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The adipocyte-derived hormone leptin increases trafficking
of KATP and Kv2.1 channels to the pancreatic b-cell surface,
resulting inmembrane hyperpolarization and suppression of in-
sulin secretion.We have previously shown that this effect of lep-
tin is mediated by the NMDA subtype of glutamate receptors
(NMDARs). It does so by potentiating NMDAR activity, thus
enhancing Ca21 influx and the ensuing downstream signaling
events that drive channel trafficking to the cell surface. How-
ever, the molecular mechanism by which leptin potentiates
NMDARs inb-cells remains unknown. Here, we report that lep-
tin augments NMDAR function via Src kinase–mediated phos-
phorylation of the GluN2A subunit. Leptin-induced membrane
hyperpolarization diminished upon pharmacological inhibition
of GluN2A but not GluN2B, indicating involvement of GluN2A-
containing NMDARs. GluN2A harbors tyrosine residues
that, when phosphorylated by Src family kinases, potentiate
NMDAR activity. We found that leptin increases phosphoryl-
ation of Tyr-418 in Src, an indicator of kinase activation.
Pharmacological inhibition of Src or overexpression of a ki-
nase-dead Src mutant prevented the effect of leptin, whereas a
Src kinase activator peptide mimicked it. Using mutant
GluN2A overexpression, we show that Tyr-1292 and Tyr-1387
but not Tyr-1325 are responsible for the effect of leptin.
Importantly, b-cells from db/dbmice, a type 2 diabetes mouse
model lacking functional leptin receptors, or from obese dia-
betic human donors failed to respond to leptin but hyperpo-
larized in response to NMDA. Our study reveals a signaling
pathway wherein leptin modulates NMDARs via Src to regu-
late b-cell excitability and suggests NMDARs as a potential
target to overcome leptin resistance.

Leptin is an adipocyte-produced hormone that plays a key
role in body weight regulation. The physiological actions and
signaling mechanisms of leptin in the central nervous system
have been extensively studied. Less well-understood is the
function and mechanism of leptin signaling in peripheral tis-
sues. In pancreatic islets, leptin was reported to down-regu-
late glucose-stimulated insulin secretion more than 2 decades

ago (1–6). Recent studies find that leptin stimulates potas-
sium channel trafficking to the cell surface to reduce b-cell
excitability (7–9). Specifically, leptin causes a transient in-
crease in the number of ATP-sensitive potassium (KATP)
channels and Kv2.1 channels in the b-cell plasma membrane
(9). KATP channels control b-cell resting membrane potential
and couple blood glucose with insulin secretion, whereas
Kv2.1 channels play a prominent role in action potential repo-
larization to stop insulin secretion (10, 11). The increased sur-
face abundance of these channels would reduce b-cell excitabil-
ity and thus explain how leptin inhibits glucose-stimulated
insulin secretion.
Leptin signaling is complex, and multiple signal transduction

pathways have been described (12, 13). The best-characterized
is JAK2-dependent phosphorylation of STAT3 following acti-
vation of the ObRb receptor, but phosphatidylinositol 3-ki-
nase/Akt, mitogen-activated protein kinase, AMPK, and Src
family kinases (SFKs) are also possible downstream effectors
(13, 14). In addition, transactivation of other cytokine receptors
via leptin signaling has also been implicated (13). Studies into
the mechanisms by which leptin regulates KATP and Kv2.1
channel trafficking so far have identified several key molecular
players. These include the NMDA subtype glutamate receptors
(NMDARs), calcium/calmodulin-dependent protein kinase ki-
nase b (CaMKKb), AMPK, and PKA (15). Evidence that has
emerged reveals a novel signaling pathway wherein leptin
potentiates NMDAR function to increase Ca21 influx, resulting
in activation of CaMKKb, which phosphorylates and activates
AMPK; AMPK in turn causes PKA-dependent actin depoly-
merization, culminating in increased trafficking of KATP and
Kv2.1 channels to the b-cell surface. A key question of how
leptin potentiates NMDAR activity, however, has yet to be
addressed.
NMDARs are calcium-permeant ionotropic glutamate re-

ceptors that are highly expressed in the brain and are important
for learning and memory (16). Although they are extensively
studied in the central nervous system, there is growing evidence
that they are expressed in pancreatic b-cells and play a role in
regulating insulin secretion (17–19). Functional NMDARs
generally form as heterotetramers of two obligatory glycine-
binding GluN1 subunits (also known as NR1) and two
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glutamate-binding GluN2 (GluN2A-D or NR2A-D) subunits
(20). NMDARs containing GluN2A and -2B subunits are highly
sensitive to blockade by extracellular Mg21 under negative
membrane potential and require membrane depolarization
to remove Mg21 block for activity, whereas those with
GluN2C and -2D subunits are significantly less sensitive to
external Mg21 (16, 20, 21). Additionally, NMDAR activity
can be modulated by post-translational modifications. In par-
ticular, GluN2A and GluN2B have long cytoplasmic tails that
are known to be phosphorylated at serine/threonine and/or
tyrosine residues by a variety of kinases, including CDK5,
PKA, PKC, CaMKII, casein kinase II, and protein tyrosine ki-
nases (22). In neurons, these phosphorylation modifications
have been linked to regulation of NMDAR trafficking, local-
ization, and function (reviewed in Ref. 23). For example,
phosphorylation of several tyrosine residues in GluN2A by
SFKs have been shown to enhance NMDAR activity (24, 25).
Of note, Src activation is one of the many downstream signal-
ing events that have been reported following stimulation of
the ObRb leptin receptor by leptin (14, 26, 27), raising the
possibility that leptin may signal through SFKs to modulate
NMDAR activity in pancreatic b-cells.
Here, we present evidence that leptin activates Src to phos-

phorylate GluN2A-containing NMDARs in pancreatic b-cells,
which results in potentiation of NMDAR currents and in-
creased trafficking of KATP and Kv2.1 channels to the cell sur-
face to hyperpolarize b-cell membrane potential. Importantly,
we show that leptin fails to induce membrane hyperpolariza-
tion in b-cells from the leptin-resistant db/db mice and obese
diabetic human donors. Interestingly, direct activation of
NMDARs by NMDA was able to mimic the effect of leptin. As
leptin resistance is frequently associated with obesity-related
diabetes, NMDARs may be a potential target to overcome lep-
tin resistance in diabetic b-cells.

Results

Leptin hyperpolarizes pancreatic b-cells through
GluN2A-containing NMDARs

In rodent pancreatic b-cell lines as well as primary human
b-cells, leptin induces membrane hyperpolarization at glucose
concentrations that depolarize b-cell membrane potential (3,
7–9, 19). Recently, we showed that, both in rat insulinoma INS-
1 832/13 cells and human b-cells, this effect is mediated by
NMDARs (19). Leptin stimulation increased NMDA currents,
leading to increased Ca21 influx and increased surface density
of KATP and Kv2.1 channels (19). To determine the mechanism
by which leptin increases NMDA currents, we began by charac-
terizing the NMDARs that are expressed in b-cells. Functional
NMDARs that are Ca21-permeant are tetramers of two GluN1
subunits and two of four different GluN2 subunits, GluN2A,
-2B, -2C, and -2D (20). The GluN1 subunit is obligatory and is
encoded by a single gene, Grin1. In contrast, GluN2 subunits
are encoded by four different genes: Grin2a, Grin2b, Grin2c,
andGrin2d for GluN2A–D (20). We first examined the expres-
sion of these subunits at the mRNA level in INS-1 832/13 cells
by RT-PCR. Transcripts forGrin1,Grin2a,Grin2b, andGrin2d
were clearly detected, but not Grin2c (Fig. 1A), suggesting that

these cells express GluN1, GluN2A, GluN2B, and GluN2D, but
not GluN2C.
NMDARs containing GluN2A or -2B are much more sensi-

tive to external Mg21 block than those containing GluN2C or
-2D (20, 28). We thus tested Mg21 sensitivity of NMDA cur-
rents using whole-cell recording as an indicator of the GluN2
subunit composition. Puff application of NMDA (1 mM) at a
holding potential of 270 mV in Mg21-free external solution
elicited NMDA currents that were reduced by.80% upon the
addition of MgCl2 (100 mM) to the external solution (from
11.36 2.6 to 1.36 0.5 pA, n = 4; p, 0.05 by paired t test) (Fig.
1, B and C). The strong Mg21 block observed is characteristic
of NMDARs containing GluN2A and/or GluN2B subunits (21,
28), suggesting that NMDARs at the surface of these cells are
largely made up of GluN1 and GluN2A and/or GluN2B subu-
nits. Consistently, inWestern blotting experiments, GluN1 and
GluN2A were readily detectable in total cell lysate and further
enriched in the membrane fraction, whereas GluN2B was
barely detectable in total cell lysate but clearly seen in themem-
brane fraction (Fig. 1D).
Because both GluN2A and -2B could potentially mediate the

leptin response, we sought to determine their relative contribu-
tions using subunit-specific inhibitors: TCN-201 for GluN2A
and Ro 25-6981 for GluN2B (20, 29, 30). Hyperpolarization of
membrane potential in Tyrode’s solution containing 11 mM

glucose was used as a readout for leptin response. Because
GluN2A inhibition by TCN-201 depends on glycine, which at
higher concentrations renders the drug less effective (30), we
reduced the glycine supplement in Tyrode’s solution from 100
to 50 mM. These experiments were performed using cell-
attached current-clamp recording, which provides a robust
assessment of changes in membrane potential while maintain-
ing cell integrity and preventing dialysis of soluble factors that
may be important for intracellular signaling (31, 32). Bath
application of leptin alone (10 nM) induced a mean membrane
hyperpolarization of 246.8 6 8.1 mV, similar to that reported
previously (9, 19). However, co-application of the GluN2A-
selective antagonist TCN-201 (50 mM) with leptin only induced
a mean hyperpolarization of214.46 3.9 mV, significantly less
than that observed in cells treated with leptin alone (Fig. 1, E
and F). By contrast, co-application of the GluN2B-selective an-
tagonist Ro 25-6981 (33) had little effect on the ability of leptin
to hyperpolarize INS-1 832/13 cells (Ro 25-6981 at 1 mM,
DVm = 235.86 3.8 mV; Fig. 1, E and F). These results suggest
that GluN2A is largely responsible for mediating the effect of
leptin. Note that there is evidence that GluN2A can form dihe-
teromeric GluN1/GluN2A or triheteromeric GluN1/GluN2A/
GluN2B complexes (20). Because the potency and efficacy of
TCN-201 and Ro 25-6981 have been shown to be reduced for
triheteromeric GluN1/GluN2A/GluN2B channels, especially
for Ro 25-6981 (29, 34), the lack of effect by Ro 25-6981 in our
experiment does not allow us to exclude the involvement of
GluN1/GluN2A/GluN2B heteromers, as both GluN2A and
GluN2B (albeit less abundant compared with GluN2A based
onWestern blotting of total cell lysate) were detected in mem-
brane fractions prepared from INS-1 832/13 cells by Western
blotting (Fig. 1D).
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Leptin regulates NMDAR activity via Src family kinases

In contrast to GluN1, which has a relatively small cytoplas-
mic domain of;100 amino acids, GluN2A has a long cytoplas-
mic tail of ;600 amino acids that contains potential phospho-
rylation sites for a number of protein kinases, including PKA,
PKC, CDK5, and the SFKs (22). Phosphorylation by PKC (35),
CDK5 (36), and Src (25, 37) in particular has been reported to
potentiate NMDAR currents.We therefore monitored changes
in INS-1 832/13 cell membrane potentials in response to leptin
in the absence or presence of inhibitors for the various kinases.
Neither roscovitine (Ros; 10 mM), an inhibitor of CDK5 kinase,
nor Go 6983 (Go; 10 mM), a broad-spectrum PKC kinase inhibi-
tor, had significant effects on leptin-induced hyperpolarization
(DVm = 232.4 6 4.1 mV for leptin alone; DVm = 239.3 6 7.0
mV for roscovitine plus leptin; DVm = 233.76 5.5 mV for Go
6983 plus leptin; Fig. 2, A and B). By contrast, AZD0530 (AZD;
10mM), also known as saracatinib (38), a broad-spectrum inhib-
itor of SFKs, markedly reduced the ability of leptin to induce
membrane hyperpolarization (DVm = 24.8 6 3.1 mV, p ,
0.0005 compared with leptin alone; Fig. 2, A and B) but had no
effect on membrane hyperpolarization triggered by direct acti-
vation of NMDARs via NMDA (NMDA: DVm = 235.3 6 8.9
mV, n = 7; NMDA plus AZD0530: DVm =230.46 9.9 mV, n =
7). Another tyrosine kinase inhibitor, dasatinib (Das; 25 mM)

(38) also abrogated the effect of leptin, resulting in only a small
hyperpolarization (DVm = 27.0 6 2.4 mV, p , 0.0005 com-
pared with leptin alone; Fig. 2B). These results indicate that
SFKs but not CDK5 nor PKC are likely involved in the leptin-
induced membrane hyperpolarization observed in INS-1 832/
13 cells.
Next, we determined whether activation of SFKs via an acti-

vating phosphopeptide EPQpYEEIPIYL (referred to as YEEI),
which binds to the Src homology 2 domain to relieve kinase
autoinhibition (39, 40), could mimic the effects of leptin and
induce membrane hyperpolarization. For these experiments,
whole-cell current-clamp recordings of INS-1 832/13 cells
were carried out to apply YEEI intracellularly through the patch
pipette. Under whole-cell conditions with 5 mM ATP in the
pipette solution (estimated intracellular [ATP] with 11 mM

glucose in the bath solution), inclusion of YEEI phosphopep-
tide induced significant membrane hyperpolarization (DVm =
221.16 4.1 mV from break-in to steady state, n = 7) compared
with the control without the peptide (DVm = 24.9 6 4.0 mV
from break-in to steady state, n = 6) (Fig. 2,C andD). The result
supports the notion that direct activation of SFKs is sufficient
to mimic the effect of leptin and cause b-cell membrane
hyperpolarization.
To directly test whether SFKs underlie the potentiation of

NMDAR currents by leptin, we performed whole-cell recording

Figure 1. Leptin induces membrane hyperpolarization through GluN2A-containing NMDARs. A, RT-PCR detection of mRNA for NMDAR subunits, GluN1
(Grin1), GluN2A (Grin2a), GluN2B (Grin2b), GluN2C (Grin2c), and GluN2D (Grin2d), in rat brain (Br) and INS-1 832/13 cells (INS). b-Actin was included as a control.
B, representative traces of NMDAR currents in the absence (top) or presence (bottom) of 100mMMg21. C, sensitivity of NMDA currents (elicited by puff applica-
tion of 1 mM NMDA) to Mg21 block. Averaged current amplitudes before (control) and after 100 mM Mg21 for each cell are connected by a straight line.
Mean6 S.E. values for each group are shown next to individual data points. *, p, 0.05 by paired t test. D, Western blots showing protein expression of GluN1,
GluN2A, and GluN2B from INS-1 832/13 cell membrane fraction (Memb; 30 mg) and total cell lysate (Lysate; 30 mg). E, individual cell-attachedmembrane record-
ings from INS-1 832/13 cells treated with leptin (10 nM) alone (top), with leptin plus the GluN2B inhibitor Ro 25-6981 (middle; Ro25, 1 mM), or with leptin plus
the GluN2A inhibitor TCN201 (bottom; 50 mM). F, group data showing the degree of membrane hyperpolarization in mV for leptin alone (n = 11 cells) or leptin
co-applied with Ro 25-6981 (n = 14 cells) or TCN201 (n = 16 cells). Here and in subsequent figures, individual cells are represented by symbols and means are
indicated by a black line. Error bars, S.E. ***, p, 0.0005 by unpaired t test as comparedwith leptin.
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of NMDAR currents and monitored how current amplitudes
were affected by leptin and the SFK inhibitor AZD0530. In the
absence of leptin, repeated puff applications of 1 mM NMDA at
1-min intervals elicited NMDAR currents of similar amplitudes.
Bath application of 10 nM leptin potentiated NMDA-evoked
currents within 5 min of leptin treatment from a baseline of
14.8 6 8.0 pA to 25.8 6 13.3 pA (p , 0.05 by Friedman’s test;
Fig. 3), as we reported previously (19). Subsequent co-applica-
tion of 10mMAZD0530with leptin abolished the effect of leptin,
with averaged NMDA currents of 15.5 6 8.7 pA comparable
with baseline values (Fig. 3). These results provide direct evi-
dence that leptin-mediated potentiation of NMDAR currents
requires SFKs.

Leptin modulation of NMDAR activity requires
phosphorylation of GluN2A at Tyr-1292 and Tyr-1387

SFKs have been reported to potentiate NMDAR currents by
phosphorylating GluN2 (23, 41, 42). Specifically, three tyrosine
residues in GluN2A (Tyr-1292, Tyr-1325, and Tyr-1387) have
been identified as targets of SFK-mediated phosphorylation
to enhance NMDAR function in different experimental sys-
tems (24, 25, 41, 43). To determine whether these sites play
a role in leptin-induced membrane hyperpolarization, we
mutated the three tyrosine residues in GluN2A to phenylala-

nines together GluN2AY1292F,Y1325F,Y1387F as well as individu-
ally (GluN2AY1292F, GluN2AY1325F, and GluN2AY1387F). To
facilitate visualization of expression, a GluN2A construct
fused to GFP at its extracellular N terminus was used (44).
INS-1 832/13 cells were then transfected to express WT or
phosphomutants. To confirm that exogenously expressed
GFP-GluN2A co-assembles with endogenous GluN1, we per-
formed co-immunoprecipitation experiments using an anti-
GFP nanobody. Both GluN1 and GFP-GluN2A were present
in the immunoprecipitate as detected by anti-GFP, anti-
GluN2A, and anti-GluN1 antibodies in Western blots (Fig.
4A), indicating association of transfected GluN2A with en-
dogenous GluN1. Surface staining of the GFP tag further
demonstrates that transfected WT and mutant GluN2A were
expressed in the plasma membrane (Fig. 4B).
Changes in membrane potential following leptin treatment

were again monitored using cell-attached current-clamp re-
cording. We first compared cells expressing GFP-GluN2AWT

with those expressing the GFP-GluN2AY1292F,Y1325F,Y1387F

triple phenylalanine mutant. GFP-negative cells on the same
coverslip were also examined as untransfected controls. Repre-
sentative membrane potential traces from untransfected cells
and cells expressing GFP-GluN2AWT or triple phosphomutant
GFP-GluN2AY1292F,Y1325F,Y1387F are shown in Fig. 4C. Leptin

Figure 2. Leptin regulates NMDAR activity via Src family kinases. A, representative cell-attached current-clamp recordings from INS-1 832/13 cells treated
with leptin (10 nM) alone (top left) or leptin with the PKC inhibitor Go 6983 (bottom left; Go, 10 mM), the CDK5 inhibitor roscovitine (top right; Ros, 10 mM), or the
SFK inhibitor AZD (bottom right; 10 mM). Inhibitors were applied for 10 min prior to the application of leptin and remained in the solution throughout the re-
cording. B, group data showing extent of membrane hyperpolarization for leptin alone (n = 40 cells), and leptin co-applied with roscovitine (Ros, n = 14), Go
6983 (n = 18), AZD (n = 17), or dasatinib (Das, 25 mM; n = 15). ***, p, 0.0005 by unpaired t test as compared with leptin. C, representative whole-cell current-
clamp recordings of INS-1 832/13 cells without (top trace) or with (bottom trace) the Src kinase–activating peptide YEEI (1 mM) in the pipette solution. D, group
data showing the degree of hyperpolarization for control (n = 6) and YEEI peptide (n = 7). *, p, 0.05, unpaired t test as compared with control.
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application to untransfected cells induced a mean hyperpolar-
ization of251.16 5.6 mV (n = 10) that was not statistically sig-
nificantly different from leptin responses in cells expressing
GluN2AWT (248.0 6 6.5 mV, n = 13). By contrast, leptin had
little hyperpolarizing effect in cells expressing the triple phos-
phomutant (Fig. 4, C and D; GluN2AY1292F,Y1325F,Y1387F DVm =
212.0 6 1.7 mV; n = 18; p , 0.0005 by unpaired t test com-
pared with untransfected cells). The diminished response is not
due to disruption of KATP channel gating or expression as the
KATP activator diazoxide (200 mM) was fully able to hyperpolar-
ize cells expressing GluN2AY1292F,Y1325F,Y1387F (DVm =252.76
4.9 mV; n = 14) (Fig. 4D). Moreover, we tested the response of
cells expressing GluN2AY1292F,Y1325F,Y1387F to NMDA, which
we have shown hyperpolarizes cells in the absence of leptin
(19). We found that NMDA hyperpolarized INS-1 832/13 cells
by an average of 238.8 6 7.0 mV (n = 11), suggesting that
the GluN2A phosphomutant also did not disrupt NMDAR
expression or function (Fig. 4D). To determine the relative con-
tributions of the three tyrosine residues, we next tested the
membrane potential response to leptin in cells expressing Glu-
N2AY1292F, GluN2AY1325F, or GluN2AY1387F. In this cohort of
cells, leptin application caused a mean hyperpolarization of
247 6 3.8 mV in untransfected cells (n = 26) (Fig. 4, E and F).
Interestingly, leptin still hyperpolarized cells transfected with
GluN2AY1325F (DVm = 241.7 6 4.1 mV; n = 16), not signifi-
cantly different from untransfected cells. By contrast, in cells
expressing GluN2AY1292F or GluN2AY1387F, the response to

leptin was significantly reduced (Fig. 4, E and F; DVm for
GluN2AY1292F = 217.4 6 4.1 mV, n = 19, and DVm for
GluN2AY1387F = 224.3 6 4.7 mV, n = 15; p , 0.0005 by
unpaired t test). Taken together, these results identify the tyro-
sine phosphorylation sites Tyr-1292 and Tyr-1387 in GluN2A
as responsible formediating the leptin effect.

Leptin activates Src kinase in b-cells

The above results suggest that leptin likely activates SFKs to
modulate NMDAR currents. Studies of GluN2A phosphoryla-
tion using in vitro or the HEK293 cell heterologous expression
systems have found that both Src and Fyn can phosphorylate
GluN2A (24). Src, when activated, autophosphorylates a highly
conserved tyrosine residue, Tyr-418, in the catalytic domain of
Src kinase, which is required for its full catalytic activity (45,
46). Increased phosphorylation of Tyr-418 is therefore indica-
tive of kinase activation. We used an antibody raised against a
peptide containing Src-pY418 to monitor Src phosphorylation
to directly test whether leptin activates Src. Immunocytochem-
istry experiments were carried out on INS-1 832/13 cells
treated with or without leptin (10 nM for 10 min) in the pres-
ence or absence of the tyrosine kinase inhibitor dasatinib (50
mM).We found that leptin induced a significant increase in Src-
pY418 staining as compared with matched controls with prom-
inent staining at the cell periphery (Fig. 5, A and B) that was
inhibited by co-application of dasatinib (Fig. 5, A and B). Fur-
ther biochemical experiments using similar treatment condi-
tions were carried out. In good agreement with the immuno-
staining results, leptin increased the ratio of phosphorylated to
total Src by 176.06 30.0% as compared with controls (p, 0.05
by unpaired t test), which was reduced to 102.16 40.4% of con-
trols when co-applied with dasatinib (Fig. 5, C and D). Because
the Src-pY418 antibody also recognizes conserved correspond-
ing phosphopeptide in other SFKs, including Fyn, and because
both Src and Fyn are expressed in b-cells (47), we further tested
the requirement of Src activity in leptin-induced response by
expressing a dominant-negative kinase-dead Src mutant (48)
(see “Experimental procedures”) in INS-1 832/13 cells. For this,
we monitored leptin-induced increase of KATP channel surface
expression by surface biotinylation, as described in our previ-
ous studies (7, 9). As expected, leptin caused an increase in sur-
face biotinylated SUR1, the regulatory subunit of the b-cell
KATP channel, in control cells. However, in cells transfected
with the kinase-dead Src mutant leptin failed to show an
increase in surface biotinylated SUR1 (Fig. 5, E and F). This
result lends further support to the requisite role of Src activity
inmediating the effect of leptin on KATP channel trafficking.

Leptin signaling through Src-mediated phosphorylation of
GluN2A is conserved in human b-cells

Wehave previously shown that leptin induces hyperpolariza-
tion that depends on NMDARs in human b-cells as in INS-1
832/13 cells (19). Having found that leptin potentiates
NMDARs via Src-mediated phosphorylation of GluN2A in
INS-1 832/13 cells, we next tested whether the same mecha-
nism applies to human b-cells. Cell-attached current-clamp
recordings were made in human b-cells dissociated from islets

Figure 3. Leptin potentiation of NMDAR currents is prevented by inhibi-
tion of Src kinases. A, example of whole-cell currents from a single INS-1
832/13 cell induced by puff application of NMDA (1 mM; vertical line indicates
time of puff) during baseline, 5 min after leptin, and following wash-in of
AZD (10mM AZD0350) in the presence of leptin for 5 min. B, within-cell group
data showing amplitude of NMDAR currents for each condition (n = 5 cells).
Means for each condition are depicted as thick black lines 6 S.E. (error bars).
Statistical analysis was conducted using Friedman’s test (p = 0.0239) followed
by a post hoc Dunn’s multiple-comparison test with significance set to p ,
0.05 (*), as compared with baseline. Inset, comparison of total charge (pA3
ms) observed for each NMDA puff between leptin and leptin 1 AZD treat-
ments normalized to baseline. **, p , 0.005, paired Student’s t test as com-
pared with leptin.
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of three different nondiabetic donors obtained through the
Integrated Islets Distribution Program (IIDP). All donor infor-
mation can be found in Table 1. Bath application of leptin alone
induced a mean membrane hyperpolarization of 243.7 6 8.9
mV (n = 9 cells from three donors) (Fig. 6, A and B). The
GluN2A-selective inhibitor TCN-201 largely eliminated the
leptin response (DVm = 29.1 6 4.2 mV, n = 12 cells from 3
donors; p , 0.05, unpaired t test) (Fig. 6, A and B), suggesting

that GluN2A-containing NMDARs underlie leptin signaling in
human b-cells. We next tested whether leptin modulation of
NMDARs and membrane potential in human b-cells requires
Src. As shown in the example traces in Fig. 6C, the SFK inhibi-
tor AZD0530 nearly abolished the ability of leptin to hyperpo-
larize human b-cells (DVm = 20.4 6 1.2 mV; n = 6 cells from
two nondiabetic donors), whereas another SFK inhibitor, dasa-
tinib, also diminished leptin-induced hyperpolarization, albeit

Figure 4. Leptin-inducedmembrane hyperpolarization requires phosphorylation of GluN2A Tyr-1292 and Tyr-1387 but not Tyr-1325. A, immunopre-
cipitation of GFP-GluN2A with anti-GFP followed by immunoblotting using anti-GFP, anti-GluN2A, or anti-GluN1 antibodies showing association of endoge-
nous GluN2A and GluN1 with transfected GFP-GluN2A. Arrowheads next to the blots indicate protein bands corresponding to GFP-GluN2AWT (top blot), GFP-
GluN2AWT (top arrowhead) and endogenous GluN2A (bottom arrowhead, middle blot), and GluN1 (bottom blot). B, surface staining using anti-GFP antibody
showing plasma membrane expression of GFP-GluN2AWT and GFP-GluN2AY1292F,Y1325F,Y1387F. C, representative INS-1 832/13 cell-attached current-clamp
recordings from an untransfected cell (unt) or a cell transfected with GluN2AWT treated with leptin (10 nM) or cells transfected with GluN2AY1292F,Y1325F,Y1387F

and treated with leptin followed by the KATP channel activator diazoxide (200 mM) or with NMDA (50 mM). All GluN2A constructs in this and subsequent panels
contain an N-terminal GFP tag. D, group data showing the degree of hyperpolarization induced by leptin in untransfected cells (n = 10), cells transfected with
GluN2AWT (n = 13), and cells transfected with GluN2AY1292F,Y1325F,Y1387F (n = 18) with subsequent exposure to diazoxide (200 mM; n = 14) or treated with NMDA
alone (50 mM; n = 11). E, representative cell-attached recordings from an untransfected cell and three different GluN2A phosphorylation mutants (Y1292F,
Y1325F, or Y1387F) treated with 10 nM leptin. F, group data showing the amount of hyperpolarization induced by leptin for an untransfected cell (n = 26) and
for single GluN2A phosphorylation mutants (GluN2AY1292F, n = 19; GluN2AY1325F, n = 16; GluN2AY1387F, n = 15). ***, p, 0.0005 by unpaired t test as compared
with untransfected cells. Error bars, S.E.
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to a lesser extent (DVm =213.56 2.8mV, n = 7 cells from three
donors) compared with human b-cells treated with leptin alone
(DVm = 233.5 6 6.0 mV; n = 17 cells from five nondiabetic
donors; p , 0.0005 between AZD0530 and control, and p ,
0.05 between dasatinib and control, Welch’s t test) (Fig. 6D).
Taken together, results from both INS-1 832/13 and human
b-cells establish a mechanistic link between leptin receptor sig-
naling and modulation of GluN2A-containing NMDARs via
Src kinase.

Leptin signaling through NMDARs is disrupted in b-cells from
db/db mice and from human type 2 diabetic donors
Leptin resistance is a common pathological feature of type 2

diabetes associated with obesity (49). To test how the leptin-
signaling pathway pertinent to this study is affected in diabetic
b-cells, we examined b-cells from leptin-insensitive db/db
mice, which harbors a mutation in the leptin receptor gene that
renders ObRb signaling-defective (50), as well as from human
obese type 2 diabetic donors. Cell-attached recordings of

Figure 5. Leptin induces activation of Src kinase. A, immunofluorescence images of cultured INS-1 831/13 cells stained with 49,6-diamidino-2-phenylindole
(blue) and phosphorylated SrcY418 (green) for conditions indicated. Cells were treated with vehicle (control), leptin (10 nM, 10 min), or leptin with dasatinib (25
mM, pretreated for 30 min before leptin was applied). B, group data for phosphorylated SrcY418 fluorescence for each condition normalized to the control (n =
100 cells/condition for each experiment, and the experiment was repeated three times). *, p, 0.05, unpaired Student’s t test. C, representative Western blot-
ting of phosphorylated SrcY418 from cell lysates prepared from INS-1 832/13 cells treated with vehicle, leptin, or leptin co-appliedwith dasatinib. D, group data
from four independent experiments as indicated in C. *, p, 0.05, unpaired Student’s t test. E, top, Western blotting showing surface SUR1 in response to vehi-
cle or leptin using control cells and cells transfected with an Src kinase–dead mutant (Src-KD). Bottom, total SUR1 showing both the complex glycosylated
form (top band, solid circle) that can traffic to the cell surface and the core-glycosylated form (bottom band, open circle) that is in the endoplasmic reticulum/
early Golgi. F, quantitation of three independent surface SUR1 experiments. Data were analyzed by one-way analysis of variance (p = 0.0019, F = 12.95) fol-
lowed by a post hoc Dunnett’s multiple-comparison test with significance set to p, 0.05 (*). Error bars, S.E.
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membrane potential in b-cells isolated from C57BL/6J (WT)
mice showed a clear response to leptin with a DVm of233.56
5.2 mV (n = 8), as expected. By contrast, b-cells isolated from
db/dbmice failed to respond to leptin (10 nM leptin for 15 min,
DVm =20.46 0.4 mV, n = 6, p, 0.0001), although subsequent
application of the KATP channel opener diazoxide (250 mM)

evoked large hyperpolarizations (DVm = 244.7 6 8.0 mV, n =
6) (Fig. 7,A and B), suggesting that KATP channels are function-
ally expressed in these mice. These results also provide clear
evidence that leptin-induced hyperpolarization requires func-
tional leptin receptors. Next, we tested whether direct activa-
tion of NMDARs using the receptor agonist NMDA can bypass

Table 1
Human islet donor information

Donor no. (date received)a T2Db Age Gender BMIc Cause of death Islet viability (%) Islet purity (%)

1 (11/21/17) N 62 M 28.9 Stroke 97 80
2 (01/10/18) N 32 M 26.2 Anoxia 98 85
3 (10/09/18) N 47 F 24.1 Stroke 90 90
4 (10/19/18) N 55 F 35.7 Stroke 98 94
5 (04/02/18) N 32 M 32.3 Anoxia 95 85
6 (11/07/18) N 48 M 24.4 Head trauma 90 90
7 (10/27/15) Y 41 F 43.1 Stroke 95 95
8 (08/09/16) Y 52 F 39.9 Anoxia 95 85
9 (08/29/16) Y 57 M 34.6 Head trauma 98 80
10 (11/07/16) Y 55 M 32.5 Anoxia 98 75
11 (04/03/17) Y 65 F 42.6 Anoxia 90 95
12 (06/01/17) Y 42 F 37.0 Head trauma 89 90
13 (12/13/17) Y 37 F 38.1 Stroke 94 85
aDonor information for specific experiments is as follows: Fig. 6B: donors 4, 5, 6; Fig. 6C, D: donors 1, 2, 3, 4, 6; Fig. 8A: donor 7, 8, 9; Fig. 8B, C, D: donors 10, 11; total NMDAR
currents from normal b-cells: donors 1, 2, 3, 4, 5; total NMDAR currents from T2D b-cells: donors 12, 13.
bT2D: type 2 diabetes.
cBMI: body mass index.

Figure 6. Leptin signaling through GluN2A-containing NMDARs in human b-cells is mediated by Src family kinases. A, individual cell-attached mem-
brane potential recordings from humanb-cells isolated fromnondiabetic islets treated with leptin (10 nM) alone (top) or leptin together with TCN-201 (bottom;
50mM). B, summary data from three nondiabetic donors showing the amount of hyperpolarization induced by leptin alone (n = 2–5 cells/donor) or when leptin
was co-applied with TCN-201 (n = 3–4 cells/donor). Inset, normalized responses to leptin across donors in the absence or presence of TCN-201. C, representa-
tive traces of cell-attached current-clamp recordings from human b-cells isolated from nondiabetic islets treated with leptin in the absence or presence of
AZD (10 mM). D, summary data from five nondiabetic donors showing the extent of membrane hyperpolarization in response to leptin alone (n = 19 cells; 3–6
cells/donor) or when leptin was co-applied with dasatinib (Das; 25 mM; n = 7 cells; 2–3 cells/donor) or AZD (n = 6 cells; 3 cells/donor). Inset, normalized
responses to leptin across donors in the absence or presence of dasatinib or AZD. *, p, 0.05; ***, p, 0.0005, Welch’s t test compared with leptin alone group.
Error bars, S.E.
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leptin receptor deficiency and cause membrane hyperpolariza-
tion in the absence of leptin. Control WT cells hyperpolarized
in response to bath application of 50 mM NMDA (DVm =
237.9 6 5.5 mV, n = 9). Strikingly, b-cells from db/db mice
also showed robust responses to NMDA (DVm = 244.3 6
6.7 mV, n = 9; Fig. 7, C and D), indicating that the signaling
events downstream of NMDAR activation that lead to
increased KATP and Kv2.1 channel trafficking and mem-
brane hyperpolarization remain intact despite harboring
nonfunctional leptin receptors.
To test whether findings from the monogenic leptin-resist-

ant mouse b-cells are also reproduced in human diabetic
b-cells, we examined b-cells from obese (body mass index .
30) diabetic donors with presumably different genetic back-
ground through the IIDP (see Table 1 for donor information).
We first tested whether these cells were resistant to leptin.
Whole-cell recordings were performed to assess KATP and
Kv2.1 current density with or without leptin treatment (10 nM
for 30 min) as described previously from b-cells taken from
normal donors (7, 9). In contrast to normal human b-cells (7,
9), leptin did not increase the current density of KATP channels
(107.4 6 23.2 for control versus 75.4 6 11.7 pA/pF for leptin-
treated, n = 6) or Kv2.1 channels (683.36 146.3 for control ver-
sus 720.3 6 158.0 pA/pF for leptin-treated, n = 10) (Fig. 8A).
Moreover, leptin failed to potentiate NMDAR currents in
b-cells from diabetic donors (12.4 6 2.3 pA for control versus
11.3 6 1.8 pA following leptin treatment, n = 5) (Fig. 8B), in
contrast to b-cells from normal donors we reported previously
(19). Consistent with these results, leptin did not induce mem-

brane hyperpolarization in diabetic human b-cells (DVm =
1.3 6 2.1 mV for leptin, n = 8) (Fig. 8, C and D). Conversely,
application of 50 mM NMDA in the bath solution to directly
activate NMDARs in b-cells from the same donors used to
test leptin response did induce significant hyperpolarization
(DVm = 222.0 6 8.6 mV, n = 9) (Fig. 8, C and D), indicating
that NMDAR function and downstream signaling events were
not compromised as was observed in b-cells from db/db mice.
These results show that b-cells from a sample of obese diabetic
donors were leptin-resistant but retained the ability to hyper-
polarize in response to direct NMDAR activation.

Discussion

The results presented in this study elucidate the mechanism
by which leptin potentiates NMDAR currents to regulate
pancreatic b-cell excitability. Multiple lines of evidence
support our conclusion that leptin modulation of b-cell mem-
brane potential requires the phosphorylation of GluN2A-
containing NMDARs by Src kinase. First, application of
TCN-201, a potent and highly selective inhibitor for GluN2A-
containing NMDARs, diminished leptin-induced membrane
hyperpolarization in both INS-1 832/13 and human b-cells.
Second, inhibition of SFKs blocked the ability of leptin to
potentiate NMDAR currents and hyperpolarize b-cells. Third,
leptin increased phosphorylation of Src at Tyr-418, a site that
is required for its catalytic activity (45, 46), and dominant-
negative suppression of Src activity via a kinase-dead mutant
prevented the ability of leptin to increase surface KATP chan-
nels. Finally, mutation of known Src kinase phosphorylation

Figure 7. Direct NMDAR activation causes membrane hyperpolarization in mice deficient in leptin receptor signaling. A, representative cell-attached
membrane potential recordings from b-cells isolated from C57BL/6J (WT) mice treated with leptin (top trace) or b-cells isolated from db/db mice treated with
leptin (10 nM) followed by diazoxide (250 mM; bottom trace). B, group data showing the degree of membrane hyperpolarization in mV for b-cells isolated from
C57BL/6J (WT, n = 9) or db/db (n = 7) mice for the indicated conditions. Gray and black circles indicate different animals. ***, p, 0.0001, unpaired Student’s t
test comparedwithWT leptin–treated group. C, as described for A except b-cells were treated with NMDA (50mM).D, group data showing the degree of mem-
brane hyperpolarization inmV for b-cells isolated from C57BL/6J (n = 9) or db/db (n = 9) mice following NMDA treatment. Error bars, S.E.
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sites, specifically Tyr-1292 and Tyr-1387, located in the C ter-
minus of GluN2A prevented leptin-induced hyperpolariza-
tion. It is worth noting that Src has many downstream targets.
For example, Src has been shown to regulate Kv2.1 activity
(51) and actin dynamics (52, 53). Therefore, results from
experiments involving pharmacological or molecular manipu-
lation of Src activity could be due to Src regulation of other
targets in addition to phosphorylation of NMDARs and down-
stream trafficking of KATP and Kv2.1 channels. Nonetheless,
the collective evidence presented in this study together with
our previously published studies (7, 9, 19) points to a signaling
pathway in which leptin activates Src kinase to phosphorylate
GluN2A of NMDARs, which leads to potentiation of NMDAR
currents and increased Ca21 influx. The increased Ca21 influx

then activates CaMKKb and AMPK, resulting in PKA-de-
pendent actin depolymerization and trafficking of KATP and
Kv2.1 channels to the cell surface, which culminates in hyperpo-
larization of b-cell membrane potential and reduced insulin
secretion. Given Ca21 influx is normally associated with b-cell
depolarization and insulin secretion, it is likely that the Ca21

influx through NMDARs triggered by leptin is localized and
specifically coupled to downstream events that regulate potas-
sium channel trafficking and hyperpolarize the membrane.
Importantly, we demonstrate in b-cells from mice deficient in
leptin signaling and obese diabetic human donors that direct
activation of NMDARs by NMDA can bypass leptin resistance
and induce membrane hyperpolarization, suggesting that the
signaling pathway downstream of Src kinase modulation of

Figure 8.b-Cells from obese type 2 diabetic human donors failed to respond to leptin but retained response to NMDA. A, current density of KATP chan-
nels (left) and Kv2.1 channels (right) in b-cells from human diabetic donors treated with vehicle or 10 nM leptin (30 min). Different symbols are used to denote
different donors. There is no statistically significant difference between leptin-treated and control groups. B, whole-cell NMDA currents in b-cells from diabetic
donors before leptin application (control) or after 5-min incubation in 10 nM leptin (leptin). Themean (filled circles) and individual cell currents (before and after
leptin treatment connected by a solid line) are shown. The open and filled gray diamonds represent different donors. C, representative cell-attached current-
clamp recordings from human diabetic b-cells treated with 10 nM leptin (top) or 50 mM NMDA (bottom). Note the spike in the top trace near the end of the re-
cording is a solution suction artifact. D, group data showing membrane potential response to leptin or NMDA in b-cells isolated from human diabetic donors.
*, p, 0.05, unpaired Student’s t test comparedwith the leptin-treated group. Error bars, S.E.
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NMDARs remains operational andmay be targeted tomodulate
insulin secretion.

Mechanism of NMDAR potentiation by leptin

NMDARs are allostericallymodulated by a variety of endoge-
nous extracellular ions. For example, Mg21 can bind within the
pore region of NMDAR and cause a voltage-dependent block
(20). In addition, Zn21 can promote voltage-dependent and
voltage-independent inhibition of NMDAR activity (54–56).
Voltage-dependent inhibition, like that observed with Mg21,
occurs at a low-affinity GluN1 Zn21-binding site located within
the channel pore (56), whereas voltage-independent inhibition
appears to be mediated by a high-affinity Zn21-binding site
located outside the channel pore and is associated with GluN2
subunits (57). Of the GluN2 subunits, GluN2A is 200-fold
more sensitive to Zn21 than GluN2B (58, 59). The binding of
Zn21 to these subunits is thought to trap the receptor in a low
open probability state, reducing their activity (54, 55). Zn21 has
been shown to be co-released with several transmitters, includ-
ing glutamate, and at some glutamatergic synapses within the
brain, vesicular Zn21 is thought to diminish NMDAR activity
(60). Interestingly, b-cells contain and release high levels of
Zn21 due to its role in the biosynthesis and packaging of insulin
(61). We speculate that NMDARs residing on the b-cell mem-
brane would be subjected to high concentrations of Zn21 inhi-
bition during bouts of insulin secretion. Of note, phosphoryla-
tion of GluN2A by Src has been shown to potentiate NMDAR
currents by reducing tonic inhibition of the receptor by Zn21

(23, 25). A possible scenario is that under high glucose concen-
trations when b-cells are depolarized to relieve external Mg21

block, NMDAR activity is still limited by Zn21 co-released with
insulin. However, inhibition by Zn21 could be reduced by phos-
phorylating GluN2A via leptin-induced Src activation to regu-
late KATP and Kv2.1 surface expression and tune insulin secre-
tion. In this way, GluN2A phosphorylation affords a
mechanism to allow modulation of b-cell response to glucose
stimulation by additional inputs such as leptin. Interestingly, in
cells overexpressing GluN2A phosphomutants that failed to
respond to leptin, bath application of 50 mM NMDA still
induced membrane hyperpolarization. This suggests that
NMDAR currents activated by endogenously released ligands
and potentiated by leptin represent a fraction of total NMDAR
currents that were activated by 50 mMNMDA under our exper-
imental conditions.

Mechanism of Src activation by leptin

Expression of ObRb mRNAs in b-cells has been well-docu-
mented (1, 6, 62–65). It is assumed that leptin binds to ObRb
expressed by pancreatic b-cells to suppress glucose-stimulated
insulin secretion. However, leptin has also been reported to
transactivate other cytokine receptor signaling molecules,
including epidermal growth factor receptor, type 1 insulin-like
growth factor receptor, low-density lipoprotein receptor–
related protein, and vascular endothelial growth factor receptor
(13). Our finding that db/db b-cells lack leptin-induced hyper-
polarization lends strong support to the requirement of ObRb
for leptin regulation of K1 channel trafficking. The mechanism

by which ObRb activation leads to Src activation in b-cells
awaits further investigation. The enzymatic activity of Src is
tightly regulated by tyrosine phosphorylation at Tyr-418 in the
catalytic domain and Tyr-529 at its C-terminal tail. When
Tyr-529 is phosphorylated, the C-terminal tail acts as an
autoinhibitory peptide to block kinase activity, and its de-
phosphorylation relieves autoinhibition, leading to autophos-
phorylation of Tyr-418, which further activates the kinase
(38). Activation of ObRb is known to activate several tyrosine
phosphatases, such as Shp2, which could dephosphorylate
pY529 to activate the kinase (13, 38). Alternatively, direct
recruitment of Src via the kinase’s Src homology domains to
phosphotyrosine in the activated leptin receptor complex or
regulation by other kinases activated by leptin are also possi-
bilities (38).
Tyrosine phosphorylation sites in GluN2A and GluN2B have

been extensively investigated in recombinant expression sys-
tems and in neurons. The three GluN2A tyrosine residues
examined in our study have all been shown to contribute to
NMDAR current modulation (24, 25, 43). It is interesting that
our data suggest that phosphorylation of Tyr-1292 and Y1387F
but not Tyr-1325 are important for leptin response. This is in
contrast to previous findings in the striatum neurons that Tyr-
1325 is critical for Src-induced increase of NMDAR activity to
regulate depression-related behavior (43). Very recently, Bland
et al. (66) showed that leptin controls glutamatergic synapto-
genesis and NMDAR trafficking via GluN2B phosphorylation
by Fyn. Thus, the precise mechanisms and consequences of
NMDAR modulation by leptin and SFKs are likely to be cell
context–dependent.

Implications for leptin resistance and type 2 diabetes

We find that b-cells from obese type 2 diabetic human
donors no longer hyperpolarize in response to leptin, as was
also seen in b-cells from leptin-resistant, obese diabetic db/db
mice. Examination of KATP and Kv2.1 currents confirms that
the lack of hyperpolarization is due to the lack of increase in
trafficking of these channels to the cell surface, indicating that
leptin signaling was disrupted. Interestingly, we found that
NMDAR current density was similar in b-cells from normal
and obese diabetic donors with detectable currents (12.26 6
4.12 pA/pF from normal donors, n = 16 (total of 35 cells from
five donors (Table 1); 19 cells had no detectable currents) versus
11.606 2.17 pA/pF from obese diabetic donors, n = 20 (total of
26 cells from two donors (Table 1); 6 cells had no detectable
currents). Moreover, direct activation of NMDAR by NMDA
triggered membrane hyperpolarization in both db/db b-cells
and b-cells from human diabetic donors. Thus, despite leptin
resistance, signaling mechanisms downstream of NMDARs
(i.e. activation of CaMKKb, AMPK, and PKA-dependent actin
depolymerization we reported previously (7, 9, 19)) remain
functional to promote KATP and Kv2.1 channel trafficking to
modulate b-cell excitability. The ability of leptin to temper glu-
cose-stimulated insulin secretion has been proposed as part of
an adipoinsular feedback loop between adipocytes and b-cells
to prevent excessive secretion of insulin, an adipogenic hormone,
thereby limiting fat mass (67). Disruption of leptin signaling in
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b-cells has been shown to disrupt glucose homeostasis in some
animal models (64, 65), although others argue against a major
role of b-cell leptin signaling in glucose homeostasis (68).
Whether the controversial findings were due to different
mouse strains and genetic models used (69) remains to be
resolved. Nonetheless, it is tempting to speculate on the poten-
tial of exploiting the leptin signaling pathway we have identi-
fied for the prevention and treatment of obesity-associated
type 2 diabetes. In obese individuals, hyperleptinemia may
result in leptin resistance (49, 70), which may lead to excessive
insulin secretion. Hyperinsulinemia can then cause insulin re-
sistance and hyperglycemia, further fueling obesity, leading to
a loss of glucose control and eventually b-cell failure as seen in
type 2 diabetes (71). Based on our finding that obese diabetic
human b-cells, despite not being able to respond to leptin,
retain response to NMDAR activation, stimulating NMDAR in
leptin-resistant obese, prediabetic individuals may help to pre-
vent excessive insulin secretion and thereby prevent or slow
the development of type 2 diabetes (71). On the other hand, in-
hibition of NMDARs in individuals who have already devel-
oped type 2 diabetes may stimulate insulin secretion and allevi-
ate hyperglycemia, as has been reported by Marquard et al.
(17).
In summary, the current study identifies a novel leptin-sig-

naling mechanism in b-cells wherein leptin activates Src kinase
to phosphorylate GluN2A-containing NMDARs and potentiate
NMDAR activity, thereby reducing b-cell excitability and insu-
lin secretion. The findings build on our previously identified
signaling pathway and provide a molecular explanation for the
action of leptin. Moreover, they raise the therapeutic potential
of targeting the pathway for the prevention and treatment of
type 2 diabetes.

Experimental procedures

Chemicals

Leptin was purchased from Sigma. NMDA, diazoxide, rosco-
vitine, Ro 25-6981, and TCN201 were purchased from Tocris
Bioscience (Bristol, UK). AZD0530, GO6983, and dasatinib
were from Selleckchem (Houston, TX, USA). Src kinase activa-
tor peptide (YEEI) was purchased from Santa Cruz Biotechnol-
ogy, Inc. (Dallas, TX, USA).

INS-1 832/13 cell culture and transfection

INS-1 832/13 cells were cultured in RPMI 1640 medium
(Invitrogen) supplemented with 10% fetal bovine serum
(FBS), 100 units/ml penicillin, 100 mg/ml streptomycin, 10
mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate, and
50 mM b-mercaptoethanol. Only cells within passage number
75 were used for experiments. For experiments involving
transfection, cells were prepared as follows. INS-1 832/13
cells were grown on coverslips placed within 35-mm dishes
and were transfected with WT (Addgene plasmid 45445),
single GluN2A phosphorylation mutants (GluN2AY1292F,
GluN2AY1325F, and GluN2AY1387F) or a triple phosphorylation
mutant (GluN2AY1292F,Y1325F,Y1387F) using Lipofectamine
2000 (Invitrogen). Plasmids also encoded enhanced GFP at
the N terminus to visually discern transfected from nontrans-

fected cells at time of recording 48–72 h after transfection.
The kinase-dead Src mutant (pLNCX chick src K295R, a gift
from Joan Brugge, Addgene plasmid 13659) transfection was
carried out in 10-cm plates (cell confluence, ;50–60%) using
Lipofectamine 2000 (20 mg of DNA and 40 ml of lipofectamine
2000) 48 h prior to experiments.

Dissociation of human pancreatic b-cells

Human b-cells were dissociated from human islets obtained
through the Integrated Islets Distribution Program, as de-
scribed previously (7, 9, 19). Briefly, human islets were cultured
in RPMI 1640 medium with 10% FBS and 1% L-glutamine. For
recording, islets were dissociated into single cells by trituration
in a solution containing 116 mM NaCl, 5.5 mM D-glucose, 3 mM

EGTA, and 0.1% BSA, pH 7.4. Dissociated cells were then
plated on 0.1% gelatin-coated coverslips placed in 35-mm cul-
ture dishes (Falcon 35-3002). For electrophysiological experi-
ments, b-cells were initially identified using the high autofluor-
escence signature of b-cells to 488-nm excitation, as these cells
have high concentrations of unbound flavin adenine dinucleo-
tide (72, 73). Dithizone (Sigma–Aldrich) staining was then used
to further confirm b-cell identity at the end of each recording
(74). Donor information for specific experiments is provided in
Table 1.

Dissociation of mouse pancreatic b-cells

Mice were purchased from the Jackson Laboratory (Bar Har-
bor, ME, USA): control (C57BL/6J) and db/db [B6.BKS(D)-
Leprdb/J]. Pancreatic islets were isolated from the mice as
described previously (75) and were performed in compliance
with institutional guidelines and approved by the Oregon
Health and Science University Animal Care and Use Commit-
tee. Following isolation, islets were cultured overnight in FBS-
supplemented RPMI 1640 medium at 37 °C and 5% CO2. Pan-
creatic b-cells were dissociated from islets using Spinners/
EGTA solution (116 mM NaCl, 5.37 mM KCl, 0.8 mM MgSO4,
26 mM NaHCO3, 11.67 mM NaH2PO4, 5.5 mM D-glucose, 3 mM

EGTA, 1% BSA, 1% phenol red (pH 7.4)). Islets were incubated
twice in Spinners/EGTA for 10 min with slight agitation every
5 min. In between incubations with Spinners/EGTA, the islets
were washed with FBS-supplemented RPMI 1640 medium.
Dissociated cells were plated on glass coverslips coated with 1%
gelatin (Sigma–Aldrich) and cultured overnight. The identity
of individual b-cells was confirmed by dithizone staining at the
end of each experiment (74).

RT-PCR

Total RNA was isolated from mouse brain and INS-1 832/13
cells using an RNeasy minikit (Qiagen, Hilden, Germany), and
RT-PCR (from 1 mg of mouse brain RNA and 1.8 mg of INS-1
832/13 RNA) was performed using the Superscript RT-PCR
system (Invitrogen) to examine the mRNA expression of
NMDA receptor subunits, Grin1 and Grin2a–2d. b-Actin
mRNA was used as a standard reference housekeeping gene.
The primers used were as follows: Grin1, 59-GGTTTG-
AGATGATGCGAGTCTAC (forward) and 59-CAGC-
AGAGCCGTCACATTCTTGG (reverse); Grin2a, 59-
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CAATCTGACTGGATCACAGAGC (forward) and 59-CTG-
TCCTTCCCTTGAAAGGATC (reverse); Grin2b, 59-CAA-
TAACCCACCCTGTGAGG (forward) and 59-GGTGGGTT-
GTCACAGTCATAG (reverse);Grin2c, 59-ACATGAAGTATC-
CAGTATGG (forward) and 59-GTTCTGGTTGTAGCTGA-
CAG (reverse); Grin2d, 59-AGGTGTTCTATCAGCGTG (for-
ward) and 59-TGTAGCTGTGCATGTCAG (reverse); and
b-actin, 59-CGTAAAGACCTCTATGCCAA (forward) and 59-
AGCCATGCCAAATGTGTCAT (reverse).

Immunoblotting

INS-1 832/13 cells were lysed in lysis buffer (50 mM Tris-
HCl, 2 mM EDTA, 2 mM EGTA, 100 mM NaCl, 1% Triton X-
100, pH 7.4, with cOmplete EDTA-free protease inhibitor mix-
ture (Roche, Basel, Switzerland) and Halt-phosphatase inhibi-
tor mixture (Thermo Scientific) for 30 min at 4 °C, and cell
lysates were cleared by centrifugation (MIKRO 200R, Helmer
Scientific, Noblesville, IN, USA) at 14,000 rpm for 10 min at
4 °C. In some experiments, lysis buffer was replaced with ice-
cold PBS to aid in the isolation of membrane proteins. PBS cell
lysates were briefly spun at 3000 rpm for 5 min at 4 °C, and the
membrane pellet was homogenized in a hypotonic solution
containing 15 mM KCl, 10 mM HEPES, 1.5 mM MgCl2 with
phosphatase and protease inhibitors by passing 30 times
through a 27½ gauge needle. Spun at 6,000 rpm at 4 °C for 2
min to remove nuclei and cellular debris. Supernatant was col-
lected and transferred to 1.5-ml Beckman centrifuge tubes and
spun at 54,000 rpm at 4 °C for 60 min. The resulting membrane
pellet was resuspended in solubilization buffer containing 0.2 M

NaCl, 0.1 M KCl, 0.05 M HEPES, and proteins were separated by
SDS-PAGE (7.5% polyacrylamide gel) and transferred onto pol-
yvinylidene difluoride membranes (Millipore, Burlington, MA,
USA). Membranes were incubated overnight at 4 °C with pri-
mary antibody diluted in TBST (TBS plus 0.1% Tween 20) fol-
lowed by incubation with horseradish peroxidase–conjugated
secondary antibodies in TBST for 1 h at room temperature.
Primary antibodies used were anti-phosphorylated SrcY418

(human Src numbering; rabbit monoclonal; Abcam, ab133460;
1:1000 dilution), anti-c-Src; Abcam, ab16885; 1:100 dilution),
anti-GluN1 (NeuroMab, 75-272; 1:1000 dilution), anti-GluN2A
(NeuroMab, 75-288; 1:1000 dilution), and anti-GluN2B (Neu-
roMab, 75-101; 1:1000 dilution). Blots were developed using
Super Signal West Femto (Pierce) and imaged with Fluo-
rChemE (ProteinSimple, San Jose, CA, USA), protein bands
were quantified using ImageJ (National Institutes of Health)
and normalized to the corresponding controls.

Immunocytochemistry

INS-1 832/13 cells were fixed in 2% paraformaldehyde in
PBS for 10 min at room temperature, permeabilized with 0.2%
Triton X-100 in 1% BSA/PBS, and blocked for 60 min with 1%
BSA in PBST (PBS 1 0.1% Tween 20) before being incubated
overnight at 4 °C with primary rabbit polyclonal antibodies
directed against phospho-SrcY418 (Abcam, ab4816). Proteins
were visualized using Alexa 488–conjugated secondary antibod-
ies. Fluorescent images were acquired using a Zeiss LSM780
confocal microscope equipped with a 363 oil immersion objec-

tive. Images were processed and analyzed using NIH ImageJ
software (76). For surface staining of GFP-GluN2AWT and GFP-
GluN2AY1292F,Y1325F,Y1387F, cells were incubated in cold DPBS
containing anti-GFP antibody (1:100; ThermoScientific, G10362)
at 4 °C for 30 min. Cells were then fixed as described above, and
surface GFP was visualized using a Cy3-conjugated secondary
antibody.

Immunoprecipitation

48 h post-transfection of GFP-GluN2AWT, cells were col-
lected in DPBS. A membrane pellet was obtained following the
protocol described above. The pellet was then solubilized in co-
immunoprecipitation buffer (0.5 mM Tris-HCl, 150 mM NaCl,
0.5% Igepal, pH 7.2) and incubated with 25 ml of GFP-Trap
Dynabeads (Chromotek) overnight at 4 °C. The beads were
washed twice with co-immunoprecipitation buffer. Proteins
bound to the beads were then eluted in 23 protein loading
buffer for 10 min at 95 °C. Samples were analyzed via immuno-
blotting for GFP (1:100; ThermoScientific, G10362), GluN2A
(1:1000; NeuroMab, 75-288), and GluN1 (1:1000; NeruoMab,
75-272) and simultaneously imaged using near-IR secondary
antibodies (LI-COR IRDye).

Surface biotinylation

INS-1 832/13 cells were incubated in RPMI 1640 for 1 h at
37 °C prior to a 30-min treatment with vehicle or leptin (10
nM). Cells were then washed four times with cold DPBS and
incubated with 1 mg/ml EZ-Link Sulfo-NHS-SS-Biotin (Pierce)
in DPBS with vehicle or leptin for 30 min at 4 °C. The reaction
was terminated by incubating cells twice for 5 min with DPBS
containing 50 mM glycine followed by two washes with cold
DPBS. Cells were then lysed in 300 ml of lysis buffer as
described above, and 500 mg of total lysate was incubated with
50 ml of an 50% slurry of NeutraAvidin-agarose beads (Pierce)
overnight at 4 °C. Biotinylated proteins were eluted with 23
protein loading buffer for 15 min at 37 °C. Both eluent and
input samples (50 mg of total cell lysate) were analyzed by im-
munoblotting using anti-SUR1 antibody (raised against a
hamster SUR1 C-terminal peptide KDSVFASFVRADK) as
described previously (7).

Electrophysiology

Electrophysiological recordings were conducted using an
Axon 200B amplifier (Molecular Devices, Sunnyvale, CA, USA)
with Clampex 9.2 (pCLAMP) software. Signals were acquired
at 20 kHz and filtered at 2 kHz. Recording electrodes (tip resis-
tances ranged between 3 and 6 megaohms) were pulled from
nonheparinized Kimble glass (Thermo Fisher Scientific, Wal-
tham, MA, USA) using a P-97 micropipette puller (Sutter
Instruments). For whole-cell recording of NMDA currents,
external Tyrode’s solution contained 137 mM NaCl, 5.4 mM

KCl, 1.8 mM CaCl2, 0.5 mM MgCl2, 5 mM Na-HEPES, 3 mM

NaHCO3, and 0.16 mM NaH2PO4, (pH 7.2). The external solu-
tion was supplemented with 0.1 mM glycine and 11mM glucose,
and in some experiments Mg21 was omitted as specified in the
figure legends. The internal pipette solution contained 140 mM

potassium gluconate, 6 mM EGTA, 10 mM HEPES, 5 mM
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K2ATP, 1 mMCaCl2 (pH 7.2). To induceNMDA-mediated cur-
rents, cells were held at 270 mV, and NMDA (1 mM) was
puffed (3–5 p.s.i. for 0.5 s) with carbogen using 1–0.5-mega-
ohm micropipettes connected to a Multi-function Microforge
Controller DMF1000 (World Precision Instruments, Sarasota,
FL, USA) equipped with a pressure regulator. In experiments
measuring NMDAR current response to Mg21 block (Fig. 1B),
leptin (Figs. 3 and 8B), and leptin plus AZD (Fig. 3), 1 mM

NMDA was puffed repeatedly at 1-min intervals 3–5 times to
establish control baseline. Only cells that showed reproducible
currents to repeated NMDA puffs during control baseline meas-
urements were subsequently treated with 100 mM Mg21, 10 nM
leptin, or leptin plus AZD for 5 min, after which 1 mM NMDA
was again puffed at 1-min intervals 3–5 times. The currents
before and after treatments were then averaged, and the averaged
values are shown as individual data points in the figures.
Whole-cell KATP and Kv2.1 current recordings (Fig. 8A)

were conducted as described previously (7, 9). For KATP cur-
rents, cells were held at 270 mV, and KATP currents were
recorded at two voltage steps (250 and290 mV) applied ev-
ery 2 s. Pipette solution contained 140 mM KCl, 10 mM K-
HEPES, 1 mM K-EGTA, pH 7.3. The bath solution contained
137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.5 mM MgCl2, 5
mM Na-HEPES, 3 mM NHCO3, 0.16 mM NaH2PO4, pH 7.2.
Diazoxide (200 mM) was applied to the bath solution immedi-
ately after break-in to maximally stimulate KATP channels.
After the current had plateaued, 300 mM tolbutamide (a KATP

channel inhibitor) was applied, and residual currents were
subtracted frommaximal currents observed in diazoxide and
divided by cell capacitance to obtain KATP current density.
For Kv2.1, micropipettes were filled with an internal solution
containing 140 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 5 mM

EGTA, 5 mM ATP, 10 mM glucose, and 10 mM HEPES, pH
7.3. The bath solution contained the following: 140 mM

NaCl, 5 mM KCl, 4 mM MgCl2, 11 mM glucose, 10 mMHEPES,
pH 7.3. Ca21 was excluded from the bath solution to elimi-
nate calcium channel currents. A 30-ms prepulse to210 mV
was used to inactivate transient potassium channel currents
and voltage-dependent Na1 currents. The sustained current
at 180 mV, after subtracting currents remaining in a 10 mM

concentration of the potassium current blocker tetraethyl-
ammonium, was divided by cell capacitance for Kv2.1 cur-
rent density calculation.
For cell-attached recording tomonitormembrane potentials,

micropipettes were filled with 140 mM NaCl. The bath solution
contained 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.5 mM

MgCl2, 5 mMNa-HEPES, 3 mMNHCO3, 0.16 mMNaH2PO4, 11
mM glucose, pH 7.2. The liquid junction potential was meas-
ured to be 210 mV and corrected from the recorded Vm. Seal
resistances between the recording pipette and the cell mem-
brane ranged between 4 and 11 gigaohms, and membrane
potentials were monitored in current-clampmode (I = 0). After
correction for the liquid junction potential, the average starting
Vmwas around24 mV. Note that theVm estimated in this con-
figuration depends on the ratio of the seal resistance and the
combined patch and cell resistance, where the ratio of recorded
Vm and true membrane potential = (Rseal/Rpatch 1 Rcell)/(1 1
(Rseal/Rpatch1 Rcell)) (32). As such, the recordedVm is an under-

estimate of the actual membrane potential (i.e. more depolar-
ized than the actual Vm) (31, 32). Because the recorded Vm

under this configuration is only a proxy of the true membrane
potential, we only used it to track changes in membrane poten-
tial (31, 32). Seal resistance was monitored before and after the
recording, and only cells that showed stable baseline mem-
brane potential prior to leptin/drug application and that
maintained good seal resistance were included for analysis.
In addition, the KATP channel opener diazoxide or inhibitor
tolbutamide was used when applicable to ensure cell and
patch integrity as we reported previously (19) and in the cur-
rent study (see Figs. 4 and 7). For whole-cell current-clamp
recordings of membrane potential (Fig. 2, C and D), pipette
solution contained 130 mM potassium gluconate, 10 mM

KCl, 10 mM HEPES, 6 mM EGTA, 0.1 mM CaCl2, 1 mM

MgCl2, and 5 mM ATP, with or without the SF activator
YEEI phosphopeptide (EPQpYEEIPIYL at 1 mM). All record-
ings were analyzed using Clampfit 9.2 (pCLAMP).

Statistical analysis

Results are expressed as mean 6 S.E. One-way analysis of
variance with a post hoc Dunnett’s test (Fig. 5E) or Friedman’s
test (Fig. 3B) was used formultiple comparisons where different
experimental conditions were carried out side by side. Formost
experiments, difference between control and treated groups
was tested using a paired t test or unpaired t tests (for compara-
ble sample sizes) or Welch’s t test (for significantly unequal
sample sizes in Fig. 6D) as detailed in the figure legends. The
level of statistical significance was set at p, 0.05.

Data availability

All data are contained in the article.
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