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Glucagon-like peptide-2 (GLP-2) promotes the expan.
sion of the intestinal epithelium through stimulation of
the GLP-2 receptor, a recently identified member of the
glucagon-secretin G protein-coupled receptor super-
family. Although activation of G protein-coupled recep-
tors may lead to stimulation of cell growth, the mecha-
nisms transducing the GLP-2 signal to mitogenic
proliferation remain unknown. We now report studies of
GLP-2R signaling in baby hamster kidney (BHK) cells
expressing a transfected rat GLP-2 receptor (BHK-
GLP-2R cells), GLP-2, but not glueagon or GLP-1, in-
creased the levels of cAMP and activated both cAMP-
response element- and AP-1-dependent transcriptional
activity in a dose-dependent manner. The activation of
AP-1-luciferase activity was protein kinase A (PKA) -de-
pendent and markedly diminished in the presence of a
dominant negative inhibitor of PKA. Although GLP-2
stimulated the expression of c-fos, cyun, junB, and
zif268, and transiently increased p70 56 kinase in quies.
cent BHK-GLP-2R cells, GLP-2 also inhibited extracellu-
lar signal-regulated kinase 1/2 and reduced serum-stim-
ulated Elk-1 activity, Furthermore, no rise in
intracellular caleium was observed following GLP-2 ex-
posure in BHK-GLP-2R cells. Although GLP-2 stimu-
lated both cAMP accumulation and cell proliferation,
8-bromo-cyclic AMP alone did not promote cell prolifer-
ation, These findings suggest that the GLP-2R may be
coupled to activation of mitogenic signaling in heterol-
ogous cell types independent of PKA via as yet uniden-
tified downstream mediators of GLP-2 action in vivo.

The gastrointestinal mucosal epithelium contains a diverse
number of specialized enteroendocrine cells that synthesize
and secrete peptide hormones, frequently in a nutrient-depend-
ent manner. Following secretion into eirculation, gut-derived
hormones may act in an endocrine manner by binding to re-
ceptors in tissues such as pancreas and liver, leading to the
activation of signal transduction pathways and downstream
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physiological events. Consistent with their location in the in-
testinal mucosal epithelium, entercendocrine peptides may
function in part to regulate gastrointestinal motility and nu-
trient digestion and abserption. For example, gastrin promotes
acid seeretion, whereas secretin inhibits acid secretion and
promotes pancreatic exocrine secretion. Peptide hormones
structurally related to secretin, such as glucose-dependent in-
sulinotropic polypeptide and glucagon-like peptide-1 (GLP-1),!
stimulate glucose-dependent insulin secretion from the pancre-
atic heta cells, and GLP-1, unlike the glucose-dependent insu-
linotropic polypeptide, also inhibits gastric emptying, glucagon
secretion, and food intake irn vive (1),

The pleiotropic actions of the glucagon/secretin/glucose-de-
pendent insulinotropic polypeptide peptide superfamily are
mediated via binding to and activation of distinet G protein-
coupled receptors (GPCRs). These GPCRs are encoded by
unique genes, yet are structurally related, and often share
common features with respect to utilization of signaling mech-
anisms following ligand activation. Glucagon-related peptides
regulate metabolic events, hormone secretion, and intestinal
growth, For example, glucagon regulates glycogenclysis and
gluconeogenesis via activation of a hepatocyte glucagon recep-
tor (2), whereas GLP-1 stimulates ghicose-dependent insulin
secretion following activation of an islet beta cell GLP-1 recep-
tor (3). Studies of glucagon and GLP-1 receptor signaling in
cells expressing the endogenous receptor or in heterologous
cells expressing transfoeted receptors demonstrate that both
these peptides activate downstream signaling mechanisms cou-
pled to the cAMP-dependent pathway (1),

In contrast to cur understanding of the mechanisms under-
lying glucagon and GLP-1 action, much less is known about the
biological activity of GLP-2, a 33-amino acid peptide located
carboxyl-terminal to GLP-1 in the proglucagon precursor.
GLP-2 administration to mice or rats promates stimulation of
crypt cell proliferation and inhibition of enterocyte apoptosis
resulting in hyperplasia of the small bowel villous epithelium
{4, 5). GLP-2 also exerts trophic effects in animal models of
both small and large bowel injury such as experimental small
bowel resection or chemically induced colitis (6, 7). In addition
to stimulation of epithelial proliferation, GLP-2 also acutely
regulates gastric emptying (8) and exerts rapid metabolic of:
fects promoting stimulation of intestinal hexose fransport

! The abbreviations used are: GLP, glucagon-like peptide; GPCR, G
protein-coupled receptor; BHX, baby hamster kidney; DMEM, Dulbec-
co’s modified Eagle's medium; CRE, cAMP-response element; MAPK,
mitogen-activated protein kinase; PKA, protein kinase A; IE, immedi-
ate early; 8-Br-cAMP, 8-brome-cyclic AMP; Erk, extracellular signal-
regulated kinase; h, human.
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within 30 min following intravenous GLP-2 infusion (9, 100

The actions of GLP-2 are transduced via a recently isolated
novel member of the glucagon/secretin GPCR superfamily. The
GLP-2 receptor, isolated by expression cloning, exhibits 50%
homology to the glucagon and GLP-1 receptors, is expressed in
the central nervous system and gut, and has been localized to
human chromosome 17 (11). Consistent with studies of gluca-
gon and GLP-1 receptor signaling, the GLP-2 receptor is cou-
pled to the adenylate cyclase pathway in transfected fibroblasts
{11). Although several studies suggest that both the glucagon
and GLP-1 receptors may be coupled to multiple signal trans-
duction pathways, little is known about the potential for GLP-2
to activate signaling via nonadenylate cyclase-dependent
mechanisms, Furthermore, unlike glucagon and GLP-1, the
major action of GLP-2 involves stimulation of cell growth, and
the mechanisms coupling GLP-2 receptor activation, directly or
indirectly, to cell proliferation have not been examined. As
intestinal cells expressing the endogenous GLP-2R have not
yet been identified, we have now analyzed the actions of GLP-2
on downstream signaling pathways and cell proliferation in
baby hamster kidney (BHK) fibroblasts stably transfected with
the rat GLP-2 receptor,

EXPERIMENTAL PROCEDURES

Materials—Glucagon, GLP-1-(7-36)NH,, and rat GLP-2-(1-33) were
from Bachem California Inc. (Torrance, CA). Recombinant human
[Gly?-GLP-2 was a kind gift from Alielix Biopharmaceuticals Ine. (Mis-
sigsauga, ON). 3-Isobutyl-1-methylxanthine, forskolin, and 8-Br-cAMP
were obtained from Sigma. The protein kinase A (PKA) inhibitor H-89
was from Calbiochem.

The p3AP,-luciferase {12) and pCRE/#galactosidase (13) reporter
plasmids were gifts from C, A, Hauser (San Diego, CA) and R. D. Cone
(Portland, OR), respectively. The expression plasmid MtR(AB) that
encodes a dominant negative mutant of the PKA regulatory subunit
(14) was a gift from G. 8. McKnight (Seattle, WA). The PathDetect
Elk-1 trans-reporting system was purchased from Stratagene (La Jolla,
CA). Anti-phospho-extracellular signal-regulated kinase (Erk) antibody
was obtained from New England Biolabs (Beverly, MA). Polyclonal
anti-Aktl (C-20} and anti-p70 S$6 kinase antibodies, p70 S6 kinase
peptide substrate, and PKA and protein kinase C inhibitor peptides
were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
Whatman p81 filter paper was purchased from Whatman (Tewksbury,
MA). Okadaic acid and microcystin were from Biomol (Plymouth Meet-
ing, PA). Rapamycin was from Calbiochem. Pelyclonal anti-Akt2 and
Akt substrate peptide (Crosstide) were purchased from Upstate Bio-
technelogy (Lake Placid, NY). [3*2P]ATP (6000 Ci/mmol) and enhanced
chemiluminescence {ECL) reagents were purchased from Amersham
Pharmacia Biotech. Purified phosphatidylinoesitol was purchased from
Avanti Polar Lipids Inc. (Alabaster, AL). Oxalate-treated TLC Silica gel
H plates (250 microns) were frem Analtech (Newark, DE). Protein A-
and protein G-Sepharose were purchased from Amersham Pharmacia
Biotech. All electrophoresis and immunoblotting reagents were pur-
chased from Bio-Rad.

Cell Culture and Transfections—BHK fibroblast were grown in Dul-
becco's medified Eagle’s medium (DMEM, 4.5 g/ glucose) supplemented
with 5% calf serum, Cells were transfected with ¢DNAs encoding the rat
GLP-2 receptor (11) or the rat GLP-1 receptor (I5) cloned in the
pcDNA3.1 eukaryolic expression vector {Invitrogen, San Diego, CA) or
with peDNA3.1 alone by caleium phosphate coprecipitation. Stably
transfected cell populations were selected by growth in G418 (Life
Technologies, Inc.) at 0.8 mg/ml for 2 weeks. Individual cell clones were
obtained by limited dilution cloning, expanded for further characteriza-
tion, and maintained in DMEM with 0.5 mgin] G418. The BHK-
GLP-2R clone utilized for the present studies was representative of
several G418-resistant clones that expressed the GLP-2R and gave
identical results in signal transduction studies.

For transient transfection assays, BHK ceils stably expressing the
rat GLP-2 receptor (BHK-GLP-2R) or the empty vector pcDNAS.1
(BHK-peDNA3J) were plated in medium without G418. Cells were trans-
fected at 60~70% confluency by caleium phosphate coprecipitation with
either 10 ug of pCRE/#galactosidase or B ug of P3AP, -luciferase re-
porter constructs plus pBlueseript IT (Stratagene) carrier DNA for a
total of 20 ug of DNA, In the transfections involving the PathDetect
Elk-1 trans-reporting system, the precipitate contained 9.5 g of the
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GALd4-luciferase reporter plasmid, 0.5 ug of expression vector encoding
the GAL4-Elk-1 chimeric trans-activator protein, and 10 g of carrier
DNA or MtR(AB) expression veetor. This plasmid was also used in
studies of GLP-2 activation of both CRE- and AP-1-dependent activity.
Four hours after transfection, cells were glycerol-shocked and incu-
bated for 18-20 k in DMEM + 0.2% calf serum. Indicated drugs or
peptides were added for 6 b in DMEM supplemented with 0.1% calf
serum and 10 uM 3-isobutyl-1-methylxanthine before harvesting celis
for analysis of Bgalactosidase and luciferase activities as described
previously (13, 18, 17). Reporter gene activities were normalized to the
protein concentration in each cell extract. Protein content was deter-
mined using a Coomassie dye assay (Bio-Rad). Data are presented as
the mean = 5.8, from a minimum of 3-4 independent transfections,
each carried out in triplicate or guadruplicate.

BNA Isolation and Analysis—RNA was isolated using a modified
acid-ethanol guanidinium thiocynate method as described previously
(18). For Northern blot analysis, RNA was size-fractionated in an aga-
rose gel, transferred to a nylen membrane, and immobilized with ul-
traviolet light, and hybridization and washing were carried out as
described previously (19).

¢AMP Production Assays—BHK-GLP-2R cells were grown in 24-well
plates at 37° C and treated with 10 nm h(Gly2)-GLP-2 or 20 um forskolin
in DMEM supplemented with 0.1% calf serum and 10 g 3-isobutyl-1-
methylxanthine. Incubations were terminated at the indicated times by
the addition of chilled ethanol (65% final concentration). cAMP was
measured in dried aliquots of ethanol extracts using a ¢cAMP radioim-
munoassay kit (Biomedical Technologies, Stoughton, MA), and cAMP
data were normalized to the protein content/well.

Proliferation Assoys—BHE-GLP-2R and BHK-pclI)NA cells grown in
9@-well plates were serum-starved for 24 h and then incubated for 48 h
in serum-free medium in the absence or presence of hiGly2}-GLP-2 at
the indicated concentrations. Control cells were trcated identically but
were exposed to 5% calf serum for 48 h, Fresh medium and treatiments
were replaced every 24 h. At the end of the incubation period the
number of viable cells in ¢ach condition was measured using the Cell-
Titer 96 aqueous nonRadioactive cell proliferation assay kit (Promega,
Madison, WI) according te the manufacturer’s suggestions.

Cytosolic Calcium—Cytosolic-free caleium was measured as de-
seribed previously (20). Briefly, cells grown on 25-mm glass coverslips
were loaded with Fura-2 by incubation with 2 M of the precursor
acetoxymethyl ester for 20 min at 37°C. Fura-2 fluorescence ratio
measurements were made on a Niken Diaphot TMD microscope
equipped with a Fluor 40X, 1.3 N. A, oil immersion objective and a high
sensitivity photometer (D-104, Photon Techrology Instruments), which
was interfaced to a NEC computer with a 12 bit AID board (Labmaster),
HMlumination was provided by a 100 watf xenon lamp coupled to the
microscope via a rotating mirror and fiber optic assembly (Ratiomaster,
PTD). The cells were alternately excited at 340 and 380 nm while
recording emission at 510 nm. Photometric data were acquired ¢ 10 Hz
using the Oscar software (PTD. Ionomycin and EGTA were used to
calibrate the fluorescence ratio versus calcium concentration.

Mitogen-activated Protein Kinase (MAPK) Phosphorylation—Prior to
all experimental manipulations for analysis of kinase activity, cells
were deprived of serum overnight (12 h). MAPK phospherylation was
detected as described (21). Briefly, BHK-GLP-2R cells were treated
with 20 ny GLP-2 or 160 nM insulin for the indicated time periods. Cells
were lysed in a solution containing 10% glycerol, 4% SDS, 115 mu
Tris/HCI (pH 6.8}, 10 mM dithiothreitol, 0.25 mg/m) bromphensl blue,
protease inhibitors (100 uM phenylmethylsulfony] flucride, 10 1M E-64,
1 4w pepstatin, 1 uM leupeptin), and phosphatase inhibitors (40 mu
sodium fluoride, 7.5 mm sodium pyrophosphate, 1.5 ma NagVO,). Ly-
sates were passed five times through a 25-gauge syringe to sheer the
DNA and beiled for 3 min. To detect MAPK phosphorylation, 30 ugof
total eellular protein were resolved by 10% 8SDS-polyacrylamide gel
electrophoresis, electrotransferred onto polyvinylidene difivoride mem-
branes, and then immunoblotted with phospho-specific MAPK antibody
(22) (polyclonal, 1:1000 dilution). Protein was detected by the enhanced
chemiluminescence method using goat anti-rabbit IgG conjugated to
horseradish peroxidase (1:5000 dilutien) as the secondary antibody.

Immunoprecipitation and Assay of p70 S6 Kinase Activity—pT0 56
kinase activity was determined as described previously (23). BHK-
GLP-2R cells grown in 6-well plates were incubated with 20 ny hi{Gly2)-
GLD-2, washed twice with ice-cold phosphate-buffered saline, and lysed
in 1 ml of lysis buffer (50 mm HEPES, pH 7.5, 150 mM NaCl, 20 mm
Sglycerophosphate, 10 mm EDTA, 10 mu sodium pyrophosphate, 100
m# NaF, 1 mm NagV0,, 1 mu dithiothreitol, 10 nM okadaic acid, and 1%
(v/v) Nonidet P-40) containing 2 mixture of protease inhibitors (1 MM
leupeptin, 1 uM pepstatin A, 10 um E-64, and 200 #M phenylmethylisul-
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fonyl fluoride). After 15 min of slow agitation and centrifugation
(15,000 X g for 15 min), the supernatant was subjected to immunopre-
cipitation. p70 56 kinase was immunoprecipitated using 250 g of total
protein and 1 ug of a rabbit polyclonal p70 $6 kinase antibody, The p70
86 kinase immunocomplex was washed three times with wash buffer
{60 mM Tris acetate, pH 8, 50 mm NaF, 5 mui sodium pyrophosphate, 5
mu Aglycerophosphate, 1 my NazVO,, 1 mm EDTA, 1 mm EGTA, 10 nM
okadaic acid, 0.1% (v/) Smercaptoethanol) including all the protease
inhibitors used above and twice with kinase buffer (20 mu 4-morpho-
linepropanesulfonic acid, pH 7.2, 25 mm Zglycerophosphate, 5 mu
EGTA, 2 my EDTA, 20 mym MgCl,, 2 mM Na,VO,, and 1 mM dithiothre-
ito} in a final volume of 50 4l of kinase buffer containing 1 ui protein
kinase A and protein kinase C inhibitor peptides, 0.2 mM 56 peptide,
and 0.25 my Mg-[»"PIATP at 30 C for 10 min. Aliquots (30 1) were
transferred onto Whatman p81 filter papers and washed 3 times for 15
min with 175 ms phosphoric acid. *2P ineorporated into the 86 peptide
was measured by liquid seintillation counting,

Immunoprecipitation and Assay of Akt Protein Kinase Activity-—
Immunoprecipitation of Akt and kinase assay was performed as de-
scribed (23) with modifications. Anti-Akt antibedies were pre-coupled to
a mixture of protein A- and protein G-Sepharose beads by incubating 2
#g of antibody/condition with 20 4l of protein A-Sepharose (100 mgfml)
and 20 4] of protein G-Sepharose (100 mg/ml) for a minimum of 2 h. The
anti-Akt-head complexes were washed twice with ice-cold phosphate-
buffered saline and once with iee-cold lysis buffer. Akt was immuno-
precipitated by incubating 200 zg of total cellular protein with the
anti-Akt-bead complex for 2-3 h under constant rotation (4° Q). The
Aktl immunccomplex was isolated and washed 4 times with 1 ml of
wash buffer (26 mm HEPES, pH 7.8, 10% glycerol (v/v), 1% Triton X-100
(v/v), 0.1% bovine serum albumin (v/v), T » NaCl, 1 M dithiothreitol, 1
mnt phenylmethylsuifeny] fluoride, 1 uM microcystin, 100 nu okadaic
acid) and twice with 1 ml of kinase buffer (50 mm Tris/HCI, pH 7.5, 10
mM MgCl, and 1 mu dithiothreitol). This was then incubated under
constant agitation for 30 min at 30° C with 30 ul of reaction mixture
{kinase buffer containing 5 uM ATP, 2 «Ci of [»*2PJATP, and 100 HM
Crosstide}, Following the reaction, 30 4l of the supernatant were trans-
ferred onto Whatman p81 fiiter paper and treated as described above
for p70 56 kinase assay.

Actin Staining—To stain F-actin, cells were fixed with 4% paraform-
aldehyde in phosphate-buffered saline for 20 min at rocm temperature
and then permeabilized using 0.1% Triton X-100 in phosphate-buffered
saline. Permeabilization was followed by incubation with a 1:1000 di-
lution of rhodamine phalloidin (Molecular Probes) for 45 min at room
temperature. The samples weze then washed extensively and mounted
using Dako mounting medium. Samples were visualized by epifluores-
cence on a Leica DM-IRB microscope, and images were acguired with a
MicroMax 2 cooled charge-coupled device camera (Princeten Instru-
ments) using WinView software and a PC compatible computer.

RESULTS

The initial characterization of GLP-2R signaling was carried
out in COS cells transiently transfected with the GLP-2R (11).
As cell lines that express an endogenous GLP-2R have not yes
been identified, we chose to establish in vitre models for repro-
ducible analysis of GLP-2 action by generating BHK fibroblast
¢lones that stably expressed the rat GLP-2 receptor. BHK cells
were transfected with an expression vector containing the full-
length rat GLP-2R coding sequence under the control of the
cytomegalovirus promoter in the pcDNAS.1 expression vector.
Following selection with the antibiotic G418, surviving clones
were expanded and characterized for GLP-2R expression. Sev-
eral BHK-GLP-2R cell lines were identified that expressed the
GLP-2R and responded identically to GLP-2, A representative
clone, hereafter referred to as BHK-GELP-2R, was chosen for
more detailed analysis of GLP-2-dependent signal transdue-
tion. Studies were carried out with either native rat GLP-2 or
h[Gly2]-GLP-2, a protease-resistant GLP-2 analogue recently
shown to exhibit greater in vitro and in vive stability compared
with the native peptide (24).

As analysis of GLP-2R signaling in transiently transfected
COSB cells suggested GLP-2 activated the adenylate cyclase
pathway (11}, we initially analyzed the GLP-2-dependent acti-
vation of a cAMP-dependent reporter gene, CRE-#galactosid-
ase, in transfected BHK-GLP-2R cells, The activity of this
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reporter gene has been shown to correlate, in a linear manner,
with accumulation of intraceliular ¢cAMP (13). Both rGLP-2
and h{Gly2]-GLP-2, from 0.01 to 20 np, increased Sgalactosid-
ase activity in BHR-GLP-2R cells (Fig. 14). Furthermore, the
level of Agalactosidase induction following transfection of
CRE-#galactosidase and incubation with GLP-2 was similar in
magnitude to that obtained by treating the celis with either
forskolin or 8-bromo-cyclic AMP, two well characterized acti-
vatars of the adenylate cyelase pathway (Fig. 1B). In contrast,
the structurally related peptides glucagon and GLP-1 did not
stimulate #galactosidase activity in BHK-GLP-2R cells (Fig.
1A). Turthermore, GLP-2 had no effect on the activity of a
cotransfected CRE-Bgalactosidase reporter gene in control
cells stably expressing the parentai expression vector
pcDNA3.T (Fig. 10). To verify that the activation of CRE-de-
pendent #galactosidase activity reflected the accumulation of
intracellular cAMP following GLP-2 stimulation, we compared
the levels of cAMP in BHK-GLP-2R cells at various time points
after incubation of cells with either 10 nm h|Gly2]-GLP-2 or 20
w4 forskolin. The relative magnitude and kinetics of intracei-
lular cAMP accumulation were comparable from 10 to 360 min
following exposure of cells to either reagent (Fig. 1D). Further-
more, the ECy, for stimulation of CRE-dependent Sgalactosid-
ase activity was ~0.08 nm, identical to the value reported for
GLP-2-stimulation of ¢eAMP accumulation in 293-EBNA cells
expressing the rat GLP-2 receptor (11).

As the structurally related peptides glucagon and GLP-1
stimulate AP-1-dependent signaling pathways (25, 26), we next
ascertained whether activation of the GLP-2 receptor was also
coupled to AP-l-dependent transcriptional activation. BHK-
GLP-2R cells were transfected with a reporter gene containing
three tandemly linked AP-] sites adjacent to a luciferase re-
porter gene. h(Gly2]-GLP-2, at concentrations of 0.01-2¢ n,
stimulated a 3-4-fold induction of AP-1-dependent luciferase
activity in BHK-GLP-2R cells (Fig. 24) but not in BHK cells
stably transfected with the expression vector alone
(BHK-pcDNA3.1, Fig. 2B). Induction of AP-1-directed lucifer-
ase activity was also observed with activators of the adenylate
cyclase pathway such as forskolin and 8-brome-cyclic AMP
(Fig, 2C); however, the relative magnitude of induction with
these PKA activators was less than that observed for hiGly2]-
GLP-2 alone (Fig, 2C, p < 0.05). Similarly, exposure of BHEK-
GLP-2R cells to 10% fetal calf serum significantly activated
AP-1-directed luciferase activity (Fig. 2C). Taken together,
these findings establish the sensitivity and specificity of GLP-
Z-induction of adenylate cyclase and AP-1-dependent pathways
in BHK-GLP-2R cells in vitro.

The induction of AP-1-luciferase activity by both forskolin
and 8-Br-cAMP suggested that GLP-2 might activate AP-1
activity via PKA-dependent mechanisms. To examine this pos-
sibility, the CRE-#galactosidase and AP1-luciferase reporter
genes were transfected into BHK-GLP-2R cells in the presence
or absence of a ¢eDNA encoding & dominant negative inhibitor of
PKA, MtR(AB) (14). The GLP-2-dependent induction of Sga-
lactosidase activity was reduced by 80% in the presence of the
cotransfected PKA inhibitor (Fig. 8). Similarly, the forskolin
induction of CRE-#galactosidase was reduced by ~80% in
similar experiments, consistent with the results of previous
studies (14). Furthermore both the GLP-2- and forskelin-de-
pendent activation of AP-1-luciferase activity were also signif-
icantly reduced in the presence of the PKA inhibitor MtR{AB)
{Fig. 3, p < 0.001-0.005). Similar results were also obtained
with the PKA inhibitor H89 {data not shown). However,
whereas the forskolin induction of AP-1 activity was eliminated
in the presence of PKA inhibition, a small but detectable GLP-
Z-induction of AP-1 luciferase was still observed in the pres-
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Fic. 1. A, induction of CRE-dependent transcription by GLP-2 in BHK cells stably expressing the rat GLP-2 receptor. BHK cells stably
expressing the rat GLP-2 receptor {BHK-GLP-2R) were transiently transfected by the caleium phosphate coprecipitation methed with the
pCRE/b-galactosidase reporier plasmid. Cells were left untreated or were treated for 6 h with h[Gly2)-GLP-2, rat GLP-2, GLP-1-{7-38)NH,, or
giucagon at the indicated concentrations and then assayed for Fpalactosidase activity. Reporter gene activity was expressed as & percentage of the
A-gelactosidase activity obtained after incubation of the transfected cells with 10 nu h[Gly2]-GLP-2 following normalization for protein. Data
represent mean * S.E. from three separate experiments. B, activation of CRE-dependent A-galactosidase activity by hiGly2]-GLP-2, forskolin,
8-Br-cAMP, or fetal calf serum {FCS) in BHK-GLP-2R ceils. Cells were transiently transfected with pCRE/Z galactosidase and treated for 6 h with
hIGly2]-GLP-2, forskolin, 8Br-cAMP, or fetal calf serum, at the indicated concentrations. Cell lysates were then assayed for Sgalaclosidase
activily, and reporter gene activity was normalized as in Fig. 1A. Data are mean * S.E. (n = 5-7). C, specificity of GLP-2 action in BHK cells. BHK
cells stably transfected with the pcDNAS.1 expression vector or rat GLP-2 receptor were transfected with the pCRE-Sgalactosidase expression
vector and treated with hIGly2]-GLP-2 or ferskolin for 6 h following which cell extracts were prepared for analysis of Healactosidase activity.
Reporter gene activity is expressed as fold induction versus unireated cells. Data are mean * S.E., n = 3 experiments. D, stimulation of cAMP
accumulation in BHK-GLP-2R cells. BHK-GLP-2R cells were treated with hiGiy2]-GLP-2 or forskolin in the presence of 10 a 3-iscbutyl-1-
methylxanthine, ¢AMP content was measured at the indicated times by radioimmunoassay. Data represent mean = S.D. of triplicate

determinations.

ence of MtR(AB). These findings suggest the existence of alter-
nate pathways independent of PKA for induction of AP-1
activity. Consistent with the existence of these alternate path-
ways, the serum induction of AP-1-dependent luciferase aetiv-
ity was not diminished by co-transfection with the PKA inhib-
itor plasmid {Fig. 3).

As activation of the AP-1 pathway is frequently associated
with stimulation of cell proliferation, the finding that GLP-2
activated AP-1-dependent transcripticnal activity suggested
that GLP-2 receptor signaling might be directly coupled to cell
proliferation. Accordingly, we examined whether GLP-2 acti-
vates a generalized pattern of immediate early gene expression
associated with stimulation of cell proliferation. Serum-de-
prived BHK-GLP-2R cells were exposed to h[Gly2]-GLP-2 or
serum following which immediate early (IE) gene expression
was analyzed by Northern blotting, hiGly2]-GLP-2 at a concen-
tration of 100 nu induced the expression of e-fos, c-jun, junB,
and zif268 in quiescent BHK-GLP-2R cells, although the rela-
tive magnitude of mRNA induction was clearly much greater
following serum stimulation for ali 4 IE genes examined (Fig.
4). In contrast, 1 nM hiGly2]-GLP-2 was much less effective in

stimulating IE gene expression ({Fig. 5) despite near maximal
activation of CRE-#galactosidase and AP I-luciferase activities
with T nM hiGly2]-GLP-2 (Figs. 1 and 2), These findings imply
that GLP-2-stimulated increases in ¢cAMP are not likely re-
sponsible for stimulation of IE gene expression in BHK-
GLP-2R celis.

To assess whether GLP-2 induction of IE gene expression
was associzted with increased cell proliferation, BHEK cells
stably transfected with the expression vector pcDNAS.1 or
BHE-GLP-2R cells were incubated with 10-100 nM h(Gly2]-
GLP-2 far 48 h, and cell proliferation was analyzed using a
CellTiter cell proliferation assay. h[Gly2]-GLP-2 had no effect
on cell proliferation in BHEK cells transfected with the
pcDNAS.1 expression vector alone. In contrast, a small but
significant stimulation of cell proliferation was observed follow-
ing incubation with BHK-GLP-2R cells with 100 nM, but not, 10
aM hlGly2]-GLP-2, a dose that significantly increases both
CRE- and AP-1-dependent activities (Fig. 6, p < 0.05 for 100 nM
GLP-2 versus conirol). Furthermore, activators of the PKA
pathway such as 8-Br-cAMP failed to stimulate celi prolifera-
tion in BHK-GLP-2R cells (Fig. 6), providing further evidence
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Frs. 2. A, induction of AP-1-dependent transcription by GLP-2 in BHK celis stably expressing the rat GLP-2 receptor. BHK cells stably
expressing the rat GLP-2 receptor (BHK-GLP-2R) were Lransiently iransfected by the calcium phesphate coprecipitation method with the
p3API-luciferase reporter plasmid, Cells were treated for 6 h with h[Gly2]-GLP-2, rat GLP-2, GLP-1-(7-36)NH,, or glucagon at the indicated
concentrations and then assayed for luciferase activity. Relative luciferase activity is expressed as fold induction versus the untreated control
following normalization for protein. Data shown represent mean + S.5. (n. = 3 separate experiments), B, specificity of GLP-2 action in BHK cells.
BHX cells stably transfected with the pcDNA3.T expression vector or rat GLP-2 receptor were transfected with the p3AP1-luciferase expression
veetor and treated with h(Gly2]-GLP-2 or forskelin for 6 h following which cell extracts were prepared for analysis of luciferase activity. Reporter

gene activity is expressed as in A, Data are mean * SE. forn = 3

separate experiments. C, activation of AP1-dependent transcriptional activity

by h{Gly2]-GLP-2, forskolin, 8-Br-cAMP, or feta} calf serum in BEK-GLP-2R cells. Cells were transiently transfected with p3AP1-luciferase and

treated for 6 h with h[Gly2]-GLP-2, forskolin, 8-Br-cAMP, or fetal calf serum
for luciferase activity and reporter gene activily was normalized as in A.

h{Gly2}-GLP-2.

for a dissociation between activation of mitogenic pathways
and GLP-2-stimulation of adenylate cyclase in vitro.

The results of these studies suggest that stimulation of
GLP-2R signaling activates not only PKA and AP-1 but likely
additional pathways linked to the activation of IE genes and
cell growth. Analysis of glucagon receptor signaling in BHK
celis expressing a transfected glucagon receptor suggested that
glucagon may signal via intracellular caleium influx ostensibly
because of generation of inositol 1,4,5-trisphosphate uporn acki-
vation of phospholipase C (26}, To assess whether GLP-2 is
similarly capable of activating phospholipase C, cytosolic cal-
cium was measured in BHK-GLP-2R cells. As shown in Fig. 7,
free cytoplasmic calcium remained unaltered when the cells
were stimulated with h[Gly2}-GLP-2. The sensitivity of the
assay and responsiveness of the cells were verified by the
subsequent addition of bradykinin, which as reported earlier
(27), induced a eytosolic calcium transient in BHK cells (Fig. 7).
As was the case for GLP-2R cells, pools of BHK cells expressing
the GLP-1 receptor failed to respond to the cognate ligand
GLP-1 with a rise in calcium (data not shown). These findings
imply that unlike activated glucagon receptors, engagement of
GLP-1 and GLP-2 receptors by their respective ligands does not
promote measurable stimulation of phospholipase C, at least in
BHK cells.

(FCS) at the indieated concentrations, Cell lysates were then assayed
Data are mean 2 8.8, (n = 5-7). *, p < 0.05, experimental versus

We nexi analyzed signaling pathways that are known to
mediate celtular proliferation and cel} survival by other growth
factors, in particular, the MAPK Erkl, Erk2, and ribosomal
p70 56 kinase, The MAPKs, a family of serine/threonine ki-
nases, are phosphorylated on tyrosine and threonine residues,
and phosphorylation of these sites is used as a measure of
kinase activation. BHK GLP2-R cells were stimulated for 2-10
min with 20 nm hiGly2]-GLP-2; celis were lysed, and an equal
amount of protein was resolved by SDS-polyacrylamide gel
electrophoreszizs and immunoblotted with a phospho-specific
MAPK antibody, which recognizes both isoforms of MAPK
(Brk1 and Erk2), As illustrated in Fig, 84, 20 nm h{Gly2l-GLP-
2 did not increase the phosphorylation of either Exkl or Erk?2.
Instead, a reduction in the basal phosphorylation was ob-
served. Consistent with these findings, h{Gly2]-GLP-2 alone
did not activate Elk-1 activity in a cotransfection assay (Fig.
8B} and actually inhibited serum-stimulated Fik-1 activity
(Fig. 88). However, intriguingly, a small but significant stim-
ulation of Elk-1 activity by GLP-2 was observed following co-
transfection with the PKA inhibitor cDNA, MtR(AB} (Fig. 8B).
These findings, using both analysis of Erk1/2 kinase activity
and Elk-1 transcriptional activation, are consistent with PKA-
and h[Gly2]-GLP-2-dependent inhibition of Rafl (28) leading to
down-regulation of Exk1/2 activity in BHK-GLP-2R cells.
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Fic. 3. Effect of PKA inhibition on the GLP-2-induced tran-
scriptional activation of pCRE/2galactosidase and p3AP; lucif-
erase reporter plasmids in BHK-GLP-2R cells, BHK-GLP-2R cells
were transiently transfected with pCRE/A-galactosidase or p3AP,-lucil-
erase reporter plasmids cither alone or in combination with a dominant
negative PKA mutant expression plasmid (MtR(AB)). Cells were
treated for 6 h with h[Gly2]-GLP-2, forskolin, or fetal calf serum at the
indicated concentrations and then assayed for reporier gene activities.
Agalactosidase activity was normalized as in Fig. 14, and luciferase
activity was normalized as per Fig. 24, Data are mean # S.E. (n = 4-6).
Statistical analysis was performed using the Student’s ¢ test. **, p <
0.005 and ***, p < 0,001, respectively, treatment alone versus treat-
ment plus MtR(AB). FCS, fetal calf serum.

To determine whether activation of the GLP-2R stimulated
ribosomal p70 86 kinase (p70 56 kinase) activity, we utilized an
in vitro kinase assay. BHK-GLP-2R cells were stimulated for
5-15 min with 20 nM h[Gly2}-GLP-2. Cells were lysed; p70 56
kinase was immunoprecipitated, and kinase activity was de-
termined. GLP-2 stimulated a rapid and transient increase in
p70 86 kinase activity (Fig. 9A4). The stimulation at 5 min was
1.80 = 0.28-fold above basal (n = 8, p < 0.05, Student’s paired
¢ test). Although not statistically significant, there was still
elevated p70 86 kinase activity after 10 min (n = 8, p > (.05,
Student’s paired ¢ test). Activity returned to basal level by 15
min (7 = 5). In comparison, a 10-min insulin (100 nv) challenge
elicited a 4-fold increase in p70 56 kinase activity. Stimulation
of p70 86 kinase activity by both agonists was prevented by
pretreatment with 20 nM rapamyein, a known inhibitor of the
activation of this kinase (data not shown). It is currently be-
lieved the activation of p70 S6 kinase by growth factors is
mediated by the serine/threonine kinase Akt (also referred to
as protein kinase B). One of the main cellular functions of Akt
is the prevention of apoptosis, As GLP-2 stimulates epithelial
proliferation and inhibits apoptosis (5), we utilized an in vitro
kinase assay to determine if GLP-2 altered the activity of Akt,
BHK cells stably expressing the GLP-2 receptor were stimu-
lated for 5 min with 20 nm h[Gly2}-GLP-2. Cells were lysed;
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6. 4. Northern blot analysis of immediate early gene expres-
sion in BHK-GLP-2R cells. BHE-GLP-2R cells were incubated in
DMEM plus 0.1% serum for 24 h, following which fresh medium was
added containing 0.1% serum (control), 10% fetal calf serum {FC83, or
h{Gly2)-GLP-2. RNA was isolated in triplicate from BHK-GLP-2R cells
at various time points following addition of either serum or peptide. The
¢-fos, cofn, junB, and zif 268 RNAs were analyzed using specific cDNA
probes as deseribed previously (25), The 18 S RNA was assessed by
ethidium bromide staining of the gel prier to transfer to the nylen
membrane, The Northern blots shown depict representative experi-
ments (n = 3).

CONY.  N[Giy2]GLP-2 (1 nM} 10% FCS
(mw;s; v 0 20 30 46 75 120 120 30 45 75 120
c-fos
- il - cjun
zi§ 268

Fi¢. 5. Northern blot analysis of immediate early gene expres-
sion in BHR-GLP-2R c¢ells following 1 nu hiGly2]-GLP.2. BHK-
GLP-2R cells were incubated in DMEM plus 0.1% serum for 24 h
following which fresh medium was added containing 0.1% serum (con-
trol), 10% fetal calf seram (FCS), or h[Gly2]-GLP-2, RNA was isolated
i triplicate from BHK-GLP-2R cells at various time points following
the addition of either serum or peptide. The c-fos, e-fun, zif 268, and 18
S RNAs were analyzed as described above, The Nerthern blots shown
depict representative experiments (n = 3).

Aktl was immunoprecipitated, and kinase activity was deter-
mined. These results are illustrated in Fig. 9B, Unlike the
results obtained with p70 86 kinase, GLP-2 was unable to
activate Aktl (n = 3; control, 1.00 = 0.00; GLP2, 1.08 + 0.14).
In contrast, a 5-min insulin-like growth factor-1 (10 nM) treat-
ment of these cells resulted in a 1.67 + 0.04-fold increase in
Aktl activity (n = 3, p < 0.05, Student’s paired ¢ test), In
preliminary experiments GLP-2 was also without effect on the
activation of Akt2 (data not shown). These results suggest that
Akt is not responsible for the modest activation of p70 S6
kinase by GLP-2 in BHK-GLP-2R cells.

Actin redistribution is often associated with activation of
cellular proliferation, as well as upon stimulation of adenylate
cyclase. To study the effects of GLP-2 on the distribution of
F-actin, cells treated with or without the hormone were fixed
and stained using labeled phalloidin. As shown in Fig. 9C,
untreated cells show numerous well developed stress fibers in
addition to a rim of cortical actin. In contrast, the length and
number of stress fibers were drastically reduced in cells treated
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Fic. 6. Analysis of cell proliferation in BHK cells eontaining
the stably integrated pcDNA3.1 plasmid (BHK-peDNAS3) or the
identical plasmid directing expression of the rat GLP-2 receptor
(BHE-GLP-2R}. Cells were serum-deprived for 24 h and then incu-
bated for 48 h in DMEM plus 0.1% calf serum alone or supplemented
with h{Gly2]-GLP-2, 5% calf serum, or 8-Br-cAMP. The number of
viable cells was quantified wsing a nonradiocactive cell proliferation
assay. Cell number is expressed as the fold increase versus the DMEM
plus 0.1% seram control group. ¥, p < 0.05; **, p < 0.01, ¥** p < 0,001,
experimental versus 0.1% calf serum (CS) control.
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Fic. 7. Effects of hiGly2]-GLP-2 and bradykinin on eytosolic-
free calcium in BHK-GLP-2R cells. Cells were loaded with Fura-2 by
incubation with the precursor acetoxymethyl ester and used for ratio
microfluorimetry as detailed under “Experimental Procedures.” Where
indieated, the cells were stimulated with 10 nM h[Gly2)-GLP-2 and
subseguently with 1 ny bradykinin. Abscissa, time in seconds. Ordi-
nate, ratic of fluorescence with excitation at 340 and 380 nm. Emission
was recorded at 510 nm. Representative of four similar experiments.

with GLP-2, whereas the amount and distribution of cortical
actin was not greatly affected,

DISCUSSION

The glucagon receptor is coupled to activation of multiple
signal transduction pathways, including stimulation of adeny-
late cyclase, production of inositol phosphates, and activation
of protein kinase C activity in liver cells {29-31). Similarly,
activation of glucagon receptor signaling in BHK cells express-
ing a transfected glucagon receptor leads to activation of ad-
enylate cyclase and a phospholipase C-dependent increase in
intracellular-free Ca®* (26). Furtherniore, GLP-1 receptor sig-
naling has been extensively analyzed using both islet cell lines
and cells expressing a transfected GLP-1 receptor (3, 32, 38). As
cell lines that express the endogenous GLP-2 receptor have not
yet been reported, we analyzed GLP-2R signaling in BHK celis
expressing a transfected GLP-2 receptor. BHK cells were se-
lected for these studies as they do not express either the pro-
glucagon encoding GLP-2 or the GLP-2R gene, and they have
previously been used for studies of glucagon receptor signaling
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Fic. 8. A, effect, of GLP-2 on MAPK aclivation. BHK cells stably
expressing the GLP-2 receptor were stimulated for the time periods
indicated with 20 nm hIGiy2]-GLP-2. Cells were lysed; 50 g of total
cellular protein were resolved by 10% SDS-polyacrylamide gel electro-
phoresis and then immunoblotted with a phospho-specific MAPK anti-
body. This antibody recognizes dual phosphorylated Erki and Erk2. A
representative immunoblot is shown, Similar results were obtained in
seven independent experiments. B, effect of GLP-2 on Elk-1-mediated
transcriptional activation in BHK-rGLP-ZR cells. BHE-GLP-2R cells
were cotransfected with the GAL4-Elk-1 expression vector and the
GAL4-luciferase reporter plasmid (PathDetect Blk-1 trans-reporting
system} alone or in combination with the dominant negative PKA
mutant expression plasmid, MtR(AB). Cells were treated for 6 h with
h{Gly2]-GLP-2, forskolin, or fetal calf serum (FCS) alone or combined as
indicated and then assayed for luciferase activity, Data are normalized
ag indicated in the legend of Fig, 24 and represent mean + S.E. (n =
3-5). Statistical analysis was performed using the Student’s ¢ test, + +,
p < 0.008, 10% FCS plus forskolin versus FCS plus hiGly2]-GLP.g; =+,
b < 0.005, control versus h[Gly2]-GLP-2 in the presence of MtR{AB);
¥ p < 0.001, experimental versus 10% FCS alone.

(26). Altheugh our initial report describing the cloning and
preliminary characterization of GLP-2R signaling using fran-
sient transfection techniques demonstrated that GLP-2 acti-
vates a cAMP-dependent pathway (11), we have now extended
these findings by demonstrating that GLP-2 alsc activates an
AP-1-dependent pathway, likely indirectly via PKA. Neverthe-
less, the observation that activation of PKA alone was not
sufficient to account for induction of [E gene expression and cell
proliferation prompted us to assess additional pathways poten-
tially downstream of GLP-2R activation.

In contrast to the glucagon-stimulated increase in intracel-
lular-free calcium observed in studies of hepatoeytes and trans-
fected BHK cells (26), we did not detect any significant change
in intracellular-free calcium following incubation of BHK-
GLP-2R cells with GLP-2. However, the positive calcium re-
sponse observed with bradykinin in the same experiments
demonstrates that the necessary proteins required for coupling
of related GPCRs to intracellular caleium influx are functional
in BHK-GLP-2R cells. The lack of a GLP-2-stimulated caleium
response implies that the glucagon and GLP-2 receptors ex-
hibit functional differences perhaps mediated by heterclogous
expression of G proteins differentially coupled to various recep-
tors leading to Ca®" influx. Although GLP-1 has also been
reported to increase levels of intracellular Ca®* in some studies
{15, 34), only a small fraction of beta cells responded to GLP-1
with an inerease in intracellular Ca®" in similar experiments
(35). Moreover, we did not observe increases in intracellular
Ca®" influx in BHK cells stably transfected with the GLP-1R,
and other investigators have failed to demonstrate GLP-1-
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i, 8. A, effect of GLP-2 on p70 86 kinase activity. BHK cells stably
expressing the GLP-2 receptor (BHK-GLP-2R cells) were stimuiated for
the time periods indicated with 20 nw h[Gly2i-GLP-2 or with 100 nm
insuiin for 10 min, Cells were lysed; p70 S6 kinase was immunoprecipi-
tated, and an in vitro kinase assay was used to defermine kinase
activity, Results represent the mean * §.E. of 5-8 experiments, *, p <
0.05, significantly different from basal, Student’s paired ¢ test. B, effect
of GLP2 on Akt] kinase activity. BHE-GLP-2R cells were stimulated for
5 min with 20 nv h{Gly2{-GLP2 or with 10 nM insulin-like growth
factor-1 (IGF-1). Cells were lysed; Akt1 was immunoprecipitated, and
an {n vitro kinase assay was used to determine kinase activity, Results
represent the mean * S.E, of three experiments. ¥, p < 0.05, signifi-
cantly different from basal, Student’s paired ¢ test. C, distribution of
F-actin in control and h[Gly2)-GLP-2-treated cells. BHK-GLP-2R celis
treated with vehicle (a) or with 20 nm h[Gly2]-GLP-2 (5) for 20 min were
fixed, permeabilized, and stained with rhodamine phalloidin as de-
scribed under “Experimental Procedures.” Representative epifiuores-
cence images are shown,

stimulated increases in intracellular Ca®* in islet cells or fi-
broblasts transfected with the GLP-1 receptor, despite observ-
ing responses to carbachol or thrombin in the same
experiments (32). Taken together, our data clearly demonstrate
lack of GLP-2R signaling coupled to a Ca®" influx in fibro-
blasts, but do not exclude the possibility that GLP-2 might
stimulate Ca®* influx in nontransformed intestinal cells ex-
pressing the endogenous GLP-2R in vivo.

The principal consequence of GLP-2 administration to rats
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and mice in vive is hyperplasia of the intestinal mucosal villous
epithelium {36). Intestinal regulatory peptides such as gastrin
that signal through GPCRs have been shown to stimulate
GPCR-mediated fos expression, serum response element-de-
pendent transcriptional activity, and ¥rk2 and Elk-1 activity,
leading to the stimulation of cell growth in rat acinar AR42J
cells (37). Similarly, GLP-1, the peptide most structurally re-
lated to GLP-2, potentiated glucose-stimulated immediate
early gene expression in beta cells and increased pancreatic
islet cell proliferation following administration to mice in vive
(25, 38). Whether the growth-promoting effects of GLP-2 in
intestinal cells are direct, via coupling of the GLP-2R to mito-
genic signaling pathways, or indirect remains unclear. GLP-2
was also found to induce a pronounced redistribution of F-actin
in BHK cells. The precise mechanism underlying this effect
remains to be defined, but the findings are consistent with the
reported inhibition of Rho when phosphorylated by PKA (39).
The inhibition is also compatible with the earlier notion that
PEA directly phosphorylates and inactivates myosin light
chain kinase (40), although this view is currently disputed.

Although it is not currently known whether GLP-2 directly
stimulates cell proliferation in the intestinal epithelium, con-
siderable evidence links activation of GPCR signaling to stim-
ulation of growth factor-dependent pathways and cell prolifer-
ation. For example, pituitary adenylyi cyclase-activating
peptide stimulates Frk1/2 activity via protein kinase C in a
Ras-independent, mitogen-activated protein kinase/Erk kinase-
dependent manner in PC 12 cells (41). Similarly, the GPCR
ligands endothelin-1, lysophosphatidic acid, and thrombin
stimulate tryosine phosphorylation of neu and the epidermal
growth factor receptor, demonstrating that mitogenic growth
factor receptors may be transactivated via cross-talk from
GPCR signaling (42). These findings, taken together with stud-
ies demonstrating GLP-I-dependent cell proliferation (38),
raise the possibility that peptide hermone receptors such as the
GLP-2R may also be directly coupled to mitogenic pathways in
distinet cell types.

Our findings in BHK-GLP-2R cells demonstrate that rela-
tively high conecentrations of GLP-2, such as 100 nm, are needed
for induction of immediate early gene expression and stimula-
tion of cell proliferation. These actions are unlikely because of
the activation of PKA- or AP-1-dependent pathways alone, as
the BCy, for stimulation of signal transduction coupled to ac-
tivation of CRE- and AP-1-directed transcriptional activity and
cAMP accurnulation was ~0.06 nu. In contrast, 10 nm GLP.2,
which significantly stimulates PKA- and AP-1-dependent re-
parter genes, had no effect on cell proliferation, and 1 nM GLP.2
did not stimulate IE gene expression. Furthermore, the
growth-promoting effects of GLP-2 in BHK cells could not be
directly linked to activation of specific growth-related kinase
pathways. For example, GLP-2 inhibited Erk1 and Erk2 activ-
ity, failed to stimulate Akt activity, and had only a modest and
transient effect on p70 86 kinase activity in BHK-GLP-2R cells.
These findings imply that one or more as yet unidentified
pathways coupled to IE gene expression and mitogenic stimu-
lation are activated, independent of PKA and AP-1, by GLP-2
in BHE-GLP-2R cells.

An important question raised by our findings is whether the
circulating concentrations of GLP-2 in vive are sufficient to
achieve stimulation of cell proliferation on target cells express-
ing the endogenous intestinal GLP-2R. Although the concen-
trations of intact civeulating GLP-2-(1-33) in humans and rats
are generally in the range from 50-150 pm (43-45), the con-
centration of liberated GLP-2-(1-33) in the intestinal mucosa
has not yet been precisely determined. Nevertheless, we did not
observe effects on cell growth and IE gene expression at 1-10
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M concentrations of GLP-2, clearly higher than the peak cir-
culating levels of GLP-2 observed in the postprandial state in
vivo. Indeed, 10 nM hiGly2]-GLP-2 actually inhibited Erk1/2
activity and reduced serum-stimulated Elk-1 activity in BHK-
GLP-2R cells, Hence, although our data suggest that relatively
high concentrations of GLP-2 are capable of stimulating mito-
genic pathways in BHK fibreblasts, whether the endogenous
GLP-2R is directly coupled to stimulation of cell proliferation in
the intestinal mucosa by physiological levels of GLP-2 requires
further analysis in future studies.
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