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Abstract

Background—The opioid epidemic is a growing concern and emerging evidence suggests that
morphine use may be associated with sepsis. Enteric glial cells (EGCs) are the most numerous cell
type in the enteric nervous system and regulate gastrointestinal function through the production of
trophic factors, including Glial Derived Neurotrophic Factor (GDNF). We sought to determine the
effect of morphine on enteric glia and hypothesized that morphine contributes to EGC dysfunction
and increased gut permeability.

Materials and Methods—Rat Intestinal Epithelial Cells (IECs) and EGC lines were purchased
from ATCC. Immunocytochemistry was used to evaluate the impact of EGCs on IEC barrier
proteins and detect the p-opioid receptor. Co-culture assays were used to determine the effect of
EGCs, GDNF, and morphine on barrier integrity. QPCR and western blotting was performed to
determine the impact of morphine in GDNF production. Trans-epithelial resistance (TER) of
IEC-6 cell monolayers was measured in the presence of EGC-conditioned media (EGC-CM) and
morphine treated (EGC-CM) using ECIS.

Results—EGC conditioned media (EGC-CM) enhanced tight junction organization in IECs. IEC
barrier integrity was enhanced when co-cultured with unstimulated EGCs or with GDNF alone;
this barrier protective effect was lost with morphine treated EGCs. GDNF RNA and protein
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expression were decreased by morphine treatment. TER was decreased in IEC confluent
monolayers when exposed to morphine-treated EGC-CM compared to control.

Conclusions—Morphine compromises intestinal epithelial cell barrier function through a
mechanism which appears to involve GDNF. Further studies are warranted to delineate the role of
enteric glial cell function in opioid signaling and sepsis.
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Introduction

The opioid epidemic in the United States has been a growing source of concern for
American physicians. According to recently published data from the Centers for Disease
Control, 259 million opioid prescriptions were written in 2012 for chronic pain [1]. This
number has increased from 2008, when 205 million opioid prescriptions were written which
represents opioids given for all sources of pain [2]. Furthermore, in the emergency
department opioid prescriptions continue to increase and in 2011 numbered at 184.1
prescriptions per 100,000 compared to 82.5 per 100,000 in 2004 [3]. Concomitantly to the
increase in opioid prescriptions, there has been an alarming increase in opioid related
complications including sepsis and death. For example, in 2013, prescription opioids
contributed to more deaths than all other illicit drugs combined (>16,200 versus 14,775) [3].

The common side effects of opioids have been well described and include nausea, vomiting,
constipation, somnolence, and respiratory depression [4]. There is now a growing interest in
elucidating the effects of opioid use on intestinal barrier function. Specifically, recent studies
have demonstrated an association between opioid use and sepsis through animal model
experiments demonstrating increased gut bacterial translocation in morphine treated mice
[5,6].

Enteric Glial Cells (EGCs) are the most numerous cell population within the enteric nervous
system and are identified by their staining positivity for GFAP [7]. Previous studies have
identified that EGCs play a role in the integrity of the intestinal barrier function through the
release of various trophic factors including Glial Derived Neurotrophic Factor (GDNF)
[7,8,9,10]. It has been previously shown that in the murine models that have EGCs
selectively abolished, there is decreased intestinal epithelial integrity leading to intestinal
hemorrhage and necrosis [8,11,12]. Less is known, however, about the impact of opioids on
enteric glial-mediated enhancement of intestinal barrier function. The purpose of our
experiments was to determine the impact of morphine stimulation on EGC cell function. We
hypothesized that EGC-mediated intestinal barrier enhancement would be lost when
stimulated with morphine.
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Disposable culture ware was purchased from Thermo Scientific (Thermo Scientific,
Waltham, MA). IEC-6 and EGC/PK060399egrf cell lines were purchased from American
Type Culture Collection (Manassas, VVA) and the cells were cultured as the supplier
recommends. IEC-6 cells are rat small intestinal epithelial cells. EGCs are rat enteric glial
cells. Culture media was purchased from Gibco (Waltham, MA) and Sigma-Aldrich (St.
Louis MO). Both cell lines were cultured in DMEM supplemented by penicillin/
streptomycin (100u/ml, Gibco) and 10% FBS (Gibco). IEC-6 cells were cultured with
0.1U/ml bovine insulin. Cells were cultured in a NAPCO Series 8000DH incubator
(ThermoFischer Scientific, Waltham, MA) at 37.0°C at 5% CO.

Immunocytochemistry

p-opioid receptor staining—EGCs were plated in 8-well chamber slides
(ThermoScientific, Waltham, MA). Cells were grown x24 hours and fixed with 4%
paraformaldehyde. Cells were blocked with 5% FBS, washed with ice cold PBS and
permeabilized with 0.1% Triton-x and incubated overnight with primary anti-rabbit anti-u
opioid receptor antibody (Abcam 10275, Cambridge, MA). Cells were washed three times
with PBS and stained with goat anti-rabbit FITC conjugated secondary antibody for 1 hour
(Jackson Immunoresearch, #111-095-003). Cells were stained with DAPI-prolong gold anti-
fade (Invitrogen) and analyzed for fluorescent antibody receptor expression.

IEC-6 tight junction protein staining—IEC-6 cells (ATCC, Manassas, VA) were
cultured as recommended by the supplier and plated in the presence of normal medium or
the supernatant of rat enteric glial cells for 72 hours. Cells were fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature. After washing in PBS and
blocking of nonspecific binding sites with 5% BSA, tissues were incubated with polyclonal
rabbit anti-occludin (used at 5 mg/ml, Invitrogen) in PBS with 5% bovine serum albumin
(BSA) for 120 min at room temperature. After washing, cells were incubated with
rhodamine phalloidin (Invitrogen) and DyLightTM 488-conjugated AffiniPure Donkey anti-
rabbit 1gG (0.075 mg/ml, Jackson Lab, WestGrove, PA) for 60 min. Cells were then washed
and mounted under coverslips using ProLong Gold antifade reagent with DAPI (blue)
(Invitrogen).

Transwell Co-culture Experiments

IECs (Rat, ATCC IEC-6, Manassas, VA) were plated at a concentration of 2 x 10”5 cells/
well in the apical chamber of the transwell plate (0.4um pore size, Corning, Kennebunk,
ME). In the basal chamber of the transwell plate, EGCs (Rat, ATCC EGC/PK060399¢egfr,
Manassas, VVA) were plated at a concentration of 8 x 10”4 cells/well. When EGCs were not
plated into the well, EGC-conditioned media (EGC-CM, media from untreated or morphine
treated confluent EGCs plated in a separate 6 well plate) was added to the well. If no EGCs
or EGC-CM was present in the well, 2ml of cell growth media was added (10% FBS). Final
volumes were 500pl to the insert and 2ml to the well. In morphine treated EGCs in the well,
the cells were treated with 1uM morphine 6 hours after cell plating. GDNF was obtained
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from Abcam (187229, Cambridge, MA). When GDNF was added to the plate well
(containing only 2ml growth media), it was added at a concentration of 100ng/ml
immediately after adding media to the plate well.

The plate was incubated without disruption for 72 hours to allow cell growth to confluence.
At 72 hours, all culture media was removed from the apical chamber and replaced with a 10
mg/mL 4KDa FITC-Dextran (Sigma, St. Louis, MO) and 2.5 mg/mL 70KDa Rhodamine-
Dextran solution (Sigma, St. Louis, MO). After four hours and 24 hrs, the basal chamber
media was removed and fluorescence was measured (FITC - 485nm excitation/535nm
emission; Rhodamine - 530nm excitation/590nm emission) using a Synergy |l Plate Reader
(BioTek, Winooski, VT). Data was charted and analyzed using Prism (Graphpad) software
(La Jolla, CA) and evaluated for trends and statistical significance using Student’s t-test.

Realtime PCR

Total cellular RNA was extracted using TRIzol (Invitrogen) and isolated utilizing
chloroform and centrifugation with isopropyl alcohol. cDNA was synthesized with the M-
MLV reverse transcription kit from Promega. Quantitative real-time polymerase chain
reaction (PCR) was performed utilizing Roche lightcycler 480 PCR detection system on all
samples in triplicate. 185 RNA was used to normalize mRNA expression levels. mRNA
analysis was performed by culturing IECs to confluence and treating them for 24 hours with
1 uM morphine. gPCR analysis was performed using primers for Glial-Derived
Neurotrophic Factor (GDNF). Primers were purchased from IDT. Primer sequences were as
follows: GDNF - Forward 5'-CGAAGATTATCCTGACCAGTTTGA-3’, Reverse 5
CAGTTCCTCCTTGGTTTCGTAG 3’; 1855 -GTAACCCGTTGAACCCCATT-3".

Western Blot

Enteric Glial cells were lysed using radioimmunoprecipitation assay (RIPA) buffer (Sigma).
Cell lysates (60ug protein per lane) from control and 1uM morphine treatment x72hrs (+MS)
were resolved in a 12% SDS-PAGE gel and transferred onto a nitrocellulose membrane. The
membrane was blocked in 5% milk in TBS buffer and the blot was probed with antibodies
against GDNF (Abcam 18956, Cambridge, MA) and b-actin (Abcam 8226, Cambridge,
MA).

Densitometric analysis of GDNF level in control and morphine treatment was determined
using ImageJ (NIH). GDNF protein level was normalized to the level of b-actin in each

sample. The normalized control was considered as 100%, +MS = morphine treated EGCs.
Paired Student’s #test was performed and graph was plotted using Prism 4.0 (Graphpad).

Measurement of trans-epithelial resistance

ECIS 1600R (Applied BioPhysics, Troy, NY) was used to measure trans-epithelial resistance
(TER) of epithelial monolayers as described previously [13]. Epithelial cells (IEC-6) were
seeded in the wells of the electrode array and grown to confluence over 48 hours. The
medium was exchanged, and cells were treated with either un-stimulated EGC-conditioned
media (EGC-CM) or morphine-stimulated (1uM) EGC-CM. The ECIS measurements were
continuously obtained for a minimum of another 48 hours.
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Statistical Analysis

Data was plotted and analyzed by Student’s t-test using Prism 4.0 software (Graphpad).
Quantitative data points are expressed as mean values with the standard deviation.

Results

Enteric glia possess the p-opioid receptor

Our initial step was to ensure EGCs had the appropriate receptors to respond to Morphine
Sulfate. Stimulation of our confluent EGCs with anti pu-Opioid Receptor antibody
demonstrated a positive staining pattern when compared with negative control (Figure 1).

Enteric glia enhance barrier protein organization

Using immunocytochemistry, confluent IECs were treated with unstimulated EGC-CM to
determine the effects on IEC barrier protein expression. IEC Stimulation with EGC-CM,
compared to control, resulted in increased organization of occludin as well as f-actin (figure
2).

Enteric glia enhance intestinal barrier function

To determine the effects of our in EGCs upon confluent IECs, we used an /7 vitro co-culture
model. EGCs enhanced the barrier function of IECs in this system. There was significant
decrease in fluorescence intensity in the wells of the co-culture plate containing both IECs
and EGCs compared to IECs alone (Figure 3A, p < 0.05). The decreased fluorescence
intensity in the lower well correlates with enhancement of intercellular barrier integrity
between IECs when co-cultured with EGCs. Our results additionally showed that GDNF
treatment to the wells in culture with 1ECs resulted in similar barrier enhancement (p < 0.05,
figure 3B).

Morphine is disruptive to EGC-mediated barrier enhancement

EGCs in the basal compartment of transwell plate were stimulated with Morphine Sulfate (1
UM) to determine the effect of morphine on EGC barrier enhancing function. Interestingly,
when EGCs were stimulated with morphine, there was increased permeability of FITC-
Dextran which indicates loss of the normal barrier enhancement which was seen without
morphine (Figure 4A,3A). When morphine (1uM) was added to the EGC-CM or GDNF
treatment groups, barrier enhancement was preserved which suggests that the disruptive
effect of morphine is due to its action directly onto EGCs (figure 4B,C).

To further clarify the impact of morphine treatment of EGCs upon the of IEC monolayers,
we used electrical cell impedance sensing (ECIS) arrays. IECs, when grown to confluence
and stimulated with EGC-CM, have increased TER, which indicates enhanced barrier
function (figure 5A). This barrier enhancement begins within the first 5 hours after
stimulation and continues throughout the duration of the experiment as barrier function is
gradually lost as the cells age and media nutrients are consumed. When EGC-CM from
morphine treated EGCs is used to treat IECs, TER is significantly reduced in comparison to
untreated EGC-CM (figure 5B). This loss of barrier enhancement is also lasting throughout
the duration of the experiment.
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Morphine decreases GDNF production

In our co-culture model we found that morphine mitigated the protective effect of EGCs.
Our RNA experiments demonstrated that EGCs stimulated with morphine (1 uM) resulted in
an approximately 50% reduction in GDNF production by EGCs - a trophic factor well
known to mediate EGC barrier enhancing functions (figure 6A). These findings were also
demonstrated through western blot experiments, which identified that morphine treatment
results in decreased GDNF production (mean = 71.67 +/- 7.71 (SE)) compared to control
(100%, p = 0.033, n=3, * = p<0.05) (figure 6B,C).

Discussion

The rate of adverse effects from opioids experienced by patients taking the medication may
be as high as 65% [4]. The most commonly reported adverse effects include constipation
(16%), nausea (15%), and dizziness or vertigo (8%) [14]. More specifically, constipation
may be seen in up to 65% of patients treated with opioid analgesics in the elderly [15]. For
patients to receive analgesia, morphine and other opioids must bind to cell receptors in the
peripheral tissue, spinal cord, and ventral caudal thalamus and cortex [16]. Many cell types
in their various organ systems systems possess the mu-opioid receptor, including the
gastrointestinal system - this is a possible explanation for the gastrointestinal side effect
profile of opioids [17]. Furthermore, it is already known that enteric neurons possess the
receptor for morphine [18].

We sought to determine whether enteric glial cells, which outnumber enteric neurons by 4:1,
possess the morphine receptor and what the effects are on the glial cells [19]. It has been
well established that EGCs are an essential component of the enteric nervous system (ENS)
[7]. In addition, it has been demonstrated in previous studies that complete ablation of these
cells leads to fulminant colitis in mice [11]. EGCs are a vital component in maintaining
intestinal homeostasis; however, less is known regarding the influence of morphine on EGC
function.

In our search to elucidate the impact of morphine on EGCs we first confirmed that our EGC
cell line possess the receptor for morphine (figure 1). We next found that EGCs significantly
enhance epithelial barrier function in the intestine (figure 3A,4A,6A). Our results
demonstrate that this barrier enhancement is elicited through both co-culture of EGCs and
IECs or through IEC stimulation with EGC-CM or even with stimulation by GDNF alone.
Interestingly, our results demonstrate that this EGC-mediated barrier enhancement is lost
when EGCs are stimulated with morphine (figure 4A,B,C). When morphine was treated
directly onto the EGCs in the transwell model or when media from morphine treated EGCs
is added to IECs, the barrier enhancing effect of EGCs is lost. In effect, morphine mitigates
the barrier inducing effects of enteric glia on the intestinal epithelium. EGC-mediated barrier
enhancement is preserved when morphine is added directly to the intestinal epithelial cell
(i.e. to the apical chamber in the transwell system) which shows that morphine mediated
disruption of intestinal barrier integrity occurs in an EGC-dysfunction dependent pathway.
We have shown this in both the transwell model as well as though electrical impedance
studies using the ECIS model (Figure 6B).
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The barrier enhancing activity of EGCs has previously been shown to be the result of
secretion of a variety of trophic hormones, including GDNF, which has been shown to
enhance production of ZO-1 tight junction protein and thus enhance epithelial barrier
integrity [10]. To test our hypothesis that morphine disrupts EGC barrier enhancing
activities, we analyzed GDNF production by EGCs with and without morphine.
Interestingly, we found that morphine results in a consistent decrease in GDNF RNA
production by over 2 fold with a corresponding decrease in GDNF protein production
(Figure 5B,C). This morphine induced decrease in GDNF may explain the preservation of
EGC barrier enhancing activity when IECs cells are treated with morphine and EGC-CM
from untreated EGCs. Morphine does not inhibit the effect of GDNF, and other trophic
hormones, themselves but rather inhibits their production (Figure 4D).

Conclusion

Collectively, our results demonstrate the barrier enhancing effects of enteric glial cells upon
intestinal epithelial cells. This supports the existing body of literature demonstrating the
crucial role played by EGCs in the maintenance of intestinal epithelial barrier function. Our
results also demonstrate that morphine stimulated EGCs have decreased production of
GDNF. Furthermore, EGCs lose their barrier enhancing function when stimulated with
morphine. It is likely that this loss of barrier enhancing activity is the result of decreased
production of EGC trophic factors such as GDNF, which influence intestinal epithelial
barrier protein expression. Further studies are needed to determine the subcellular
mechanisms of morphine upon EGCs and to find a potential therapeutic treatment to
enhance intestinal barrier function in patients taking opioid medications.
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Figure 1. EGCs possess the p-opioid receptor
EGCs were stained with rabbit anti- opioid receptor primary antibody and FITC-conjugated

goat anti-rabbit secondary antibody.
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Figure 2. Enteric glial cell products facilitate tight junction formation in cultured intestinal
epithelial cells
IEC-6 cells treated with control media (A) compared with conditioned media from rat

enteric glial cells (B). Note organized formation of Occludin staining (green) in panel B.
Red represents F-actin staining.
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Figure 3 (A,B). EGC-mediated barrier enhancement
A. Control = no cells in either chamber. IEC6 cells alone (plated in transwell insert) or IEC6

+ EGCs (EGCs in plate well) were grown to confluence in the apical chamber or plate well,
respectively. B. GDNF (100ng/ml) was stimulated to the well of the transwell plate,
fluorescence was measured 24 hours after stimulation. * = p < 0.05, n>3 for all experimental
groups.
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Figure 4 (A,B,C,D). Morphine and EGCs

A. Control = unstimulated IECS6 cells. I+E = IEC6 cultured in plate insert and EGCs
cultured in plate well. B. I = unstimulated IEC6 cells. M= morphine (1uM) stimulated in
well onto EGCs. ECM = EGC conditioned media added to well of transwell plate without
enteric glial cells. C. Morphine (1uM) was always added to the EGCs or empty plate well
unless it was treated to only the IEC6 cells shown as M(1). * = p<0.05 (0.0447). D. GDNF =
glial derived neurotrophic factor (100ng/ml). In all columns, IECs were placed in the apical
chamber of the transwell plate and EGCs were placed in the basal chamber. A= Morphine
treatment to IEC-6 cells in the apical chamber. Morphine was always treated to EGCs the
well unless designated by Ins. * = p < 0.05, n>3 for all experimental groups.
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Figure 5 (A,B,C). Morphine decreases GDNF production
A. Real-time PCR analysis of mRNA levels of GDNF in enteric epithelial cells after 30-hour

morphine treatment. **p < 0.01, n=3. B. Cell lysates from control and morphine treatment
(+MS) were resolved in SDS-PAGE gel and the blot was probed with antibodies against
GDNF (upper panel) and b-actin (lower panel, serving as internal control for equal sample
loading). C. Densitometric analysis of GDNF level in control and morphine treatment. The
density of each band was determined using ImageJ (NIH). GDNF protein level was
normalized to the level of b-actin in each sample. The normalized control was considered as
100%, +MS = morphine treated EGCs (mean = 71.67 +/- 7.71 (SE)). Paired Student’s #test
was performed and graph was plotted using Prizm 4.0 (Graphpad), p = 0.033, n=3, * =

p<0.05.
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Figure 6 (A,B). Morphine Disrupts EGC-mediated Barrier Enhancement. ECIS
A. Normalized resistance in confluent IECs were stimulated with unstimulated conditioned

media (EGC-CM) from confluent EGCs (green) or left unstimulated (black). B. Normalized
resistance in confluent IECs cultured in non-Morphine treated EGC-CM (green) or in
Morphine treated EGC-CM (black) n=3 in all experimental groups.
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