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Abstract
The endocannabinoid system has been demonstrated to be active in the pancreatic β-cell. However
the effects of the endocannabinoids (ECs) on insulin secretion are not well defined and may vary
depending on the metabolic state of the β-cell. Specifically it is not known whether the effects of
the ECs occur by activation of the cannabinoid receptors or via their direct interaction with the ion
channels of the β-cell. To begin to delineate the effects of ECs on β-cell function, we examined
how the EC, 2-AG influences β-cell ion channels in the absence of glucose stimulation. The
mouse insulinoma cell line R7T1 was used to survey the effects of 2-AG on the high voltage
activated (HVA) calcium, the delayed rectifier (Kv), and the ATP-sensitive K (KATP) channels by
whole cell patch clamp recording. At 2 mM glucose, 2-AG inhibited the HVA calcium (the
majority of which are L-type channels), Kv, and KATP channels. The channel exhibiting the most
sensitivity to 2-AG blockade was the KATP channel, where the IC50 for 2-AG was 1μM.
Pharmacological agents revealed that the blockade of all these channels was independent of
cannabinoid receptors. Our results provide a mechanism for the previous observations that CB1R
agonists increase insulin secretion at low glucose concentrations through CB1R independent
blockade of the KATP channel.
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1. Introduction
Endogenous cannabinoids (endocannabinoids, ECs) are lipid signaling molecules derived
from arachidonic acid.[1] They are synthesized in situ only on demand by catabolism of
phospholipids of the cell membrane and are rapidly degraded.[1] Actions of the two major
ECs, 2-arachidonoylglycerol (2-AG) and anandamide (AEA), are primarily mediated by two
specific G protein-coupled receptors, the cannabinoid 1 and cannabinoid 2 receptors (CB1R
and CB2R respectively).[2,3] The activity of the enzymes catalyzing the final steps of EC
synthesis, diacylglycerol lipase (DAGL) alpha and beta and N-acyl-phosphatidyl
ethanolamine-hydrolyzing phospholipase (NAPE-PLD) for 2-AG and AEA, respectively,
are calcium sensitive [2] We and others have shown that the ECs and the enzymes for their
synthesis and degradation are present in the β-cell.[4,5] Insulin secretion is initiated by
closure of the KATP channel, subsequent cell membrane depolarization, opening of the L-
type calcium channel and influx of calcium to stimulate exocytosis of the insulin granules.
Given the dependence of the enzymes for EC synthesis on calcium we postulated that EC
synthesis would be stimulated by β-cell membrane depolarization. We and others have
shown that ECs are released directly in response to glucose-induced β-cell depolarization.
[4,5] This obligate synthesis and release of ECs upon insulin exocytosis would imply that
ECs could have a regulatory role in the initial steps of insulin secretion.

As β-cells are electrically excitable we hypothesized that some of the effects of the ECs on
insulin secretion could be mediated via modulation of the ion channels regulating β-cell
depolarization. Several precedents for direct action of the ECs on voltage-dependent and
ligand gated ion channels have been set in other cell types.[6] Recent experimental evidence
indicates that the metabolic state of the β-cell is important, as different effects were achieved
at low and high glucose levels with CB1R agonists.[4,7,8] Therefore we reduced our
examination of the effects of ECs on insulin secretion to the study of how the ECs modulate
β-cell ion channels in the absence of stimulation. Thus, we examined the effects of the EC
2-AG, (the EC released in greater amounts from the islet)[4] on the ion channels involved in
initiating insulin secretion using the highly differentiated R7T1 cell line under low glucose
conditions.

2. Materials and Methods
2.1 R7T1 mouse insulinoma cell line

The cells, a gift from Dr. Nicholas Simpson (College of Medicine, University of Florida),
were maintained in DMEM supplemented with 10% fetal calf serum, 2 mM L glutamine,
100 units of penicillin/mL, and 100 μg streptomycin/mL. In this cell line doxycycline (1 μg/
mL) arrests differentiation and was used to propagate the line. All experiments were
performed on cells cultured in the absence of doxycycline for at least one day. The cells
were maintained in a humidified air/CO2, 95/5 % incubator at 37°C.

2.2 Delayed rectifier currents
Whole cell voltage clamp of the R7T1 cell line used a bath solution of the following
composition (mM): NaCl 150, KCl 5, CaCl2 2, MgCl2 1, NaH2PO4 1, HEPES 20, sorbitol 8,
glucose 2; pH 7.40. The pipette solution consisted of (mM): KCl 120, CaCl2 1, MgCl2 1,
HEPES 10, EGTA 10, MgATP 3, NaGTP 0.3; pH 7.20. Cells were held at a holding
potential of −70 mV, then stepped to +50 mV using an Alembec VE-2 amplifier employing
100% series resistance compensation. The signals acquired after P/8 leak subtraction at
about 1.5 min intervals, were low pass filtered at 5 kHz and sampled at 25 kHz. The
measure of channel activity was the integral of the current signal.
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2.3 High voltage activated (HVA) calcium currents
The bath solution consisted of (mM): NaCl 130, BaCl2 10, tetraethylammonium chloride
(TEA) 20, MgCl2 1, HEPES 20, glucose 2; pH 7.40. The pipette solution consisted of (mM):
cesium gluconate (120), TEA 20, MgCl2 2, HEPES 10, EGTA 10, MgATP 3, NaGTP 0.3;
pH 7.20. Membrane potential was held at −60 mV then jumped to −10 mV to elicit the
maximum calcium current using P/8 leak subtraction. The signal was filtered (low pass) at 5
kHz and sampled at 25 kHz. The integral of the current was taken as the response.

2.4 KATP single channel currents
KATP single channels were recorded in the R7T1 cell line using inside-out patches in a bath
solution of the following composition (mM): KCl 110, MgCl2 1.44, EGTA 10, HEPES 10;
pH 7.2 (KOH). The pipette solution (extracellular face) contained (mM) KCl 140, CaCl2
2.6, MgCl2 1.2, HEPES 10; pH 7.40. The pipette potential was maintained at +60 mV while
a List Electronic EPC 7 amplifier recorded the data, which were filtered (low pass Bessel) at
5 kHz and sampled at 25 kHz. Cumulative charge curves over time were derived from the
single channel activity.

When only a single conductance level appeared, open channel probability, PO, was
calculated as the total channel open time as a fraction as the total duration of the record
segment analyzed. Such patches were rare. When more than one conductance level
appeared, open probability was evaluated using binomial analysis. For this analysis, the all-
points histogram was fitted to a multiple Gaussian function consisting of equally spaced
means, corresponding to single channel currents. The areas under all components,
normalized to unity, were then fitted in MLAB (Civilized Software, Bethesda, MD) to the
binomial equation by a least squares procedure to derive Po.

The number of active channels (r) was taken from the maximum currents observed. Higher
values of r were evaluated using the maximum log likelihood criterion [9], but this criterion
rarely favored r values greater than the maximum current actually seen. When the predicted
fit of the binomial distribution was suspect, we analyzed the data for multiple open
probabilities using the generalized binomial distribution of Poisson [9] and comparing the fit
using the log likelihood criterion.

2.5 RT-qPCR analysis
Total RNAs were extracted from mouse R7T1 insulinoma cell line and mouse pancreatic
islet cells using the Trizol protocol. Single strand cDNA was synthesized from total RNA
templates using SuperScriptTM III One-Step RT-PCR System (Invitrogen, Carlsbad, CA).
For quantitative real time PCR assays, the exon-junction-specific primers and fluorescent
Fam-labeled and minor grove binder conjugated probes (Forward:
GTGCCGAGGGAGCTTCTG; Reverse primer: GGCTCAACGTGACTGAGAAAGA;
TaqMan MGB probe: TGCGAAGGGGTTCC) of mouse CB1R gene was designed using
Primer Express (Applied Biosystems, Foster City, CA). Pre-developed mouse β-actin
provided endogenous normalization controls (Applied Biosystems, Foster City, CA). The
relative quantification calculation is according to ABI user bulletin #2. Briefly, technical
triplicates were performed for the CB1R and β-actin real-time PCR and the Ct values were
averaged. The target CB1R gene Ct value was subtracted from the endogenous control β-
actin Ct value to obtain delta-Ct value for R7T1 and the isolated mouse islet. R7T1 delta-Ct
value was subtracted from delta-Ct of mouse islet as control to obtain delta-delta-Ct values.
The relative fold change is calculated using the formula 2(−δδCt). The efficiency of the
CB1R and the β-actin probe amplifications was validated to be proximately equal against
different concentration of total RNA.
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2.6 Immunofluorescence
Indirect immunofluorescence staining for the CB1R on RT1 cells was performed as
described previously [4] using the rabbit anti-CB1R antibody (1:100) from Frontier Science
Co. Ltd. (Hokkaido, Japan).

2.7 Statistical Analysis
Unless stated otherwise, means ± sem are given, and Student’s t test was used to determine
statistical significance between two values.

3. Results
3.1 Delayed rectifier currents

Delayed rectifier currents were readily observed in β-cells (Fig. 1A, inset). Direct
application of 2-AG to recorded β-cells resulted in a tendency toward a faster decay of these
currents (Fig. 1A, inset), therefore the integral of the current, rather than the peak current
was used to measure these responses. We found that 2-AG inhibited delayed rectifier
currents in β-cells in a concentration-dependent manner (Fig. 1A), and that a 50 % blockade
of this current (IC50) by 2-AG was estimated to occur at 20 μM.

To determine if blockade of the delayed rectifier by 2-AG was mediated by cannabinoid
receptors, we tested the cannabinoid receptor agonist WIN55,212-2 and its inactive
enantiomer WIN55,212-3. We used a concentration (1 μM) which we had previously shown
WIN55,212-2 can fully activate CB1Rs in the brain [10]. Both WIN55,212-2 and
WIN55,212-3 slightly blocked the delayed rectifier currents in β-cells (to 93.4 ± 1.6 % of
control, n=7; 90.5 ± 4.3, % of control, n=6, respectively), but the difference in activity
between these two drugs was insignificant(t = 0.68; P =0.51, Fig. 1B). Since WIN55,212-3
is inactive at CB1R [11], we conclude that the effects of these drugs on the delayed rectifier
were not mediated by this receptor.

3.2 High voltage activated calcium currents
Initial experiments showed that the L-type calcium channel blocker nifedipine (10 μM)
blocked 55.6 ± 2.3% (n=15) of the current activated using this approach, indicating that this
L-type calcium channels form the majority of the HVA calcium currents in this β-cell line.
In contrast, ω-Conotoxin GVIA (1 μM) produced no effect in 8 of 9 cells tested. Therefore,
we conclude that N type channels are largely absent in this β-cell line.

Similar to the delayed rectifier currents, 2-AG reduced HVA currents with an IC50 of 20 μM
(Fig. 1C). To determine whether this effect was mediated by cannabinoid receptors,
WIN55,212-2 and WIN55,212-3 were tested (1 μM). Fig. 1D shows that though the two
drugs caused a 16.0 ± 1.5 % (n=13) and 19.1 ± 2.1% (n=13) block, respectively, of the HVA
calcium current, the difference was not significant (t = 1.204; P (two-tail) = 0.24). By the
same argument applied to the delayed rectifier above, we conclude that the effects of these
drugs on HVA currents were not mediated by activation of this receptor.

3.3 2-AG blocked KATP channels
The inside-out membrane patch configuration was used to examine single ion channel
properties in R7T1 β-cells. KATP channels identity was verified by single channel
amplitudes of 3.7 to 4.7 pA (at +60 mV), and by complete inhibition by ATP (1 mM).[12]
The EC 2-AG inhibited KATP channels with an IC50 of 1μM (Fig. 2A).

Because recordings under control condition revealed multiple KATP channels per patch, and
rarely a single active channel, our analysis of the blocking mechanism of 2-AG was
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confined to within-burst kinetic dwell-time analysis and channel open probability (PO). The
within burst PO, evaluated from the all-points histogram, ranged from 0.82 to 0.87. As an
independent corroboration, the difference between this value and the estimate derived from
dwell time analysis (PO = tauopen/(tauopen + tauclosed) was < 3 %. Analysis of within burst
channel kinetics, (Fig 2B–2D), showed that within-burst dwell times were unaffected by 10
μM 2-AG (Table 1). The time course of a typical experiment is shown in figure 3(A and E).
In this example, the current was completely inhibited by 1 mM ATP and rebounded to 21
pA upon washing. 2-AG (10 μM) inhibited the activity to 7 pA (Fig 3A), accompanied by a
decrease in the number of active channels from 7–8 to 2–4 while the open channels
probability (PO) decreased from approximately 0.7 to 0.2 (Fig 3E). The analysis of PO is
exemplified in Fig. 3B–D, which shows the current under control condition (at the dot in
panel A), the all points histogram (Fig. 3C), and the comparison of the experimental
fractional areas of each component (open bars) to the binomial fit with PO = 0.72
(crosshatched bars) in Fig. 3D. At a few times (triangles in Fig. 3E) two different open
probabilities were favored by log likelihood analysis, indicating that in a single patch two
different probabilities could appear simultaneously. Data from five patches were analyzed
with the same detail as exemplified by Fig. 3, and though initial open probabilities varied
from 0.13 to 0.68, 2-AG (10 μM) decreased the open probability to 18.7 ± 0.9% of whatever
the initial values was. In addition, the number of open channels decreased to 49 ± 9%. These
factors account for reduction of channel activity to 0.19 × 0.49 = 0.09 of the control value,
which compares well to the mean activity of 0.06 seen Fig. 3.

Because 2-AG was superfused to the cytosolic side of the membrane in these inside-out
patches, its block could be mediated through a receptor-independent action or, transduced by
a cannabinoid receptor. To test the latter possibility, the CB1R antagonist AM251 (10 μM)
was added to the pipette solution while 2-AG (3 μM) was superfused onto the patch. Given
a Ki for AM251 of 7.5 nM[13] and a Ki for 2-AG of 472 nM,[14]when these two drugs are
in competition this concentration of AM251 should block 99.5% of the 2-AG response. In 8
cells, 2-AG (3 μM) gave a 79 ± 8% block in the presence of AM251, compared to the 77 ±
2% block given for the same 2-AG concentration alone. This result indicates that the CB1R
did not mediate the 2-AG block of the KATP channel at low concentration of glucose. The
concentration-response curve (Fig. 2), fitted to the Hill equation, gave a IC50 = 1.05 ± 0.19
μM and a Hill coefficient of 1.17 ± 0.26.

To confirm that the R7T1 cell line does indeed express the CB1R we tested for the presence
of both the transcript and protein of this gene. We examined mRNA using qRT-PCR, and
compared these measures to those obtained in wildtype mouse islets. Fig. 4A shows qRT-
PCR data showing expression of CB1R was 14-fold higher in R7T1 cells than that found in
isolated islets from wild-type mice. Furthermore, the cells were found to express the CB1R
protein by immunofluorescence (Fig 4B).

4. Discussion
The present study demonstrates that the EC 2-AG could reduce membrane currents mediated
by delayed rectifier potassium channels, HVA calcium channels, and KATP channels.
Blockade of these channels was shown to be independent of the cannabinoid receptors by
use of synthetic cannabinoid receptor agents. The most significant of these effects was
observed on the KATP channel, which was blocked 50% by 2-AG (1 μM) and was found to
be independent of the CB1R by use of the highly specific CB1R antagonist AM251.

2-AG blocked the delayed rectifier in the R7T1 cell line independently of cannabinoid
receptors with an IC50 of 20 μM. The predominant delayed potassium channel in murine β-
cells is the KV2.1 type,[15] and we were unable to find any reports of its blockade by ECs
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either in the β-cell or any other cell type. In addition to KV2.1 there is evidence for six other
potassium channels on β-cells[16], including KV1.5. Moreno-Galindo and
colleagues[17]have shown that the KV1.5 channel is blocked by the EC anandamide at an
extracellular IC50 of 2 μM and conclude that it directly blocks the open channel from the
intracellular side. Poling and co-workers[18] have shown that 3 to 10 μM anandamide
blocks the KV1.2 channel (not found in β-cells) independently of cannabinoid receptors.

In the only functional study, Oz and co-workers [19], using a transverse tubule membrane
assay, showed that the loss of 45Ca++ driven by low potassium-driven depolarization was
reduced by one-half when the vesicle preparation was treated with 10 μM 2-AG.
Furthermore, binding studies have shown that ECs can bind to L-type calcium channels in
the IC50 range of 3.2 to 15 μM. [19–21] Both of these reports are consistent with our finding
that 2-AG blocks high voltage activated channels of the R7T1 cell line at an IC50 of 20 μM.

The KATP channel, with IC50 of 1 μM, was the most sensitive of the currents we examined
to blockade by 2-AG. Given the gatekeeper role of this channel in the mechanism of insulin
secretion, this high sensitivity was particularly noteworthy. The effect of 2-AG on the KATP
channel was to diminish the channel open probability, PO. On adding 2-AG, some channels
dropped out completely so that a diminished number of open channel currents were active.
In addition, the open probability of the remaining active channels was diminished, and the
combination of dropped-out channels and reduced open probability was sufficient to account
for the block at 10 μM 2-AG. In some instances, the active channels in a single patch had
two different open probabilities (e.g. Fig 3E). In no instance, however, were the open and
closed dwell times within a burst altered by 2-AG (Table 1; Figure 2C–D), thereby limiting
the effects of 2-AG to the ensemble of closed kinetic states.

Of the three currents examined, the block of the KATP channel was the most significant. The
direct blockade of the KATP channel by 2-AG at low glucose would depolarize the cell and
thereby stimulate insulin secretion. Therefore 2-AG could be classified as an initiator of
insulin secretion, stimulating insulin secretion in a manner similar to that of the
suphonylureas that also directly interact with the KATP channel. Closure of the KATP
channel, in depolarizing the cell, would precipitate an increase in intracellular calcium (the
precursor to insulin secretion). Indeed Li and co-workers recently showed that the
endocannabinoid AEA (1μM) when applied to a murine β-cell at low glucose (2mM)
increases calcium oscillations.[22] More recently Li and co-workers, using a perifusion
system to examine insulin secretion, recently demonstrated that 2-AG (10μM) and the
related compound arachidonyl-2′-chloroethylamide (ACEA) could initiate insulin secretion
at 2mM glucose.[7] They also show that this could not be reversed by AM251 thus showing
that it is CB1R independent. Therefore our result showing a significant blockade of the
KATP channel at low glucose now reveals the underlying foundation for 2-AG-stimulated
calcium influx and consequent insulin secretion in the β-cell.
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• We examined how the endocannabinoid 2-AG influences β-cell ion channels at
2mM glucose.

• 2-AG inhibited the HVA calcium (the majority of which are L-type channels),
Kv, and KATP channels.

• Blockade of all these channels was independent of cannabinoid receptors.

• The KATP channel was the most sensitive to 2-AG blockade; the IC50 is 1μM.

• This provides a mechanism for how ECs can increase insulin secretion at 2mM
glucose.
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Figure 1. 2-AG blocked delayed rectifier and high voltage activated calcium currents
A: Concentration response curve for 2-AG blockade of the delayed rectifier. Each point
represents the mean ± sem of 11 to 14 cells. The inset shows current traces under control, 2-
AG (10 μM), and wash conditions. Calibration bars represent 500 pA and 20 ms. B: The CB
agonist WIN55,212-2 and its inactive inantiomer produced small and equal decrements.. C:
Concentration response curve for 2-AG blockade of high voltage activated calcium currents.
Each point represents the mean ± sem of 8–13 cells. The inset shows representative currents
under control condition (lower) and in the presence of 10 μM 2-AG. The calibration bars
represent 30 pA and 200 ms. D: Both WIN55,212-2 and WIN55,212-3 (1 μM) blocked the
HVA calcium currents by equal amounts. Bars represent the mean and the error bars sem,
and symbols values from separate cells.
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Figure 2. 2-AG blocked KATP channels
A: Concentration response curve for the blockade of KATP channels by 2-AG. Symbols
represent the mean ± sem of 7 to 11 patches. B: An example of a KATP channel burst under
control conditions. C and D: Open and closed dwell times for the single burst, shown in
panel B, are plotted as cumulative histograms. The experimental points are shown as
symbols, and fitted exponential curves are shown as smooth curves.
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Figure 3. Binomial analysis of KATP channel currents
A: averaged currents as a function of time. A sham solution change produced no change in
current, whereas 1 mM ATP inhibited it completely. Upon washing, the current rebounded
to a higher level. 2-AG (10 μM) reduced activity. An example of the binomial analysis
sampled at the dot is shown in panels B – D. B: The 1s current sample taken for analysis. C:
The all points amplitude histogram shows 8 active channels of 3.70 pA. D: The fraction
areas found in C are shown as open bars compared to values predicted from binomial
analysis with 8 active channels and open probability of 0.72. Log likelihood analysis using 9
channels gave a poorer fit. E: Plot of the time course of the number of active channels and
their open probabilities for the same experiment shown in panel A. During treatment with 2-
AG, some binomial analyses using a single open probability were better fitted by using the
generalized binomial distribution, which yielded two different PO values, indicated by the
triangles.
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Figure 4. Presence of CB1 receptors on R7T1 cells
A: RT-qPCR shows that the level of CB1R mRNA present in R7T1 is 14-fold higher in
R7T1 cells that in mRNA from intact mouse islets. Levels are normalized to β-actin. B:
Representative immunostaining for CB1R and insulin as indicated in the R7T1 cells shows
that staining in confined to the membrane. Green (FITC) insulin, Red (Red-X) CB1R, blue,
TO-PRO-3 C: Specificity of the staining for the CB1R assessed by using the secondary
antibody alone. Scale bar = 50 μm. Lower right quadrants are superpositions of the other
three channels.
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Table 1

Analysis of within-burst single channel kinetics under control condition and in the presence of 10 μM 2-AG.

Open Time (ms) Closed Time (ms) Total Events Patches

Control 1.73±0.02 0.35±0.01 5,681 3

2-AG 1.78±0.02 0.34±0.01 8,395 4
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