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Mechanistic insights into the detection of free (@)
fatty and bile acids by ileal glucagon-like
peptide-1 secreting cells

Deborah A. GoldspiﬁkVan B. L4, Lawrence J. Billing, Pierre Larrae, Gwen Tolhurst, Fiona M. Gribhle
Frank Reimanti

ABSTRACT

Objectives:The aim of this study was to investigate the electrical properties of ileal Glucagon-like peptide 1 (GLP-1) secreting L-
murine organoid cultures and the electrophysiological and intracellular signaling pathways recruited following ectipitibfred the G
fatty acid receptors FFA1 agadhipled bile acid receptors GPBARL.

Methods:Experiments were performed using ileal organoids generated from mice transgenicaligrespeassieporters (Epac2-
camps and GCaMP3) under control of the proglucagon promoter. Electrophysiology and single cell imaging wereegerformed
L-cells in organoids, and GLP-1 secretion from cultured organoids was measured by immunoassay.

Results:The FFAL ligand TAK-875 triggered L-cell electrical activity, increased intracellular calcium, and activated a depolarizing
was blocked by the TRPC3 inhibitor Pyr3. TAK-875 triggered GLP-1 secretion was Pyr3 sensitive, suggesting that the TRPC3 char
activation to calcium elevation and GLP-1 release in L-cells. GPBARL1 agonist triggered PKA-d@petmdent aetyysiGa and action
potential ring in L-cells. The combination of TAK-875 and a GPBARL1 agonist triggered synergistic calcium elevation and GLP-
responses.

ConclusionsFFA1 and GPBAR1 activation individually increased electrical activity in L-cells by recruiting pathways that include a
TRPC3 and L-type voltage-gafgd:ﬁ}mnels. Synergy between the pathways activated downstream of these receptors was observed

the level of @aelevation and GLP-1 secretion.
2017 The Authors. Published by Elsevier GmbH. This is an open access article under thet(p@ B¥alicensen(nons.org/licenses/py/4.0/

Keywords GLP-1; FFA1l; GPBARL; Organoid; Diabetes; Obesity

1. INTRODUCTION Physiological release of GLP-1 is stimulated by the local absorption ¢
nutrients following their digestion in the gut lumen. L-cell glucose
Enteroendocrine cells (EECs) are found scattered along the dgtethom is mediated by the coupled uptaRécm‘Q\mith substrate
testinal tract and produce hormones that dynamically link metaypddisrsh border sodium coupled glucose transporterd4SGLT1)
and appetite to rates of nutrient absorption. EnteroendocrineLLro@ils, contents are also detected by G-protein coupled receptor:
for example, produce several hormones with demonstrated or (lBEDRa) linked eithertde>g. bile acid detection by the G-protein
translational impact, including Glucagon-like peptide-1 (GLP-thuyitéchbile acid receptor GPBAR-1, also known as J{&&8§) or G
enhances insulin secretion and détiglyGLP-2, which promote®ng chain fatty acid detection by the free fatty acid receptor FFAL, als
intestinal growth, and Peptide YY (PYY), which reduces appefiteoWheas GPR40). Studies on gheo@led receptor GPR119
is considerable interest in developing pharmacological agectsidhated that its pharmacological activation wekimdofexert
target L-cell secretion, with the prediction that they will mimic sometibolic bertdn human$s], but more recent studies have re-
the benecial effects of gastric bypass surgery on type 2 diabetpsré@d that concomitant activatiogy ah@ G pathways in L-cells
obesity, believed to result, at least in part, from elevated GLRB-h andch more effective stimulus of GLP-1 secretion than either
PYY level8] A better understanding of the molecular mechapistimway individughy.
underlying stimulus detection and integration in L-cells would &itidgilyg signaling pathways in single L-cells is now possible using
benet this therapeutic approach. transgenic mouse models exhibiting celbspgmiession ofio-
rescent reporters and sensors of intraceﬁhland:aAMPl,?e 9]
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Transcriptomic analyses and primary intestinal cultures froniéhesésequencing was performed at the Transcriptomics and Ge-
models have been used to identify and characterize a vamietyiosf Core Facility (Cancer Research UK Cambridge Institute) using
detection pathways for nutrients, hormones, and local signaliag itoohina HiSeq 2500 system.

ecules10] More recently, intestinal organoid cultures have permitted

the growth and regeneration of intestinal epithelium in a 3-diménsioral P-1 secretion

model systerfil] and have been validated for monitoring eRtarGLP-1 secretion experiments ileal-derived organoids were seeded
oendocrine hormone secrétignl4] into 48-well plates as described abezdays following seeding,

The objectives of this study were to identify the electrophysibgidalires were washed 3 times in warm 138 buffer containing 1 mM
and second messenger responses to FFA1 and GPBAR1 aatjietise iand 0.1% fatty edide BSA. Cells were incubated for
single L-cells. Intestinal organoids from transgenic mouse 20adé&isn 1 mM glucose in 138-buffer aE 3Which was completely
expressing cell speciuorescent sensors of CAMP affdia- removed before test agents dissolved it @66he same buffer

vided a consistent source of L-cells that were readily studiegebgdded and incubated at @7or 2 h. Supernatants were

electrophysiological methods. removed from the organoids and spun at 350G for 5 ntin at 4
transferred to a fresh tube and snap frozen on dry ice. Meanwhile, the
2. MATERIALS AND METHODS cells were lysed in 18Dof lysis buffer on ice for 30 min. Lysates

were scraped and collected, followed by centrifugation at 8000G for
2.1. Glucagon reporter organoid lines and primary ileal cultd@#nin at 4 C, and resulting supernatants snap frozen until mea-
This research has been regulated under the Animals Boensurement. GLP-1 levels were measured using the total GLP-1 ELISA kit
cedures) Act 1986 Amendment Regulations 2012 following(M#so&cale) as per manufacturer instruction. GLP-1 secretion was
review by the University of Cambridge Animal Welfare andd&thieabdrst as a percentage of individual well content and second
Review Body (AWERB). lleal intestinal organoid lines were estsftishelthnge in comparison to wells treated with 138 buffer without
from mice expressing the GCaMP3 reporter in Cre expressiadd@@iss in parallel on each plate (basal, containing 1 mM glucose and
with Creexpressed under the control of the proglucagon pramdteBSA). To examine potential synergy between FFA1 and GPBAR1
[4,8] lleal intestinal organoid lines were also established fropathizays, we added the % of GLP-1 released of single drug treat-
expressing the FRET-based cAMP Epas@campsnder the ments (above basal conditions) to give a predicted % of GLP-1
control of the proglucagon pronjdieiOrganoid protocol wasecretion and subtracted this from the observed % of GLP-1
modied from Sato et al., 2009. Distal (last 10 cm) mouse snsdtieted by the simultaneous application of both drugs.
testinal tissue (ileal) was opened and washed in ice cold PBS; the
tissue was chopped inédb3nm pieces and then further washe®if. Immunohistochemistry
ice cold PBS. Tissue pieces were placed in ice cold 30 mM BbBgehaids were retrieved from Matrigel using Cell Recovery Solution
PBS for 5 min, transferred to cold PBS and shaken vigorously@orathg) anded in 4% paraformaldehyde in PBS (Alfa Aesar) for
(fraction 1). EDTA treatment and subsequent PBS shaki®@ miasat room temperature. 2D cultures on glass coverslips were
repeated 2 more times (fract®B) Zollowed by a further 2 timexed in 4% paraformaldehyde in PBS for 20 min. Immunostaining was
shaking in PBS alone (fractiob$.4 he fraction with the most crygisrformed as previously descfib@drabbit polyclonal antibodies
was selected after examination under a microscope, villi stragaimesproglucagon (Santa Cruz, sc-13091) were used at 1:200 and
were removed bliyering through a h cell strainer (Thermo Fishgoat polyclonal antibodies against GFP (Abcam, ab5450) at 1:1000 to
Scientic), and the remaining crypts were centrifuged at 20@@téat YFP and GCaMP3. Secondary antibodies conjugated to Alexa-
5 min. The crypt pellet was resuspended in MatrigelG2ding), Fluor 488 and 555 (Invitrogen) were used at 1:1000 and Hoescht
and aliquots were polymerized a€3ar 30 min in 48-well plate§Sigma) nuclear stain at 1:3000.
(Nunc; 18i/well). Organoid medium|supplemented with Bl
ROCK inhibitor y27632 (Tocris) was added to each well. Mediuén wasctrophysiology
changed everg 3 days, with organoids passaged every 7 dajleaorganoids or primary ileal cultures were plated as a 2D monolayer
previously descrijéd] Mixed primary ileal intestinal cultures wier8 days prior to recording on 35 mm dishes. Experiments were

prepared as previously descritigd performed on single cells or weliatk cells in small clusters.
Membrane potential and currents were recorded in the perforated-
2.2. 2D organoid culture patch corguration using an Axopatch 200B connected through a

For 2D culture, organoids were collected in ice cold Adigideta 1440A A/D converter and pCLAMP software (Axon In-
DMEM:F12 (ADF) medium (Life Technologies) and centrifugestatr?®0ts). Microelectrodes were pulled from borosilicate glass
for 5 min. The organoid pellet was broken-up enzymatically witfiltéypie OD, 1.16 mm ID; Harvard Apparatus) and the tips coated with
(Gibco) for 2 min at 7, before being resuspended in ADF contamined yellow beeswax. Electrodes werpolished using a

10% FBS (Gibco) andDy27632. If necessary, organoids weiieroforge (Narishige) and had resistanee3 btJ2when lled

further broken-up by trituration. Resulting single-cells and clitstgripette solution. A silver/AgCl ground wire connected to the bath
were pelleted at 300G for 5 min, re-suspended in organoid reeldition via a 0.15 M NacCl agar bridge was used as a ground.

(b 10mMM y27632) and seeded onto 2% Matrigel coated glass Bottagger action potentilg, current was injected to maintain the
dishes (Matek) for imaging experiments, 48-well plates forc€lL&-170 mV and 10 ms current pulses, increasing in magnitude by
secretion measurement or plastic dishes for electrophy3ipfagyas applied at 0.2 Hz. A peak thresh@llmfV was used to

experiments. positively identify an action potential for further analysis. The action
potential peak was taken as the maximum voltage reached during the
2.3. Expression analysis of L-cell population protocol described above. The threshold of action pivig ntid

RNA sequencing/4r8 mice) of FACS-ped L-cells from the ileundetermined as the voltage at which an action potential began its rapid
and colon of Glu-Venus mice was performed as described prgystnailg. The width of the action potential waveform was measured at
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50% of the action potential peak, or the action potential half-widgiplieation of FFA1 and GPBAR1 agonists was synergistic, we calc
pharmacological assessment of the action potential wavefdatedtfar every cell what the additive increase in G@ad4e8nce

action potential peak was measured after application of ¢hemsitly should be (based on single treatment of each drug on tha
blocker and expressed as a % of total block by applicationcadl)faxXd compared this to the actual GOadi€3ence intensity
(0.3MM)p cd® (100mwm). produced by co-application of both drugs.

To examine the pattern of action poteintiglcurrent was injected

to maintain the cell afO mV and 500 ms current steps, sequenttally Solutions, drugs and chemicals

increasing in amplitude by 2 pA, were injected. The total nu@tserdafd saline solution (138 buffer) used for secretion, imaging, an
action potentials that crossed a thresholdohV elicited duringelectrophysiological experiments consisted of (in mM) NacCl (138), K
the current injection was plotted against the magnitude of the(dusjeEPES (10), NgKCP), NadPQ (1.2) p-glucose (1), CaCl
injected. (2.6), Mg€&(1.2); pH 7.4 with NaOH. For experiments where a higher
Inward currents and isolatéd @arrents were recorded by applyik@l concentration was used (30 mM), the standard saline solution wa
a series of 70 ms voltage steps fra@® mV tdp 60 mV, from a adjusted to replacebN/aith K.

holding potential 080 mV. Peak current from the fasPoruNeent For perforated-patch recordings, the internal pipette solution containe
component was determined as the minimum peak current o¢cumi) ¥SQ (76), NaCl (10), KCI (10), HEPES (10), sucrose (55),
within 1 ms of the capacitative transient current. The peak curréig@bih); pH 7.2 with KOH. Amphoterica?B5(®y/mL) dissolved

the slow or & current component was measured from the curre@MSO was added to the pip#itg solution on the day of

10 ms following the application of a voltagdcgteyitage rela- recording.

tionship was assessed with 160 ms voltage ramps, from a Roldisgjating inward currents, an external recording solution containin
potential of 80 mV tg 80 mV. Ten ramps were averaged pemM) NaCl (118), CsCl (5.6), HEPES (10), TEAHGt¢26)(1),
treatment for each cell and normalized to the baseliftg, p&€dCI(5), pH 7.4 with NaOH, was used. For reco%ingr@mts,
amplitude. the same external solution described above was applied with the
To investigate hyperpolarization-activated currents (HCN), aaddigerobf tetrodotoxin or TTX@)3 The same internal pipette

2 s voltage steps fromd0 to 140 mV was applied from a holdiaglution for perforated-patch recordings was used to record inward
potential of 50 mV. Currentoltage relationships were studieddoyrents and isolated®Caurrents with the exception XK
repeatedly ramping the voltage over 500 mslfogénbo 50 mV, which was replaced with an equal concentratigB@f Cs

from a holding potential & mV. Twenty ramps were averadssis buffer used in secretion assays consisted of (irerhli@) Tris
before and during application of GPBAR-A. (50), NaCl (150), 1% IGEPAL-CA 630, 0.5% deoxycholic acid an
To measure currents elicited following application of the FFATagpleistented with complete EDTA-free protease inhibitor cocktal
TAK-875, 120 ms voltage ramps frb2® to 0 mV, from a holdin¢Roche).

potential of 70 mV, were applied and at least ten ramps Weiess otherwise stated, all chemicals were purchased feom Sigma
averaged for each treatment per cell. Current amplituded\laviae. TTX|-agatoxin-IVA and nifedipine were purchased from
measured at 90 mV, subtracted from baseline current meag\loedone Laboratories; TAK-875 and isradipine were purchased fror
before treatmem ¢urrent) and compared between treatmentsAdooq Bioscience. Drug stocks were made as @df@téntrated

The inter-spike membrane potential (ISMP) was assétisgdbystock and diluted to aal working concentration on the day of
Gaussian curve to “afl-points histogram of a 30 s recording ekperiment. Drugs for imaging and electrophysiology experiments
baseline or treatment. The mean or peakttédhmurve was takenwvere applied directly onto cells using a custom-made gravity-fed

as ISMP. perfusion system. A constawtof external solution was applied onto
cells during baseline recordings and switched to a drug solution durin
2.7. Microscopy drug applications to avaid-induced artifacts. All recordings were

Immunostained cells were imaged on an SP8 confocal micpestmpeed at room temperatueZ20C).

(Leica Microsystemis).situorganoids were imaged on an EVOS

microscope (Thermo Fisher Scienliime-lapse microscopy &@f9. Statistical analyses

organoids was imaged using Incucyte Zoom imaging systenS{&st@al tests were performed with GraphPad Prism 7 (GraphPa
BioScience). Images were processed using LAS-X (Leica), Phwitesdre). Individual data points were represented on graphs with th
(Adobe), and ImageJ (NIH) software. GCaMP3 and Epac2caraas in&.E.M. or median interquartile range. Statistical signi

aging experiments were performed as previously described gsingedretween two groups was determined using antiegaired
inverted microscope and Meta software (Molecular Devicesjired t-test or Wilcoxon matched-pairs signed rank test, as indicated
[9,15] For GCaMP3 time-lapse microscopy, images were takefoevenypare three or more groups, a one-way analysis of variance
2 s. For uorescence intensity analysis exclusive thresholdifgN@YA) test followed by the indicated multi-comparison test wa:
background subtraction wat applied, mean whole cetires- performed? < 0.05 was considered to represent statistical signi
cence intensity was then calculated and a 30 s rolling averacgneasGLP-1 secretion analysis was performed on log transforme
generated for each trace. Changesomescence intensity werdata. For synergy ammrescence intensity/ratio change analysis, a
measured as the difference in max intensity before and durimmn&restmple t-test or a Wilcoxon signed-rank test was performed.
ment PFI). For Epac2camps FRET time-lapse microscopy images

were taken every 5 s, whole celtescence intensity of both door RESULTS

(CFP) and acceptor (YFP) was measured after exclusive thresholding

and background subtraction was applied. A 30 s rolling averagé. wasneration of organoids from transgenic mice expressing
generated for the ratio of CFP/YFP and changes in this ratioraasent labels in L-cells

measured as the difference in max ratio before and during trdaahenganoids (each line derived from a single mouse with 2 inde-
(DCFP/YFP). To determine whether the GCaMP3 respongeetalerd- lines for each genotype) were generated from mice
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expressing the FRET-based cAMP sensor Epac2camps-or dbenains, anduorescently labeled L-cells were located in both the
rescent calcium sensor GCaMP3 under the control of the proghypagod villus domairig/(re D, Supplemental Movie 1). Organoid
promotef4,8,9] Immunaiorescent labeling coned that expres-lines were passaged every 7 days and maintained for more than 6
sion of both sensors was speto cells producing proglucagamnths and have been cryogenically frozen and re-established mul-
(Figure Ae C), as previously reported for tissue sections fromtifilestames.

mouse linegt,9] The morphology of the developing organoidSwaslementary video related to this article can belfapad/@bi.

similar to that described previgLajyysts developed multiple cryptg/10.1016/j.molmet.2017.11..005

3D culture

= FP+only
[ GCG+ only
[ GCG+/FP+

%

OM
Glu- Glu-
EPAC2 Cre

Pro-GCG

5 29

©

5 2.0

[0}

0 1.5

5 1.0 —

o

< 0.5

©

& oo

0 1 10

Epac2-camps Pro-GCG [Glucose] mM

Gi i Hi o uFSK i

~ 30007 ttt
30 mM KCl e . 100 uM IBMX "
= T
< 2000 N o
3 : :
S < 1000 Su| )
1 min : et min <
*
high KCI F+1

Figure 1:Characterization@ifu-CreandGlu-Epac2camiisal organoid lines. Projection of a confocal stack of an ileal-derived org@&ioif fjemcams) oiGlu-

Cre GCaMP@®) mouse showing immunostaining for Epac2camps or GCaMP3 (green), proglucagon (red) and nuclei (blue). Bottom panels shosliaesofgle confocal optic:
an ileal L-cell expressing both proglucagon and Epac2camps or GCaMP3. (C) lleaGiugarendiSiteipac2camipges scored for expressioniofescent reporter

(FP) and glucagon expression (GCG). (D) Organoid development (cyst to mature orneigyaic2beniped, showing both brighd and Epac2camp®rescence

(green). (E) 2D organoid-derived cultures fr@iu-gahc2camlise immunostained for Epac2camps (green) and proglucagon (red).SEMM#@am) fold GLP-1

secretion in 2D ileal organoid cultures in the presence of 1 or 10 mM glucose (gray or black bar, respectively) compared to buffer veitin).n(&¢ilicose (white
Changes in intracellular calcium and cAMP in 2D ileal organoid L-ceBéu€irgg tBEaMPandGlu-Epac2camipges, respectively. (Gi) GCaMiP8scence intensity

(FI) over time in an ileal organoid L-cell perfused with 30 mM KCl in 1 mM glucose (blue line) or 1 mM glucose (black line) alone. il Batzdieypkbyf3BOaMI

KCI (%4 13 cells), mean SEM also shown. (Hi) CFP/YFP ratio over time in an ileal organoid L-cell perfused with 1 mM glucose in the absence (blackiihe) or presence of :
Forskolin and 100/ IBMX (red line). (Hii) Scatterplot of CFP/YFP ratio changes in response torsidediskaiinlénd 10M IBMX (¥ 8 cells), mean SEM also

shown. Scale bars A, B, atidllBmm, DY, 500mm. Statistical analysis performed using either a one-way ANOVA witlitipl&kepmparison (F) or one sample etest (G

H), p< 0.05% *ly, p< 0.01% *, p< 0.001% **4yy
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Well-established organoids containing multiple budding domailie @raeined our RNA sequencing databases to determine the relati
dissociated into small cell clusters and plated onto dishes contaipiegsion of voltage-gaté’damd C2a channel subunits in FACS-

thin coat of Matrigeldure E) to produce 2-dimensional (2D) cultprased ileal and colonic L-céligre B). Expression levels of the

that brought L-cells into a single focal plane for imaging expemﬁ’ecltm,nnel subunfien3andScnllavere comparable in ileal and

to allow free access for patch clamp electrodes, and to facilititosio- L-cells. The P/Q-tyﬁ@ €anneCacnaldominated the

lution exchanges during live-cell experiments. Similar to both@athahannel subunit pi®and was more highly expressed in ileal
cultures from freshly-isolated intestinal crypts and intact 3D dti@denalonic L-cells. L-typagnal)cand T-type&acnalhsubunits
organoidg7,12,13] 2D ileal organoid cultures displayed Glferk also detected but at lower levels. Expression data for auxilian
secretory responses to elevated glucose concentrations, irstibatiitg of voltage-gateéi’ Mad CZ channels are shown in

that their constituent L-cells were functionallyRiiable F). Figure S B. Consistent with these expressioleptoe aga-

In 2D cultures from Glu-Cr&CaMP3 organoids, 30 mM KCI tiigin-IVA blocked the majority of isoldfec@eents in voltage-

gered a transient increase in GCalMR3cence consistent with tlilamp recordings, whereas isradipine had a smaller effect
opening of voltage-gate%? @hannels and ®an ux Figure G). In (Figure B). A small component of non-L and P/Q-type current was
Glu-Epac2camps organoids, the combination of forghd)iar{dO suggested by the blockade of the remaining curréht by Cd

IBMX (100M) resulted in a robust increase in the CFP/YFP ratio,

consistent with elevation of intracellular cAMP concentiatioridgnaling pathways downstream of GPBARL in ileal organoid
(Figure H). These results thus validate the GCaMP3 and Epac2danyss

reporter organoid lines for monitoring intracefilanCaAMP 2D ileal organoid-derived cultures were treated with agonists targetin
changes in L-cells, and all further experiments were performe@dRBAR1, which is highly expressed in ileaHigoet&][7]. GLP-

cultures. 1 secretion was enhanee8-fold by the bile acid taurodeoxycholic
acid (TDCA), 5-fold by a small molecule GPBAR1 agonist GPBAR
3.2. Electrical activity of ileal L-cells in primary culture [19] and>10-fold by forskolin/IBNEX((re B). These results are

Electrophysiological recordings from ileal organoid-derivedsimitetlso those we reported previously for primary short-term ileal
were performed in the perforated-patclgucation to preserveculturegl5]

cytoplasmic signaling pathways, revealing that these cells afes @ledicted from the previously reported coupling of GRBAR1 to G
trically excitableigure & and B). Action potentials triggered by s6hiTDCA or GPBAR-A robustly elevated L-cell cAMP concentratiol
depolarizing current injectiéhigu(e &) had a mean threshol@Figure @), and, in secretion studies, GPBAR-A-triggered GLP-1
of 29 2 mV, reached peak potentigisl8f 2 mV, and had release was blocked by PKA inhilbitiprie( B). L-cell & re-

mean action potential half-widths of2ns (¥4 21). The majoritysponses were triggered by TDCA but not GPBAR-B)( as also

of ileal organoid-derived L-cells (24/28 cafispontaneous actiopreviously observed in primary cultiid#ely reecting GPBAR1-
potentials=(gure B; range of action potentimg frequency @3 independent TDCA effects. Although GPBARL1 has been reported p
3.5 Hz). viously to couple to TRRAL a channel expressed highly in L-cells
Compared with action potentials from colonic L-cells in primarBsaRBAR-A-triggered GLP-1 secretion was not impaired by TRPA
term culturgl8] the waveform of ileal organoid-derived L-cell dotidsitionHigure S%).

potentials was broader and had a lower peak, suggestihgp#réorated patch recordings, GPBAR-A did not alter the morpholog
involvement of a different lprof voltage-gated currents in iledlevoked action potentials or affect the inter-spike membrane po-
compared with colonic L-cells. Torodhat this difference was né¢ntial Kigure I8), but triggered a reversible increase in action po-
due to the generation of ileal L-cells in organoid cultures, édtiab-frequency during prolonged depolarizing current injections
physiological recordings were also obtained from ileal L-cell§-iguype-A) that was further enhanced at larger current injections
mary culture, which are technically more demanding than Eolpmie Aiv). Ramp currenbltage relationships betwed®0

primary culture electrophysiological recordings. Action patentia0 mV did not reveal any measurable conductance changes
morphology was comparable in organoid-derived and primaryHlgatd-Bi), suggesting that the increagad frequency was not

cells Figure 91 due to a reduction in background potassium current or increased
The N channel blocker tetrodotoxin (TTX) had little effect on thedtgerindependent inward current. We also did not observe any
potential peak of ileal organoid L{egjled Cii) but increased theecruitment of hyperpolarisation activated (HCN) currents by GPBAR
action potential threshbldre €iv). By contrast, the action poter{fiajure S3), and the effect of GPBAR-A on evoked action potential
peak in either the presence or absence of TTX was subdhatiadlycy was unaffected by the HCN-antagonist ZDTRB8 (10
impaired by the selective P/Q-t)?Becﬁannel blockee agatoxin- Figure Biv). We further examined the role of voItage-é%ted Ca
IVA (0.8M, Figure €iii and Cv) or the broad-spectra?mﬁannel channels, and found that GPBAR-A increased th& paakeGa

blocker cadmium €&dL00MM; Figure SAlii). Thesendings suggestamplitude by 20.23.4% (4 12,Figure @). This effect of GPBAR-A

that voltage-gated’NaJrrents contribute to action potential initiati@s, not observed in the presence of the L-Zl'g/pmmmel blocker

but that peak potentials are predominantly determined by voltagdegtipede (50M), suggesting that GPBARL1 activation enhances the
c& currents. Application of a selective L-ﬁpper@anel blockeractivity of L-type ®achannels, consistent with the known modula-
isradipine (1@M) had little effect on the action potential prek of these ion channels by RKAWe attempted to address
(Figure €v). Voltage-clamp recordings revealed the presencendietiver GPBAR1-dependent activation of prtyﬂmﬁ]aels was

types of inward currérg(ire R): a fast component that was presergponsible for the increased action potential frequency during pro
in 5/8 cells and ablated by FXi(e Rii), and a slow current that wésnged depolarizing pulses, using the inhibitor nifedipit)e(sD

present in all cells and blocked ﬂﬂ/@;hj}ure Riii). The characterverapamil (1@M). Unfortunately, we observed a sustained depolari-
istics of these fast and slow currents are typical for voItagB-gamdiNausing this protocol in the presence of L-type channel blockers
and C% currents, respectively. possibly reecting previously-reported inhibitory effects of these drugs
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Figure 2:Electrophysiological characterization of organoid-derived ileal L-cells. (A) Perforated-patch current clamp recording dfeah lorghoicgdacivena

potentials in response to depolarizing current injections. Current was injected to maintdio e, celidaa series of 10 ms current pulses were applied, increasing in
magnitude by 2 pA. The pulse protocol is illustrated below. (B) Perforated-patch current clamp recording of spontanemg factioarpdéantiatell. (C) Repre-

sentative traces using the same protocol as in (A), before (Ci) and during appid¢attrodst@x@n (TTX, Cii) and during applicatidn 6f5FKU -agatoxin-IVA (Ciii).

Dashed line represents the threshold of action potentidie insets show spontaneous action pategtialder the same treatment conditions. (Civ) Threshold for action
potential ring (n% 5) and (Cv) % inhibition of action potential peak following application of channel blockers, expressed as a % of total block by application of
(0.3mM)p Cd® (100MM). (Di) Inward current from a perforated-patch voltage clamp recording and sample traces following ragplicati(iipbeaBge trace) or

100mM C@ (Diii, gray trace). Currents were elicited from a series of 70 ms voltage &tEpsof&® mV, from a holding potentiaBofmV. Only the current response

to thep 10 mV voltage step is shown and is illustrated below the current traces. (Div) Peak current amplitude of the fast and slow currentessigpodatat&cBene expr

(Ei) olCacndEii) genes by RNA sequencing of FACS-sorted L-cells from mouse ileum (white circles) and colon (black circles). Individualadatamieiper represent fr
kilobase of transcript per million mapped reads (FPKM) from 1 mouse. Mge3) eakipse@ented as lines. (Fi) Superimp@sedr@nts from an ileal L-cell before and

during exposure to®Cahannel blockers. Red trace represents calciumlglimestdrfled in the presence-afgatoxin-IVA (01#), pink trace represeltgecorded

following subsequent application of isradipiié) (Hhd gray trace represkptecorded following application of cadm'ri?m:((]mnxll). Currents were elicited using the

protocol described in (D) and only the current responsd©tmtheoltage step are shown. (Fii) Contribufirtioh@zel subtype to tot&P Garrent measured. (Fiii) The

peakicg voltage relationship for a representative organoid ileal L-cell following apgficatiannefl Gckers. Statistical analysis performed using either by Wilcoxon
matched-pairs signed rank test (Civ), one-way ANOVA igitmuliidey comparison (Cv) or multiple t-tests with Holm-Sidak multiple comparisons correction (E),
p< 0.05%y, p< 0.001% ***}yy. Unless otherwise stated, each cell is represented as an individual point and lines on the graph r&iésent mean
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Figure 3:Gpbarkxpression and responses to GPBARL1 agonists in 2D ileal organoid-derived L-cells. GptExpreBiiznsequencing of FACS-sorted L-cells (circles)
and non-uorescent control cells (squares) from mouse ileum (white) and colon (black). Individual data points represent sequencing resiresfrepresembuse and |
mean SEM (#43). (B) Mean SEM (#49) fold GLP-1 secretion in 2D ileal organoid cultures in the prestMicEDEEA{green bafyMBGPBAR-A (red bar), om0

Forskolip 10nMM IBMX (gray bar) compared to 1 mM glucose (basal, black). (C) Changes in intracellular cAMP levels in 2D ile# lorfqaaigsaunsig tkaF-P/

YFP ratio over time in responsétb GPBAR-A (Ci, red line) aMLUDCA (Cii, green line) treatmenikl Fdrskolip 100mM IBMX (gray line) was used as a positive
control stimulus. (Ciii) Scatterp@EBP/YFP ratio in ileal L-cells, in responsMtGBBAR-AYn7), 10nmM TDCA ( 7, 3 non-responders not plotted) ami10

Forskolip 100nM IBMX (F 1) (n¥a 14). Scatterplot shows individual cell responses withSEdamlso shown. (D) Me8BEM (n 9, data pooled from 5 independent
experiments) GLP-1 secretion (fold compared to basal) in 2D ileal organoid cultures in the presence and absence of the PKA iihjksdicd BBBARAKBO0

compared to basal (1 mM glucose) as indicated. (E) Changes in intPaicetofenGial-derived L-cells. Example traces of changes in GCaMP3 FI over time in response
3nmM GPBAR-A (Ei, red line) oMLODCA (Eii, green line) treatment on top of 1 mM glucose, with 100 nM Bombesin (BBS) and/or 30 mM KCI used as a positive contr:
(gray line). (Eiii) Scatterplot of changes in GCaMP3 Fl in ileal L-cells, in nd4@PBAR-8%n11), 100M TDCA @ 11), 100 nM Bombesid/{12) and 30 mM KCI

(n¥%s 14). Scatterplot shows individual cell responses with$Earalso shown. Statistical analysis performed using either paired t-test (A), one-way AN®VA with Dun
multiple comparison (B), a one sample t-test (C and E), or one-way ANOVA with Bonferroni multiple compariso0s0&#rgcien ) yy, p< 0.001Y4 ***/

yyy.

on voltage-gated potassium chafilsgure 94 Evoked actionexpression éffarlin FACS-pued ileal L-cells by RNAseq analysis
potential ring was increased by the L-tyﬁB Clzannel activator(Figure B). In electrophysiological current clamp recordirs, 10
BayK8644 (10M; Figure B), supporting the hypothesis tA&#K-875 triggered L-cell membrane depolarization by a mean of
enhanced L-type 2 achannel activity could contribute to e 2 mV, which in 4/9 cells was @eht to trigger or increase
increased action potentialg observed in the presence of GPBA&R AN potentialing Figure €). In voltage clamp recordings, 10 and
although off-target effects of this dihydropyridine-derivati@0rdvi TAK-875 activated an inward current that was blocked by an
voltage-gated potassium channels have also been28ported inhibitor of TRPC3 channels, Pyr@l@igure B). Furthermore,

Pyr3 reduced GLP-1 secretion triggered by TAKH8E5A(,
3.4. Signaling pathways downstream of FFAL in ileal organsupporting the role of TRPC3 channels downstream of FFA1 activatic
cultures in mediating GLP-1 release. TAK-8TBI]Halditionally reduced the
The FFA1l agonist TAK-875 triggered a small increase irpé}ikaChItage-gateoetbaurrent amplitude by 10.9.6% (4 6,
secretion at 10M and a more robust secretory responsé&igire 95consistent with the reported inhibition of P/Q-type currents
100mM, in 2D ileal organoid culturasi(e B), consistent with théoy Gqg coupled recepfard
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Figure 4:Electrophysiological responses of organoid-derived ileal L-cells to GPBAR1 agonists. (A) Perforated-patch current clampriregactiog pbamtiatell
evoked by depolarizing current injections before (i), during (ii) and after (iii) applicationhf)GBEAFRHAMSs injected to maintain the c&D atV, and a series of

500 ms current pulses was applied, increasing in magnitude by 2 pA. (Aiv) Méa®hahsmtiofnpotentials (threshalimV) elicited during current injections as in Ai-

iii, with error bars representing SEM. (Bi)eCwoitaige relationship as assessed by voltage ramps over 500188 fmn50 mV, from a holding potential8ef mV.

Twenty ramps per condition in each ell{rcells) were averaged to represent baseline (black trace) and GPBAR-AMreatiteacéR Recording of an L-cell studied

by the same protocol as (A), before (Bii), during application of GFBBIR),Aa(R additional application of the HCN channel blocker, BM7 338 (P@rforated-patch
voltage clamp recordings gifefore (Ci), during (Cii) and after (Ciii) application of GRBARCAI 2 voltage relationship of ileal L-cells as assessed with 160 ms voltage
ramps from a holding potentiaB& mV t¢p 80 mV, during application of GPBARWA §Bd nifedipine (B). Ten voltage ramps were averaged per treatment for each cell
(n% 6) and normalized to the baselinelggakplitude. Recording of an ileal L-cell, elicited by the same protocol as (A) before (Di), during (Dii) and after (Diii) application
BayK8644 (IM). (Div) Mean number of action potentials (thrédhmd) elicited during current injections as in Di-iii, with error bars represeitiny SEMsfical
signicance was assessed using multiple t-tests with Holm-Sidak multiple comparisons correction<AW0&3d Yip)< p0.01%4 yy, p < 0.001% yyy
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Figure 5:FFA1 stimulation recruits TRPC3 in organoid-derived ileal L-cells SBM\V#&a8) fold GLP-1 secretion in the presence or absence of TAK-8731{d0 or 100

blue bars), Pyr3 (@M, striped bars) and GPBARYN,(8d bars) as indicated compared to basal (1 mM glucose, black bars). (B) Haplepstdirofequencing in
FACS-sorted L-cells (circles) andunosscent control cells (squares) from mouse ileum (white) and colon (black). Individual data points represent sequencing resu
mouse, mean SEM (#4 3) also shown. (Ci) Perforated-patch current clamp recording of an L-cell during applicatiombf) T&KH8ZBa§e/418) in measured inter-

spike membrane potential (ISMP) during application of TAKAR{R{1Currentoltage relationship as assessed by voltage ramps over 120128 foomV, from a

holding potential o70 mV, and (Dii) Scatterplot of changes in ouernt) in response to TAK-875 {4 6), 1000M TAK-875 @k 7), 10mM Pyr3 (. 3), and

100MM TAK-87p 10nM Pyr3 (#26). Median interquartile range shown. Statistical analysis performed using either a one-way ANOVA with Bonferroni multiple comy
correction (A), a paired t-test (B and Cii), or Wilcoxon signed rank<te8t0®}#) ypp < 0.001%, ***,

3.5. Interactions between signaling pathways activated by Gintpkéed accessibility of cells to patch-clamp electrodes, which
and FFA1 enabled the electrophysiological characterization of ileal L-cells.
The lower TAK-875 concentratiomdd ¥¥as selected to investigaféhe electrical properties of ileal L-cells were not identical to those
potential synergy with the GPBAR1 pathway. At this concemteatmusly described in GLUTag and colonid18.¢aijdikely
TAK-875 on its own was a poor stimulu%?afe@aonses in L-cellsre ecting the observed regional differences in expreds®mofpro

as monitored by GCaMPgu(e A), and triggered only a smafbltage-gated Nand C® channel subunits. Voltage-gatéd Na
elevation of GLP-1 secrefimn(e Bi). In the presence of GPBARs#annels appeared important for action potential initiation in ileal L-
co-application of TAK-875 triggered csigtly larger ®are- cells, as the threshold for action poteritigl was increased
sponses, which in 7/8 cells analyzed were greater than the &mditivi5 mV in the presence of TTX. This new threshold matched the
effects of GPBAR-A and TAK-875 administerédoingiig iii). potential at which voltage-gatezﬂ Carrents were observed to

The combination of GPBAR-A with TAK-875 also evoked a swotikgitticconsistent with thding that the P/Q-typébcxshannel
increase in GLP-1 secretion that was evident in 12/15 welldbteskedl -agatoxin-IVA sigrantly lowered the action potential peak
across 5 experimentsg(re Bii). In contrast, combination leéightKigure €iii). In colonic L-cells, by contrast, we previously re-
BayK8644 (IM) and TAK-875 (1) did not result in a greater th@orted that voItage-gateB Marrents were larger and contributed

additive stimulation of GLP-1 secrietiome( S3). signicantly to the action potential peak. In both ileal and colonic L-
cells; however, we observed th@t-dﬁpendent action potential
4. DISCUSSION ring was possible even in the presence of TTX. Differences betwee

c& currents in ileal vs colonic L-cells could possibly arise from
For this study, we established and characterized ileal organaiteliegsxpression of auxiliary subunits sagdil asibunitsQac-
from reporter mice expressing biosensors for intracellular calana®ddnd/hich play a role in channel assembly ackirigi28]and
cAMP levels in proglucagon expressing L-cells. To utilize the medelrfarre abundant in ileal than colonic [Hgells G&ii).
multiple assay platforms, we developed a 2D culture methGglihehndFfarlwere both highly expressed in primary ileal L-cells
recapitulated GLP-1 secretory responses to known stimuli €tighiras 3A an8) consistent with the measured increases in GLP-1
glucose and agonists of GPBAR1 and BFA13,15,25,2@ne of secretion following activation of either receptor in ileal organoid-
the main advantages of the 2D organoid-derived cultures wasvibe cultureSigures 3B and\h GPBAR-A elevated cAMP levels
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Figure 6:Synergistic effects of FFA1 and GPBARL on intracellular calcium levels and GLP-1 secretion. (A) Charfjdsvelmtreceiatmidderived L-cells using the

Glu-Cre GCaMPithe. (Ai) Changes in GCaMP3 FI over time in respandeltki875 (blue linej\ GPBAR-A (red line), co-applicationdfTAK-875 andnd/

GPBAR-A (purple line) on top of 1 mM glucose, with 30 mM KCl used as a positive control stimulus (gray line). (Aii) Scatterplot of chegitpesnimeSpaMB3d-| in L

10mMM TAK-875,18M GPBAR-A, and co-applicatiom®f TBK-875 and®1 GPBAR-A. Scatterplot shows individual cell responses witmteegliantile ranger8)

shown in black. (Aiii) Measuredpected change in GCaMP3 Fl in response to co-application of GPBAR-A and TAK-875 for the cells shoB&EM £k I1B))fMean

GLP-1 secretion during single applicatiom\TAK-875 (blue barii\ GPBAR-A (red bar), and co-application of both drugs (purple bar) compared to basal (1 mM glucose
alone), 1aM Forskolip 10nM IBMX (gray bar) treatment used as a positive control. (Bii) Me@sated change in % GLP-1 secretion upon co-application of GPBAR-A
and TAK-875. The gray dashed line (at 0) represents no synergy. Statistical analysis performed using either Wilcoxon signedwvanRSMANyiBiiBamésroni

multiple comparison (Bi) or one-sample t-test<€A@INgY2 y, p< 0.01% **ky, p< 0.001% ***fyy.

and increased evoked action potentials in ileal L-cells. AlthougklsAMPdriving them closer towards the threshold of voltage-gated
elevation was linked to activation of HCN currents in GLR9]ag adls-channel activation.

we did not observe any effect of GPBAR-A on hyperpolafi2ati8i5 triggered L-cell membrane depolarization by activating an
activated or voltage-independent currents in ileal L-cells. GRBAR-turrent that was blocked by the TRPC3 inhibitor Pyr3, sup-
did, however, increase the activity of L-tﬁbec(ﬂmnts by porting previous data suggesting a role for this channel downstream of
w 20%, consistent with previous observations of PKA-degemaiem L-cells and pancrbatiells[30,31] The TAK-875 triggered
regulation of these channels in other excitabjé1¢e@*BARL1 currents werey 80% reduced by Pyr3, eitheeating incomplete

has been reported to couple to TREAIUt we observed no effedbhibition of TRPC3 by this [@2igr indicating a small contribution

of TRPAl-antagonism on GPBAR-A-triggered GLP-1 sdcestditional conductances. TRPC3 is a non-selB¢Bd® Na
(Figure S8), and in electrophysiological recordings we saw rehawirel33] activation of whichbirtells was abolished by inhibitors
dence for the appearance of TRPA1-currents after GPBAR1 attRlafiar. PKED] Despite the depolarizing effect @fiITDAK-875

This suggests that TRPA1 activity was low under our culturercomelit-cell membrane potential, only small e CE&LP-1

tions. Future work will address the role and recruitability of TRRAg&rietbry responses were observed at this drug concentration, and
cells, as its activation would nonetheless increase the excitab#ityiofi [potentiaiing was only triggered in a proportion of L-cells. The
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small C& response might in part be due to the low glucosegtatnese, and therefore to exhibit differential effects on GLP-1 secretio
centration used in these experiments (1 mM), as increaseddepiilent on concomitant food ingestion.
secretion from pancreéticells by TAK-875 was highly dependent
upon the glucose concentrgtiohAt low glucose, the membraeJTHOR CONTRIBUTIONS
depolarization triggered bymM0TAK-875 might be insignt to
open enough voltage-gatéﬁl Clzannels to activate secretion in DAG, VBL, LJB, PL, and GT performed the research. DAG, VBL, LJIB,
majority of L-cells. Higher TAK-875 concentrations triggeredrRybarst FMG designed the research study. DAG, VBL, LJB, and |
GLP-1 secretory responses, consistent with the activation ofadbpd the data. DAG, VBL, FR, and FMG wrote the paper. All authi
depolarizing TRPC3 current. edited the paper for intellectual content and approved its publication
Simultaneous activation of FFA1 and GPBARL1 synergistically stimu-
lated GLP-1 secretion consistent with previous obsésyatiGviSKNOWLEDGMENTS
although the underlying mechanism for the interaction was previously
unknown. Ga responses to co-application of GPBAR-A with TAK8TS5nmunoassays were performed by Keith Burling, Peter Barker, and colleagu:
(Figure A) were also sigoantly greater than the sum of the eethe Addenbroakelospital Core Biochemical Assay Laboratory. Cell sorting was
sponses to the agents added individually, suggesting that samf@ngd by Reiner Schulte and colleagues at the Flow Cytometry core facility
between the signaling pathways occurs, at least in part, befotanstriitye Institute for Medical Research. RNA sequencing was performed by tr
the level of &4 entry. We hypothesize that the synergy bet®eemics Core Facility at Cancer Research UK Cambridge Institute. The work w
GPBAR1 and FFA1 6h eaponses arises because the net effettnofd by grants from the Medical Research Council (MRC_MC_UU_12012/3 ar
GPBAR1 and FFA1 activation is to increase the activity of voltagreegsitedJU_12012/5) and Wellcome Trust (106262/2/14/Z and 106263/Z/14/Z)
C4® channels (20% activation by GPBAR1 vs 11% inhibition by FFAL).
At membrane potentials below the activation threshold for volége-ICT OF INTEREST
gated A currents, this has little effect, but when the membrane
is depolarized by FFAl-dependent TRPC3 channel openingNitis dikigared.
gers a larger E'?aresponse. The enhanced activity of L-type channels
by GBAR1-dependent activation and membrane depolarizatignHikely| X A. SUPPLEMENTARY DATA
also contributes to the increase in hormone secretion.

Supplementary data related to this article can beitipad/dbi.org/10.1016/].
5. CONCLUSIONS molmet.2017.11.005
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