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Abstract

Surveys suggest that Cannabis provides benefit for people with inflammatory bowel disease. However, mechanisms underly-
ing beneficial effects are not clear. We performed in situ hybridization RNAscope® combined with immunohistochemistry
to show cell-specific distribution and regulation of cannabinoid receptor 1 and 2 (CB,;, CB,), G protein-coupled receptor
55 (GPRS55), and monoacylglycerol lipase (MGL) mRNA in immune cells using murine models of intestinal and systemic
inflammation. In healthy animals, the presence in enteric ganglia is high for CB; mRNA, but low for CB, and GPR55
mRNAs. MGL mRNA is predominant throughout the intestinal wall including myenteric neurons, epithelium, circular and
longitudinal muscular layers, and the lamina propria. Within the immune system, B220% cells exhibit high gene expression
for CB, while the expression of CB, in F4/80* and CD3* cells is less prominent. In contrast, GPR55 mRNA is highly present
in F4/80% and CD3* cells. gRT-PCR of total colonic segments shows that the expression of GPR55 and MGL genes drops
during intestinal inflammation. Also at cellular levels, GPR55 and MGL gene expression is reduced in F4/807, but not CD3*
cells. As to systemic inflammation, reduced gene expression of MGL is observed in ileum by qRT-PCR, while at cellular
levels, altered gene expression is also seen for CB; and GPR55 in CD3" but not F4/80* cells. In summary, our study reveals
changes in gene expression of members of the endocannabinoid system in situ attesting particularly GPR55 and MGL a
distinct cellular role in the regulation of the immune response to intestinal and systemic inflammation.
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Introduction

Knowledge of the endocannabinoid system (ECS) has
immensely grown in the past few years. Its members, i.e., can-
nabinoid receptors, endocannabinoids and the enzymes that
synthesize/degrade endocannabinoids, have become highly
investigated targets [rev. in (Pertwee 2015)]. This molecular
network has been recently coined “endocannabinoidome”, as
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more components have been added lately (Di Marzo and Pis-
citelli 2015). Apart from the brain, the gastrointestinal (GI)
tract is one of the organs that contains key players of the ECS,
including cannabinoid receptors (CB) 1 and 2 (CB,, CB,), G
protein-coupled receptor 55 (GPRS5S5) and the 2-arachidonoyl-
glycerol (AG)-degrading enzyme monoacylglycerol lipase
(MGL) [rev. in (Hasenoehrl et al. 2016)]. Functional tasks of
the ECS in the GI tract comprise the control of the epithelial
barrier (Cani et al. 2016; Karwad et al. 2017), the maintenance
of immune homeostasis (Acharya et al. 2017), the regulation
of motility, and the protection against inflammatory attacks
(Schicho and Storr 2010). However, a clear understanding of
how the ECS is regulated and which cell populations express
these molecules during disease in situ is lacking. The GI tract
is a heterogeneous organ, and therefore, accommodates the
ECS in various cell types. CB, and CB, receptors, for instance,
have been reported in the enteric nervous system and in epi-
thelial and lamina propria cells (Wright et al. 2005, 2008).
GPRS55 has been located in enteric neurons and the colonic
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mucosa (Li et al. 2013). A recent study reported that GPRS5 is
involved in intraepithelial lymphocyte migration (Sumida et al.
2017). Little is known, however, about the cellular localiza-
tion of GPRSS5 in the adaptive and innate immune system of
the inflamed gut.

Much of the research progress on the ECS is hampered
by a lack of specific tools, especially of antibodies against
GPR55 and CB,, to detect their localization in different cell
populations of the gut. As shown in several reports, antibod-
ies against the CB, receptor are likely unspecific (Baek et al.
2013; Cecyre et al. 2014; Marchalant et al. 2014). Commer-
cially available antibodies against CB, have also been evalu-
ated, showing that unspecific staining may be an issue with
CB, antibodies as well (Grimsey et al. 2008). In intestinal tis-
sue, commercially available GPRS5 antibodies have been used
for immunohistochemistry with more or less strict controls
(Galiazzo et al. 2018; Li et al. 2013; Lin et al. 2011). How-
ever, most of them show a band in GPR55~~ mice at the right
molecular weight (see online resource Fig. 1). The strongest
indication for antibody specificity, therefore, is the absence of
staining in the respective knockout mouse.

In this context, in situ hybridization (ISH) has proved to
be a most valuable and highly specific alternative to demon-
strate the presence and regulation of CB receptors (Li and
Kim 2015). As PCR analysis of whole intestinal tissue does
not reveal in which cells CB receptor regulation occurs, ISH
can be combined with immunohistochemistry (IHC) in co-
localization studies to identify the cells in which regulation
of receptors takes place. We, therefore, localized and evalu-
ated CB,, CB,, GPR55 and MGL gene expression (the official
symbols of encoding genes are termed Cnri, Cnr2, Gpr55 and
Mgll) in mouse models of intestinal and systemic inflamma-
tion by a novel ISH technique (RNAscope®) with emphasis
on the localization of GPR55. For co-localization with distinct
immune cell populations, we used established T-cell, B-cell
and macrophage markers. Intestinal inflammation in mice
was induced by adding 2.5% dextran sulfate sodium (DSS) to
the drinking water. DSS disrupts the epithelial barrier in the
colon causing inflammation reminiscent of human ulcerative
colitis (Eichele and Kharbanda 2017). Systemic inflammation
was performed by treatment with lipopolysaccharide (LPS), a
model that leads to intestinal barrier dysfunction (Han et al.
2004; Kimura et al. 1997), epithelial injury and a change in T
cell populations (Liu et al. 2009). The specificity of the probes
was tested in sections of the respective knockout mice (CBI'/ -,
CB,™"~, GPR557"~, and MGL™").
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Materials and methods
Animals

C57BL/6 mice obtained from Charles River (Sulzfeld,
Germany) were used for the experiments. CB,~'~ and
MGL ™~ mice were kindly provided by A. Zimmer and
R. Zimmermann, respectively (Hasenoehrl et al. 2018;
Taschler et al. 2011). CB,™'~ mice were purchased
from Jackson Laboratory (Bar Harbor, ME, USA) and
GPR557'~ animals from the Mutant Mouse Resource &
Research Center (MMRRC; University of North Carolina,
Chapel Hill, NC; USA) (Hasenoehrl et al. 2018). Knock-
out mice with a C57BL/6 background served as negative
controls for ISH and IHC. All mice were bred in our own
facilities and housed in plastic cages with sawdust floors
at constant temperature (22 °C) under a 12 h light/12 h
dark cycle with standard lab food and water ad libitum.
The experimental procedures were approved by the Aus-
trian Federal Ministry of Science, Research and Economy
(protocol numbers: BMWF- 66.010/0131-WF/V/3b/2014;
BMWF-66.010/0044-WF/V/3b/2016) and performed in
strict accordance with international guidelines.

Treatment of animals
DSS-induced intestinal inflammation

Colitis was induced in C57BL/6 mice by adding 2.5% DSS
(MP Biomedicals, Illkirch, France) to their drinking water
for 5 days and animals were killed on day 8 (Stancic et al.
2015).

LPS-induced systemic inflammation

C57BL/6 mice were treated with an intraperitoneal injec-
tion of 0.83 mg/kg LPS (Farzi et al. 2015) (Sigma, Vienna,
Austria) or with PBS alone (vehicle) and killed 4 h later.

Tissue processing

Colon (DSS treatment) or ileum (LPS treatment) was har-
vested and cut in half. One piece of tissue was snap frozen
in liquid N, and stored at —80 °C until it was further pro-
cessed for quantitative reverse transcription-polymerase
chain reaction (QRT-PCR), the other half was fixed in
acid free phosphate-buffered 10% formaldehyde solution
(Roti®—Histoﬁx 10%; pH 7, stabilized with methanol) for
16-24 h at room temperature.
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RNA isolation and qRT-PCR

RNA was extracted from tissue samples using TRIzol (Life
Technologies). Samples from DSS-treated animals were
purified in an additional step with the “RNA clean up” pro-
tocol from the RNeasy kit and subsequently subjected to the
Oligotex mRNA Mini Kit (both Qiagen) to remove remain-
ing DSS that could inhibit subsequent qRT-PCR steps. All
samples were treated with the DNA Removal Kit DNA-free
(Life Technologies) and 2 pg of total RNA were reverse
transcribed to cDNA using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Carlsbad, USA).

Gene expression of CB;, CB,, GPR55 and MGL was
quantified using SsoAdvanced™ Universal SYBR® Green
Supermix (Bio-Rad, Vienna, Austria). Validated primers
were purchased from Bio-Rad and relative gene expression
was assessed according to the 27241 method.

In situ hybridization (ISH)
and immunohistochemistry (IHC)

Freshly harvested and fixed tissue was further processed for
paraffin embedding according to standard procedures. Tissue
was cut in 5 um sections, baked at 60 °C for 1 h, de-waxed
and rehydrated.

ISH

RNAscope® is an advanced ISH method where two adja-
cent probes (the so-called ZZ probes) are needed to bind to
the target sequence to develop a signal. This method pro-
vides the possibility of detecting a low number of mRNAs
in peripheral tissue due to a decreased background noise
(Wang et al. 2012).

20 ZZ probes for murine CB; (targeting bases 701-1792
of NM_007726.3), CB, (targeting bases 291-719 of
NM_009924.3), GPR55 (targeting bases 2-907 of
NM_001033290.2) and 3 ZZ probes for MGL (targeting
bases 703-849 of NM_001166251.1) (all purchased from
Advanced Cell Diagnostics, ACD, Newark, USA) were used
to detect the corresponding mRNAs in murine intestinal or
systemic inflammation models. ISH (RNAscope® 2.5 HD
brown or red kit for CB;, CB, and GPR55 and BASEscope
red kit for MGL, ACD) was performed according to manu-
facturer’s protocol. In brief, tissue sections were treated with
H,0, for 10 min, target retrieval was performed using the
Brown FS3000 food steamer for 15 min, each step followed
by washes in H,O dest. The next day, sections were digested
with Protease Plus (for CB;, CB, and GPR55) or Protease IV
(MGL) at 40 °C for 20 min, washed, followed by incubation
with the corresponding probes at 40 °C for 2 h. The proce-
dure was continued according to the manufacturer’s protocol
for RNAscope® or BASEscope™ (ACD). CB,, CB,, GPR55

and MGL were stained using 3,3'-diaminobenzidine (DAB;
for brightfield) or FastRed (for brightfield and fluorescence,
both dyes provided by ACD). Colonic or ileal sections from
treated and untreated C57BL/6 mice and the corresponding
knockout controls were put on one slide for comparison.

IHC

Antibodies against cell markers including CD3, CD4, CDS8
and FoxP3 (for T-cell subtypes), F4/80 (for monocytes/mac-
rophages), CD45R-B220 (for B lymphocytes), and neurofila-
ment H and synaptophysin (for neuronal structures [axons/
synapses]) were used to determine cell types co-localizing
with mRNAs (see Table 1).

Tissue sections were blocked in 0.1 M PBS containing
0.3% Triton X-100 and 5% goat serum (Sigma-Aldrich/
Merck, Darmstadt, Germany). First antibody in 0.1 M
PBS containing 0.3% Triton X-100 and 1% goat serum was
applied over night at 4 °C, IHC was performed using the
Vectastain® ABC kit and Vector® VIP HRP substrate kit
(both Vector Laboratories) according to the manufacturer’s
protocol. Sections were counterstained with 1:5 dilutions of
Gill’s II Hematoxylin or with Methyl green, washed, dried
and mounted with Vectamount mounting medium (Vector
Laboratories).

Microscopy

Brightfield images were taken using a Zeiss Axiophot
(100x/1.30 Plan-Neofluar objective with oil immersion;
Carl Zeiss AG, Oberkochen, Germany) equipped with a high
resolution CCD camera (coolsnap cf from Photometrics®,
Tuscon, AZ, USA; images: 1392 x 1040 pixels; 24 bit)
and MCID™ Analysis software 7.0 (InterFocus Imaging
Ltd, Linton, England), or an Olympus BX41 microscope
(objectives: 20x/0.75, UPlanSApo; 40x/0.95, UPlanSApo;
100x/1.40, UplanSApo with oil immersion) and an Olym-
pus UC 90 digital camera; images: 1688 x 1353 pixel; 24 bit
connected with Olympus CellSense® standard 1.17 imaging
software (Olympus, Vienna, Austria).

Fluorescence images were taken by an Olympus IX70
(objectives: 10x UPlanFl) connected with an Olympus MT20
light source (150W xenon arc burner) and a Hamamatsu
ORCA-ER digital camera (1344 x 1024 pixels; Hamamatsu
Photonics K.K., Japan). Olympus xcellence® imaging analy-
sis software 1.1 was used for acquiring images (1344 x 1024
pixels, 24 bit). The following fluorescence filters were used:
for Fast Red (U-M41007 cube): DM568, excitation filter
540-560, barrier filter 575-645; for Alexa 488 (modified
U-MNIBA cube): DM 505, excitation filter BP470-490,
barrier filter BA515-550; for DAPI (Olympus DAPI Fil-
ter MT20): DM 409, excitation filter 378/52 (MT20 light
source), barrier filter HC Quadband Filter 432. Contrast,
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Table 1 Antibodies used in this study

Antigen/antibody (clone/cat no) Provider

CD3 (ab5690)

CD4 (EPR19514/ ab183685)
CD8 (ab203035)

FoxP3 (D60O8SR/ #12653)

Abcam, Cambridge, UK
Abcam, Cambridge, UK
Abcam, Cambridge, UK

Cell Signaling Technology, Dan-
vers, MA, USA

Santa Cruz Biotechnologies, Dal-
las, TX, USA

Thermo Fisher Scientific,
Waltham, MA, USA

Abcam, Cambridge, UK

Thermo Fisher Scientific,
Waltham, MA, USA

Vector laboratories, Burlingame,

F4/80 (BM8/ sc-52664)

CD45R-B220 (RA3-6B2/
14-0452-82)

Neurofilament H(ab8135)

Synaptophysin (SP11/ MAS-
14532)

Biotinylated anti-rabbit IgG

CA, USA
Biotinylated anti-rat IgG (BA- Vector laboratories, Burlingame,
9401) CA, USA

Anti-rabbit Alexa Fluor® 488 Thermo Fisher Scientific,

Waltham, MA, USA

Specificity shown by Dilution Host/isotype
WB (data sheet) 1:1000  Rabbit IgG pAb
WB, IP (data sheet) 1:1000  Rabbit IgG mAb
WB (data sheet) 1:2000  Rabbit IgG pAb
Flow cytometry (data sheet) 1:200 Rabbit IgG mAb
Comparison to CD68 (Shi 2010),  1:200 Rat IgG2a, mAb
data sheet reference)
Flow cytometry, WB (data sheet)  1:250 Rat IgG 2a, kappa, mAb
WB (data sheet) 1:2000  Rabbit IgG, pAb
WB (data sheet) 1:250 Rabbit IgG, mAb
Omission of primary Ab 1:200 Goat IgG
Enzyme immunoassay (data sheet) 1:200 Goat IgG
Omission of primary Ab 1:500 Goat IgG

WB Western blot, /P immunoprecipitation, m monoclonal, p polyclonal, Ab antibody

brightness and color balance of images were adjusted using
Corel Photo Paint®.

Quantification of ISH gene expression

Tissues to be compared were mounted on one slide to be
processed together for ISH and THC.

A semi-quantitative histological scoring method was
chosen based on ACD scoring criteria for RNAscope® to
count and compare gene expression in different cell types
and between control and diseased animal tissue. In brief,
about 100 cells per tissue/mouse (3 mice/ treatment) were
evaluated. Only cells with a visible nucleus and a clearly
confined cell body were taken into account. Dots in each cell
were counted and cells were allocated to one of five groups.
Group 0 means no expression, group 1 is 1-3 dots, group 2
is 4-9 dots or 1 cluster, group 3 is 10—15 dots or few clusters,
group 4 is > 15 dots or many clusters. The columns in the
graphs indicate the percentage of cells in each group (sum
of all groups per treatment equals 100%).

Statistics

ISH: Data are shown as mean +/— standard error of the mean
(SEM) with three mice (ISH) or five—ten mice (QRT-PCR)
per experimental group. Statistical analysis was done using
GraphPad Prism 5.03 (GraphPad Software, La Jolla, CA,
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USA). Cell counts were compared by two-way analysis of
variance followed by Bonferroni multiple comparison post
hoc analysis. Gene expression was compared by unpaired
two-tailed Student’s ¢ test. P values < 0.05 were considered
significant and denoted with 1, 2 or 3 asterisks when lower
than 0.05, 0.01 or 0.001, respectively.

Results
Specificity of the ISH probes

ISH RNAscope® and ISH/THC were performed to determine
detailed cellular localizations of mRNA and to investigate,
if changes in gene expression by DSS and LPS treatment
can be detected on a cellular level in situ. To evaluate the kit
performance and the quality of the fixed tissue, we first per-
formed ISH RNAscope® using the positive (PPIB) and nega-
tive (bacterial dapB) probes provided by the manufacturer.
The positive probe produced visible ISH staining on all tis-
sues, while the negative probe showed no ISH staining (not
shown). Pretreatment conditions were adjusted to minimize
tissue digestion and background while maintaining highest
possible positive ISH signal. To confirm the specificity of
the target probes, untreated CBI_/ -, CBZ_/ =, GPR55~"~ and
MGL ™~ mice were used and compared to healthy or treated
wild type mice. CB,, CB, and GPRS55 probes, used with the
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standard RNAscope® kit, showed no staining at all or only
minimal background staining (see online resource Fig. 2).
Initially, all RNAscope® probes were detected using the
brown detection kit. To better distinguish between ISH and
IHC stainings, we switched to the red detection kit for some
selected targets. MGL, detected by the highly sensitive red
BASEscope™ Kkit, resulted in only minimal background
staining in the corresponding knockout tissue.

Colon/ DSS-induced colitis

Localization and extent of CB; gene expression markedly
differs from (B, gene expression in the murine colon The
regulation of CB; and CB, at the cellular level in situ dur-
ing inflammation is still unexplored and the localization
of CB, receptors in the colon has been conflicting so far.
Therefore, CB; and CB, gene expression and localization in
healthy and DSS-treated mice was investigated using ISH
RNAscope®. In healthy tissue, CB, gene expression was
prominent in enteric ganglia (Fig. 1a), but was also seen
in lymph follicles (Fig. 1b), and in epithelial and lamina
propria cells (Fig. 1c). Contrary to CB;, CB, mRNA was
heavily expressed in lymph follicles (Fig. le) but only
marginally in the myenteric plexus (Fig. 1d) and the epi-
thelium (Fig. 1f) of healthy colon. qRT-PCR showed that
CB; and CB, mRNA levels were not altered in total tissue
of DSS-treated mice (Fig. 2a, b), as compared to healthy
animals. Likewise, no differences in CB; and CB, mRNA
levels were found on the cellular level using scoring criteria
as described in the Methods (data not shown). To investi-
gate if CB; mRNA staining in the muscle layers was of neu-
ronal or muscular origin, we stained for neuronal structures
using synaptophysin and neurofilament H (NFH). Some
CB; mRNA co-localized with synaptophysin (Fig. 1g) and
NFH in ganglia (Fig. 1h, i). CB; mRNA was also found in
the longitudinal muscle layer and did not co-localize with
the neuronal markers (Fig. 1g, arrows), indicating CB; gene
expression in the longitudinal muscle cells themselves. CB,
mRNA highly co-localized with the B-cell marker B220*
(Fig. 1j). Some CB, gene expression was also found in
F4/80" (Fig. 1k) and CD3* cells (Fig. 11).

The MGL gene is highly expressed in healthy and to a lesser
degree in DSS-treated mice MGL gene expression was
found in colonic mucosa, epithelial cells, lamina propria
cells, myenteric ganglia and particularly in muscle layers
of healthy mice (Fig. 3a—c). In DSS-treated animals, qRT-
PCR showed that overall MGL gene expression was reduced
(Fig. 2c¢). This reduction was particularly visible in the epi-

thelium and the circular muscle layer of ISH-stained colon
sections (Fig. 3d). To investigate the source of MGL mRNA
in the muscle layers, we performed double ISH/immuno-
fluorescence with MGL and synaptophysin (Fig. 3e) or NFH
(not shown). While little co-localization of MGL mRNA
with synaptophysin was detectable (Fig. 3e, arrows), most
of the MGL mRNA staining did not overlap with synap-
tophysin/NFH. To determine the cell type responsible for
MGL gene expression in the lamina propria, we co-stained
for MGL/CD3 (Fig. 3f) and F4/80 (Fig. 3g, h). While the
majority of CD3" cells were negative for MGL gene expres-
sion, over 80% of F4/80" cells did express MGL in healthy
animals (Fig. 3i).

GPR55mRNA s presentinT-cellsand macrophages of healthy
murine colon GPR55 gene expression was detected in epi-
thelial cells (Fig. 4a), cells of the lamina propria (Fig. 4b)
and lymph follicles (Fig. 4c). GPR55 mRNA was only mar-
ginally found in neurons of the myenteric plexus (Fig. 4d).
No GPR55 gene expression was found in the muscular lay-
ers of the colon (not shown). To further determine the cell
type of highly expressing cells in the lamina propria, we co-
stained for T-cell markers and for the monocyte/macrophage
marker F4/80 in healthy tissue. The GPR55 gene was highly
expressed in CD3™ (Fig. 4e) and F4/807 cells (Fig. 4i, j). All
subpopulations of T-cells were positive for GPR55 mRNA
staining, i.e., CD4" (Fig. 4f), FoxP3* T regulatory (Fig. 4g),
and CD8* cells (Fig. 4h).

MGL and GPR55 gene expression is particularly altered
in F4/80* cells of DSS-treated mice According to qRT-PCR,
levels of CB; and CB, mRNAs from the entire colon wall
did not significantly change in intestinal inflammation,
whereas GPR55 and MGL gene expression decreased in
DSS-treated versus vehicle-treated mice (Fig. 2c, d). While
part of this could be explained due to damaged epithelial
cells, we asked whether reduction could have also occurred
in immune cells. Interestingly, scoring of GPR55 and MGL
gene expression in CD3* cells revealed no changes (not
shown). However, MGL (Fig. 3h, i) and GPR55 (Fig. 4j,
k) clearly showed reduced gene expression in F4/80% cells
after DSS treatment as compared to healthy animals (MGL:
Fig. 3g; GPR55: Fig. 4i).

lleum/LPS-induced systemic inflammation
CB; gene expression is slightly altered at the cellular level,

whereas no changes for CB, gene expression were observed
in ileum after LPS treatment High CB,; gene expression
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«Fig. 1 ISH staining of CB, (a—¢, g-i) and CB, (d-f, j-1) mRNA in
the colon of healthy mice. CB; mRNA is strongly detected in neu-
rons of the myenteric (a brown, DAB, arrowheads; i FastRed) and the
submucosal plexus (h FastRed). CB; gene expression is also found in
the longitudinal muscle layer (a, g, i arrows), in lymph follicles (b
arrows) and to a lesser degree in epithelial cells (c arrows) as well
as some cells of the lamina propria (¢, arrowhead). In contrast, CB,
gene expression is scarcely found in the myenteric plexus (d arrows).
Highest expression of the CB, gene occurs in lymph follicles (e
arrows), whereas low expression is seen in epithelial cells (f ep) and
the lamina propria (f [p). CB; mRNA fluorescence staining (FastRed)
shows modest co-localization (yellow) with synaptophysin (green)
in the myenteric plexus (g plexus denoted by asterisks). CB; mRNA
(FastRed) shows clear co-localization with neurofilament H (brown,
VIP) in the submucosal (h) as well as in the myenteric (i) plexus.
CB; mRNA is also found in the longitudinal muscular layer where
it does not co-localize with either of the neuronal markers (arrows
in g and i). CB, mRNA (brown, DAB) is predominantly detected in
B220" cells (purple, VIP) of lymph follicles (j) and only marginally
in F4/80" (k) or CD3" (1) cells. Calibration bars: a—f, h-1 10 ym, g
200 pum; cm circular muscle layer, ep epithelium, Ip lamina propria,
Im longitudinal muscle layer, c/ crypt lumen; *, myenteric ganglion;
arrows point at representative cells expressing CB; or CB, genes

was detected in the submucosal and the myenteric plexus
(Fig. 5a) and in isolated cells of the epithelium, probably
neuroendocrine cells (Fig. 5d). Low expression was found
in the lamina propria, in lymph follicles, and the rest of
the epithelium (Fig. 5b, c¢). By use of qRT-PCR of total
ileal tissue, no differences in CB; RNA levels were found
between healthy and LPS-treated animals (Fig. 2e). Only a
small amount of CD3" cells co-localized with CB, (Fig. 5d,
arrows) which was slightly reduced after LPS treatment
(Fig. 5e, f). CB, mRNA staining was only marginal in the
myenteric plexus (Fig. 6a) but was detectable in lymph fol-
licles co-localizing with CD3*, though only with a weak
ISH signal (Fig. 6b); however, CB, mRNA was also seen in
CD3* cells of the lamina propria (Fig. 6d, ) and in F4/80"
cells of healthy (Fig. 6f) and LPS-treated animals (Fig. 6g).
No significant differences in CB, gene expression exist
between healthy and LPS-treated animals as shown by qRT-
PCR (Fig. 2f) and by quantification in CD3" cells (Fig. 6¢).

MGL gene expression is reduced in ileum of LPS-treated
mice MGL mRNA staining was detected in the epithelium,
lamina propria cells (Fig. 7a, b), myenteric ganglia and the
muscle layers (Fig. 7c, d). Total gene expression of MGL,
as determined by qRT-PCR, was decreased in the ileum of
LPS-treated versus healthy animals (Fig. 2g). This corrobo-
rates the observation that staining of MGL mRNA in muscle
layers is lower in LPS-treated (Fig. 7d) versus healthy mice
(Fig. 7¢). In addition, CD3" cells showed a slight reduction

of already low levels of MGL gene expression (Fig. 7e—g).
For quantification in CD37 cells, see Fig. 7g. No differences
were found between F4/80" cells of healthy (Fig. 7e) and
LPS-treated mice (Fig. 71).

GPR55 mRNA highly co-localizes with T-cell
and macrophage markers in the ileum of healthy
and LPS-treated mice

In healthy mice, strong GPR55 mRNA staining was found
in the ileal lamina propria (Fig. 8a), crypt epithelial cells
(Fig. 8b) and lymph follicles (Fig. 8c). Levels of GPR55
mRNA seemed to be lower in ileal villi (Fig. 8a) than crypts
(Fig. 8b). Very low expression was detected in neurons of
myenteric ganglia (Fig. 8d). GPR55 ISH was combined with
IHC to determine specific immune cells and investigate pos-
sible gene expression changes within immune cells. Like in
the colon, there was a strong expression of the GPR55 gene
in CD3" cells (Fig. 8e, ) which could be also detected in
all investigated T-cell subpopulations (Fig. 8h-k, n, o) and
F4/80% cells (Fig. 81, m).

GPR55 is markedly reduced in CD3* cells
in LPS-treated mice

Although qRT-PCR of ileal tissue from LPS-treated mice
showed significant expressional changes only for the MGL
gene but not for the other genes investigated, the detailed
cellular scoring of GPR55 revealed that in contrast to DSS-
induced colitis, gene expression of GPRSS5 in the ileum was
lowered in CD3" cells (see graph in Fig. 8), but did not
change in F4/80™ cells (not shown).

Discussion

Several surveys performed in recent years have indicated
that people suffering from inflammatory bowel disease
(IBD) are using Cannabis to relieve pain and other symp-
toms associated with the disease [rev. in (Hasenoehrl et al.
2017)]. A small clinical trial in which Cannabis caused
moderate symptom relief in Crohn’s patients seems to con-
firm this (Naftali et al. 2013). Other than these reports, little
evidence yet exists whether Cannabis or cannabinoids are
protective against IBD in humans. In contrast, a high num-
ber of reports describe beneficial effects of cannabinoids in
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Fig.2 qRT-PCR evaluation of total mRNA levels of colon (a—d) and
ileum (e-h) from healthy and diseased mice. While CB, (a) and CB,
(c) gene expression are not significantly altered in mice after DSS
treatment, GPR55 (b) and MGL (d) gene expression are significantly

preclinical models of intestinal inflammation [rev. in (Hase-
noehrl et al. 2016)].

In our study, we used ISH RNAscope® combined with
IHC to identify and quantify gene expression of receptors
and enzymes of the ECS in cells of the ileal and colonic wall
of mice exposed to DSS and LPS. It is commonly believed
that the ECS is an entity that controls homeostasis in the gut
and that levels of its receptors are thought to increase dur-
ing an inflammatory attack. The goal was to measure gene
expression of CB;, CB,, GPR55 and MGL and to deline-
ate the cell types responding to the inflammation. The ISH
probes against CB;, CB,, GPR55 and MGL were all tested in
the respective knockout mouse providing a strong proof for
the specificity of the probes, something which is missing for
many antibodies used against cannabinoid receptors.

CB, and CB, mRNA in the colon and the ileum

First, we showed detailed localization of these receptors in
the bowel wall, confirming that CB, is largely present in
enteric neurons (Duncan et al. 2005) and only moderately in
the epithelial lining. CB; mRNA was also detectable in the
longitudinal muscle layer (but hardly in the circular layer)
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reduced in DSS-induced colitis. In LPS-induced systemic inflamma-
tion, CB;, CB, and GPR55 mRNA levels do not differ from healthy
tissue (e—g). In contrast, MGL mRNA levels are reduced in compari-
son to healthy animals (h)

where it does not co-localize with synaptophysin. Extra-
neuronal localization of CB; mRNA in the longitudinal
muscle layer, therefore, is of interest with regard to a recent
article that describes myogenic, besides neurogenic, relax-
ant effects of CB, agonists in longitudinal muscle myenteric
plexus preparations (LMMP) of the guinea pig (Donnerer
and Liebmann 2018). qRT-PCR of whole colonic segments
and quantification of CB;/CB, mRNA in single cells of ISH/
IHC stainings revealed little differences between control
and DSS- or LPS-treated animals. In the latter, CB,; gene
expression in CD3* cells was even more reduced compared
to an already very low expression in healthy mice (Fig. 5f).
Although CB, receptors are important in the regeneration
of epithelial cells (Wright et al. 2005), upregulation of CB,
may not be necessary for the regenerative process. It is also
possible that a later time point than the one chosen in our
experiments might have been more accurate to measure CB;
mRNA, as regeneration and re-epithelization after a bout
of DSS may take several weeks (Perse and Cerar 2012). A
recent study also highlighted that the presence of CB, in
epithelial cells is crucial for the regulation of intestinal per-
meability (Karwad et al. 2017). However, it is not yet clear
how CB;, contributes to permeability during inflammation
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Fig.3 ISH staining of MGL mRNA in colon of healthy (a—c, e-g)
and DSS-treated mice (d, h). MGL mRNA (FastRed) is seen in cells
of the epithelium (ep) and the lamina propria (/p) (a, b), myenteric
ganglia (c asterisk), and in the circular (cm) and longitudinal (/m)
muscle layer (c¢) of healthy colonic mucosa. In contrast, MGL gene
expression drops throughout the whole colon after DSS treatment,
particularly in the epithelium (ep) and the circular muscle layer (cm)
(d, arrows). ¢ and d Taken from ISH/IHC double staining of MGL
mRNA (FastRed) and CD3 protein (purple, VIP). Immunofluores-
cence shows that MGL mRNA (red, FastRed) is abundantly stained
in the circular (cm) as well as the longitudinal (Im; arrowheads)
muscle layer (e). Co-localization of MGL mRNA with synaptophy-
sin (green, Alexa 488) is rather low (yellow dots; arrows; e). There

|
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MGL gene expression level

is only little MGL gene expression (pink, FastRed) in CD3™ cells
(purple, VIP) (f). Gene expression of MGL in F4/80" cells (purple,
VIP) is decreased after DSS treatment (h) as compared to healthy
animals (g). Quantification of MGL mRNA in F4/80% cells in healthy
versus diseased animals is shown in i; note the increased cell num-
ber in expression level 0 (no expression) and reduced number of cells
in expression level 1. Calibration bar in a 20 um; calibration bars in
b, f, g, h 10 um; calibration bars in ¢, d 50 um; calibration bar in e
100 um; cm circular muscle layer, ep epithelium, Ip lamina propria,
Im longitudinal muscle layer, c/ crypt lumen, sm submucosa; *, myen-
teric ganglia. Arrows point at representative cells expressing MGL
mRNA
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Fig.4 ISH staining of GPR55 mRNA in colon of healthy (a—i) and
DSS-treated mice (j). In the healthy colon, there is moderate expres-
sion of the GPR55 gene in epithelial cells (a, ep), lamina propria
cells (b, Ip), lymph follicle (c), and very low expression in myenteric
neuronal cells (d brown, DAB; representative GPR55 mRNA stain-
ing is denoted by arrows). Co-localization of GPR55 mRNA (brown,
DAB) with CD3 (purple, VIP, arrows) in the lamina propria indicates
GPR55 gene expression in T-cells although staining is also seen out-

because activation of CB; by anandamide and 2-AG, applied
to the basolateral membrane of Caco-2 cells, have shown
opposing effects (Karwad et al. 2017).

The CB, receptor showed only little gene expression in
myenteric neurons and the epithelium of the colon. However,
mouse models of colitis show improvement in the presence
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side CD3% cells (e arrowheads). GPR55 mRNA (FastRed) can be
found in all T-cell subpopulations investigated such as in CD4" (f),
FoxP3* T regulatory (g), and CD8™ cells (h). In F4/80% cells, GPR55
mRNA levels are decreased after treatment with DSS (j) as compared
to healthy mice (i); the corresponding quantification of cell counts is
shown in (k). Calibration bars: 10 um; c¢m circular muscle layer, ep
epithelium, /p lamina propria, /m longitudinal muscle layer, ¢/ crypt
lumen; *, myenteric ganglion

of CB, through apoptosis of T-cells (Singh et al. 2012) and
through inhibition of the NLRP3 inflammasome in mac-
rophages (Ke et al. 2016). A role in the protection of CB,
expressing immune cells against inflammation is, therefore,
quite likely. As observed in the qRT-PCR, the presence of
CB, mRNA was not increased in whole bowel wall of the
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Fig.5 ISH staining of CB; mRNA in ileum of healthy (a—d) and
LPS-treated (e) mice. Strong CB; mRNA ISH staining (brown, DAB)
is seen in myenteric (asterisk) and submucosal ganglia (double aster-
isk) in the ileal wall of healthy mice (a). There is only low expres-
sion of CB; mRNA (arrows) in the epithelium (b ep) and the lamina
propria (b Ip). High magnification of lymph follicles shows CB; gene
expression in healthy animals (c). High levels of CB; mRNA (Fas-
tRed) are detected in isolated cells of the epithelium, probably neu-

DSS and LPS model in comparison with the untreated ani-
mals. In contrast, CB, mRNA was described to be upregu-
lated in a TNBS colitis model (Storr et al. 2009). This dis-
crepancy may lie in the different models that were used.
Unlike the DSS model, the TNBS colitis model is caused
by an immune response to the hapten TNBS, and therefore,
differs from the DSS model, which is bacterially driven
(Eichele and Kharbanda 2017). It is unclear if and how the
strong presence of CB, in B-cells found in our study could
contribute to an amelioration of the inflammation because
the presence of T- and B-cells were previously thought not to
be needed for the development of acute DSS colitis (Diele-
man et al. 1994). However, later studies showed that the

CB, gene expression level

roendocrine cells (arrowheads), from healthy (d) as well as LPS-
treated (e) mice. Only marginal staining of CB; mRNA is found in
CD3* cells (d, purple, VIP; arrows) that is even less in the ileum of
LPS-treated animals (e). Quantification of CB,/CD3* double stain-
ing is shown in f. Calibration bar in a: 50 um; calibration bar in b,
c: 10 um; calibration bar in d, e: 20 um; cm circular muscle layer, ep
epithelium, /p lamina propria, /m longitudinal muscle layer; *, myen-
teric ganglion; **, submucosal ganglion

CB, receptor is critical for the formation of T- and B-cells
(Ziring et al. 2006), and also for the homing and retention
of marginal zone B lineage cells (Basu et al. 2011). More
recent reports have revealed that B cells can protect from
DSS colitis in cooperation with Tregs (Wang et al. 2015).
CB, receptors on B cells, therefore, could participate in the
protection against intestinal inflammation.

GPR55 mRNA in the colon and the ileum
By use of a GPR55 antagonist and GPR55~'~ mice, we pre-

viously detected a pro-inflammatory role of GPR55 in DSS
and TNBS inflammation models (Stancic et al. 2015). In
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cm .

Fig.6 ISH staining of CB, mRNA in ileum of healthy (a, b, d, f) and
LPS-treated (e, g) mice. Healthy mice show very low gene expression
of CB, (brown, DAB) in myenteric ganglia of the ileum (a marked
by asterisk; arrows point at mRNA staining). Compared to myenteric
ganglia, cells in lymph follicles show widespread CB, gene expres-
sion, some located in CD3™ cells (b arrows). The CB, gene is also
expressed in lamina propria CD3™ cells of healthy animals, although
at a low level (d arrows point at expression in representative cells).
Cells often line up underneath the epithelium (ep; ). Also CD3 nega-

the present study, we also focused on GPRS55 in immune
cells. We observed that mRNA levels of GPR55 in whole
colon segments were diminished in DSS mice as compared
to controls while in LPS-treated mice, no significant changes
were noticed. In line with previous results (Li et al. 2013),
we also observed that GPR55 mRNA levels were higher in
the ileum than in the colon (online resource Fig. 1d). Unlike
CB;, GPR55 mRNA showed the prominent presence in epi-
thelial cells, and even more in lamina propria cells, such
as macrophages and T-cells. But like CB, (and contrary to
CB,), the GPR55 gene is only little expressed in the myen-
teric plexus. Most changes, i.e., reductions, in GPR55 gene
expression were observed in T-cells during LPS-induced
inflammation, while in DSS-induced inflammation, a
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tive cells expressing the CB, gene are visible In the lamina propria
(Ip) (e arrowhead). In addition, cells stained for F4/80 show CB,
mRNA in healthy (f) and LPS-treated (g) mice. There is only mar-
ginal expression of CB, in epithelial cells even after LPS treatment
(g; arrowhead). Quantification of CB, mRNA levels in CD3* cells is
shown in ¢, indicating that CB, gene expression is not significantly
altered after LPS treatment. Calibration bars: 10 um; ep epithelium,
Ip lamina propria, *, myenteric ganglion

reduction in GPR55 gene expression was predominant rather
in F4/80* cells. This is well in line with previous results we
obtained in the azoxymethane + DSS cancer model, in which
genetic knockout of GPRS55 led to a substantially altered
T- and myeloid-derived suppressor cell (MDSC) profile
when compared to wild-type mice (Hasenoehrl et al. 2018).
Additionally, we could previously show that treatment with
a GPR55 antagonist leads to reduced influx of lymphocytes
and macrophages into the inflamed colon in the DSS model
(Stancic et al. 2015). The GPRS55 receptor, therefore, seems
to primarily act in immune cells during inflammatory attacks
in the GI tract.
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Fig. 7 ISH staining of MGL mRNA (FastRed) in ileum of healthy (a,
¢, e) and LPS-treated (b, d, f) mice. MGL mRNA is equally present in
epithelium (ep) and lamina propria (Ip) cells of healthy ileum (a) and
ileum from LPS-treated mice (b arrows denote representative mRNA
staining). Expression is also present in myenteric ganglia (denoted by
an asterisk) of healthy (c) and LPS-treated (d) mice. Expression of
the MGL gene is widespread in the circular (cm) and the longitudinal

Presence of MGL mRNA

MGL is a key enzyme in the degradation of 2-AG, and there-
fore, a well characterized member of the ECS (Grabner et al.
2017). Pharmacologic inhibition of MGL has been shown
to improve TNBS-induced colitis (Alhouayek et al. 2011).

CD3" cells
Nl control
1 LPS
P
0 1 2 3 4

MGL gene expression level

muscle layer (/m), (arrows in ¢), and it is slightly decreased in LPS-
treated mice (d). Only low co-localization of MGL gene expression
with CD3" cells (purple, VIP) is found in healthy (e) and even lower
co-localization in LPS-treated (f) mice. Quantification of MGL/CD3
double staining is shown in g. Calibration bars: 10 um; ¢m circular
muscle layer, ep epithelium, /p lamina propria, /m longitudinal mus-
cle layer, c/ crypt lumen; *, myenteric ganglion

Inhibition of MGL also protects from LPS-induced lung
injury (Costola-de-Souza et al. 2013). We found that the
presence of MGL mRNA was decreased in DSS mice and
after LPS treatment, and since MGL inhibition protects from
injury, a decrease in MGL in the disease models could very
well be part of a protective mechanism. Contrary to previous
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«Fig. 8 ISH staining of GPR55 mRNA (brown, DAB, a-d) and co-
localization of GPR55 mRNA (FastRed, e-0) with markers for
T-lymphocytes and macrophages (all purple, VIP) in the ileum of
healthy (a—d, e, h, j, 1, n) and LPS-treated mice ({, i, k, m, 0). GPR55
mRNA is predominantly found in the lamina propria of the ileum
mucosa (arrows point at representative expression) and in epithelial
cells of healthy mice (a, b). Epithelial cells (ep) of villi show low
levels of GPR55 mRNA (a), whereas crypt epithelial cells (ep) dis-
play relatively strong GPR55 gene expression (b). In healthy animals,
strong GPR55 gene expression is detected also in lymph follicles (c),
while in myenteric ganglia, expression is low (d; arrows; ganglion
denoted by asterisk). GPR55 gene expression appears to be stronger
in CD3" T-cells of the lamina propria (Ip) of the healthy ileum (e)
when compared to LPS-treated animals (f). Arrows denote repre-
sentative staining. Quantification of GPR55 mRNA in CD3* cells is
shown in g. In the lamina propria of the ileum mucosa, GPR55 gene
expression is seen in CD4% cells (h, healthy; i, LPS-treated), CD8%
cells (j, healthy; k, LPS-treated), F4/80% cells (I, healthy; m, LPS-
treated), and FoxP3™ T regulatory cells (n, healthy; o, LPS-treated).
Calibration bars: 10 um; ep epithelium, /p lamina propria, *, myen-
teric ganglion; arrows point at representative cells expressing the
GPR55 gene

reports (Duncan et al. 2008), we observed MGL gene expres-
sion in the smooth muscle layer of the GI tract, indicating
that MGL is expressed in smooth muscle cells themselves
although the presence in resident macrophages cannot be
excluded (Wehner and Engel 2017). However, owing to the
abundance of MGL gene expression seen in the longitudinal
muscle layer which is devoid of resident macrophages (Weh-
ner and Engel 2017) as well as the observation that most
of MGL mRNA does not co-localize with synaptophysin
(Fig. 3e), MGL is likely expressed in the smooth myocytes
themselves.

To conclude, RNAscope® ISH technique combined with
IHC is an extremely valuable method for identifying gene
expression and regulation of receptors and enzymes at a
single cell basis in situ, as demonstrated by the response
of the ECS to intestinal and systemic inflammation. Altera-
tions in the gene expression of GPR55 and MGL in CD3*
lymphocytes and F4/80" macrophages indicate that these
two components of the ECS are an important part of the
innate and adaptive immune response to the inflammatory
attack. An upregulation of CB; and CB,, often suggested
as part of a homeostatic response of the ECS to injury, was
not observed.
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