responses, particularly axonal regeneration. To examine if Hsp27 could prevent the occur-
rence of CIPN, we first demonstrated that paclitaxel-induced allodynia was associated directly with axonal degeneration in
sensory neurons in a mouse model of CIPN. We therefore hypothesize that by preventing axonal degeneration could prevent
the development of CIPN. We drove expression of human Hsp27 (hHsp27) specifically in neurons. Development of mechanical
and thermal allodynia was prevented completely in paclitaxel-treated hHsp27 transgenic mice. Strikingly, hHsp27 protected
against paclitaxel-induced neurotoxicity in vivo including degeneration of afferent nerve fibers, demyelination, mitochondrial
swelling, apoptosis, and restored sensory nerve action potential. Finally, we delineated signaling cascades that link CIPN
development to caspase 3 and RhoA/cofilin activation in sensory neurons and peripheral nerves. hHsp27 exerted anti-
apoptotic effect and maintained axon integrity by restoring caspase 3 and RhoA expression to basal levels. Taken together,
our data suggest that by preventing axonal degeneration might prove beneficial as anti-CIPN drugs, which represents an
emerging research area for therapeutic development.
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Introduction nerves of the peripheral nervous system are at increased risk,

as compared to the central nervous system which is well

Chemotherapy refers to the treatment of cancer with antineo-
plastic drugs (preventing growth and proliferation of malig-
nant cells) which target mainly proliferating cells (i.e., cancer
cells); however, for some unknown reasons, chemotherapy
drugs also damage healthy neuronal cells [1, 2]. The absence
of an effective blood-nerve barrier in sensory neurons and
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protected by blood-brain barrier. An estimated of 40-50% of
cancer patients undergo chemotherapy often experience sen-
sory and motor symptoms such as numbness, tingling, weak-
ness of distal muscle, and loss of motor control, a condition
known as chemotherapy-induced peripheral neuropathy
(CIPN) [3-6]. There is currently no prevention or effective
treatment for CIPN, although it is one of the most common
reasons that cancer patients discontinue their life-saving
treatments.

Commonly used chemotherapy drugs associated with
CIPN such as paclitaxel (Taxol®) are used for the treatment
of solid carcinomas including ovarian, breast, and lung can-
cers [7, 8]. The anti-cancer action of paclitaxel is due to their
binding to (3-tubulin (major component of microtubule and
axon) which disrupts mitotic spindle formation in actively
dividing cells [7, 9, 10]. More than 50% of patients treated
with paclitaxel describe a sensation of tingling, burning, and
numbness in 24—72 h after administration [11]. Animal model
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of CIPN reproduces human condition which is widely used to
study possible preventive interventions for peripheral neurop-
athy [12-17]. Intraperitoneal (i.p.) injection of paclitaxel in-
duces loss of epidermal sensory fibers in hindpaw resulting in
pain hypersensitivity in rodent [12, 17, 18] and axonal degen-
eration of peripheral nerves resulting in motor function im-
pairments. Animal studies showed that circulating chemother-
apy agents access injured nerves and adversely affect nerve
repair [13, 14, 19, 20]. The mechanisms of CIPN remain un-
clear and controversial, but several studies show that neuro-
toxic chemotherapeutic agents cause irreversible injury to pe-
ripheral nerves by damaging microtubule, interfering with ax-
onal transport, as well as causing neuronal cell death through
their cytotoxic effects on DNA [2, 10]. Our recent study clear-
ly demonstrated the direct effect of paclitaxel on inducing
excessive microtubule polymerization in primary dorsal root
ganglion (DRG) neurons [1]. If this is correct, an approach
that stabilizes microtubule, accelerates axonal regeneration,
and augments intrinsic growth pathways would prevent the
range of abnormalities that develop during CIPN.

Our unbiased genome-wide analysis reveal that heat shock
protein (Hsp) 27 is part of a transcriptional network induced
by axonal injury and highly enriched for genes involved in
adaptive neuronal responses, particularly axonal regeneration
and survival [21]. Hsp27 is a chaperone protein and induced in
many types of tissue when exposed to biological stress and
acts to protect them from insults such as heat stress, oxidative
stress, and ischemia [22-24]. Injury to peripheral axons and
neurons produce profound changes in their cell bodies and
actin cytoskeleton. Hsp27 is well-known for its interaction
with actin and microtubule stabilization [25]. As an actin
capping protein, Hsp27 binds to barbed ends of actin filaments
and regulates actin polymerization [26-28]. Administration of
anti-Hsp27 antibody to human eyes induced degradation of
actin cytoskeleton in retinal cells in a dose-dependent manner.
Anti-Hsp27 antibody binds to actin to induce depolymeriza-
tion and proteolytic cleavage of actin, resulting in cytoskele-
ton breakdown [29]. More importantly, our earlier studies
showed for the first time that chemotherapy drugs directly
affect the regenerative capacity, cytoskeleton arrangement,
and cell mechanical properties of primary sensory neurons
[1]. Current study aims to realize clinical benefits of
neurorestorative therapy targeting neuronal survival and axon
integrity in a mouse model of CIPN. These findings form the
basis of our hypothesis that forced expression of human
Hsp27 (hHsp27) rendered CIPN with paclitaxel protects pe-
ripheral neurons and fibers from progressive degeneration. We
first showed that primary DRG neurons purified from hHsp27
transgenic (Tg) mice were protected from paclitaxel-induced
neurite outgrowth inhibition. We then extended the in vitro
findings to in vivo functional recovery in hHsp27 Tg mice
after paclitaxel injection as evaluated with a battery of animal
behavioral, electrophysiological, and histological tests.

hHsp27 forced expression specifically in neurons reverse
paclitaxel-induced CIPN in mice via the anti-apoptotic (cas-
pase 3) and axon integrity (RhoA/cofilin) signaling pathways.

Materials and Methods
Animals

Adult male hHsp27 Tg and LM mice (8—12 weeks old) were
used for all experiments. We used Thy1.2 neuronal promoter
to ensure postnatal expression of hHsp27 only in neurons [21]
which do not affect normal development of nervous system
and maintains expression at high levels throughout adulthood
[30]. We backcrossed hHsp27 Tg mouse onto a C57BL/6
background to ensure that our data is comparable to the most
widely used C57BL/6 mouse strain from other CIPN studies
[15]. Mice were housed randomly in groups of 5-6 per cage
and allowed food and water ad libitum. Light/dark cycle of
12:12 h was maintained and behavioral testing was conducted
between 10 am and 6 pm. Animal experiments and euthanasia
were performed in compliance with Institutional Animal Care
and Use Committee guidelines and approved by the Animal
Research Ethics Sub-Committee at City University of Hong
Kong and Department of Health, HKSAR.

Primary Dissociated DRG Cultures

Primary dissociated DRG neurons were prepared from adult
hHsp27 Tg or LM mice (8—12 weeks) as described [1, 21, 31].
In brief, DRGs were dissected out, digested with collagenase/
dispase II (Roche Diagnostics), trypsinized, and mechanically
dissociated using flame-polished Pasteur pipettes. A total of
2000 DRG neurons were plated onto poly-D-lysine and lam-
inin (Sigma-Aldrich)-coated 8-well chamber slide (Millipore)
and grown in Neurobasal (NB) medium supplemented with
B27,200 mM L-glutamine, penicillin/streptomycin, 50 ng/ml
NGF (Gibco), 2 ng/ml GDNF, and 10 uM Ara-C (Sigma-
Aldrich). After 1 h of plating, paclitaxel (Bristol-Myers
Squibb) was applied to the cultures at a final concentration
of 25 ng/ml, 50 ng/ml, 100 ng/ml, 1 pg/ml, or 10 pg/ml, and
0.1% Cremophor EL/ethanol (50:50) was used as vehicle con-
trol. The cultures were allowed to grow for 17 h and subjected
to neurite outgrowth assay.

Neurite Outgrowth and Cell Survival Assay

After 17 h of incubation, DRG neurons were fixed with 4%
paraformaldehyde (PFA) for 15 min, blocked with 0.5% bo-
vine serum albumin/0.1% Triton X-100 (Sigma-Aldrich) for
1 h, and incubated with anti-B1II-tubulin (Sigma-Aldrich)
overnight at 4 °C. The cultures were then washed with PBS
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and incubated with secondary antibodies conjugated with
Alexa Fluor 488 for neurite outgrowth and cell survival assay.

Neurite outgrowth assay was performed as described [1,
21]. Thirty non-overlapping images were taken at 10x mag-
nifications using an epifluorescence microscope (Nikon
Eclipse 90i) equipped with a motorized stage. Total neurite
length of individual DRG neurons from each condition was
determined using an automated WIS-NeuroMath software
(Weizmann Institute of Science). Total neurite length was
measured from at least 250 neurons in each experimental con-
dition. BIII-tubulin-positive neurons with bright cell bodies
and intact neurites were counted as healthy neurons. Data
was obtained from three independent experiments repeated
in duplicates.

Paclitaxel Administration

To examine the protective effects of hHsp27 on CIPN in vivo,
hHsp27 Tg and LM mice were i.p. injected according to
schedule described in details as follow: Paclitaxel (Taxol®)
(Bristol-Myers-Squibb; 6 mg/ml) was dissolved in
Cremophor EL/ethanol (50:50) and further diluted with saline
to 1 mg/ml. Each mouse will receive four i.p. injections of
paclitaxel (1 mg/kg) in total or saline on alternating successive
days (days 0, 2, 4, and 6, n =11 to 16 per genotype) [15, 32,
33].

Animal Behavioral Tests

Behavioral tests were performed in a quiet and temperature-
controlled room. Behavioral scoring was done blinded to ge-
notype and treatments. Last baseline behavioral measure-
ments were obtained on day 0 before the first paclitaxel ad-
ministration. von Frey filament was performed on days 0, 3, 6,
8,12, 16, 20, 24, and 28. Acetone drop test was performed on
days 0, 5, 7, 10, 15, 20, 25, and 30. Left and right hindpaw
were tested since paclitaxel produced a bilateral neuropathy
[12, 15]. We performed behavioral tests on left hindpaw first
and waited for at least 1 h to test right paw of the same animal.

von Frey Filament Test

von Frey filament test was used to quantify mechanical
allodynia [34, 35]. Adult mice were habituated in three sepa-
rate sessions with handling reduced to a minimum and placed
on an elevated wire mesh platform in boxes made of the same
mesh material for 30 min sessions. On 3 days, spread over a 1-
week period, baseline values were obtained for response to
mechanical stimulation using von Frey monofilaments
(Bioseb). The average of three values prior to injection was
recorded as baseline. von Frey filaments in the range of
0.008-2.00 g were applied to the lateral plantar surface of
hindpaw for 2-3 s with bending force using up-down method
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of Dixon [36]. A response was characterized as a brisk with-
drawal to the stimulus applied, which included any abnormal
exaggerated responses (e.g., biting and/or licking or extended
elevation of the paw). The next smaller or larger filament is
tested depending on the presence or absence of a positive
response. The pattern of responses (maximum six responses)
was recorded and converted to a 50% paw withdrawal thresh-
old (PWT) to indicate the force of particular von Frey hair to
which a mouse reacts in 50% of the presentations [37].

Cold Allodynia

Cold allodynia was measured by using acetone drop method
[38]. Mice were habituated in elevated wire mesh platform in
boxes as mentioned above. A drop of acetone was applied
onto the lateral plantar surface of hindpaw using a 1-ml sy-
ringe without touching the skin. The duration of withdrawal
response, licking, biting, or flinching was recorded for 1-min
test period. Baseline values were measured on two alternate
days before paclitaxel injections. Average value of six re-
sponses per mouse was calculated [32, 37, 39, 40].

Immunohistochemistry of Skin and Nerve Biopsies

On day 31 (endpoint of all behavior tests), deeply anesthetized
mice were transcardially perfused with 4% PFA. Hindpaw
skin corresponding to the von Frey filament test site and sci-
atic nerve were dissected, cryoprotected with 30% sucrose,
and frozen in OCT (Tissue-Tek).

Intraepidermal Nerve Fibers (IENFs) Density Quantification

Thirty-micrometer-thick cryosections from hindpaw skin
were immunostained with anti-protein gene product 9.5
(PGP9.5) antibodies (Ultraclone) that identified IENFs, and
confocal images were obtained using Leica TCS SP5. The
number of intraepidermal nerve fibers (IENFs) that crossed
the dermal/epidermal junction into epidermis was quantified
in five random fields from every fifth 30-pum-thick serial cryo-
sections in each animal (n = 5 per group). The length (mm) of
epidermis within each field was measured and calculated as
IENF density (number of fibers/mm) [17, 35].

Myelin Basic Protein (MBP) Immunoreactivity Quantification

Four-micrometer-thick transverse sections of sciatic nerve
were immunostained with anti-MBP antibodies (Abcam).
Fluorescent images were taken to cover the whole transverse
sectional area of sciatic nerve. The ImageJ software was used
to quantify MBP immunoreactivity and measure the total areca
of nerve as described [41]. Data was represented as mean =+
SEM of percentage of MBP immunoreactivity/total area of
nerve [42].
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Quantification of Axon Diameter and Demyelinated
Axons

Sciatic nerves were dissected from below its trifurcation, first
post-fixed in 2% glutaraldehyde and 2% PFA and subsequent-
ly in 2% osmium tetroxide. Sciatic nerves were dehydrated in
gradient ethanol, infiltrated, and embedded with Spurr’s resin.
Semi-thin (300 nm) and ultra-thin (70 nm) transverse sections
of sciatic nerves were prepared using an Ultracut UCT ultra-
microtome (Leica). Semi-thin sections were fixed on
Superfost™ Plus slides and stained with toluidine blue.
Images were captured at 40x using an Axioplan 2 light micro-
scope (Carl Zeiss) and axon diameter was measured by using
analySIS® LS (Olympus Imaging). Degenerated axons leaves
smaller myelin fragments termed “myelin ovoids” due to my-
elin sheath breakdown in-between the spaces of intact mye-
linated axons. Degenerated axons appear as either dark or dull
colored dispersed nearby intact myelinated axons [43, 44].
Myelin ovoids (indicated by red arrows) were counted manu-
ally with the ImageJ software in each 100x image per mouse
(n=3 mice per group) and degenerating axon profile was
presented as mean + SEM.

Electron Microscopy

Ultra-thin sections of sciatic nerves were mounted on carbon
coated 230-mesh copper grids and stained with lead citrate and
2% uranyl acetate. Myelinated and unmyelinated axons were
imaged on a transmission electron microscopy (TEM) (FEI/
Philips Tecnai 12 BioTWIN, TSS microscopy). The average
diameter of mitochondria was measured along their short axis
in 4-5 electron microscopy images per animal by the Image J
software [43]. The number of unmyelinated axons was counted
in 3—4 random images per mouse in each treatment group and
normalized per 10,000 um? as described previously [45].

Detection of Apoptosis

After 30 days of paclitaxel injection, apoptosis in lumbar 4, 5,
and 6 (L4/5/6 DRGs) was detected by terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay using the in situ apoptosis detection kit
(Chemicon) according to the manufacturer’s instruction [41].
Briefly, every fourth 5-um-thick L4/5/6 DRG sections were
treated with ice-cold 2:1 ethanol/acetic acid (v/v) followed by
PBS wash before incubated with neuronal marker anti-PGP9.5
(Ultraclone) to identify neurons. DRG sections were then incu-
bated with reaction buffer and terminal deoxynucleotidyl trans-
ferase at 37 °C. Stop/wash buffer was added to each sample and
incubated with anti-digoxigenin fluorescein conjugate at room
temperature. DRG sections were counter-stained with DAPIL.
Total number of TUNEL-positive cells overlapped with
PGP9.5-positive cells and DAPI-stained nuclei were counted

in each section (at least 10 sections per mouse). Representative
images were captured at 40x magnifications using a Nikon
Eclipse Ni-E fluorescence microscope.

Sensory Nerve Action Potential (SNAP) and Nerve
Conduction Velocity (NCV)

Adult mice were deeply anesthetized with ketamine (100 mg/
kg) and xylazine (10 mg/kg). The left hindpaw and tail base
were shaved and wiped with ethanol. Body temperature of
mice was maintained at 37 °C using the heating pad. Baseline
values were recorded before paclitaxel injection. After injec-
tion, weekly sensory nerve action potential (SNAP) amplitudes
and nerve conduction velocity (NCV) of caudal nerve were
recorded (Blackrock microsystem, data acquisition set-up,
USA). In general, recordings were sampled at 5 kHz, amplified,
and passed through a band-pass filter of 10 and 250 Hz and
filtered through a digital high-pass filter. Stimulating electrode
was inserted at the tail base and the distance between the stim-
ulating and recording electrodes was at least 5 cm. Grounding
and reference electrodes were inserted in-between the stimula-
tion and recording electrodes at least 5 mm apart. A square
wave stimulus with supramaximal intensity for 0.2 ms duration
was delivered at a frequency of 1 Hz using a stimulus isolator
(Iso-flex; Isracl) and Master 9 (AMPI, Israel). For each mouse,
50-60 stimuli were recorded and at least 20-30 peak-to-peak
amplitudes and latencies per mouse were quantified using the
Spike 2 software (Cambridge Electronic Design Limited,
England). Data were presented as mean = SEM for each group.
SNAP amplitude was calculated as the difference between the
maximum positive and negative deflections (peak to peak).
NCV was calculated using peak latency and distance between
the stimulating and recording electrode. Peak latency (ms) was
measured from stimulating artifact to the peak of negative de-
flection of SNAP in biphasic response, while peak of initial
positive deflection from baseline was used in triphasic response
[46].

Western Blot Analysis

Western blot analysis of total protein extracts from L4/5/6
DRGs and whole sciatic nerves was performed 30 days after
paclitaxel injection. DRGs and sciatic nerves were mechani-
cally dissociate in lysis buffer and protein samples were sep-
arated on 4—12% NuPAGE Bis-Tris precast gel (Invitrogen) as
described [21, 41]. Protein was transferred onto the PVDF
membrane (Bio-Rad) and blocked with 5% (w/v) non-fat dry
milk, incubated with anti-caspase 3 (Cell Signaling
Technology), anti-RhoA (Santa Cruz Biotechnology Inc.),
anti-phospho-cofilin (Cell Signaling Technology), and anti-
GAPDH antibody (Santa Cruz Biotechnology Inc.) as loading
control. Membrane was then washed and incubated with
horseradish peroxidase-conjugated secondary antibodies,
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washed and signals were detected by West Femto Maximum
Sensitivity Substrate Kit (Thermo Scientific). Membrane was
stripped and re-blotted with antibodies specific to total cofilin
(Cell Signaling Technology). Band intensities were measured
using the Image] software. RhoA levels were normalized to
GAPDH. Cleaved caspase 3 and phospho-cofilin levels were
first normalized to total caspase 3 and total cofilin levels,
respectively, and then normalized to GAPDH.

Statistical Analysis

All the data were presented as mean = SEM. Animal behavior
data were analyzed by two-way ANOVA multiple comparison
with post hoc Bonferroni’s test. All other data were analyzed
by Student’s 7 test (2 groups) and 1-way ANOVA with post
hoc Bonferroni’s test (>2 groups) where appropriate. All
graphs were generated and statistically analyzed using the
GraphPad Prism 6.0 software.

Results

Forced Expression of hHsp27 in DRG Neurons
Reverses Paclitaxel-Induced Mechanical and Cold
Allodynia

We first assess the protective effect of hHsp27 on primary
DRG neurons since paclitaxel damaged sensory neurons in
culture directly by affecting cytoskeleton arrangement [1].
We generated transgenic mice that hHsp27 is expressed post-
natally in sensory neurons under neuronal-specific promoter
Thy1.2 as described [21]. Here, we showed that forced expres-
sion of hHsp27 overcame the inhibitory effect of paclitaxel on
axon growth in DRG neurons (Fig. 1a). Paclitaxel showed no
effect on cell survival at 5-100 ng/ml of paclitaxel (Fig. 1b);
however, we observed a significant cell death in LM mice
(28.9£9.9% of survival) when DRG neurons were treated
with paclitaxel at higher dose (10 pg/ml) where most of the
DRG neurons were protected in hHsp27 Tg mice (75.7 +
4.5% of survival). For neurite outgrowth assay, we distin-
guished hHsp27-expressing neurons from non-hHsp27-
expressing ones in the same DRG cultures prepared from
hHsp27 Tg mice by immunostained with anti-hHsp27 anti-
body [21]. hHsp27-expressing neurons were protected from
paclitaxel-induced neurite outgrowth inhibition significantly,
when compared with littermate (LM) and non-hHsp27-
expressing neurons at various doses ranged from 5 to
100 ng/ml in which the total neurite length was greatly re-
duced by 54-80% (Fig. 1c).

We next investigated the in vivo protective effect of
hHsp27 by using animal model of paclitaxel-induced periph-
eral neuropathy in mice. To induce peripheral neuropathy,
mice were intraperitoneally injected with paclitaxel (6 mg/
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ml) at the dose of 1 mg/kg on four alternating successive days
(days 0, 2, 4, and 6) [47]. Analogous to CIPN patients, expo-
sure of adult mice to paclitaxel induced sensory deficits such
as mechanical and thermal allodynia (Fig. 2) [12, 17, 46, 47].
We assessed bilateral (both hindpaw) mechanical allodynia by
using von Frey filament test during 1 month after paclitaxel
injection on day 0 since paclitaxel produced a bilateral neu-
ropathy [12, 15]. Values presented as average PWT from both
hindpaws. LM mice treated with paclitaxel reduced the thresh-
olds for mechanical stimuli to elicit a paw withdrawal re-
sponse significantly starting on day 8 and was sustained for
over 4 weeks. hHsp27 forced expression prevented the devel-
opment of mechanical allodynia that hHsp27 Tg mice did not
exhibit significant differences from the saline-treated control
group (Fig. 2a).

Acetone-induced evaporative cooling that is commonly
used to assess cold allodynia in CIPN mice [32, 33].
Increased responses after acetone application on both
hindpaws were detected within 5 days in saline-treated mice
and sustained for over a 30-day time course in paclitaxel-
treated LM mice indicated that cold allodynia was rapidly
developed. Strikingly, cold allodynia was not developed in
hHsp27 Tg mice which maintained at baseline response levels
throughout the study time course (Fig. 2b).

hHsp27 Protects Against Paclitaxel-Induced
Degeneration of Afferent Nerve Fibers and Restores
Sensory Nerve Action Potential

It has been well documented that reduction of IENF density
resulting from terminal arbor degeneration, decrease in SNAP
amplitude, and NCV are signatures of paclitaxel-induced dam-
ages to nociceptive neurons that is directly associated with the
development of allodynia [12, 17, 46, 47]. We therefore per-
formed histology and electrophysiology analysis to validate
the neuroprotective effect of hHsp27 observed in behavioral
tests. We quantified the number of IENFs in lateral hindpaw
which is where the nerve endings of nociceptive neurons that
innervate epidermis as well as primary mechanical allodynia
testing site is located (Fig. 3a). Paclitaxel treatment reduced
IENF density at the lateral hindpaw skin significantly by
60.5% on day 29 after paclitaxel treatment, in which persistent
allodynia was evident in our behavior tests. Remarkably,
IENFs were well preserved in hHsp27 Tg mice (76.07 +
4.24) to a level comparable to saline-treated controls (83.57
+5.05) (Fig. 3b). Caudal nerve is composed of mainly sensory
fibers (~ 80-90%) that SNAP analysis is widely used to assess
electrophysiologically the extent of sensory neuropathy in
CIPN animals [46-48]. In line with the behavior and IENF
density studies, caudal SNAP amplitude recorded from
hHsp27 Tg mice were restored to control levels while the
SNAP values remained significantly lower in LM mice
(Fig. 3c).



Mol Neurobiol (2019) 56:3244-3259 3249
a Paclitaxel b Cell Survival
1501 [ Littermate
CTL 5ng/ml 25ng/mi 100ng/ml n.s. hHsp27 Tg
S » ) . 3:: 100:
g
bed ®
© S 504
£ &
O
= oll— 1 } }
- CTL 5ng/ml 25ng/ml 100ng/mli

hHsp27 Tg

Fig. 1 Forced expression of hHsp27 protects adult dorsal root ganglion
(DRG) neurons from paclitaxel-induced neurite outgrowth inhibition.
Adult DRG neurons were grown on poly-D-lysine/laminin-coated 8-
well slide chamber for 17 h to allow neurite extension. a Paclitaxel in-
duced marked reduction in neurite extension from littermate (LM) DRG
neurons in a dose-dependent manner. In contrast, DRG neurons from
hHsp27 transgenic (Tg) mice possessed significantly longer neurites than
LM mice, which illustrated the protective effects of hHsp27 on paclitaxel-
induced neurite inhibition. 0.1% of Cremophor EL/ethanol (50:50) was
used as vehicle control. Scale bar, 500 um. b Paclitaxel treatment did not

hHsp27 Protects Myelinated and Unmyelinated Fibers
Against Paclitaxel-Induced Degeneration

Paclitaxel induced substantial axonal degeneration and demy-
elination in CIPN patients [49]. Myelinated and unmyelinated
sensory fibers are predominately damaged by chemotherapeu-
tic agents including vinca alkaloids, platinum-based com-
pounds, and taxanes such as paclitaxel in patients [50, 51]
and rodents [43, 46, 52, 53]. Reduction of NCV has been
reported in paclitaxel-treated patients which suggested the oc-
currence of peripheral nerve demyelination [54—56]. We first
quantify the diameter of myelinated axons in toluidine blue-
stained semi-thin cross sections of sciatic nerves 1 month after
paclitaxel treatment (Fig. 4a). The number of large diameter
axons (>3 pm) was severely reduced by 54% in LM mice
(Fig. 4b) accompanied by a reduction of average axon diam-
eter (Fig. 4c), indicating that the loss of large diameter axons
was completely prevented in hHsp27 Tg mice with average
axon diameter returned to normal control levels. To examine
axon demyelination, we quantify the number of demyelinated
axons by identifying fragmented myelinated axons referred as
“myelin ovoids” (see red arrows in Fig. 4a) [43, 44]. It clearly
indicated that myelinated fibers in LM after treated with pac-
litaxel underwent segmentation of myelin into ovoids. In

Paclitaxel
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affect DRG neuron survival at all concentrations we tested, and DRG
neurons remained healthy. ¢ Average total neurite length per neuron
was first measured using an automated program NeuroMath (Weizmann
Institute of Science, Israel) and then normalized with respective controls
in each individual experiment and expressed as percentage. Neurite out-
growth reduced dramatically at all concentrations in LM and non-hHsp27
DRG neurons. However, hHsp27 neurons exhibited significantly longer
neurites when compared with LM and non-hHsp27 expressing neurons.
Mean + SEM of triplicates; *p < 0.05, #p<0.05, one-way ANOVA,
followed by post hoc Bonferroni’s test. CTL, control; n.s., not significant

contrast, the number of myelin ovoids in hHsp27 Tg mice
were remained the same as in the saline controls (Fig. 4d).

Myelin basic protein (MBP) is abundantly expressed in the
myelin sheath [57], and the loss of MBP immunoreactivity
indicates demyelination results in reduction of NCV [58].
Transverse sections of sciatic nerves were immunostained with
anti-MBP antibodies (Fig. 5a), and MBP immunoreactivity
was quantified in terms of percentage of intense MBP immu-
nofluorescence per total field area measured [41, 42]. The ex-
tent of myelination was greatly reduced in LM mice as com-
pared to hHsp27 Tg mice and controls (Fig. 5b). Caudal NCV
recorded from hHsp27 Tg mice maintained largely at control
levels although recording values remained significantly lower
in LM mice throughout the study period (Fig. 5c). Consistent
with these findings, ultrastructural study of sciatic nerves using
TEM demonstrated a significant demyelination in LM-
paclitaxel treatment group only, but the myelin was largely
preserved in hHsp27 Tg mice as shown in Fig. SI.

To investigate the effect of paclitaxel on small unmyelinat-
ed fibers, we quantified unmyelinated axons in randomly se-
lected fields per 10,000 um? [45]. We observed a significant
loss of small unmyelinated axons in paclitaxel-treated LM
mice, while hHsp27 Tg protected small unmyelinated axons
from degeneration as compared to saline controls (Fig. S2).
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Fig. 2 Neuroprotective effects of
hHsp27 in the mouse model of
CIPN. In the first week, 1 mg/kg
paclitaxel was injected intraperi-
toneally (i.p.) into adult hHsp27
transgenic (Tg) and their litter-
mates (LM) mice on days 0, 2, 4,
and 6 as indicated by arrows. LM
mice were injected with saline as
control. a Manual von Frey test
was used to assess mechanical
allodynia. LM developed signifi-
cant mechanical allodynia as
compared with both hHsp27 Tg
mice and saline-treated mice 0-
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hHsp27 Prevents Mitochondrial Swelling in Both
Myelinated and Unmyelinated Fibers

Accumulating evidence indicates that strategies to ameliorate
mitochondria dysfunction improve CIPN symptoms in animal
studies [59—-62]. Mitochondria insult due to chemotherapy in-
duces mitochondrial swelling and vacuolation observed in pe-
ripheral nerves support the mitotoxicity hypothesis that axonal
energy deficiency is one of the major causes of CIPN [52, 63,
64]. Ultrastructure morphometry analysis using TEM revealed
prominent mitochondrial swelling in sciatic nerves of
paclitaxel-treated LM mice, while hHsp27 Tg mice exhibited
normal mitochondrial morphology in myelinated (Fig. 6a) and
unmyelinated axons 30 days after paclitaxel treatment
(Fig. 6b). After paclitaxel treatment, the diameter of mitochon-
dria in both myelinated and unmyelinated axons was increased
by 68% and 57%, respectively, when compared with saline
control group. The diameter of mitochondria in hHsp27 Tg
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T T Days post paclitaxel injection
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mice remained unchanged when compared with controls
(Fig. 6¢, d).

Hsp27 Exerts Anti-apoptotic Effect and Maintains
Axon Integrity by Modulating Caspase 3 and RhoA
Signaling Pathways

To further examine the underlying mechanism of hHsp27-
induced protective effect on CIPN, we first quantified the
numbers of DRG neurons undergoing apoptosis by TUNEL
assay 30 days after paclitaxel treatment (Fig. 7a).
Chemotherapy agents such as cisplatin and oxaliplatin have
been known to induce apoptotic cell death in DRG neurons in
vitro and in vivo [44, 65]. Consistent with a recent study,
demonstrating for the first time that paclitaxel induced apo-
ptotic cell death in DRG neurons [66], we detected a signifi-
cant higher number of TUNEL-positive cells in LM mice than
hHsp27 Tg mice in DRGs (Fig. 7b). Next, we examined the
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Fig. 3 hHsp27 protects sensory nerve fibers from paclitaxel-induced pe-
ripheral neuropathy and restores sensory nerve action potential (SNAP). a
The confocal images showed that intraepidermal nerve fibers (IENFs)
(indicated by white arrows) immunostained for PGP9.5 in lateral
hindpaws where the primary mechanical allodynia testing site is located.
Skin biopsy was taken 30 days after paclitaxel treatment. Severe loss of
IENFs was evident in LM mice after paclitaxel treatment while IENFs
were largely preserved in hHsp27 mice. Scale bar, 50 pm. b IENF density
was quantified and reduced significantly in LM-treated mice only in

activation of caspase family member, caspase 3, which is the
farthest downstream effector in the apoptotic cascades. In line
with the TUNEL assay results, strong activation of caspase 3
was detected by Western blot in paclitaxel-treated LM mice
only, and hHsp27 exerted its anti-apoptotic effect by
inhibiting caspase 3 activation in DRGs taken 30 days after
paclitaxel treatment (Fig. 7c).

Finally, we investigated the association of axon integrity
signaling pathway such as RhoA and its downstream effector
cofilin with the development of CIPN. Accumulating evidence

which persistent allodynia was evident in behavior tests. ***p < 0.0001,
one-way ANOVA, followed by post hoc Bonferroni’s test (5 fields of
every fifth section, 5 sections per mouse were quantified). ¢
Electrophysiological recording from caudal nerve after paclitaxel treat-
ment was performed on weekly basis to monitor CIPN progression.
Reduced SNAP amplitudes were only observed in LM mice after pacli-
taxel treatment. SNAP amplitudes were comparable between hHsp27 and
control mice. Mean + SEM; *p <0.05, **p <0.01, two-way ANOVA,
followed by post hoc Bonferroni’s test. n.s., not significant

suggests that RhoA signaling pathway is strongly linked to
allodynic responses in animal model of nerve injury, inflamma-
tory pain, and CIPN [67-70]. We therefore reasoned that forced
expression of hHsp27 might exert its anti-allodynic effects via
the modulation of RhoA/cofilin signaling pathway. Total pro-
tein was extracted from L4/5/6 DRGs that supply the sciatic
nerves directly and from the whole sciatic nerves for Western
blot analysis. In LM mice, paclitaxel induced cofilin phosphor-
ylation resulting from RhoA activation in DRG neurons (RhoA
1.43 +£0.10-fold, pCofilin 3.06 £ 0.40-fold) (Fig. 8a) and its

@ Springer



3252 Mol Neurobiol (2019) 56:3244-3259
a Saline LM + Paclitaxel hHsp27 Tg + Paclitaxel
vy
b c d
n.s.

» 500 mm Saline (n=3) B 5 8 _— a 4 604 x o
5 =3 LM + Paclitaxel (n=3) 5 3 ==
X 4004 #= hHsp27 Tg + Paclitaxel (n=3) = 3
© = < c €
58 T 2 = G 40
5 T 300 cE 5
88 83 E3
E § 200 7 B 5 20-
c g o =
T 100 o o
5 2 €

= =]
= 0 < o0 — = . .

0-1 12 28 >3 Saline LM+ hHsp27 Tg + Saline LM+ hHsp27 Tg +

Axon diameter (um)

Fig. 4 hHsp27 protects large diameter myelinated fibers against
paclitaxel-induced degeneration. a Toluidine blue-stained semi-thin sec-
tions (300 nm) of sciatic nerves 30 days after paclitaxel treatment. Myelin
ovoids were indicated by red arrows. Scale bar, 10 pum. b The number of
large diameter axons in hHsp27 mice were preserved, when compared
with LM mice. **p <0.01, two-way ANOVA, followed by post hoc
Bonferroni’s test. ¢ Paclitaxel-treated LM mice showed significant reduc-
tion of mean axon diameter when compared with hHsp27 Tg and control

axons in sciatic nerves (RhoA 1.51 +£0.11-fold, pCofilin 2.13 +
0.30-fold) (Fig. 8b). It indicates that administration of paclitaxel
induced activation of RhoA/cofilin signaling pathway, which
might account for mechanical and thermal allodynia observed
in paclitaxel-treated animals. In contrast, protein expression
levels of RhoA and cofilin phosphorylation in hHsp27 Tg mice
were significantly reduced compared with age-matched LM
mice treated with paclitaxel and were comparable between
hHsp27 Tg and saline-treated mice (Fig. 8). Taken together,
our results support the neuroprotective role of Hsp27 in CIPN
through inhibition of RhoA/cofilin signaling pathway.

Discussion

Chemotherapy is effective in treating cancer; however, periph-
eral neuropathy is often the results. CIPN is one of the most
severe and unpredictable side effects of modern anti-cancer
drugs including paclitaxel. CIPN in human is mainly charac-
terized by sensory disturbances (numbness, tingling, and
allodynia), which affects patient’s quality of life results in dose
reductions of life-saving therapies and eventually discontinu-
ation of chemotherapy. In most cases, CIPN is not reversible
and can be permanent even if the symptoms are partially re-
solved after discontinuation of treatment. There is currently no
effective treatment to prevent or reverse CIPN. Here, we show
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mice. In b and ¢, 328-600 axons were counted per mouse in each treat-
ment group. d Number of demyelinated axons was quantified by identi-
fying fragmented myelinated axons. Paclitaxel-treated LM mice
underwent segmentation of myelin into ovoids. In contrast, the number
of myelin ovoids were remained the same as between saline control and
hHsp27 Tg mice. Mean + SEM; **p<0.01, ***p <0.001, one-way
ANOVA, followed by post hoc Bonferroni’s test. n.s., not significant

that Hsp27 overexpression completely reverses the major
symptoms of paclitaxel-induced peripheral neuropathy in-
cluding mechanical and cold allodynia by targeting major sig-
naling pathways in axon integrity.

A growing body of evidence supports that paclitaxel in-
duces not only axonal degeneration but also neuronal cell
death. In primary dissociated DRG cultures prepared from
embryonic (E) day 15 rats, paclitaxel induced neuronal cell
death at higher dose (~ 10 M) and reduced neurite outgrowth
at lower dose of paclitaxel (~ 10 nM) [71]. Another study
using similar doses reported that paclitaxel induced apoptotic
cell death in cultured E14 rat DRG neurons detected by
TUNEL assay as well as reduction of neurite outgrowth dra-
matically by 50% [72]. A recent animal study demonstrated
for the first time that paclitaxel induced apoptotic cell death in
DRG neurons along with increased activation of caspase 3
expression, due largely to the activation of fractalkine
(CX3CL1). Administration of neutralizing antibodies against
CX3CL1 blocked paclitaxel-induced infiltration of macro-
phage into the DRGs and partially reduced mechanical
allodynia, but the treated animals fail to return to baseline
levels [66]. Several studies demonstrated modulation of innate
immune cells; glial-derived cytokines such as TNF-«, IL-1f3,
and IL-10; neuroinflammation in the spinal cord; and alterna-
tion in glutamatergic signaling pathways, which underlie the
development of paclitaxel-induced peripheral neuropathy.
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Fig. 5 hHsp27 prevents
demyelination of axons in sciatic
nerves after paclitaxel treatment.
a Transverse sections of sciatic
nerves (4-pm-thick) were
immunostained for myelin basic
protein (MBP) 30 days after pac-
litaxel injection. Scale bar, 10 um.
b MBP immunoreactivity was
quantified in terms of percentage
of intense MBP immunofluores-
cence per total field area mea-
sured. Paclitaxel induced signifi-
cant reduction of myelination in
LM mice as compared to hHsp27 b 15+
Tg mice and controls. *p <0.05,

LM + Paclitaxel hHsp27 Tg + Paclitaxel

El Saline (n=3)
n.s. [ LM + Paclitaxel (n=4)

**p <0.01, one-way ANOVA,
followed by post hoc Bonferroni’s
test. ¢ In LM mice, nerve con-
duction velocity (NCV) of caudal
nerve decreased significantly

1 week after the first injection
throughout the study period of
28 days, while the NCV recorded
from hHsp27 Tg mice maintained
at control levels. Mean + SEM;
*p <0.05, two-way ANOVA, 0-
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Paclitaxel induced significant infiltration of 14 different types
of immune cells such as macrophages, helper and cytotoxic T
cells, leukocytes, monocytes, antigen presenting cells, and
neutrophils in DRGs. Neutralizing antibody specific to pro-
inflammatory CD8* T cells ameliorated paclitaxel-induced
mechanical allodynia [73]. Spinal cord microglia activation
has long been closely linked with development of neuropathic
and inflammatory pain in mice. Increased levels of caspase 6
were detected in cerebrospinal fluid after inflammation.
Strong expression of caspase 6 was observed in dorsal horn
glial cell in laminae I/II and c-fiber axonal terminal originated
from nociceptive DRG neurons. The c-fiber axonal terminal
was in close proximity with microglia where caspase 6 acti-
vation regulated microglial TNF-« release. Intrathecal injec-
tion of minocycline (microglial inhibitor) or TNF-« neutral-
izing antibody reduced pain hypersensitivity in an animal
model of inflammatory pain [74, 75]. However, the major
contributor to paclitaxel-induced peripheral neuropathy

remains controversial due to the difficulty of identifying cell
population responsible for the development of slowly advanc-
ing peripheral neuropathy.

Hsp27 has been shown to prevent activation of caspase 3 in
injured DRG neurons [76] and accelerate axonal regeneration
[21]. Paclitaxel induces apoptosis by increasing pro-apoptotic
protein cytochrome c release primarily through the opening of
mitochondrial permeability transition pore (mPTP) as a result
of calcium dysregulation and mitochondrial dysfunction [13,
36, 52, 77]. Paclitaxel is also known to target microtubules
and {3-tubulin, thereby interfering with microtubule dynamics
[1, 78]. Growing evidence suggests that modulation of actin
filament dynamics via RhoA/LIMK/cofilin signaling path-
ways in different animal models of neuropathic pain such as
CIPN could be a potential molecular target. Elevated levels of
RhoA and phosphorylation of its effectors LIM domain kinase
(LIMK) and cofilin have been associated with the develop-
ment of inflammatory pain hypersensitivity [79, 80], chronic
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Fig. 6 hHsp27 prevents mitochondrial swelling in both myelinated and
unmyelinated fibers. a, b Ultrastructure morphometry analysis using
transmission electron microscopy revealed that increased mitochondrial
swelling was observed in myelinated axons and unmyelinated axons
30 days after paclitaxel treatment in littermate (LM) mice only. White
arrowheads indicated mitochondria. Scale bar, 0.5 um (myelinated) and

neuropathic pain [70], and CIPN [67, 68]. Activation of RhoA
was detected shortly after intraplantar administration of in-
flammatory agents, and RhoA inhibition partially rescued me-
chanical and thermal hyperalgesia through the inhibition of
cofilin phosphorylation [79, 80]. In a rat model of chronic
constriction injury (CCI), upregulation of RhoA led to in-
creased phosphorylation of LIMK and cofilin was detected
at day 7 and sustained until day 21 after nerve injury, demon-
strating a strong correlation between RhoA activation and the
development of neuropathic pain. Potential therapeutic agents
that aimed to block activation of ROCK (Y-27632) and to de-
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0.2 um (unmyelinated). ¢, d Quantification of mitochondrial diameter
showed significant mitochondrial swelling in both myelinated axons
and unmyelinated axons in LM mice, when compared with hHsp27 Tg
and control mice. Mean + SEM; *##*p <0.0001, two-way ANOVA,
followed by post hoc Bonferroni’s test. n.s., not significant

phosphorylate cofilin (Tat-S3 peptides), which attenuated me-
chanical allodynia and thermal hyperalgesia in CCl-injured
rats. However, none of these animals returned to baseline
levels after treated with either Y-27632 or Tat-S3 peptides
[70]. In a mouse model of CIPN, cisplatin induced mechanical
allodynia 6 weeks after injection. Administration of LM11A-
31 targeting p75™ '}, the upstream effector for RhoA, partially
protected the mice from developing allodynic responses
10 weeks after cisplatin injection [67].

Our previous study demonstrated that mouse homolog of
Hsp27 (mHsp25) co-localized with F-actin at the tips of DRG
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<« Fig. 7 hHsp27 protects DRG neurons against paclitaxel-induced apopto-
sis. a DRGs were harvested 30 days after paclitaxel treatment. TUNEL
assay was performed on 5 pm-thick DRG cryosections. Scale bar, 20 pm.
b Increased number of TUNEL/PGP9.5-positive apoptotic neurons were
detected in paclitaxel-treated LM but not in hHsp27 Tg and control mice.
TUNEL/PGP9.5-positive cells overlapped with DAPI-stained nuclei
were counted in each section as outlined by white dotted line in a (at least
10 alternate sections per mouse). ***p <0.001, one-way ANOVA,
followed by post hoc Bonferroni’s test. ¢ Western blot analysis of cleaved
caspase 3 expression in L4/5/6 DRG neurons after 30 days of paclitaxel
treatment. Bar graph showed normalized fold change of cleaved caspase 3
protein expression. Band intensities of cleaved caspase 3 were measured
and first normalized to total caspase 3 and then normalized to GAPDH as
loading control. Mean + SEM; *p < 0.05, one-way ANOVA, followed by
post hoc Bonferroni’s test. n.s., not significant

Hsp27 could be due, at least in part, to the inhibition of RhoA
activity. RhoA is well known in regulating cytoskeletal dy-
namic in growth cone. Chemorepulsive secreted protein

a

| L4/5/6 DRGs after 30 days of injection |

semaphorin 3a induced activation of RhoA and actin cytoskel-
eton rearrangement resulting in growth cone collapse [81]. In
contrast, p5S3 and p21 prevent growth cone collapse through
RhoA inactivation [82, 83]. In rat cortical neurons, overex-
pression of Hsp27 promoted neurite outgrowth on inhibitory
substrate Nogo-66. Wild-type neurons cultured on Nogo-66
exhibited reduced neurite outgrowth along with high RhoA
activity. RhoA activity in Hsp27-overexpressing neurons was
markedly reduced by modulating the GTPase activity [84]. In
the current study, we showed that forced expression of
hHsp27 prevented apoptosis and preserved axon integrity re-
sults in reversing allodynic responses in paclitaxel-treated
hHsp27 Tg mice. We further demonstrated that hHsp27
exerted its anti-apoptotic function by inactivating caspase 3
activity and maintained axon integrity by RhoA and its down-
stream effectors inactivation. Neuronal cell death, loss of
intraepidermal nerve fibers, and aberrant demyelination are
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Fig. 8 Forced expression of hHsp27 inhibits paclitaxel-induced RhoA/
cofilin activation in DRGs and sciatic nerves. L4/5/6 DRGs and whole
sciatic nerves were harvested 30 days after paclitaxel injection, and pro-
tein lysate were subjected to Western blot analysis of RhoA/cofilin. a
Paclitaxel induced robust increase in RhoA protein expression and phos-
phorylation of cofilin in 1.4/5/6 DRG neurons from LM mice, indicating
activation of RhoA/cofilin signaling pathway. In contrast, activation of
RhoA/cofilin was inhibited as the protein expression levels of RhoA and
phosphorylated cofilin (pCofilin) in DRGs from paclitaxel-treated
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hHsp27 Tg were comparable to controls. b Activation of RhoA/cofilin
signaling pathway was also detected in sciatic nerves of LM mice. The
expression levels of RhoA and pCofilin were markedly reduced in
paclitaxel-treated hHsp27 Tg mice. Band intensities of RhoA were mea-
sured and normalized to GAPDH as loading control. Band intensities of
pCofilin were measured and first normalized to total cofilin, and then
normalized to GAPDH. Bar graphs showed normalized fold change of
RhoA/pCofilin protein expression. Mean + SEM; *p <0.05, one-way
ANOVA, followed by post hoc Bonferroni’s test. n.s., not significant
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key features of paclitaxel-induced peripheral neuropathy. We
therefore believe that Hsp27 could provide insight into the
development of therapeutic approaches to CIPN. Future stud-
ies will be required to identify small molecules that activate
key signaling pathways of Hsp27 by microarray and bioinfor-
matics analysis. A recent study successfully identified a small
molecule which promoted optic nerve regeneration using bio-
informatics analysis [85].
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