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DIABETES-INSULIN-GLUCAGON-GASTROINTESTINAL

Disruption of the Murine Glp2r Impairs Paneth Cell
Function and Increases Susceptibility to Small Bowel
Enteritis
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Exogenous glucagon-like peptide-2 receptor (GLP-2R) activation elicits proliferative and cytopro-
tective responses in the gastrointestinal mucosa and ameliorates experimental small and large
bowel gut injury. Nevertheless, the essential physiological role(s) of the endogenous GLP-2R re-
main poorly understood. We studied the importance of the GLP-2R for gut growth, epithelial cell
lineage allocation, the response to mucosal injury, and host-bacterial interactions in Glp2r '~ and
littermate control Glp2r*™’* mice. Glp2r '~ mice exhibit normal somatic growth and preserved small
and large bowel responses to IGF-l and keratinocyte growth factor. However, Glp2r '~ mice failed
to up-regulate intestinal epithelial c-fos expression in response to acute GLP-2 administration and
do not exhibit changes in small bowel conductance or small or large bowel growth after admin-
istration of GLP-2R agonists. The crypt and villus compartment and the numbers and localization
of Paneth, enteroendocrine, and goblet cells were comparable in Glp2r*’* vs. Glp2r '~ mice.
Although the severity and extent of colonic mucosal injury in response to 3% oral dextran sulfate
was similar across Glp2r genotypes, Glp2r '~ mice exhibited significantly increased morbidity and
mortality and increased bacterial translocation after induction of enteritis with indomethacin and
enhanced mucosal injury in response to irinotecan. Moreover, bacterial colonization of the small
bowel was significantly increased, expression of Paneth cell antimicrobial gene products was re-
duced, and mucosal bactericidal activity was impaired in Glp2r '~ mice. Although the Glp2r is
dispensable for gut development and the response to colonic injury, Glp2r '~ mice exhibit en-
hanced sensitivity to small bowel injury, and abnormal host-bacterial interactions in the small

bowel. (Endocrinology 153: 0000-0000, 2012)

lucagon-like peptide-2 (GLP-2) is a member of the
G proglucagon-derived peptide family produced in gut
endocrine L cells. GLP-2 is secreted at low basal levels
in the fasting state and its circulating levels rise rapidly
after nutrient ingestion (1). Exogenous administration
of GLP-2 expands the small and large bowel mucosa
through stimulation of crypt cell proliferation and in-
hibition of cell death (2). These actions of GLP-2 are
conserved in the setting of experimental intestinal in-
jury, leading to preservation and/or regeneration of
damaged mucosal epithelium.
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GLP-2 also increases intestinal blood flow (3, 4) and
gut barrier function (5) and enhances nutrient absorp-
tion via stimulation of glucose transport activity (6, 7).
Moreover, GLP-2 infusion enhances lipid absorption
and chylomicron secretion in mice (8) and increases
postprandial levels of triglycerides and free fatty acids
in normal human subjects (9). The ability of GLP-2 to
enhance nutrient absorption has led to its evaluation for
the treatment of short bowel syndrome. Once- or twice-
daily administration of a GLP-2 analog, teduglutide,
increased the nutrient absorption and reduced energy

Abbreviations: BrdU, 5-Bromo-2'-deoxyuridine; DS, dextran sulfate; ErbB, erythroblastic
leukemia viral oncogene homolog; GLP-2, glucagon-like peptide-2; GLP-2R, GLP-2 recep-
tor; KGF, keratinocyte growth factor; LPS, lipopolysaccharide; rHu, recombinant human.
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malabsorption in human subjects with short bowel syn-
drome (10, 11).

Despite the delineation of multiple actions arising after
exogenous pharmacological GLP-2 administration, the
endogenous physiological action(s) of GLP-2 remain less
well defined. Acute administration of a GLP-2 antagonist
GLP-2 (3-33) partially attenuates the normal adaptive re-
sponse of the small bowel mucosa to fasting/refeeding
through modulation of crypt cell proliferation and apo-
ptosis (12, 13). Similarly, attenuation of circulating GLP-2
bioactivity using immunoneutralizing antibodies reduced
the extent of adaptive mucosal hyperplasia in rats with
streptozotocin-induced diabetes (14).

Elucidation of mechanisms underlying endogenous
GLP-2 action has been challenging in part due to the lim-
itations of available GLP-2 receptor antagonists and the
complexity of the cellular localization of GLP-2 receptor
signaling. The antagonist GLP-2 (3-33) is also a weak
partial agonist (12, 15), limiting its suitability for complete
sustained blockade of GLP-2 action in vivo. Moreover,
transient selective reduction of GLP-2 receptor (GLP-2R)
expression is challenging because the GLP-2R is expressed
on rare subsets of enteric neurons, enteroendocrine cells,
and myofibroblasts and exerts its actions indirectly,
through activation of incompletely characterized down-
stream mediators (16-18).

To delineate the importance of the endogenous GLP-
2R, we generated mice with targeted inactivation of the
gene encoding the GLP-2R. GIp2r~'~ mice fail to up-reg-
ulate intestinal growth factor expression in response to
acute GLP-2 administration (18), manifest defective up-
regulation of crypt cell proliferation in response to fasting-
refeeding (19), but do not exhibit defects in the intestinal
adaptive response to experimental streptozotocin-in-
duced diabetes (20). We now report that germline loss of
the GIp2r does not result in defects in cell lineage alloca-
tion within the gut epithelium, susceptibility to colonic
injury, or defective control of intestinal permeability.
However GIp2r~'~ mice demonstrate increased suscepti-
bility to mucosal injury induced by indomethacin or iri-
notecan in the small bowel. Furthermore, Glp2r~'~ mice
exhibit defective Paneth cell function as evidenced by re-
duced expression of defensins and impaired bactericidal
activity ex vivo. Moreover, the small bowel of uninjured
Glp2r~'" mice exhibit significantly increased numbers of
bacteria, and microbiome analysis demonstrates a signif-
icant shift in the proportion of Firmicutes, Bacteroidetes,
and Actinobacteria phyla in the feces. These findings re-
veal that basal GLP-2R activity is essential for the preven-
tion of mucosal injury in the small bowel and the main-
tenance of normal host-bacteria interactions along the
gastrointestinal tract.
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Materials and Methods

Animals

Glp2r~'~ mice were generated in the C57BL/6 background
by replacing exons 7-9 of the Glp2r with a neomycin resistance
cassette inserted in the opposite direction to that of Glp2r tran-
scription (Supplemental Fig. 1, published on The Endocrine So-
ciety’s Journals Online web site at http://endo.endojournal-
s.org). The genotyping strategy is shown in Supplemental Fig. 2.
The wild-type GIp2r™/* littermates were used as controls for all
studies involving GIp2r~'~ mice. Studies were performed on ei-
ther male or female mice, as indicated in the figure legends, aged
8-12 wk, that were bred at the Toronto Centre for Phenog-
enomics Animal facility. All animal experiments were approved
by the Animal Care Committee of the Mount Sinai Hospital.

Peptide and drug treatments

Human [Gly?]GLP-2, hence referred to as GLP-2, was from
Pepceutical Ltd. (Nottingham, UK), Long-R3-IGF-I (recombi-
nant human IGF-I) was from Gropep Ltd. (Adelaide, Australia)
and recombinant human (rHu) keratinocyte growth factor
(KGF) was obtained from Amgen Inc. (Thousand Oaks, CA).
GLP-2 and Long-R3>-IGF-I were administered sc, whereas
rHuKGF was injected into the peritoneum (ip). All peptides were
administered in PBS. Experiments involving analysis of dextran
sulfate colitis and indomethacin- or irinotecan-induced enteritis
were carried out as previously described (21-23). To assess in-
testinal crypt cell proliferation 5-bromo-2’-deoxyuridine (BrdU;
Sigma-Aldrich, Oakville, Ontario, Canada; 100 mg/kg) dis-
solved in PBS was injected ip to mice 1 h before the animals were

killed.

Tissue collection and processing for morphometry
and immunohistochemistry

Intestinal tissue was collected, flushed with PBS, fixed in 10 %
neutral buffered formalin, and paraffin embedded. Histomor-
phometry was performed on 5-um sections stained with hema-
toxylin and eosin, using a Leica Q500MC Image Analysis System
(Leica Inc., Cambridge, UK). Villus height and crypt depth were
measured on 12 cross-sections with an average of 20 measure-
ments per mouse. Immunohistochemistry was carried out using
indirect immunoperoxidase detection with NovaRED substrate
(Vector Laboratories, Burlington, Ontario, Canada) followed by
hematoxylin counterstaining. Antilysozyme and antisynapto-
physin rabbit polyclonal antibodies (DakoCytomation, Missis-
sauga, Ontario, Canada) were used to quantify Paneth and en-
teroendocrine cell populations, respectively. BrdU incorporation
was detected using a mouse monoclonal anti-BrdU antibody
(Invitrogen Canada, Burlington, Ontario, Canada) and c-fos
protein using a rabbit polyclonal anti-c-fos antibody (Sigma-
Aldrich). Periodic acid-Schiff staining was used to visualize
goblet cells.

Intestinal permeability

Two to three contiguous segments of proximal and midjeju-
num were cut along the mesenteric border, mounted in modified
Ussing chambers (EasyMount chambers; Physiologic Instru-
ments, San Diego, CA), and bathed with Kreb’s buffer [140 mMm
NaCl, 1.2 mm CaCl,, 1.2 mm MgCl,, 10 mm KHCOj5, 0.2 mMm
KH,PO,, and 1.2 mm K,HPO,, (pH 7.4)] at 37 C with contin-
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uous oxygenation. Glucose (10 mm) was added to the buffer at
the serosal surface balanced by 10 mM mannitol in the buffer at
the mucosal surface. After equilibration for 20 min, tissues were
short circuited at zero volts using an automatic multichannel
voltage/current clamp (model VCC MCS8; Physiologic Instru-
ments). Tissue conductance was calculated according to Ohm’s
law using potential difference and short circuit current values.
Average short circuit current and conductance values were de-
termined using Acquire and Analyze software (Physiologic
Instruments).

Western blot analysis

Whole-tissue extracts were prepared by homogenization of
intestinal segments in radioimmunoprecipitation assay buffer
(1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% so-
dium dodecyl sulfate in PBS) supplemented with protease and
phosphatase inhibitors (Sigma-Aldrich), 5 mm sodium fluoride,
and 200 uMm sodium orthovanadate. Lectin adsorption was car-
ried out using wheat germ agglutinin-agarose (EMD Chemicals
Inc., Gibbstown, NJ) and elution with 0.3 M N-acetyl-p-gluco-
samine, as previously reported (24). Western blot analysis of
lectin pull-down proteins was performed as described (25).
GLP-2R antisera were generously provided by Professor Jens
Holst (University of Copenhagen, Copenhagen, Denmark) (16).

Microbiology

Whole blood was obtained by cardiac puncture. Spleen, liver,
and mesenteric lymph nodes were removed and homogenized in
sterile PBS. Aliquots of whole blood and tissue homogenates
were plated on blood agar plates and incubated at 37 C for
24-48 h under aerobic conditions before assessing the presence
of bacterial colonies or quantifying the percent of the blood agar
plate surface that underwent hemolysis. To determine small in-
testinal aerobic bacterial load, the luminal contents were col-
lected by flushing with PBS. The number of colony-forming units
per mouse small intestine was determined by plating serial dilu-
tions of the flushed material on blood agar plates and counting
colonies after incubation at 37 C for 24 h.

RNA isolation and quantitative real-time RT-PCR
Total RNA from intestinal tissue was extracted by the guani-
dinium thiocyanate method and cDNA synthesis performed with
random hexamers and SuperScript II (Invitrogen). Real-time
quantitative PCR was performed on an ABI PRISM 7900HT
sequence detection system (Applied Biosystems, Foster City,
CA) with TagMan universal PCR master mix and TagMan gene
expressionassays(Applied Biosystems)forglp27(Mm01329473_
m1 for exons 2-3 and Mm01329477_m1 for exons 7-8), ly-
sozyme P (Mm00657323_m1), defcr-rs1 (Mm00655850_m1),
cryptdin 5 (MmO00651548_g1), pla2g2a (Mm00448160_m1),
mmp7 (Mm00487724_m1), IgrS5 (Mm00438890), epgn
(MmO00504344_m1), egf (Mm00438696), erbB1 (Mm00433023),
igf-IR (Mm00802831), il-6 (Mm00446190), myd88
(Mm00440338), nfkb (Mm00476361), mip-2 (Mm00436450),
il-33 (Mm00505403), cxcl-10 (Mm00445235), and il-15
(Mm00434210). Relative quantification of transcript levels was
performed by the 244" method using the cycle threshold values
obtained from the PCR amplification kinetics with the ABI PRISM
SDS 2.1 software. 18S rRNA or cyclophilin was used for normal-
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ization because its intestinal expression remained unaltered, re-
gardless of mouse genotype or treatment.

Crypt isolation, stimulation of Paneth cell
secretion, and bactericidal activity assays

Small intestinal crypts were isolated after incubation of the
tissue at room temperature in Ca”"- and Mg**-free PBS con-
taining 30 mM EDTA (26). Paneth cell secretion from the isolated
crypts was induced by stimulation with the cholinergic agonist
carbamylcholine (10 wm; Sigma-Aldrich) or the Toll-like recep-
tor 4 agonist lipopolysaccharide (LPS; purified from Escherichia
coli0111:B4, 10 pg/ml; Sigma-Aldrich) for 30 minat 37 C. Crypt
secretions were recovered by centrifugation and their bacteri-
cidal activity assayed against 5 X 10° colony-forming units E.
coli DHS« as described (27).

Microbial genomic DNA extraction and analysis of
the 16S rRNA locus

Fresh cecum and fecal pellets were collected and immediately
frozen at —80 C. Samples were ground in liquid nitrogen and
DNA extracted after microbial cell lysis with zirconia/silica
beads as described (28). DNA fragments were sequenced by am-
plifying the 16S rRNA locus from each DNA sample using bar-
coded primers. Amplicons were pooled and carried through the
standard Illumina paired-end sample prep. Six sequence reads
were obtained (three from each strand); one sequence read from
each strand corresponded to the sample-specific barcode (8 bp).
The remaining four sequence reads (36 bp each) corresponded
to the V5, V6, and V7 hypervariable regions of the 16S rRNA
locus. These reads were concatenated and assigned bacterial
taxonomies using the Ribosomal Database Project classifier
(29), which had been trained using the Bergey database of
sequences modified to have the same 36- X 4-bp read structure
(rather than full length 16S rRNA sequences).

Statistics

Results are expressed as mean = se. Comparisons between
genotype and/or treatment groups were performed by one- or
two-way ANOVA followed by the Bonferroni or Fisher post hoc
test. The x* test was used to analyze the data (see Fig. 3, A and
C). Comparison between Kaplan-Meier survival curves shown
(see Fig. 3B) was performed using the log-rank test. Statistical
analyses were carried out using the GraphPad Prism 4 software
package (GraphPad Software Inc., San Diego, CA) and Statistica
6 (StatSoft Inc., Tulsa, OK).

Results

Glp2r~'~ mice were born at expected Mendelian frequen-
cies and appeared healthy, and both body weight (Fig. 1A)
and food intake (Supplemental Fig. 3) were comparable in
Glp2r™* vs. Glp2r~'~ mice. Glp2r mRNA transcripts
corresponding to the targeted exons and immunoreactive
GLP-2R protein were detected in intestinal tissues from
Glp2r™* and Glp2r™'~ but not Glp2r~’~ mice (Supple-
mental Fig. 4, A and B). A single 5-ug injection of h[Gly?*]-
GLP-2 significantly increased nuclear c-fos expression in
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FIG. 1. Characterization of Glp2r~/~ mice. A, Body weights of male and female Glp2r*/*, Glp2r*/~, and Glp2r~'" littermates (n = 4 per group)
over 24 wk. B, The c-fos-immunopositive cell number in the jejunal epithelium of Glp2r*/* and Glp2r~'~ male mice (n = 3-4 per group) 1 h after
GLP-2 (5 ug) administration. Small and large bowel weights (C) and jejunal crypt cell proliferation (D) after the administration of saline or GLP-2
(10 ug once daily) for 7 d in female Glp2r*’*, Glp2r*’~, and Glp2r~'" littermates (n = 7—-8 per group). E, Small bowel weight in response to GLP-
2 (2.5 pg twice daily), Long-R3-IGF-I (25 ug twice daily), or rHUKGF (5 mg/kg body weight once daily) administration to female Glp2r*’* and
Glp2r~'~ mice for 10 d (n = 5-6 per group). F, The jejunal (Jej) transmural ion conductance from female Glp2r™* and Glp2r~'~ mice (n = 3-6
per group) administered saline or GLP-2 (5 g twice daily) for 9 d. *, P < 0.05, ** or ##, P < 0.01, *** or ###, P < 0.001, treatment vs. vehicle
control.

the epithelium of the jejunum (Fig. 1B and Supplemental  tance, small or large bowel weight, small bowel villus
Fig. 5) and colon (Supplemental Fig. 6) of Glp2¢*'* but  height, crypt depth, colonic mucosal thickness, DNA con-
notin Glp2r~'~ mice. Basal levels of small and large bowel  tent, small bowel ion conductance, or crypt cell prolifer-
weight (Fig. 1C), jejunal villus height and crypt depth,  ationin Glp2r~’~ mice (Fig. 1, C-F, and Supplemental Fig.
colon crypt depth (Supplemental Figure 7), crypt cell pro- 7). In contrast, administration of IGF-I or KGF increased
liferation, and jejunal conductance (Fig. 1, D and F) were ~ small bowel mass (Fig. 1E) and KGF increased colonic
comparable in GIp2r*'™ vs. Glp2r™'~ mice. Sustained mass (Supplemental Fig. 8) in Glp2r™'* and Glp2r~/~
h[Gly*]-GLP-2 administration produced a robust intesti- mice. Cell lineage allocation (Goblet, enteroendocrine,
notrophic response in the small and large bowel of and Paneth cells) was also comparable in Glp2r™'* vs.
Glp2¢*"™" mice but had no effect on jejunal ion conduc-  GIp2r~'~ mice (Supplemental Figs. 9 and 10). Taken to-
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FIG. 2. Body weight (A), large bowel weight (B) and length (C), histology (D), and percentage intact mucosa (E) from male Glp2r*’*, Glp2r*/~,
and Glp2r~'~ mice treated with water alone (0% DS) or oral dextran sulfate (3% DS) in the drinking water for 9 d (n = 4-8 per group).
*%% P <0.001 0% vs. 3% DS-treated mice. Similar results were obtained in studies of female mice of the same genotypes (data not shown).

gether, these analyses demonstrate that the Glp2r~/~
mouse fails to respond to acute or chronic GLP-2 treat-
ment yet exhibits normal epithelial structure and cell com-
position in the gastrointestinal tract.

Because germline loss of the GIp2r was not associated
with a demonstrable intestinal phenotype in nonstressed
mice, we subjected Glp2r™'*, Glp2r™'~, and Glp2r~'~
mice to experimental dextran sulfate (DS)-induced colitis,
a controlled inflammatory insult responsive to exogenous
GLP-2 administration (22, 30). Oral administration of
3% DS for 9 d produced comparable weight loss and sim-
ilar changes in colon weight and length in Glp2r™'* vs.
Glp2¢*'~ and Glp2r~"~ mice (Fig. 2, A-C). Furthermore,
the extent of colonic mucosal injury was similar across
Glp2r genotypes (Fig. 2, D and E). Body weight gain after
recovery from 3% DS for 5-8 d was also unaffected by
Glp2r genotype (data not shown). Hence, loss of the

GIp2r does not influence the severity of or recovery from
DS-induced colonic injury.

Because GIp2r mRNA transcripts are also present in the
small bowel (31, 32), we assessed the consequences of non-
steroidal antiinflammatory drug-induced small bowel enter-
itis in GIp2r~"~ mice (21). The proportion of moribund
GIp2r~'~ mice was significantly higher compared with
Glp2r*'* littermate controls 24 h after indomethacin ad-
ministration (Fig. 3A), and more Glp2r~’~ mice succumbed
after indomethacin administration (Fig. 3B). We next as-
sessed whether enhanced bacterial infection might underlie the
increased morbidity of Glp2r~'~ mice. The proportion of in-
domethacin-treated GIp2r "~ mice exhibiting positive bacterial
cultures in liver, spleen, and blood trended significantly higher
(P < 0.01, x” test for trend) relative to levels in Glp2r™"" mice,
and significantly more Glp2r~'~ mice exhibited positive mes-
enteric lymph node bacterial cultures (Fig. 3C).
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FIG. 3. Indomethacin and irinotecan produce increased small bowel injury in Glp2r~'~ mice. Proportion of moribund (A), percent survival (B), and

percent positive (C) bacterial cultures in male Glp2r*’*, Glp2r*’~, and Glp2r~’~ mice (n = 17-28 per group) after two sc injections of vehicle or

indomethacin. *, P < 0.05, Glp2r~'~ vs. Glp2r*’* (for A and C). Jejunal crypt depth (D) and crypt density (E) and prevalence of hemolytic activity
in blood (F), a reflection of bacterial septicemia, in male Glp2r~"~ vs. Glp2r*’* mice (n = 5-6 per group) 24 h after two ip injections of vehicle or
irinotecan (IRT). **, P < 0.01, *** P < 0.001 IRT vs. vehicle; #, P < 0.05, Glp2r~'~ vs. Glp2r*'*.

To determine whether GIp2r~'~ mice exhibited en- Because increased bacterial infection may reflect al-
hanced sensitivity to small bowel mucosal injury in a sec-  tered gut barrier function and microbial coloniza-
ond independent experimental model, we assessed the tion, we assessed intestinal bacterial colonization in
acute effects of irinotecan, a chemotherapeutic agent with ~ GIp27~'~ mice. GIp2r~'~ mice exhibited a significantly
significant gastrointestinal toxicity (23). After irinotecan  greater bacterial load in the small bowel relative to age
treatment, jejunal crypt depth was similarly decreased in  and sex-matched littermate controls (Fig. SA). To iden-
both Glp2r*'" and Glp2r~'~ mice; however, only  tify mechanisms underlying increased small bowel bacte-
GIp2r~'~ mice exhibited a significant reduction in crypt  rial colonization in GIp2r~'~ mice, we determined the ex-
density (Fig. 3,D and E). Furthermore, hemolysisonblood  pression of Paneth cell genes known to be important for
agar plates, an indirect measure of systemic bacteremia,  host-bacterial interactions. Although levels of lysozyme
was increased to a significantly greater extentin GIp2r~’/~  and the defensin-related Defcr-rs1 (crypt1) mRNA tran-
vs. Glp2r™'" miceafteririnotecan (Fig. 3F). Toexplorethe  scripts were comparable in the jejunum and ileum of
basis for the enhanced mucosal damage in response to  Glp2r~'~ vs. Glp2r™'™ mice, levels of ileal matrix metal-
irinotecan, we assessed expression of genes important for  loproteinase 7 (Mmp7) mRNA, the key enzyme respon-
small bowel growth, survival, and inflammation. Irinote-  sible for activation of defensin activity, and the abundance
can-treated GIp2r~'~ mice exhibited significantly reduced  of cryptdin 5§ and secretory phospholipase A2 (Pla2g2a)
levels of mMRNA transcripts for the stem cell marker Igr5, mRNA transcripts were lower in both jejunum and ileum
the erythroblastic leukemia viral oncogene homolog  of GIp2r~/~ mice (Fig. SB). Furthermore, we detected sig-
(ErbB) ligand EGF, and the Igf1r. Conversely, levels of  nificantly reduced intestinal expression of multiple RNA
mRNA transcripts for epgn and ErbB1 were not as up-  transcripts encoding proteins involved in the host re-
regulated in irinotecan-treated GIp2r~'~ vs. Glp2r*'*  sponse to infection in GIp2r~'~ mice, including 7yd88,
mice, whereas levels of the mRNA for the cytokine II-6  nfkb, mip2, il-6, il-33, cxcl10, and il-15 (Fig. 5C).
were significantly up-regulated in Glp2r~/~ compared The increased bacterial load, enhanced bacterial trans-
with GIp2r*"* small bowel (Fig. 4). location, and altered Paneth gene expression signature
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rich repeat-containing G protein coupled receptor 5) (A), epgn (epigen) (B), egf (epidermal growth factor) (C), erbB1 (epidermal growth factor
receptor) (D), igf-1r (IGF-I receptor), (E) and i/-6 (IL-6) (F) from Glp2r™’* and Glp2r~'~ male mice (n = 4-6 per group) treated with IRT.
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suggested the presence of a functional Paneth cell defect.
Consistent with this hypothesis, Paneth cell secretions iso-
lated from GIp2r~'~ mice exhibited reduced bactericidal
activity after stimulation with carbamylcholine and LPS
ex vivo (Fig. SD).

To further explore whether loss of the Glp2r im-
paired host-microbiome interactions, we assessed the
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proportion of key bacterial phyla in the cecum and feces
of GIp2r~'~ mice. A number of significant differences
were detected in the representation of specific fecal bac-
terial populations, including significant reductions in
the proportions of Firmicutes and Actinobacteria and a
significantincrease in Bacteroidetes and Clostridiales in
Glp2r~’~ mice (Fig. 6).
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Discussion

Current concepts of GLP-2 action have evolved primarily
from studies using pharmacological administration of
GLP-2R agonists, which produce expansion of the small
bowel mucosal epithelium through stimulation of crypt
cell proliferation and inhibition of enterocyte apoptosis
(2, 33). The identification of GLP-2 (3-33) as a GLP-2R
antagonist (15) has enabled experiments delineating the
importance of endogenous GLP-2 action in vivo. These
studies demonstrated that GLP-2 (3-33) attenuates the
adaptive mucosal response to refeeding in mice (12) and
rats (13). Nevertheless, as GLP-2 (3-33) is also a partial
agonist and augments intestinal mucosal growth (15),
we generated G[p2r /" mice as an alternative model for
assessing complete loss of endogenous GLP-2 action in
vivo (8, 18, 19). Surprisingly, despite the potent intes-
tinotrophic actions of exogenous GLP-2, crypt cell pro-
liferation, mucosal histology, and cell lineage allocation
within the gut epithelium are comparable in Glp2r*™'*
vs. GIp2r~'~ mice. These findings are consistent with
observations that the growth-promoting actions of
GLP-2 occur predominantly at pharmacological levels
of circulating GLP-2 in the parenterally fed neonatal pig
(34). Nevertheless, these results do not exclude the pos-
sibility that locally produced GLP-2, acting in a para-
crine manner, contributes to the control of mucosal
growth.

Analternative explanation for the normal development
of the GIp2r~/~ gastrointestinal tract invokes the possi-
bility of a second functional GLP-2 receptor capable of
responding to endogenously produced GLP-2. Indeed,
treatment of Caco-2 and T84 intestinal cell lines with

GLP-2 activates growth-related signal transduction path-
ways and stimulates cell proliferation despite the absence
of expression of the classical GLP-2R in these two cell lines
(35-37). Similarly GLP-2 stimulates cell migration in mul-
tiple intestinal cell lines, despite the absence of Glp2r
mRNA transcripts encoding the known cloned GLP-2R
(38, 39). Although the existence of a second receptor re-
sponsive to exogenous GLP-2 cannot be excluded by our
data, the GIp2r~'~ mouse fails to up-regulate immediate
early gene expression, crypt cell proliferation, or small and
large bowel growth in response to exogenous GLP-2 ad-
ministration. In contrast, GIp2r~/~ mice exhibit a robust
intestinotrophic response to exogenous IGF-I or KGF, im-
plying preservation of growth factor-dependent pathways
in both the small and large bowel. Hence, the available
data suggest that the GIp2r gene functionally disrupted in
Glp2r~'~ mice encodes for the major GLP-2-responsive
receptor transducing classical GLP-2 actions in the murine
gastrointestinal tract.

A second explanation for the surprisingly normal phe-
notype of GIp2r~'~ mice involves the up-regulation of
related pathways compensating for the lack of GLP-2R
action in the gastrointestinal tract. Our current under-
standing of GLP-2 action involves recruitment of down-
stream mediators, including IGF-I, KGF, vasoactive intes-
tinal polypeptide , endothelial nitric oxide synthase, and
ErbB ligands (16-19, 40-42). Although we have not de-
tected evidence for up-regulation of components of the
IGF-1, KGF, or ErbB pathways in the gut of the Glp2r~/~
mice, our analyses have involved a limited examination of
basal levels of mRNA transcripts encoding key mediators
in these pathways (18, 19), and we cannot exclude the
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possibility that the activity of one or more downstream
targets of GLP-2 action is significantly up-regulated in a
compensatory manner in Glp2r~'~ mice.

Despite previous studies demonstrating proliferative
and therapeutic actions of GLP-2 in the normal (16, 43,
44) and diseased (22, 30) colon, the severity of weight loss
and colonic mucosal damage was comparable in the pres-
ence or absence of the Glp2r. Hence, GLP-2R signaling
appears dispensable for the adaptive colonic response to
mucosal injury in our model of DS-induced colitis. In con-
trast, GIp2r~'~ mice exhibit greater susceptibility to in-
domethacin-induced enteritis, in association with in-
creased evidence for bacterial infection in peripheral
tissues, particularly mesenteric lymph nodes. Similarly,
Glp2r~"~ mice exhibited greater intestinal injury and
more pronounced bacteremia after the administration of
irinotecan, a potent topoisomerase inhibitor. Hence, the
disruption of basal GLP-2R signaling appears to prefer-
entially affect the small, rather than the large, bowel.

Consistent with findings of enhanced bacterial trans-
location in GIp2r~/~ mice with experimental small bowel
injury, levels of mRNA transcripts for the Paneth cell-
derived defensin cryptdin 5, the antimicrobial enzyme
Pla2g2a and associated enzymatic activators of defensin
activity such as Mmp7, were significantly reduced in the
Glp2r~"~ small bowel. Furthermore, the Glp2r~/~ small
bowel exhibited reduced expression of multiple genes im-
portant for different components of the inflammatory re-
sponse and increased bacterial content. Collectively, these
observations point to one or more defects in the regulation
of the epithelial-microbiota relationship in Glp2r~/~
mice, findings supported by the demonstration that
Glp2r~'~ Paneth cell secretions exhibit reduced bacteri-
cidal activity ex vivo. Furthermore, significant alterations
in the proportion of major bacterial microbiome constit-
uents were detected in feces of uninjured GIp2r~'~ mice.
At present, we cannot ascertain whether the Paneth cell
defects observed reflect loss of GLP-2 action indirectly on
Paneth cells or whether these defects are secondary to
other cellular phenotypes arising in GIp2r~’~ mice.

Complementary evidence linking GLP-2 action to
modulation of gut inflammation derives from observa-
tions that probiotic administration increased levels of
GLP-2 and reduced gut inflammation in obese mice,
whereas reduction of GLP-2 activity with the antagonist
GLP-2 (3-33) reversed many of the beneficial antiinflam-
matory actions of GLP-2 (45). Similarly, GLP-2R activa-
tion suppressed intestinal leukocyte infiltration and re-
duced the expression of genes regulating inflammation
and barrier function in a murine model of surgical ileus
(46) and in mice with experimental ileitis and colitis (40).
Taken together, our findings establish the importance of
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the intestinal GIp2r for the regulation of host bacterial
interactions and reveal a new role for GLP-2 in Paneth
cell-derived enteric defense, and control of gut microbial
communities. It is important to recognize that Paneth cell
activity represents only one component of an integrated
intestinal and immune network that defends the mucosal
epithelium from bacterial invasion. Furthermore, our data
indicate that loss of the Glp2r clearly impairs the small
bowel inflammatory response to mucosal injury. Hence,
we cannot rule out other subtle abnormalities in distinct
arms of the local innate immune response that contribute
to the phenotypes observed in GIp2r~'~ mice. Taken to-
gether, these findings establish the GIp2r as an essential
mediator of the small bowel mucosal response to patho-
gens and inflammation. Whether enhancement of GLP-2
activity may be beneficial in human intestinal diseases
characterized by enhanced inflammation (47) requires
more careful investigation.
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