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Abstract
Irinotecan–induced mucositis is a major oncological problem. Goblet cells secrete mucus, protecting the intestinal mucosa,
with secretion altered during mucositis. The enteric nervous system is involved in regulating gut motility and secretion.
The aim of this study was to determine whether enteric neural cells and goblet cells are altered following irinotecan
treatment. Tumour-bearing Dark Agouti rats were administered a single dose of 175 mg/kg of irinotecan intraperitoneally
and 0.01 mg/kg atropine subcutaneously. Experimental and untreated control rats were killed at times 6, 24, 48, 72, 96 and
120 h after treatment. Jejunum and colon samples were formalin fixed. Haematoxylin and eosin staining, Alcian Blue-PAS
staining, and immunohistochemistry with S-100 antibody (neural cell marker) were carried out. Statistical analyses were
carried out using Kruskal-Wallis test with Dunns post test, Mann Whitney U test and nonlinear regression. Total goblet
cells decreased at 72 h compared with controls in the colon (p < 0.05). The percentage of cavitated goblet cells decreased
compared to all other time points at 120 h in the colon. The number of S-100 positive cells in the submucosal plexus
decreased in the colon (p = 0.0046) and in the myenteric plexus of the jejunum and colon (p = 0.0058 and p = 0.0022,
respectively), when comparing treated with control. Enteric ganglia in the myenteric plexus of the jejunum decreased at
24 h and 96 h. Irinotecan-induced mucositis is associated with increases in mucus secretion, and enteric neural cell change.
These changes may contribute to the pathophysiology of mucositis through the dysregulation of neural signalling.
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Introduction

Gastrointestinal (GI)mucositis is a severe, dose-limiting, toxic
side effect of cancer treatment, occurring in more than 40% of
cancer patients receiving standard dose chemotherapy and in
100% of cancer patients receiving high dose chemotherapy
[1–3]. Symptoms include ulceration, abdominal pain, nausea,
vomiting, abdominal bloating and diarrhoea, [2, 4, 5] and
often lead to dose reductions, which may result in reduced
survival [6, 7]. Furthermore, nutritional adjuncts may be re-
quired including fluid replacement, liquid diets and total par-
enteral nutrition, translating to a substantial cost increase per
cycle of chemotherapy [7, 8]. Currently, there is no effective
treatment for GI mucositis. However, with continued research
to improve the understanding of the pathobiology of mucosi-
tis, new possibilities continue to be developed [9–15].
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It is now recognised that mucositis is a multifactorial pro-
cess, with multiple signalling pathways and processes contrib-
uting, including both mucosal and luminal modifications to
the intestine [16]. Expression and secretion of mucins (high
molecular weight acidic glycoproteins secreted by goblet
cells) have previously been shown to be associated with mu-
cositis [17–21]. Mucins, as part of the mucus layer, mediate
between the luminal contents and the mucosa, protecting the
mucosa from bacterial overgrowth and penetration, and diges-
tion, and also by providing attachment sites for commensal
bacteria [22–24].

Mucin expression and secretion may be regulated by the
enteric nervous system (ENS) [22]. The ENS is considered
part of the peripheral nervous system (PNS), and consists of
sensory neurons, interneurons and motor neurons [23].
Sensory neurons detect chemical and mechanical stimuli,
whilst interneurons transmit data to motor neurons, effecting
smooth muscle contraction, distension, and secretion [23].
Therefore, damage to the ENS may significantly affect intes-
tinal homeostasis, either through impaired detection of stimu-
li, inadequate delivery of information or a compromised abil-
ity to respond to stimuli. The mechanisms of mucin regulation
are largely unknown. However, enteric neurotransmitters va-
soactive intestinal polypeptide (VIP) and nitric oxide (NO)
have been shown to be involved in mucin secretion, which
may suggest ENS involvement [24, 25]. Therefore this study
aims to determine whether irinotecan alters mucin secretion,
and if enteric neural cells are damaged during GI mucositis
induced by irinotecan.

Methods

Ethics

Approval for the use of animals was granted by the Animal
Ethics Committees of the Institute of Medical and Veterinary
Science (IMVS) and the University of Adelaide, and com-
plied with the National Health and Medical Research Council
(Australia) Code of Practice for Animal Care in Research and
Teaching (2004) (M-2010-118A). Rats were monitored four
times daily, with rats showing a dull ruffled coat with accom-
panying dull and sunken eyes, cold to touch with no sponta-
neous movement and a hunched appearance; or a tumour
burden greater than 10% of body weight were euthanized.

Tumour Preparation

The Dark Agouti mammary adenocarcinoma (DAMA) model
applied in this study has been used extensively, as previously
described [26–29]. Briefly, excised tumours were diced,
homogenised and filtered through sterile gauze. The tumour
suspension was centrifuged at 1100 rpm for 3 min and

resuspended in sterile phosphate buffered saline (PBS) three
times. A viable cell count was carried out using 0.4% v/v
trypan blue.

Experimental Design

All experiments were carried out in inbred female DA rats,
weighing between 150 g and 170 g. The rats were single-
housed in an animal facility regulated at 22 ± 1 °C and subject
to a 14:10 h light-dark cycle. All rats received tumour inocu-
lum of 4.0 × 106 cells in 0.5 mL sterile PBS subcutaneously
into each flank. Tumours were allowed to grow for 10 days
prior to rats receiving irinotecan.

Rats were randomly assigned to groups representing time
following irinotecan. The final numbers able to be used for
analysis were: control (6), 6 h (5), 24 h (5), 48 h (5), 72 h (8),
96 h (5), 120 h (6). Each experimental rat received 0.01 mg/kg
of atropine (to reduce the cholinergic reaction) followed by
175 mg/kg irinotecan intraperitoneally (ip). Six control rats
received sorbitol lactic acid buffer (45 mg/ml sorbitol,
0.9 mg/ml lactic acid, pH 3.4) and atropine.

Irinotecan (supplied by Pfizer, Kalamazoo, Michigan,
USA) was administered in a sorbitol lactic acid buffer, re-
quired for activation of the drug, at time designated 0 h. Rats
were killed at the specific time points (with 1 control per time
point) using deep anaesthesia with 3% isofluorane in 100%
O2, followed by exsanguination and cervical dislocation.

The GI tract (pyloric sphincter to the rectum) was dissected
out and separated into the small intestine (pyloric sphincter to
ileocaecal sphincter) and colon (ascending colon to rectum).
Each was flushed with chilled, sterile isotonic saline, prior to
1 cm samples being taken from jejunum and colon.

Histopathology

All samples were fixed in 10% neutral buffered formalin, proc-
essed and embedded in paraffin for histological analysis.
Routine haematoxylin and eosin staining was used to observe
histopathological changes. Individual parameters of villous
blunting, villous fusion (SI) and crypt ablation (SI and colon)
were analysed visually based on 10 fields of view. Scoring for
villous blunting, crypt ablation was based on the amount of the
villi blunted or crypt ablated respectively compared to normal
tissue. Villous fusion scoring was based on the percentage of
fused villi compared to normal tissue. Inflammatory infiltrate
was based on the severity of inflammatory infiltrate present, by
ranking each sample then determining the increase in severity
compared to the normal tissue. This data was then graded from
0 to 3, with 0 = no change from standard histological structure,
1 = up to one third of tissue affected, 2 = between one and two
thirds of tissue affected, and 3 = greater than two thirds of
tissue affected.
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Analysis of Goblet Cells

Goblet cells and mucins were analyzed using Alcian Blue/
PAS staining. Briefly, sections were dewaxed in xylene and
rehydrated through a graded series of ethanol, and stained
in Alcian Blue (1% Alcian Blue 8GX, CI 74240, Sigma-
Aldrich, in 3% glacial acetic acid, Sigma-Aldrich) for
5 min. Sections were then rinsed in distilled water and
oxidized in 1% periodic acid before washing. Sections
were then treated for 15 min in Schiff’s reagent and
washed for 7 min in running tap water. Sections were then
dehydrated, cleared and mounted and were analyzed under
20X magnification. Total goblet cell number, and cavitated
goblet cell number (recognized by apical indentation into
the intracellular store of mucus granules, representative of
accelerated mucus secretion by compound exocytosis)
[30], in a minimum of 15 complete villi and crypts were
counted for each section. Composition of goblet cells was
also recorded, with blue staining representative of acidic
mucins, magenta staining representative of neutral mucin,
and purple staining representative of mixed mucins.

Immunohistochemistry

To investigate whether the ENS is affected by chemotherapy,
anti-S100 antibody (Dako, Denmark, Glostrup) was used.
This antibody has previously been shown to detect all neural
cells (neurons, glial cells and Schwann cells) of the PNS, and
S100A1, S100A6 and S100B [31]. Sections were cut at
10 μm, placed onto silane-coated slides (HD Scientific,
Sydney, New South Wales, Australia) and heated to 60 °C
for 2 h on a heating block. Slides were dewaxed in xylene,
and rehydrated through a graded series of ethanol and dis-
tilled water, followed by PBS. Endogenous peroxidases were
blocked with 3% hydrogen peroxide in methanol for 1 min.
Non-specific antibody binding was blocked with blocking
solution (Ultra Streptavidin HRP kit, Signet, Dedham,
Massachusetts, U.S.A) for 30 min. After washing in PBS,
endogenous avidin and biotin were blocked using the Avidin
and Biotin kit (Vector Laboratories, Burlingame, California,
U.S.A.). Polyclonal rabbit anti-S100 antibody (Dako, 1:800
dilution) was then applied for 30 min at room temperature
(RT). After washing in PBS (3 × 5 min), linking reagent
(Ultra Streptavidin HRP kit) was applied for 30 min, follow-
ed by washes in PBS (3 × 5 min). Labelling reagent (Ultra
Streptavidin HRP kit) was then applied for 30 min then
washed in PBS (3 × 5 min). Staining was visualised using
3,3′-diaminobenzidine (DAB) and counterstained using
Lillie Mayer’s Haematoxylin, before dehydrating, clearing
and cover slipping. A cell count of stained cells was carried
out over 1 mm lengths of tissue, with nerve bundles (groups
of 4 or more stained cells) and axons and neural cells (less
than 4 stained cells) counted and recorded, as well as the

location of the cells. Staining intensity was also graded to
analyse the change in expression, where 0 = negative; 1 =
weak; 2 =moderate; 3 = strong; 4 = very intense, based on a
previously validated technique [32].

Statistical Analysis

Statistical analysis was performed using a Kruskal-Wallis test
for non-parametric data with a secondary Dunn’s comparative
test for multiple group comparisons, andMannWhitney U test
for comparing two groups only using GraphPad Prism 5.0
software (Graphpad software, Califorina, U.S.A). Non-
parametric linear regression was also carried out to determine
if a correlation between histological damage, goblet cell, and
nerve cell parameters exists using StataIC12 (StataCorp LP,
Texas, USA). Differences between mean ranks were deter-
mined to be significant at p < 0.05. Cohen’s D tests to deter-
mine clinical significance were also carried out as a measure
of effect size. The effect was considered small if d > 0.20,
moderate if d > 0.50, and large if d > 0.80 [33].

Results

Irinotecan Causes Histopathological Damage
in the Intestine

Histological changes were observed along the GIT follow-
ing irinotecan administration (Fig. 1), as previously de-
scribed [34, 35]. In the jejunum, villous fusion and
blunting increased between 24 and 120 h following
irinotecan. Crypt ablation was greatest at 24 and 48 h fol-
lowing irinotecan, with crypt hypoplasia evident at 96 h.
In the colon, crypt ablation increased from 6 to 96 h fol-
lowing irinotecan (Fig. 1). No effects on tumour growth
were observed (data not shown).

Irinotecan Modifies Goblet Cell Number
and Composition

Composition

Alcian Blue/PAS staining showed the composition of mucins
in goblet cells in the jejunum was mixed (purple) and neutral
(magenta) in control rats. The composition changed between
24 and 48 h following irinotecan, with increased acidic (blue)
mucins present. In the colon, composition of mucins in goblet
cells was predominantly mixed in control rats. The composi-
tion of mucins change from mixed to neutral following
irinotecan, becoming neutral at 120 h (Fig. 2).
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Fig. 1 Histopathological changes
in the jejunum and colon of
irinotecan-treated rats compared
with vehicle controls. a Jejunum:
villous fusion and blunting, and
crypt ablation increased following
irinotecan. At 48 h an arrow
highlights villous blunting, at 96 h
another arrow highlights villous
fusion. b Colon: crypt ablation
increased following irinotecan. At
72 h an arrow highlights crypt
ablation. (Original magnifications
20X) c Pathology scores of vil-
lous fusion in the jejunum fol-
lowing irinotecan. d Pathology
scores of villous blunting in the
jejunum following irinotecan. e
Pathology scores of crypt ablation
in the jejunum following
irinotecan. F. Pathology scores of
crypt ablation in the colon fol-
lowing irinotecan
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Quantification of Goblet Cells

Mean total goblet cell numbers were 18.7 ± 2.6 (mean ± SEM)
per villus and 10.3 ± 1.4 per crypt in the jejunum of control
rats. Mean total goblet cells were lowest at 6 h (13.2 ± 1.8 and
5.1 ± 0.6, villus and crypt, respectively), 48 h (13.7 ± 2.3 and
2.9 ± 1.5) and 72 h (12.2 ± 1.5 and 4.0 ± 0.8), when histolog-
ical damage was also present. Goblet cell numbers were
greatest (not significant) at 96 h (27.7 ± 6.4 and 13.9 ± 2.1,
villus and crypt, respectively) following irinotecan. The mean
ranks of the total number of goblet cell numbers per villus and
crypt both deviated significantly across time points (p = 0.043
and p = 0.0003, respectively) (Fig. 2). Comparisons between
individual time points did not reach significance.

Mean total goblet cell numbers in the colon of control rats
were 16.8 ± 0.9 per crypt (mean ± SEM). Mean total goblet
cells per crypt decreased following irinotecan, with the lowest
number at 72 h (8.6 ± 1.1). Themean ranks of the total number
of goblet cells per crypt deviated significantly (p = 0.0061) at
72 h following irinotecan compared with control (mean rank
difference 21.0) (Fig. 2).

Cavitated Goblet Cells The percentage of cavitated goblet cells
(of total goblet cells) in the jejunum of control rats was 80.9 ±
5.5 per villus and 77.6 ± 3.2 per crypt. The percentage of cav-
itated goblet cells per villus was greatest at 72 h (85.7 ± 3.1,
Cohen’s D = 2.1, large effect) and was lowest at 24 h (66.1 ±
7.1, Cohen’s D = 0.5, small effect) following irinotecan. In the

crypts, the percentage of cavitated goblet cells was highest at
72 h (93.2 ± 2.3, Cohen’s D = 1.4, large effect) and lowest at
120 h (75.5 ± 3.1, Cohen’s D = 0.9, large effect). The mean
ranks of the percentage of cavitated cells in the villi did not
deviate significantly. In contrast, the percentage of cavitated
cells in the crypts of the jejunum of irinotecan-treated rats
deviated significantly across time points (p = 0.018), although
individual time point comparisons did not reach significance.

In the colon, the percentage of cavitated goblet cells (of
total goblet cells) in control rats was 71.31 ± 6.38 of total
goblet cells per crypt (Fig. 3). The percentage of cavitated
goblet cells was highest at 48 h following irinotecan (89.9 ±
3.5, Cohen’s D = 0.6, moderate effect), and lowest at 120 h
(46.2 ± 7.8, Cohen’s D = 2.9, large effect) (Fig. 3). The mean
ranks deviated significantly across all time points (p = 0.033),
although individual time point comparisons did not reach sig-
nificance (Fig. 2).

Immuno-Labelling of S100 Positive Cells

S100 (a marker for neurons, glial cells and Schwann cells of
the PNS) was analysed in the submucosal plexus and
myenteric plexus of the jejunum and colon. The mean staining
intensities of S100 positive cells of vehicle control rats in the
jejunum was 1.3 ± 0.5 (mean ± SEM) and 4.0 ± 0.0 for S100
positive cells (including neurons and glial cells) and enteric
ganglia, respectively. Mean staining intensity of vehicle con-
trol rats in the colon was 2.5 ± 0.7 and 1.0 ± 0.3 for S100

Fig. 2 Alcian Blue-PAS staining
of changes in the jejunum and
colon of irinotecan-treated rats
compared with vehicle controls. a
Jejunum (b) Colon (Original
Magnification 20X). c Counts of
intact (green) and cavitated (blue)
goblet cells in the jejunum in the
villus and crypts after irinotecan
administration. d Counts of intact
(green) and cavitated (blue) gob-
let cells in the colon in the crypts
after irinotecan administration. (*
Denotes statistical significance,
where p < 0.05)
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positive cells and enteric ganglia, respectively. Following
irinotecan administration, the staining intensity significantly
decreased in the colon at 72 h (0.3 ± 0.2, d = 2.6, large effect)
(p < 0.05) (Fig. 3).

Quantification of Neural Cells

Neural Cells

The mean number of S100 positive cells in the submucosal
plexuses of the jejunums of vehicle control rats was 11.4 ± 4.7
per millimetre (mm) length. The mean ranks of the number of
S100 positive cells per mm did not deviate significantly fol-
lowing irinotecan (data not shown). However, the number of
S100 positive cells present in the submucosal plexus de-
creased significantly in irinotecan treated rats (p = 0.01) when
all irinotecan treated rats were compared to vehicle controls,
irrespective of time point (Fig. 4).

The mean number of S100 positive cells in the myenteric
plexuses of the jejunums of vehicle control rats was 20.80 ±
4.53 per mm length. The number of S100 positive cells was
lowest at 24 and 48 h (7.0 ± 1.7, and 7.0 ± 1.6, respectively, d =
2.4 and 2.4, respectively, large effects) following irinotecan.

The mean ranks of S100 positive cells per mm did not deviate
significantly across individual groups (data not shown).
However, the number of S100 positive cells present in the
myenteric plexus decreased significantly in irinotecan treated
rats (p = 0.0058) when all irinotecan treated rats were compared
with vehicle controls, irrespective of time point (Fig. 4).

The mean numbers of S100 positive cells in the submucosal
and myenteric plexuses of the colons of vehicle control rats
were 10.2 ± 1.2 and 39.2 ± 12.4 per mm, respectively. This
number was lowest at 72 h following irinotecan treatment in
the submucosal plexuses (2.1 ± 2.6 per mm, d = 1.8, large ef-
fect) and at 120 h in the myenteric plexuses (4.0 ± 3.5 per mm,
d = 2.1, large effect). Mean ranks of S100 positive cells per mm
did not deviate significantly between individual time points for
both regions (data not shown). However, the number of S100
positive cells per mm was significantly lower in treated rats
(p = 0.0046 and 0.0022, respectively) when all irinotecan treat-
ed rats were compared with vehicle control rats (Fig. 4).

Enteric Ganglia

The mean number of enteric ganglia in the jejunum of vehicle
control rats was 4.2 ± 1.2 (mean ± SEM) per mm. The lowest

Fig. 3 Quantification of S100
positive cells in the submucosal
and myenteric plexuses of the
jejunum and colon of irinotecan-
treated rats comparedwith vehicle
controls (a) Jejunum, submucosal
plexus. b Jejunum, myenteric
plexus. c Colon, submucosal
plexus. d Colon, myenteric plex-
us. (**Denotes statistical signifi-
cance, where p < 0.05)
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numbers of enteric ganglia were present at 24 h (1.8 ± 0.8 per
mm). There was no significant difference between irinotecan
treated and vehicle control rats, mean ranks of the number of
nerve bundles per mm did not deviate significantly, and effect
size was not significant (data not shown).

The number of enteric ganglia in the colon of vehicle con-
trol rats was 6.3 ± 2.4 (mean ± SEM) per mm. There was no
significant difference between irinotecan treated and vehicle
control rats, mean ranks of the number of enteric ganglia did
not deviate significantly, and effect size was not significant
(data not shown).

Association of Goblet Cell Parameters with Neural
Cells in the Intestine

Non-parametric regression analysis was carried out to deter-
mine associations between experimental parameters. In the
jejunum, crypt cavitated goblet cells and myenteric plexus
nerve bundles were strongly inversely correlated (pseudo
R2 = 0.16). In the colon, cavitated goblet cells and submucosal

nerve bundles in the colon were strongly correlated (Pseudo
R2 = 0.08) (Table 1, Fig. 5).

Discussion

GI mucositis is a severe, dose-limiting, toxic side effect of
cancer treatment [7, 8]. This study has demonstrated for the
first time that the ENS may be involved in irinotecan-induced
mucositis, potentially through regulation of goblet cell secre-
tion. Previous studies in rat models for chemotherapy-induced
mucositis have demonstrated that goblet cells and mucins are
significantly affected by chemotherapy agents 5-FU and
irinotecan [18, 19]. However, these studies have been per-
formed using non-tumour bearing rats, and did not investigate
the ENS in the pathobiology of mucositis.

The findings of this study are consistent with previous pub-
lished results using irinotecan. Specifically, this study has
shown total goblet cell numbers in the jejunum and colon
decreased between 48 and 72 h, and 72 h respectively follow-
ing irinotecan administration, consistent with previous studies

Fig. 4 Immunohistochemistry of
S100 positive cells in the jejunum
and colon of irinotecan-treated
rats compared with vehicle con-
trols. a Immunohistochemistry of
S100 positively stained cells in
the jejunum. b
Immunohistochemistry of S100
positively stained cells in the co-
lon. Insets = Enteric ganglia;
Original magnification 20X
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by Stringer and colleagues [36]. In this study, we demonstrate,
for the first time, associations between different parameters of
GI damage following irinotecan administration, mucin secre-
tion by goblet cells (suggestive of changes in barrier function),
and decreases in S100 expression, which may suggest loss of
enteric neurons or glial cells.

This study also demonstrates temporal differentiation of GI
damage between the jejunum and colon following irinotecan,
with crypt ablation beginning simultaneously in the jejunum
and colon, but with recovery completed earlier in the jejunum
(48 h) compared to the colon (96 h).

This is consistent with the model for alimentary mucositis,
as local variations in specialization for specific function lead
to differences in manifestation of mucositis (Keefe [4]). This
is supported by previous studies. In an irinotecan-induced
female dark agouti rat mucositis model (0.01 mg/kg subcuta-
neous atropine, 200 mg/kg irinotecan in 45 mg/ml of sorbitol/
0.9 mg/ml lactic acid, pH 3.4), crypt length decreased later in
the colon compared to the jejunum (Logan et al. [34]). This
differentiation between the jejunum and colon in irinotecan
models may be the result of the excretion pathway of
irinotecan. Irinotecan is excreted (as inactive metabolite SN-
38G) following processing in the liver via bile, which is then
delivered to the small intestine via the bile duct. At this point,
intestinal bacteria located in the jejunum that produce bacterial
β-glucuronidase have the capacity to convert the inactive
SN38G back to the active (and damage causing) SN-38

[37–39]. SN-38 has the capacity to initiate more intestinal
damage as it travels through the small and then the large in-
testine, and may explain the timeline of damage observed.

Goblet cell composition was also altered during mucositis
with the jejunum becomingmore acidic and the colon becoming
more neutral. This may have to effects on the intestine. Firstly,
neutral mucins buffer the mucosa from an acidic environment
[40, 41]. Secondly, themicrobiomemay be altered due to chang-
es in mucous composition as previous research has demonstrat-
ed bacterial colonisation can be dependent on mucin pH [42].

Goblet cell numbers were also shown to vary following
irinotecan, in the jejunum and colon. The percentage of cavi-
tated goblet cells in the jejunum, in the crypts was highest at
72 h in the jejunum, and the total goblet cell numbers was
lowest in the jejunum between 48 and 72 h. However, in the
colon crypts the percentage of cavitated cells did not change
significantly. The total number of goblet cells was significant-
ly (p < 0.05) decreased compared to controls at 72 h, and may
have been the result of variations in local functions subsequent
to histological damage, or variations in ligands associated
with goblet cell exocytosis, such as VIP [25, 43], NO gener-
ations [24, 25, 44] and dimethyl-PGE2 [25, 45].

[40–42] Indirect damage also occurs through initiation of
damage-related signalling pathways, resulting in production
of pro-inflammatory cytokines and apoptosis promoters in
the intestine [34, 46]. Interleukin (IL)-1, IL-4, IL-6 and IL-9,
and tumour necrosis factor (TNF)-α (pro-inflammatory

Fig. 5 Non parametric regression
analyses of goblet cell vs enteric
nervous system parameters. a
Jejunum, cavitated goblet cells
per crypt and myenteric plexus
enteric ganglia per mm. b Colon,
cavitated goblet cells per crypt
and submucosal plexus enteric
ganglia per mm

Table 1 Non-parametric
regression analyses of goblet cell
and enteric nervous system
variable parameters during
mucositis

Gut Region Dependent variable Independent variable Coefficient 95% CI coefficient Pseudo R2

Jejunum Crypt Cavitated
goblet cells

Myenteric Plexus,
Enteric Ganglia

−1.05 −2.10
−0.005

0.16

Colon Crypt, Cavitated
Goblet cells

Submucosal Plexus,
Enteric Ganglia

2.87 0.04

5.69

0.08
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cytokines), cholinergic stimulation, and intestinal anaphylaxis
are also involved in rapid goblet cell exocytosis [47–50].
Further investigation into the process of goblet cell exocytosis
following irinotecan is warranted, and may provide targets for
agents to maintain the protective barrier to restrict damage to
the underlying tissue.

The increased percentage of cavitation of goblet cells in the
crypts of the jejunum and colon following irinotecan may
suggest that mucus secretion is enhanced in the crypts during
mucositis, or is the result of direct damage to epithelial cells
occurring early following chemotherapy. It may also be rep-
resentative of stimulation of exocytosis of goblet cells by pro-
inflammatory cytokines [50], which are known to be released
during mucositis [46].

Goblet cell numbers were also shown to vary following
irinotecan between the jejunum and colon. The percentage
of cavitated goblet cells in the jejunum crypts was highest at
72 h, whilst the total goblet cell numbers were lowest in the
jejunum at 48–72 h. In the colon crypts the percentage of
cavitated cells did not change significantly. However, the total
number of goblet cells significantly (p < 0.05) decreased com-
pared to controls at 72 h, and may be the result of variations in
local functions from the altered histology, or variations in
ligands associated with goblet cell exocytosis, such as VIP
[25, 43], NO generations [24, 25, 44] and dimethyl-PGE2
[25, 45]. It is possible that variations in inflammation or var-
iations in the enteric nervous system in the jejunum and colon
may cause differences in the pathophysiology of mucositis
between the jejunum and colon.

Expression of the neural marker S100 decreased following
irinotecan administration, with fewer neural cells stained in
the jejunum and colon, most notably in the myenteric plexus.
As the data generated from this study did not allow differen-
tiation between neural cell types, any decreases in neurons
could have been sensory neurons, interneurons, or motor neu-
rons, or combinations of these. Sensory neuron loss would
affect the ability to detect chemical and mechanical stimuli,
impacting potential pH buffering and digestive processes [51,
52]. Loss of interneurons would affect transmission of sensory
and chemical data detected by receptors for processing, and to
effector motor neurons [51, 52]. Motor neuron depletion
would affect smooth muscle contraction and distension, and
epithelial secretion [51].

The reduced number of neural cells following irinotecan in
the myenteric plexus is likely to reduce neural stimulation of
circular and longitudinal smooth muscle, affecting mostly mo-
tility, and the reduced numbers of neural cells in the submucosal
plexus may affect secretory cells. Neural cell alteration in the
myenteric plexusmay result in reduced smooth muscle contrac-
tion (affecting gut motility), and secretion. However, the de-
crease in total goblet cell numbers may indicate continued exo-
cytosis of mucins, which contradicts the expected reduction in
secretogens, which may result from a decreased submucosal

plexus enteric neural cells [43, 53]. An explanation for this
may be the increased levels of pro-inflammatory cytokines,
which have previously been shown to cause rapid exocytosis
of mucins [50]. This dysregulated secretion may be the result of
increased pro-inflammatory cytokines, with IL-1, IL-4, IL-6,
IL-9 and TNF-α shown to stimulate the rapid release of mucin
from goblet cells [50], and also shown to be significantly in-
creased following chemotherapy [46]. The untimely exocytosis
of mucin stores is likely to lead to disrupted barrier function. In
addition, if glial cells are decreased, this may affect the support-
ive and conductive functions of the ENS.

The ENS has not yet been investigated extensively in the
context of mucositis. However, our data suggests that the ENS
may contribute to some of the symptoms of mucositis relating
to secretion and motility. Strong inverse correlations were ob-
served between cavitated goblet cells and enteric ganglia in
the small intestine, suggesting that dysregulated release of
stimuli or neurotransmitters may be occurring in response to
irinotecan-induced enteric nerve damage, and may impact on
the secretory function of target (goblet) cells. Further in vitro
investigations of exocytosis of goblet cells stimulated with
irinotecan metabolites are warranted, specifically investigat-
ing the response to pro-inflammatory cytokines.

Anti-inflammatory cytokines, such as IL-22 (a member of
IL-10 family) have been shown to be important in maintaining
goblet cell integrity in a mouse model of helminth infection
[54]. Anti-inflammatory cytokines are thought to be reduced
following chemotherapy [55]. Therefore, if IL-22 is decreased
following irinotecan administration, goblet cell integrity may
become compromised with the loss of this protective factor.
This highlights the need for larger, more detailed in vitro and
in vivo studies of the mechanisms underlying altered goblet
cell function, viability, and innervation in response to
irinotecan and other chemotherapy agents.

In conclusion, irinotecan-induced mucositis is associated
with histopathological damage, goblet cell and enteric nerve
cell damage. These phenomena may be the result of inflam-
matory signalling up-regulated by irinotecan. Damage to gob-
let cells and enteric nerves is likely to affect secretion and
motility during chemotherapy and radiotherapy treatment, po-
tentially resulting in altered intestinal function.
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