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Summary

Oxaliplatin, currently used for treatment of colorectal and other cancers, causes severe gastrointestinal side effects,
including nausea, vomiting, diarrhea, and constipation that are attributed to mucosal damage. However, delayed onset and
long-term persistence of these side effects suggest that damage to the enteric nervous system (ENS) regulating physiological
function of the gastrointestinal tract may also occur. The ENS comprises myenteric and submucosal neurons and enteric
glial cells (EGCs). This study aimed to investigate the effects of oxaliplatin treatment on enteric neurons and EGCs within
the mouse ileum. BALB/c mice received repeated intraperitoneal injections of oxaliplatin (3 mg/kg, 3 injections/week).
Tissues were collected 3, 7, 14, and 21 days from the commencement of treatment. Decreases in glial fibrillary acidic
protein—-immunoreactive (IR) EGCs and protein gene product 9.5/B-Tubulin llI-IR neurons as well as increase in s1003-IR
EGCs after chronic oxaliplatin administration were observed in both the myenteric and submucosal plexi. Changes in
EGCs were further observed in cross-sections of the ileum at day 14 and confirmed by Western blotting. Alterations
in EGCs correlated with loss of myenteric and submucosal neurons in the ileum from oxaliplatin-treated mice. These
changes to the ENS may contribute to the mechanisms underlying gastrointestinal side effects associated with oxaliplatin
treatment. () Histochem Cytochem 64:530-545, 2016)
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dose-limiting complications of oxaliplatin treatment
leading to a discontinuation of chemotherapy and
limiting the effectiveness of anticancer treat-
ment.>®'® Because most chemotherapeutic agents
target the DNA synthesis mechanism, it is generally
considered that gastrointestinal side effects of anti-
cancer chemotherapies are due to the damage to
the intestinal mucosa where rapid cell turnover

Introduction

Platinum-based chemotherapeutic agents, including
cisplatin, carboplatin, and oxaliplatin, are commonly
used for the treatment of colorectal cancer and are
typically associated with increased patient response
and survival rates.'™ Oxaliplatin is the only platinum
analogue that demonstrates single-agent activity
against colorectal cancer.?* Although oxaliplatin has
proven to be highly effective, its use is associated with
severe sensory neuropathy and gastrointestinal side
effects, such as diarrhea, constipation, nausea, and
vomiting.>™®
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occurs.® However, platinum-based chemotherapeu-
tic agents can damage both mucosa and amitotic
cells, such as enteric neurons innervating the gas-
trointestinal tract.”'2

It has been well established that the enteric ner-
vous system (ENS), consisting of enteric neurons and
enteric glial cells (EGCs), is responsible for physiolog-
ical regulation of gastrointestinal functions.” EGCs
have been previously considered as counterparts to
astrocytes of the central nervous system (CNS) acting
as supportive cells for enteric neurons. However, it is
now known that in addition to sustaining the structural
and functional integrity of enteric neurons,"'® EGCs
are directly involved in gastrointestinal motility, neuro-
transmission, immune functions, and maintaining
intestinal epithelial integrity.'®?°2* Furthermore, an
enteric neuroglial interaction has been established
through an association between ENS damage and
the destruction of EGCs.?**?® EGCs can proliferate
and be activated in response to injury and
inflammation.?"#®

Previous studies have shown that in the CNS, astro-
cytes are sensitive to the platinum drug toxicity®® and
contribute to the development and persistence of
chronic pain.®*®' Glial cell inhibition in the CNS reduces
oxaliplatin-induced pain.** Loss of myenteric neurons
was observed in the stomach and colon of cisplatin-
treated rats and mice'*® and in the colon of oxaliplatin-
treated mice,** which was associated with changes in
gastric contractile activity and colonic dysmotility.
However, very little is known about the actions of plati-
num-based chemotherapeutic agents on the ENS. In
this study, we investigated the effects of repeated in
vivo oxaliplatin administration on EGCs and enteric
neurons in the mouse ileum.

Materials and Methods

Animals

Male BALB/c mice aged 6—8 weeks (18-25 g, n=32)
were obtained from the Animal Resources Centre
(Perth, Australia). All mice had free access to food
and water and were housed in a temperature-con-
trolled environment with a 12-hr light/dark cycle. The
acclimatization period was at least 3 days before
commencement of in vivo intraperitoneal injections.
All procedures used throughout this study were con-
ducted according to the guidelines of the National
Health and Medical Research Council (NHMRC)
Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes and were approved
by the Victoria University Animal Experimentation
Ethics Committee.

In Vivo Intraperitoneal Injections

Mice received either sham or oxaliplatin in vivo intra-
peritoneal injections three times a week via a 26G
needle. Oxaliplatin (Tocris Bioscience, Bristol, UK)
was dissolved in sterile water to make 1072 mM stock
solutions and stored at —20C. Before use, the stock
was diluted further into 10 mM solutions for intraperi-
toneal injections. The dose of oxaliplatin (3 mg/kg)
used in this study was calculated to be equivalent to
the standard human dose per body surface area.®>*
Sham treatments comprised intraperitoneal injection
of sterile water (maximum volume 200 pL). Mice were
weighed daily and monitored for signs of pica (inges-
tion of nonnutritive substances, for example, bedding
materials), diarrhea, and constipation during treat-
ment regimes. Mice were euthanized by cervical dislo-
cation 3, 7, 14, or 21 days after the first injection was
administered. lleum specimens were collected for
immunohistochemical and Western blot analyses.

Tissue Preparation

Following dissection, tissues were placed in oxygen-
ated phosphate-buffered saline (PBS; 0.1 M, pH = 7.2)
containing an L-type Ca®* channel blocker, nicardipine
(3 pm; Sigma-Aldrich, Sydney, Australia) to inhibit
smooth muscle contraction. Samples were cut open
along the mesenteric border and cleared of their con-
tents. Tissues were then processed in three different
ways: (1) whole mount longitudinal muscle-myenteric
plexus (LMMP) preparations, (2) submucosal plexus
(SMP) preparations, and (3) cross-sections.

LMMP and SMP Preparations. lleum specimens were
pinned flat and stretched to maximal capacity without
tearing in a Sylgard-lined Petri dish. For SMP prepara-
tions, the longitudinal muscle, myenteric plexus, and
circular muscle layers were removed before fixation.
Tissues were fixed overnight at 4C in Zamboni’s fixative
(2% formaldehyde and 0.2% picric acid) and subse-
quently washed for 3 x 10 min in dimethyl sulfoxide
(DMSO; Sigma-Aldrich) followed by 3 x 10 minin 0.1 M
PBS to remove fixative. In this study, Zamboni’s fixative
was chosen for tissue fixation to minimize neural tissue
autofluorescence. For LMMP preparations, the ileum
specimens were dissected to expose the myenteric
plexus by removing the mucosa, submucosa, and circu-
lar muscle layers before immunohistochemistry (IHC).

Cross-Sections. Tissues for cross-sections were pinned
with the mucosal side up in a Sylgard-lined Petri dish,
without stretching. Tissues for cryostat cross-sections
were fixed as described above. After fixation tissues were
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Table I. Primary and Secondary Antisera Used in This Study.

Primary Antiserum Host Species Dilution Source Application in This Study
Anti-GFAP Goat 1:1000 Sigma-Aldrich Myenteric plexus
Submucosal plexus
Cross-sections
Western blot
Anti-s |00 Rabbit 1:500 Abcam (Melbourne, Australia) Myenteric plexus
Submucosal plexus
Cross-sections
Anti-s 1003 Mouse 1:1000 Abcam Western blot
Anti-PGP9.5 Chicken 1:500 Abcam Myenteric plexus
Anti-B-Tubulin class 11l Chicken 1:1000 Abcam Submucosal plexus
Western blot
Antismooth muscle actin Rabbit 1:1000 Abcam Western blot
Secondary Antiserum Host Species Dilution Source Application in This Study
FITC 488 Donkey anti-goat 1:200 Jackson Immunoresearch Laboratories Myenteric plexus
(West Grove, PA) Submucosal plexus
Cross-sections
Alexa Fluor 594 Donkey anti-rabbit 1:200 Jackson Immunoresearch Laboratories Myenteric plexus
Cross-sections
FITC 488 Donkey anti-rabbit 1:200 Jackson Immunoresearch Laboratories Myenteric plexus
Alexa Fluor 647 Donkey anti-rabbit 1:200 Jackson Immunoresearch Laboratories Submucosal plexus
Alexa Fluor 594 Donkey anti-chicken 1:200 Jackson Immunoresearch Laboratories Submucosal plexus
HRP-conjugated Anti-goat 1:2000 Abcam Western blot
HRP-conjugated Anti-mouse 1:2000 Abcam Western blot
HRP-conjugated Anti-chicken 1:2000 Abcam Western blot
HRP-conjugated Anti-rabbit 1:2000 Abcam Western blot

Abbreviations: GFAP, glial fibrillary acidic protein; PGP9.5, protein gene product 9.5; FITC, fluorescein isothiocyanate; HRP, horse-radish peroxidase.

stored in 50:50 optimum cutting temperature (OCT) com-
pound (Tissue-Tek, Torrance, CA) and sucrose solution
for 24 hr at 4C and subsequently frozen in liquid nitrogen-
cooled isopentane and OCT compound. Samples were
stored at —80C until they were cryo-sectioned (30 pm)
onto glass slides for IHC. Tissues for histology cross-sec-
tions were fixed in 10% buffered formalin overnight at 4C
and stored in 70% ethanol until embedding.

IHC

IHC was performed on whole mount LMMP preparations,
submucosal preparations, and cross-sections. After 1-hr
incubation in 10% normal donkey serum (NDS; Merck
Millipore, Bayswater, Australia) diluted in 0.1 M PBS-0.1%
Triton X-100 at room temperature, the specimens were
washed with 0.1 M PBS-0.1% Triton X-100 (2 x 5 min)
and incubated with primary antibodies (Table 1) diluted in
2% NDS and 0.1 M PBS-0.1% Triton X-100 overnight at
room temperature. Tissues were then washed in 0.1 M
PBS-0.1% Triton X-100 (2 x 5 min) before incubation with
secondary antibodies (Table 1; diluted in 2% NDS and 0.1
M PBS-0.1% Triton X-100) for 2 hr at room temperature.

Following 3 x 10 min washes in 0.1 M PBS-0.1% Triton
X-100, LMMP and SMP samples were mounted on glass
slides with fluorescent mounting medium (DAKO, Sydney,
Australia). Negative control experiments were performed
for all antibodies used in this study.

Histology

After paraffin embedding, tissues for histology were
sectioned at 5 pm, deparaffinized, cleared, and rehy-
drated in graded ethanol concentrations. For standard
hematoxylin and eosin (H&E) staining, sections were
immersed in xylene (3 x 4 min), 100% ethanol (3 min),
90% ethanol (2 min), 70% ethanol (2 min), rinsed in
tap water, hematoxylin (4 min), rinsed in tap water,
Scott’s tap water (1 min), eosin (6 min), rinsed in tap
water, 100% ethanol (2 x 1 min), xylene (2 x 3 min),
and mounted with distrene plasticizer xylene.

Imaging

Confocal microscopy was performed on an Eclipse Ti
confocal laser scanning system (Nikon, Lidcombe,
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Australia). Fluorophores were visualized using a 488-
nm excitation filter for fluorescein isothiocyanate and a
559-nm excitation filter for Alexa 594. Z-series images
were acquired at a nominal thickness of 0.5 ym (512 x
512 pixels) with 20x (dry, 0.75) or 40x (oil immersion,
1.3) lenses. H&E-stained ileum sections were visual-
ized using an Olympus BX53 microscope (Olympus,
Notting Hill, Australia), and images were captured with
CellSense software.

Quantitative Analysis of Immunohistochemical
and Histological Data

The immunoreactivity of protein gene product 9.5
(PGP9.5) neurons in the myenteric plexus and of
B-Tubulin (I11) neurons in the SMP and changes to glial
fibrillary acidic protein (GFAP)-immunoreactive (IR)
and s100B-IR EGC populations following oxaliplatin
treatment were assessed by analyzing the density of
labeling per area (eight images per preparation at 20x
magnification [total area = 2 mm?]). All images were
captured at identical acquisition exposure-time condi-
tions, calibrated to standardized minimum baseline
fluorescence, and converted to binary, and changes in
fluorescence from baseline were measured using
Image J software (National Institute of Health,
Bethesda, MD). All images were analyzed blindly. In
LMMP preparations, the number of colocalizing GFAP/
s100B-IR EGCs was counted per ganglion in images
at 40x magnification and averaged per 10 ganglia in
each preparation. Overall histological scores (out of
15) were developed from the following parameters:
aberrant crypt architecture (score range = 0-3),
changes to crypt length (0-3), crypt abscesses (0-3),
leukocyte infiltration (0-3), and epithelial damage and
ulceration (0-3; average of eight areas of 500 pm? per
animal). Histological scoring was performed blindly.

Western Blotting

Western blotting experiments were performed on the
smooth muscle and enteric ganglia layers after the muco-
sal layer of the ileum was microdissected and discarded.
Tissue samples were then homogenized for 30 sec and
centrifuged at 12,000 rpm for 20 min at 4C. Protein levels
were quantified using the bicinchoninic acid assay
(Thermo Fisher Scientific, Scoresby, Australia) according
to manufacturers’ instructions, and absorbance was read
at 526 nm by the Varioskan Flash Multimode Reader
using Skanlt software v2.4.3 (Thermo Fisher Scientific).
Protein samples (15 pg/lane) were prepared and sepa-
rated by sodium dodecy! sulfate-polyacrylamide gel elec-
trophoresis using 4% to 20% StainFree gels (Bio-Rad,
Gladesville, Australia). Precision Plus Protein Prestained

Standard (Bio-Rad; 5 uL) was loaded as the molecular
weight marker. Proteins were transferred using a
TransBlot Turbo (Bio-Rad) to polyvinylidene difluoride
(PVDF) membranes, and total protein transferred was
imaged (Gel Doc EZ and Image Lab v5 software [Bio-
Rad]). PVDF membranes with transferred proteins were
blocked in 0.1 M PBS containing 5% nonfat dry milk pow-
der (w/v) for 1 hr at room temperature. Membranes were
washed in 0.1 M PBS and 10% Tween 20 before incubat-
ing with primary antibodies (Table 1) diluted in 0.1 M
PBS, 10% Tween 20, and 5% nonfat dry milk powder
overnight at 4C. Membranes were then washed and
incubated with horse-radish peroxidase—conjugated sec-
ondary antibodies (Table 1) for 1 hr at room temperature.
Membranes were then subjected to chemiluminescence
reagents (Bio-Rad) for 3 min and imaged using the
VersaDoc MP4000 (Bio-Rad) system. Image Lab v5 was
used for analysis to obtain protein expression values in
arbitrary units.*” Smooth muscle actin was used as the
loading control.

Statistical Analysis

Data were presented as mean + standard error of the
mean, if not specified otherwise. Statistical differences
were determined by one-way ANOVA with Tukey—
Kramer or Bonferroni post hoc tests for multiple group
comparisons or Student’s two-tailed t-test using Prism
v5.0 (GraphPad Software). Data were considered sta-
tistically significant when p<0.05.

Results

Effects of Oxaliplatin Treatment on Weight Gain
and Gross Morphology of the lleum

In this study, symptoms of gastrointestinal side effects
were observed in mice soon after the first injection of
oxaliplatin, for example, pica behavior, as well as suc-
ceeding repeated oxaliplatin administrations, for
example, constipation.

To demonstrate the systemic impact of the oxaliplatin
treatments, mice were weighed daily during the treat-
ment regime (n=4 animals/group/time point; Fig. 1A).
Sham-treated mice consistently gained weight over 21
days (3 days: 104.3 + 0.2%, 7 days: 105.3 + 0.1%, 14
days: 111.7 + 1.2%, 21 days: 115.3 + 2.5%). In contrast,
oxaliplatin-treated mice did not demonstrate any differ-
ences in weight gain at 3 (101.0 = 1.0%) and 7 (102.4 +
1.0%) days after the initial treatment when compared
with sham-treated mice. At 14 and 21 days of repeated
oxaliplatin injections, mice had significantly lower weight
compared with sham-treated mice (p<0.05 for both, 14
days: 102.1 + 2.1%, 21 days: 105.5 + 1.3%).
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Figure I. The effect of in vivo oxaliplatin treatment on weight
gain and gross morphology of the ileum. (A) Body weight of mice
recorded at 3, 7, 14, and 2| days post initial oxaliplatin or sham
treatments. n=4 mice/group/time point. ¥p<0.05. (B) Gross mor-
phology of the ileum assessed in hematoxylin and eosin (H&E)—
stained cross-sections from oxaliplatin- and sham-treated mice at
3,7, 14, and 21 days after the first injection. Scale bars = 25 pm,
n=3 mice/group/time point. Abbreviation: OXL = oxaliplatin.

No obvious macroscopic abnormalities were
observed in the ileum at the time points we studied.
Gross morphological assessment of H&E-stained sec-
tions enabled microscopic evaluation of changes to
the ileal architecture following oxaliplatin treatment(s)
(n=3 animals/group/time point; Fig. 1B). H&E-stained
ileum cross-sections from sham-treated mice dis-
played normal villi and structural arrangements

of goblet cells and crypts, a continuous epithelial cell
lining and distinct muscular and mucosal layers at 3, 7,
14, and 21 days post initial treatment (histological
scores = 0-1, for all time points; Fig. 1B, I-1V). No dif-
ferences were observed in H&E-stained ileum sec-
tions from oxaliplatin-treated mice after short- and
long-term oxaliplatin treatments (histological scores =
0-1, for all time points; Fig. 1B, V=VIII) when compared
with sham-treated mice.

Effects of Oxaliplatin Treatment on the
Mpyenteric GFAP-IR EGCs

Immunohistochemical labeling of both oxaliplatin-
treated and sham-treated ileum tissues revealed
GFAP-IR EGCs within the myenteric plexus (Fig. 2).
Quantification of GFAP immunoreactivity was com-
pleted by measuring the density of labeling per 2
mm? area. There were no changes in the density of
GFAP-IR labeling in tissues from oxaliplatin-treated
mice at days 3 (3.4 £ 0.3%) and 7 (3.1 = 0.2%) when
compared with tissues from the sham-treated mice
(day 3: 3.5 + 0.3%, day 7: 3.5 £ 0.2%; n=3 animals/
group/time point; Figs. 2A-D', I). Long-term oxalipla-
tin administration induced a decrease in the density
of GFAP-IR EGCs in tissues from oxaliplatin-treated
mice when compared with tissues from sham-treated
mice (Figs. 2E—H, 1). After 14 days of oxaliplatin treat-
ment, the density of GFAP-IR in the mouse ileum was
considerably reduced (oxaliplatin: 2.5 £ 0.1%, sham:
3.6 + 0.3%, p<0.05; n=3 mice/group/time point; Fig.
21). Quantification of the density of GFAP-IR labeling
at 21 days after the commencement of oxaliplatin
treatment demonstrated no further loss of GFAP-IR in
the oxaliplatin-treated group (2.4 + 0.1%) compared
with the sham-treated group (3.5 + 0.2%, p<0.05;
n=3 mice/group/time point; Fig. 21).

Effects of Oxaliplatin Treatment on the
Mpyenteric s100B-IR EGCs

There were no changes to the density of s100B-IR
EGCs at days 3 and 7 in the oxaliplatin-treated group
(day 3:5.3 + 0.4%, day 7: 5.1 + 0.2%) when compared
with sham-treated animals (day 3: 5.6 + 0.1%, day 7:
5.8 + 0.2%; n=3 mice/group/time point; Figs. 3A-D', I).
The density of s100B-IR in the myenteric plexus of the
ileum increased in tissues from oxaliplatin-treated
mice (6.6 + 0.2%) after 14 days when compared with
tissues from sham-treated mice (5.7 + 0.2%, p<0.01;
n=3 mice/group/time point; Figs. 3E and F', ). At 21
days after the commencement of treatment, the den-
sity of s100B-IR EGCs in oxaliplatin tissues (6.5 +
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Figure 2. The effect of in vivo oxaliplatin treatment on glial fibrillary acidic protein—-immunoreactive (GFAP-IR) enteric glial cells (EGCs)
in the myenteric plexus. GFAP immunoreactivity in longitudinal muscle-myenteric plexus (LMMP) ileum preparations 3, 7, 14, and 21
days after commencement of oxaliplatin treatment (A—H). Merged images depicting GFAP-IR EGCs surrounding protein gene product
9.5-IR (PGP9.5-IR) myenteric neurons (A—H'"). Scale bars = 50 pm. Quantitative analyses of the density of GFAP immunoreactivity per
2 mm” area (I). n=3 mice/group/time point. Abbreviation: OXL = oxaliplatin. *p<0.05.
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Figure 3. The effect of in vivo oxaliplatin treatment on s100B-immunoreactive (IR) enteric glial cells (EGCs) in the myenteric plexus.
s100p immunoreactivity in longitudinal muscle-myenteric plexus (LMMP) ileum preparations 3, 7, 14, and 21 days after commencement
of oxaliplatin treatment (A—H). Merged images depicting s100B3-IR EGCs surrounding protein gene product 9.5-IR (PGP9.5-IR) myenteric
neurons (A—H"). Scale bars = 50 pm. Quantitative analysis measuring the density of s|00B immunoreactivity per 2 mm? area (I). n=3
mice/group/time point. Abbreviation: OXL = oxaliplatin. ¥*p<0.01.
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Figure 4. The effect of in vivo oxaliplatin treatment on glial fibrillary acidic protein (GFAP) and s|10083-colocalizing enteric glial cells
(EGCs) in the myenteric plexus. GFAP (A-B) and s100p (A'-B') immunoreactivity in longitudinal muscle-myenteric plexus (LMMP) ileum
preparations |4 days after commencement of sham or oxaliplatin treatment. Merged images depicting GFAP and s100f3-colocalizing
EGCs in the myenteric plexus (A"-B"). Scale bars = 50 um. Quantitative analysis of the number of colocalizing EGCs per ganglion (C).

n=3 mice/group/time point. Abbreviation: OXL = oxaliplatin. *p<0.05.

0.1%) remained consistently elevated in comparison
with sham-treated mice (5.6 = 0.1%, p<0.01; n=3 mice/
group/time point; Figs. 3G and H', I).

The effects of oxaliplatin treatment on colocalization
of myenteric GFAP and s100B-IR EGCs was assessed
in the LMMP preparations of the ileum 14 days after
the commencement of oxaliplatin treatment (Figs. 4A

and B"). EGCs colabeled with GFAP and s100p anti-
bodies were counted and averaged per 10 ganglia. An
average of 5.8 + 0.3 GFAP/s100B-IR EGCs per gan-
glion were observed in sham-treated mice. Oxaliplatin
treatment significantly reduced the number of GFAP/
s100B-IR colocalizing EGCs (4.2 = 0.3 per ganglion,
p<0.05; Fig. 4C).
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Figure 5. The effect of in vivo oxaliplatin treatment on protein
gene product 9.5-IR (PGP9.5-IR) neurons in the myenteric plexus.
PGP9.5 immunoreactivity in longitudinal muscle-myenteric plexus
(LMMP) ileum preparations 3, 7, 14, and 21 days after com-
mencement of oxaliplatin treatment (A-D'). Scale bars = 50 um.
Quantitative analyses measuring the density of PGP9.5-IR neurons
per 2 mm?’ area (E). n=3 mice/group/time point. Abbreviation:
OXL = oxaliplatin. ¥p<0.05.

Effects of Oxaliplatin Treatment on the
Mpyenteric Neurons of the lleum

Myenteric neurons in the mouse ileum were examined
following repeated oxaliplatin treatment with an anti-
body to the neuronal marker PGP9.5 that labeled neu-
ronal cell bodies and processes (Fig. 5). No differences
were found in the density of PGP9.5-IR per 2 mm?
area in the ileum at 3 and 7 days after commencement
of oxaliplatin treatment (day 3: sham: 11.9 + 0.4%,
oxaliplatin: 11.6 = 0.1%; day 7: sham: 12.9 = 1.0%,
oxaliplatin: 12.5 + 0.4%; n=3 mice/group/time point;
Figs. 5A and B', E). However, quantification of the den-
sity of PGP9.5-IR in the myenteric plexus of the ileum
after 14 days demonstrated loss of myenteric neurons
in tissues from oxaliplatin-treated mice (sham: 12.2 +
0.2%, oxaliplatin: 10.7 + 0.2%, p<0.05; n=3 mice/
group/time point; Figs. 5C—C'). Similarly, reduction in
the density of PGP9.5-IR was observed at 21 days
after the commencement of oxaliplatin treatment
(sham: 11.7 + 0.01%, oxaliplatin: 10.7 + 0.1%, p<0.05;
n=3 mice/group/time point; Figs. 5D and E).

Effects of Oxaliplatin Treatment on EGCs and
Neurons in the SMP

The effects of repeated oxaliplatin treatment on
EGCs were assessed in the SMP of the mouse
ileum at day 14 (Figs. 6A-D"). A significant decrease
in the density of submucosal GFAP-IR was revealed
in whole mount tissues from oxaliplatin-treated
mice (1.1 = 0.04%) when compared with tissues
from sham-treated mice (1.7 = 0.1%, n=3 mice/
group, p<0.01; Figs. 6A, B, and E). There were no
changes to the density of s100B-IR labeling in the
submucosal ganglia of the ileum from oxaliplatin-
treated mice (2.7 £ 0.1%) when compared with
sham-treated animals (2.5 + 0.1%, n=3 mice/group;
Figs. 6C, D, and F). Quantification of B-Tubulin
(IN-IR in submucosal preparations revealed a
decrease in neuronal cell bodies and fibers in the
oxaliplatin group at day 14 (oxaliplatin: 2.2 + 0.1%,
sham: 2.8 + 0.1%, n=3 animals/group, p<0.05;
Figs. 6A", D', and G).

Effects of Oxaliplatin Treatment on EGCs in
Cross-Sections of the lleum

GFAP and s100p immunoreactivity was quantified in
cross-sections (per 2 mm? area) of the ileum 14
days after the commencement of oxaliplatin treat-
ment (Figs. 7A and B"). Consistent with results
observed in the myenteric and submucosal plexi,
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Figure 6. The effects of long-term oxaliplatin treatment on glial fibrillary acidic protein (GFAP) and s|00B-immunoreactive (IR) enteric
glial cells (EGCs) in the submucosal plexus (SMP). GFAP-IR EGCs (A-B), s100B-IR EGCs (C-D), and B-Tubulin-IR neurons and fibers
(A-D") in the SMP of the ileum 14 days after the commencement of oxaliplatin treatment. Merged images of submucosal neurons and
EGCs (A"-D"). Scale bars = 50 ym. Quantitative analyses of the density of GFAP immunoreactivity per 2 mm? area (E), s100p immu-
noreactivity per 2 mm” area (F), and B-Tubulin (Ill) immunoreactivity per 2 mm? area (G) in submucosal preparations. n=3 mice/group.
Abbreviation: OXL = oxaliplatin. ¥p<0.05, *¥p<0.01.
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Figure 7. The effects of long-term oxaliplatin treatment on glial fibrillary acidic protein (GFAP) and s100pB-IR enteric glial cells (EGCs)
in cross-sections of the ileum. GFAP-IR (A-B) and s100B-IR (A-B') EGCs in cross-sections of the ileum |4 days after the commence-
ment of oxaliplatin treatment. Merged images (A"-B"). Scale bars = 100 um. The density of GFAP (C) and s100f (D) immunoreactivity
measured in cross-sections of the ileum. n=3 mice/group. Abbreviation: OXL = oxaliplatin. ¥p<0.05.

GFAP immunoreactivity decreased in cross-sections
of the ileum from oxaliplatin-treated mice (1.8 =
0.3%) when compared with sham-treated mice (2.7
+ 0.1%, n=3 animals/group, p<0.05; Fig. 7C). s100pB
immunoreactivity was increased in sections from the
oxaliplatin-treated group at 14 days (oxaliplatin: 7.6 +
1.2%, sham: 3.6 + 0.5%, n=8 animals/group, p<0.05;
Fig. 7D).

Effects of Oxaliplatin Treatment on the Level of
GFAP and s100pB-Protein Expression
Western blotting was performed on lysates made from

the smooth muscle and enteric ganglia layers.
Antiserum against GFAP protein (a single band at

approximately 48 kDa) revealed a significant reduction
in GFAP expression from the oxaliplatin-treated mice
(0.6 + 0.2 x 10°) when compared with protein levels in
sham-treated animals (2.4 + 0.3 x 10°, n=3 animals/
group, p<0.01; Figs. 8A and B). However, assessment
of ileum s100pB-protein levels (a single band at approxi-
mately 11 kDa) revealed increase in s1003 expression
in tissues from oxaliplatin-treated animals (oxaliplatin:
3.8 + 1.1 x 10° n=7, p<0.05; sham: 0.6 + 0.1 x 10°
n=5, Figs. 8A and C). Western blotting of B-Tubulin (l11)
protein (a single band at approximately 55 kDa) levels
demonstrated a reduced expression in tissues from
oxaliplatin-treated mice (6.6 = 0.5, p<0.05) when com-
pared with tissues from sham-treated animals (10.0 +
1.0, n=3 mice/group; Figs. 8A and D).
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Figure 8. The effects of long-term oxaliplatin treatment on glial fibrillary acidic protein (GFAP), s100f3, and B-Tubulin (lll) protein
expression in the ileum. A representative result of Western blot analysis for GFAP, s1003, and B-Tubulin (lll) protein expression in the
myenteric ganglia/smooth muscle preparations (A). Actin was used as a loading control. Relative expression of GFAP (B), s|00p (C), and
B-Tubulin (lll) (D) proteins in the ileum at 14 days after the commencement of oxaliplatin treatment. n=3—7 mice/group. Abbreviation:

OXL = oxaliplatin. *p<0.05, *p<0.01.

Discussion

The objective of this study was to investigate the effects
of repeated in vivo oxaliplatin treatment on the EGCs
and neurons in the mouse ileum. The present study
showed that (1) short-term oxaliplatin treatment did not
affect the density of EGCs or neurons in the myenteric
plexus of the ileum, (2) long-term oxaliplatin treatment
(14—21 days) induced decrease in the density of GFAP

immunoreactivity in both myenteric and submucosal
ganglia and in cross-sections and increase in s1003
immunoreactivity in myenteric ganglia and mucosa, (3)
long-term oxaliplatin treatment instigated loss of myen-
teric and submucosal neurons in the ileum, and (4)
changes in expression of GFAP and s100p proteins fol-
lowing long-term oxaliplatin treatment were confirmed
by Western blot analyses performed in the myenteric
ganglia/smooth muscle preparations at day 14.
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Diverse populations of glial cells in the gut IR for
s100B and GFAP reside within myenteric and submu-
cosal ganglia, within interganglionic nerve fiber tracts,
beneath mucosal epithelial cells, and between smooth
muscle cells.?*® Mature EGCs are rich in the interme-
diate filament protein GFAP.>**® Although GFAP does
not consistently differentiate between intrinsic and
extrinsic glia, it is recognized as a specific glial cell
marker to identify GFAP-positive EGCs'® and to distin-
guish any variances in EGC morphology.*' A small, dif-
fusible neurotrophin s100p is located in the cytoplasm
or nucleus of cells in both nervous system and non-
nervous system tissues.?® The gut s100p protein, a
small signaling diffusible Ca®/Zn**-binding protein, is
specifically expressed by EGCs.?"*? This protein regu-
lates cytoskeletal structure and function and Ca®*
homeostasis in the cytoplasm of glial cells.*® Thus, two
antibodies, anti-GFAP and anti-s1008, were utilized in
this study to identify EGCs at the levels of the myen-
teric and submucosal plexi, as well as across the
entire ileum wall. In the mouse ileum, the submucosal
ganglia when compared with the myenteric ganglia
have much smaller number of glial cells.** Accordingly,
the densities of both GFAP-IR and s100B-IR EGCs
were different between the myenteric and submucosal
plexi of the ileum from control mice observed in our
study. Moreover, our results are consistent with previ-
ously reported differential expression of s100p and
GFAP in the myenteric®®*° and submucosal* plexi of
the intestine from control mice and rats.

In the present study, long-term repeated oxaliplatin
administration caused decrease in the expression of
GFAP in the myenteric and submucosal plexi as well as
in cross-sections of the ileum confirmed by Western
blot analysis performed in the myenteric ganglia/smooth
muscle preparations at day 14. GFAP expression is
modulated by cell differentiation, inflammation, and
injury,*® indicating that the level of this intermediate fila-
ment protein matches with the functional state of EGC.
Disruption of EGCs has been characterized by a
decrease in GFAP expression both at the protein and
mRNA level in a transgenic mouse model of EGC dis-
ruption.*® Consistent with our results, decrease in GFAP
expression has been observed in other pathological
conditions. In vivo studies using type 1 diabetic mice
have shown decreases in CNS*’ and colonic levels of
GFAP*8* |n addition, the expression of GFAP has been
reported to decrease in response to acute infection,
neurodegeneration, and conditions such as Wernicke’s
encephalopathy, Down’s syndrome, schizophrenia,
bipolar disorder, and depression.*® GFAP-null mice
have delayed nerve regeneration following an injury.’’

In our study, the density of s100B-IR EGCs was
increased in the myenteric plexus (confirmed by IHC

in whole mount preparations of myenteric ganglia and
by Western Blot) and in mucosa (demonstrated by IHC
in cross-sections). Elevated s100B expression has
been previously associated with Alzheimer’s disease
and traumatic brain and spinal cord injury, where an
increase in this protein is due to neuronal or glial cell
insult.®*>* Furthermore, increased s100p expression
within the dorsal root ganglion (DRG) is also observed
following sciatic nerve transection.®® In the gut, aber-
rant expression of s100p protein participates in the
onset and progression of inflammatory status, orches-
trating a wide range of proinflammatory pathways that
are directly involved in intestinal inflammation.?”?82
Previous studies have reported increases in EGC-
derived s1008 mRNA, protein expression, and secre-
tion in the duodenum of patients with celiac disease
and Crohn’s disease, as well as in the rectal mucosa of
ulcerative colitis patients.?”*?

The differences in GFAP and s100p functions may
explain the opposite effects of oxaliplatin treatment on
the expression of these proteins observed in our study.
GFAP is typically associated with regeneration, whereas
s100B is linked to cell damage and apoptosis.’"*®
Decreased level of GFAP and increased level of s1003
immunoreactivity within myenteric plexus and in the
mucosa (subepithelial EGCs) observed in our study is
indicative of cellular damage associated with oxaliplatin
treatment. However, no changes in the levels of s100p
immunoreactivity were observed in SMP following oxali-
platin treatment. It has been reported previously that
submucosal and myenteric EGCs respond differently to
damaging stimuli such as proinflammatory cytokines.”
These results might reflect functional heterogeneity of
EGCs and differences in their response to chemother-
apy-induced intestinal damage.

A decrease in the population of EGCs colocalizing
GFAP and s100pB was observed in the myenteric plexus
of oxaliplatin-treated mice. Whether the decrease in
GFAP/s100B colocalization is due to phenotypic
changes in EGCs or due to the loss of GFAP-IR EGC
population, and increase in proliferation of s100B-IR
EGC population, needs to be further determined.

Our results demonstrated that changes in GFAP
and s100pB expressions in oxaliplatin-treated animals
correlated with decreased density of myenteric and
submucosal neurons in the ileum after 14 days of
repeated administration. This is consistent with pre-
vious reports on the reduction in the number of
enteric neurons in the colon after administration of
oxaliplatin in mice® and cisplatin in rats.*® These
changes in the ENS were associated with lack of
weight gain, pica, and constipation that correlate
with changes in gastrointestinal transit and colonic
motility observed in oxaliplatin-treated mice.®3*
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Some of these symptoms start soon after the first
injection (e.qg., pica, changes in gastrointestinal tran-
sit), while others have delayed onset (e.g., constipa-
tion observed at days 14 and 21 after the start of
treatment). The early symptoms might be due to the
mucosal damage associated with chemotherapy.®°®
We have not observed obvious mucosal damage or
macroscopic lesions in the ileum at the time points
we studied. However, this cannot be excluded at the
earlier time points (within hours of oxaliplatin admin-
istration) as in our previous studies, using a model of
2,4,6-trinitrobenzenesulfonic acid (TNBS)—induced
ileitis, we have seen mucosal damage occurring
within the first few hours and mucosal regeneration
by day 3.°°¢° Early mucosal damage can lead to
damage and death of enteric neurons leading to
long-term gastrointestinal dysfunction.®®®' However,
direct oxaliplatin toxicity is another possible mecha-
nism of the enteric neuronal and glial cell damage
underlying long-term gastrointestinal symptoms."*?
The mechanisms underlying neuronal loss resulting
from chemotherapy treatment have not been eluci-
dated. However, the role of glial cells in chemotherapy-
induced neurotoxicity has been implicated.* It has
been reported that oxaliplatin-induced neuropathies
show different characteristics of tissue injury with
changes in the density of glial cells in the presence
of limited alteration of cell morphology.?® Cisplatin-
induced toxicity to human and rat Schwann cells has
been previously studied and it has been revealed
that platinum-based agent can accumulate within
glial cells.®®® Other studies have reported that DRG
neurons undergo apoptosis following exposure to
oxaliplatin.®*®® Dense vascularization of the DRG
neurons and glial cells makes them vulnerable to
preferential accumulation and injury from chemo-
therapeutic agents.®® Cisplatin and oxaliplatin accu-
mulation in DRG neurons is correlated with increased
platinum-DNA binding in and death of neurons.®*¢’
Given that both glia and neurons within the nervous
system are vulnerable to platinum accumulation and
cell damage and death, this may also be the mecha-
nism contributing to oxaliplatin-induced glial and
neuronal toxicity within the ENS leading to gastroin-
testinal dysfunction.

In summary, repeated in vivo oxaliplatin adminis-
tration induces aberrant effects on the EGCs that
were most prominent at 14 days after commence-
ment of treatment. The changes in expression of
GFAP and s100B-IR EGCs observed in this study are
associated with neuronal loss induced by oxaliplatin
treatment, implicating the role of EGCs in oxaliplatin-
induced enteric neurotoxicity and long-term gastroin-
testinal dysfunction.
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