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The role of GABA in
islet function
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and Edward A. Phelps™
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FL, United States, ?Islet Biology and Metabolism Lab — .B.M. Lab, Department of Physiological
Sciences, Center of Biological Sciences, Federal University of Santa Catarina - UFSC,
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Gamma aminobutyric acid (GABA) is a non-proteinogenic amino acid and
neurotransmitter that is produced in the islet at levels as high as in the brain.
GABA is synthesized by the enzyme glutamic acid decarboxylase (GAD), of
which the 65 kDa isoform (GAD65) is a major autoantigen in type 1 diabetes.
Originally described to be released via synaptic-like microvesicles or from
insulin secretory vesicles, beta cells are now understood to release substantial
quantities of GABA directly from the cytosol via volume-regulated anion
channels (VRAC). Once released, GABA influences the activity of multiple islet
cell types through ionotropic GABA, receptors and metabotropic GABAg
receptors. GABA also interfaces with cellular metabolism and ATP production
via the GABA shunt pathway. Beta cells become depleted of GABA in type 1
diabetes (in remaining beta cells) and type 2 diabetes, suggesting that loss or
reduction of islet GABA correlates with diabetes pathogenesis and may
contribute to dysfunction of alpha, beta, and delta cells in diabetic
individuals. While the function of GABA in the nervous system is well-
understood, the description of the islet GABA system is clouded by differing
reports describing multiple secretion pathways and effector functions. This
review will discuss and attempt to unify the major experimental results from
over 40 years of literature characterizing the role of GABA in the islet.

KEYWORDS

v-Aminobutyric acid (GABA), islet, pancreas, signaling, receptor, insulin, beta cell

Introduction

Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the
mammalian central nervous system (CNS) where it serves to regulate neuronal
excitability. Outside of the CNS, high concentrations of GABA are found within the
insulin-producing beta cells of the pancreas (Figure 1) (1). Glutamic acid decarboxylase
65 (GAD65; Gad2), one of the two mammalian enzymes that synthesize GABA from
glutamate (the other being GAD67, Gadl), is expressed in human beta cells, and is a
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major autoantigen in type 1 diabetes (T1D) (2). According to
single-cell RNA sequencing datasets, the expression of Gadl or
Gad2 in neural and pancreatic endocrine cells is at least an order
of magnitude higher than in any other cell type (Human Protein
Atlas proteinatlas.org, Tabular Muris czbiohub.org/tabula-
muris/) (3-5). Thus, the ability to synthesize large amounts of
GABA via the GAD enzyme is essentially unique to neural and
beta cells with the caveat that GABA has recently been shown to
be synthesized by glial cells (6) and B cells (7). GABA
concentrations have been measured to be ~40 wmol/g in brain
tissue and ~20 umol/g in the islets, while GABA in other tissues
is typically below 1 umol/g (7, 8). Intracellular GABA
concentration from islet lysate is estimated to be 4 mM (9)
while interstitial GABA levels in the islets are measured in the
range of 10 nM to 10 UM (10-12). Several types of immune cells
express receptors for and functionally respond to GABA (13,
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FIGURE 1

GABA in the whole islet. Application of exogenous GABA has
various effects on the islet including stimulation of beta cell
regeneration, inhibition of insulin secretion, and negative
regulation of immune cells. Endogenous GABA levels are highly
enriched in the islet, as high as in the brain, and GABA is
synthesized in and secreted from the beta cells
Immunofluorescence image depicts a human islet. GABA is
secreted via multiple pathways that are both regulated and
unregulated by glucose and with pulsatile, tonic, or phasic
dynamics. Once secreted, GABA acts via GABAAR ligand-gated
chloride channels and GABAAR inhibitory G protein coupled
receptors. Set by the chloride equilibrium potential, in beta cells
GABAAR signaling can be excitatory in low glucose and inhibitory
in high glucose, while in alpha cells GABAAR signaling is
inhibitory. GABAgR signaling is also inhibitory but may only be
active in mouse and not human beta cells under typical
physiological conditions. Created with BioRender.com.
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14). GABA is also present in the adrenal glands, testes, prostate,
kidney, gastrointestinal track, oviduct, placenta, uterus, lymph
nodes, and spleen among other tissues (15). Low-level GAD
expression, alternative GABA biosynthesis pathways, uptake of
GABA from circulation, dietary sources, or production by
microbiota may be important for GABA’s diverse functions
throughout the body (15-17).

Many roles for GABA in the islet have been proposed and
studied for decades, but the overall importance of GABA to islet
function has not been completely elucidated (18, 19).
Surprisingly, a beta cell-conditional knockout mouse for
GABA biosynthesis that would provide clear evidence
supporting the specific biological role of GABA in the islet has
never been generated. Considering that the islet uniquely invests
in high levels of GABA biosynthesis at the risk of invoking GAD
autoimmunity, it strikes us as intuitive that GABA must be of
central importance for normal islet physiology.

GABA'’s behavior as a neurotransmitter in the islet is perhaps
the most widely studied role for which there is abundant data
supporting auto- and paracrine signaling within and between islet
endocrine cells. The evidence varies depending on experimental
conditions as to whether GABA is stimulatory or inhibitory toward
secretion of major islet hormones. The auto- and paracrine action of
GABA can be understood through the physiology of GABA and
GABAy, receptors. GABA, receptors (GABAAR) are ligand-gated
chloride channels that affect membrane excitability. Whether
GABAAR mediated CI' currents are excitatory or inhibitory is
governed by intra- and extracellular chloride ion concentration,
membrane potential, and transmembrane ion transport.
Intracellular chloride concentration [Cl']; varies depending on the
cell type, being higher in beta cells than in alpha cells or neurons.
GABA also signals through GABAgRs, which are inhibitory G
protein coupled receptors that open G protein-coupled inwardly-
rectifying potassium channels (GIRKs), inactivate some types of
voltage-gated Ca®" channels, and reduce the activity of adenylyl
cyclase reducing cAMP. High levels of intracellular GABA
contribute to the unique beta cell metabolism where GABA feeds
into the tricarboxylic acid (TCA) cycle via the GABA shunt (20).
The combination of GABA,R, GABAgR, and GABA metabolism
contribute within a symphony of other signaling inputs to shape
pancreatic islet hormone release (21).

Beyond its auto/paracrine and metabolic roles, exogenously
delivered GABA has been reported to be a beta cell trophic factor,
preserving and/or regenerating beta cell mass (22, 23). The islet
regenerative capacity of GABA has been particularly studied in
situations of T1D or beta cell depletion (23-26) where GABA
appears to activate or contribute to transdifferentiation of alpha cells
into beta cells in insulin-deficient or diabetic mice (22, 27).
However, the potential for GABA to directly and substantially
regenerate beta cells in vivo should be treated with caution due to
other studies that produced negative results in mice and non-
human primates (28-31). Finally, GABA has immunomodulatory
effects on immune cells throughout the body which express all the
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components for GABA signaling (32). GABA affects immune cell
activation, migration, cytokine secretion, and cytotoxic responses
and promotes monocyte differentiation into anti-inflammatory
phenotypes (7, 32, 33). In the context of autoimmunity, GABA
appears to be anti-inflammatory in T1D (24, 33, 34) and
experimental autoimmune encephalomyelitis (EAE) (35),
suggesting that GABA could be a mechanism for islet immune
protection. While further discussion of the beta cell regenerative
and immune regulatory aspects of GABA are topics of keen interest,
this review focuses primarily on the signaling and metabolic aspects
of GABA in the islet.

Identification of GABA in
the pancreas

The first measurements of amino acid concentrations in
pancreas tissue were performed as early as the 1950s. The
concentration of GABA in whole pancreas and other tissues was
low enough to indicate the brain as the only organ maintaining a
significant concentration of GABA (36). It wasn’t until 1972 that
scientists from Sweden investigated amino acid concentrations in
the pancreatic islet, indicating a measurable presence of GABA in
islets with no detection in exocrine tissue (37). Simultaneously, as
islet biology was gaining traction, a group in Japan hypothesized
that islets would have heavy innervation and, therefore, high
concentrations of GABA. Manually extracting islets from frozen
rat cryosections and analyzing the GABA content, Okada et al.
found the concentration of GABA within the islet to match the
concentrations in neurons (1). This group next measured GAD
activity and GABA concentrations in human insulinoma,
confirming that human beta cells express GAD and synthesize
GABA (8). As insulinoma has a much higher concentration of beta
cells than innervation, this result implicated the beta cells
themselves as synthesizing GABA.

Back in Sweden, Gylfe and Sehlin studied metabolic
pathways in amino acid synthesis in the ob/ob mouse, a
mouse that models type 2 diabetes (T2D). The addition of
high glucose along with leucine increased the concentration of
GABA in the islet, confirming a potential link between GABA
synthesis and the glucose-sensing function of the islet (38). Their
results directly implicated beta cells as the main islet cell type to
synthesize GABA. Following the discovery that islet beta cells
synthesize GABA, Taniguchi et al. in Japan treated rats with
streptozotocin to eliminate the beta cells, resulting in islet GABA
concentrations as low as acinar tissue. In addition, histology
showed that nerve terminals remained intact, proving that the
source of islet GABA is primarily from the beta cells (39, 40). To
determine whether islets utilize GABA similarly to neurons,
radiolabeled 3H-GABA uptake studies by Okada et al. were
performed on chopped pancreas tissue and sections of substantia
nigra (41). Pancreas 3H-GABA uptake was much slower in islets
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than that of the substantia nigra, indicating that pancreas differs
in GABA reuptake mechanisms from neural tissue. Interestingly,
autoradiographic imaging of the 3H-GABA uptake in rat
pancreas show that high-affinity GABA uptake does occur but
only in a subpopulation of the somatostatin-positive delta cells
(42, 43). These early 3H-GABA uptake results have garnered
relatively few citations since they were published more than 30
years ago, and have not been confirmed in human islets, but are
of keen interest because they suggest that delta cells may be
important to clear excess interstitiall GABA in the islet in a
manner analogous to astrocytes in the CNS. Decades later,
Menegaz et al. showed that human beta cells do not express
detectable levels of any of the four membrane GABA
transporters (GAT1, Slc6al; GAT2, Slc6al3; GAT3, Slc6all;
and BGTI, Slc6al2) (12, 44). Both endocrine and exocrine
cells of the pancreas do express the low-affinity GABA-
permeable taurine transporter TAUT (Slc6a6), which explains
the overall lower rate GABA reuptake in the pancreas compared
to brain tissue and could account for a low basal level of GABA
reuptake. Modern single-cell RNA-seq data shows that a
subpopulation of delta cells may express the high-affinity
GABA transporter GAT3 (Slc6all) (Human Protein Atlas
proteinatlas.org, Tabular Muris czbiohub.org/tabula-muris/)
(3-5) which could explain the specific delta cell 3H-GABA
uptake. Whether GABA reuptake by delta cells represents a
metabolic coupling to beta cells, a GABA degradation
mechanism, or repackaging of GABA in preparation for re-
secretion is unknown.

Islet GABA content is reportedly significantly reduced in
human islets from donors with T2D (10, 12, 45) and depleted in
islets from donors with T1D, certainly due to the overall
reduction in beta cells, but GABA is also depleted in the
remaining beta cells (12). The mechanism that drives the
reduction in islet GABA during diabetes is unknown.
Functional consequences of diabetes-related loss of islet GABA
have not been studied in vivo. Pharmacological studies that
manipulate GABA synthesis and catabolism or GABA receptor
signaling, show that loss of GABAergic input profoundly
impacts glucose-responsive insulin and glucagon secretion in
vitro (12, 46, 47). Islets from donors with T2D attempt to
compensate for reduction in GABA by increasing the affinity
of GABA4R, possibly by expressing higher affinity receptor
subunits (10).

GABA subcellular localization
and biosynthesis
GABA synthesis by GAD

GABA is synthesized by the enzyme GAD from the
precursor glutamic acid, a non-essential amino acid tied to
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both cellular metabolism and signaling (48). GAD forms a
homodimeric structure, with pyroxidal phosphate (PLP), the
active form of vitamin B6, a required cofactor at the binding
site, creating a glutamate-PLP complex. This complex naturally
favors the carbanion intermediate, ultimately resulting in
decarboxylation of glutamate to generate GABA, releasing a
molecule of CO, in the process (48). GAD exists in two
isoforms: GAD67 and GADG65, with molecular weights of 67
kDa and 65 kDa, respectively. These two isoforms catalyze the
same decarboxylase reaction, but fulfill different functional
roles, are expressed from different genes, synthesize GABA at
different locations in the cell, and are differentially
regulated (49).

Beta cells express the two isoforms of GAD differently
depending on the species. Human beta cells only express
GADG65, while mouse beta cells express almost entirely
GADG67. Rat beta cells express both GAD65 and GAD67 (50).
Whether species differences in GAD isoform expression result in
functional differences in the islet GABA system has not yet been
experimentally addressed.

GAD protein trafficking in beta cells

Lipophilic post-translational modifications regulate GAD
intracellular localization. Both GAD65 and GADG67 are
synthesized as cytosolic proteins but GAD65 becomes
irreversibly post-translationally modified at the N-terminal
domain to hydrophobically associate with lipid membranes.
Membrane-anchored GAD65 then becomes palmitoylated at
cysteines 30 and 45, which results in GADG65 sorting to the
trans-Golgi network and targeting to post-Golgi axonal vesicles
and pre-synaptic clusters in neurons or peripheral vesicles in beta
cells. The palmitoylation of GADG65 is reversible and serves to
regulate the localization of GABA synthesis. GAD67, is a
hydrophilic soluble molecule that does not anchor to
membranes intrinsically. Therefore, the majority of membrane-
bound GAD is GADG65, while GAD67 is mainly localized in the
cytosol (Figure 2).

Both isoforms of GAD form homodimers. Dimerization is
essential to GAD enzyme function as the active site occurs at the
dimer interface. GAD can also form heterodimers between
GAD65 and GAD67 which allows GAD67 to become
membrane anchored through complexation with GAD65 or by
a distinct GAD65-independent mechanism that involves
association with a different membrane-anchoring moiety (51).
In contrast to neurons, beta cells lack a mechanism for
homodimerized GAD67 to become membrane bound. This
results in different intracellular trafficking patterns and,
subsequently, different localization of GAD between beta cells
and neurons (51). Furthermore, the species-specific beta cell
expression of GAD65 and GADG67 results in mouse beta cells
expressing cytosolic GAD67 and human beta cells expressing
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FIGURE 2

Intracellular trafficking pattern of GAD in beta cells. The two
GABA-synthesizing enzymes, GAD65 and GAD67, are
synthesized as cytosolic proteins. GAD65 becomes associated
with the cytosolic face of ER and Golgi membranes and
subsequently modified by double palmitoylation which allows
forward trafficking onto post-Golgi intracellular vesicles. The
palmitoylation step is reversible and serves to regulate
localization of GABA synthesis between cytosolic and
membrane-anchored pools of enzyme. GAD67 is the
predominant isoform expressed in mouse beta cells while only
GADG5 is expressed in human beta cells. In human beta cells
GADG5 localizes to Golgi membranes and cytosolic vesicles that
are distinct from insulin containing vesicles. Created with
BioRender.com.

GADG65 distributed between ER/Golgi membrane-anchored,
vesicular, and cytosolic localizations.

GADG65 can function as an active holoenzyme or as an
inactive apoenzyme, due to changes in affinity for the cofactor
PLP. GAD67 remains active with high affinity for PLP (52).
Palmitoylation-deficient mutants of GAD65 exhibit a lower
ability to convert glutamate to GABA, hinting that GAD65
activity may be higher when membrane bound and
palmitoylated (53). On the other hand, endoplasmic reticulum
(ER) stress in beta cells induced by palmitic acid or thapsigargin
disrupts the palmitoylation cycle of GADG65 resulting in a
redistribution of the protein to the Golgi (54). A similar
pattern of Golgi accumulation of GAD65 is observed in
human islets from donors with type 2 diabetes (T2D), who are
GAD autoantibody positive (GADA™), or in residual beta cells in
islets from donors who have T1D (12, 54). It is unknown
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whether the Golgi redistribution affects GAD enzyme function
but islet GABA content and secretion are markedly reduced in
human islets from donors with diabetes.

GAD subcellular localization suggests a
nonvesicular GABA release mechanism in
beta cells

Low resolution immunostaining studies of TC3 mouse
insulinoma cells published in the early 1990’s showed that
GADG5 staining colocalized at the cellular level with
synaptophysin, a synaptic vesicle marker (55). This early
staining was interpreted within the context of known GABA
secretion pathways in neurons to mean that beta cells likely
secrete GABA from synaptic-like microvesicles, a population
of small secretory vesicles proposed to function in endocrine
cells as a counterpart to the synaptic vesicles in neurons. It
was hypothesized that beta cells utilize the putative synaptic-
like microvesicles for regulated secretion of GABA. GAD65
synthesizes GABA on the outward surface of intracellular
membranes, releasing GABA into the cytosol. In GABA-
producing neurons, GAD65 colocalizes with the vesicular
GABA transporter (VGAT; Slc32al) also called the
vesicular inhibitory amino acid transporter (VIAAT) in
synaptic vesicles (56). By association with GAD65, VGAT
mediates transport of the product GABA into the synaptic
vesicle lumen, where it accumulates in preparation for
regulated secretion (48, 57). The existence of an analogous
GABA-secreting system in beta cells would require co-
expression of GAD65 and VGAT together with other
synaptic vesicle proteins (58).

However, in human and rodent beta cells, expression of VGAT
remains below detection limits for immunohistochemistry (12, 59)
and single-cell RNA sequencing (Human Protein Atlas
proteinatlas.org, Tabular Muris czbiohub.org/tabula-muris/) (3-5).
Rather, VGAT is expressed in human delta cells and rodent alpha
cells (12). Consistent with a lack of VGAT expression, most human
beta cells exhibit a uniform cytosolic staining pattern for GABA,
although some beta cells have vesicular GABA which colocalizes
with insulin (12). Ultrastructural studies have been performed to
observe subcellular localization of GABA in islet sections via
immunogold labeling. GABA-specific immunogold particles
mostly do not target any particular vesicular structure within the
beta cell, instead indicating that GABA resides uniformly within the
cytosol of beta cells, although some studies showed a population of
GABA-containing insulin secretory vesicles (60-62).

While GABA itself is predominantly cytosolic in beta cells,
the GABA-synthesizing enzyme GADG65 localizes to strongly
punctate cytoplasmic structures (51), previously described to be
synaptic-like microvesicles (55, 63). Because the concentration
of GABA in the lumen of most GAD65" puncta or insulin
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granules appears no different than that in the cytosol, these
GAD65" puncta seen in beta cells are unlikely to be synaptic-like
microvesicles for GABA secretion. The caveat to cytosolic GABA
is that a subpopulation of beta cells do express VGAT and thus
exhibit clear vesicular GABA (12). Whether VGAT" beta cells
with vesicular GABA represent a form of beta cell sub-type with
functional consequences or are merely a stochastic phenomenon
is unknown.

GABA in beta cell metabolism

In the classical neurotransmitter paradigm of GABA, there
are two primary mechanisms for the effects of GABA:
activation of GABA receptors on the plasma membrane (64)
and interaction with the GABA shunt (65), affecting
mitochondrial function. Beta cells metabolize GABA via the
GABA-shunt, a catabolic pathway initiated by transamination
of GABA with a-ketoglutarate by the mitochondrial enzyme
GABA transaminase (GABA-T) (66). The products of the
GABA transamination reaction are glutamate and succinate-
semialdehyde (SSA). The generated glutamate can be
converted back into GABA by GAD, while the generated SSA
is rapidly oxidized by the enzyme SSA-dehydrogenase to
produce succinate. This pathway is referred to as the GABA-
shunt because it shunts excess o-ketoglutarate in the
mitochondria directly to succinate. The GABA-shunt
bypasses o-ketoglutarate dehydrogenase, the primary site of
control of the metabolic flux through the TCA cycle (67).
Furthermore, alpha-ketoglutarate dehydrogenase activity is
significantly lower in rodent islets relative to the activity of
GABA-T (20), both of which use alpha-ketoglutarate as a
substrate. As a result, beta cells should be able to readily
metabolize their high intracellular concentrations of GABA
(12). Inhibitors of GABA-T profoundly increase GABA levels
in beta cells (68) and neurons (69), indicating that GABA-
shunt carries a substantial flux of carbon under normal
conditions (65, 70, 71).

In rodent islets, a correlation between the metabolic state of
the islet and GABA metabolism is observed (72). In beta cells,
GABA may serve a role in regulating ATP synthesis, as GABA
levels are inversely correlated with ATP-producing and ATP-
consuming activities (72). Less GABA is released during elevated
glucose metabolism and this effect is potentiated by ATP-
consuming activities (72). It is attractive to hypothesize that
beta cells draw on their pool of available GABA to increase
carbon flux through the TCA during periods of high ATP
demand. Thus, GABA-shunt is proposed to be a metabolic
highway used by the beta cell to amplify the rate of ATP
production (73). Such a relationship would likely entrain the
rate of GABA release to beta cell metabolic oscillations (74, 75).
We caution that the contribution of GABA metabolism to
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hormone secretion is probably minor relative to receptor-
mediated GABA signaling.

GABA secretion from beta cells

There is evidence to support both vesicular and tonic routes
of GABA secretion from beta cells (Figure 3). A simple approach
to study regulation of GABA secretion from beta cells is via
glucose stimulation. If GABA secretion depends on glucose, it
would be logical to hypothesize Ca**-triggered vesicular fusion
as a release mechanism. Counter to this hypothesis, macroscopic
GABA secretion does not appear to be acutely regulated by
glucose and is instead proportional to the availability of
glutamine (20). Islet GABA release not being triggered by
glucose stimulation is consistent with biochemical
measurements by Baekkeskov, Caicedo and Phelps (12),
Pipeleers (20, 72, 77), Tamarit-Rodriguez (70, 73, 78), Roper
(79), and Naji (68). Instead of glucose, the release of GABA
correlates closely with the total intracellular GABA content,
indicating that GABA release is likely a facilitated process rather
than active. Islet GABA release not being induced by glucose is
somewhat surprising and counterintuitive, considering how

10.3389/fendo.2022.972115

different the process appears to be from how GABA is secreted
by neurons.

Vesicular GABA secretion

A series of several papers by the Rorsman group explored the
question of quantized (vesicular) GABA release from islets and
showed a glucose-dependent release of GABA in beta cells at the
level of individual granules. This quantized GABA release can
also be triggered by voltage-clamp depolarizations and by
cytoplasmic Ca** infusion through patch-pipette (62, 76, 80~
83). In these studies, GABA secretion was measured by
overexpressing a GABA,R in beta cells. Endogenous GABA
release events then activated these GABARs in the same cell,
giving rise to transient inward currents monitored by
electrophysiology. While initially concluding to have detected
individual GABA exocytotic events from synaptic-like
microvesicles (83), the Rorsman group subsequently revised
their conclusion and reported that quantized GABA release
occurred from insulin secretory granules due to co-release
with serotonin which also accumulates in insulin secretory
vesicles (62, 76). However, only 13% of serotonin/insulin
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FIGURE 3

Tonic and phasic islet GABA. There is evidence favoring both a constant background secretion of GABA that is unregulated by glucose and a
vesicular secretion of GABA from the insulin secretory vesicles. In analogy to synaptic and tonic GABA in neurons, vesicle released GABA in beta
cells is proposed to trigger phasic Cl” currents via low affinity GABAsRs. Tonic Cl currents from higher affinity GABAAR subtypes provide a
constant current in response to continuously replenished interstitial GABA. Example GABAAR current traces in human beta cells from Braun

et al. 2010 (76) (with permission) where both tonic and phasic currents were shown to be sensitive to the GABAAR antagonist SR-95531. Created

with BioRender.com.
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secretion events detected a co-release of GABA (76); and only
17% of large dense core vesicles (LDCV) were labeled with an
immunogold antibody specific for GABA (62). These results
suggest that only a small subpopulation of insulin secretory
vesicles accumulates GABA that is co-released with insulin and
regulated by glucose (76). This vesicular GABA could reflect the
population of rare VGAT™ beta cells reported by Menegaz et al.
(12). A recent examination of insulin granule subpopulations
corroborates the existence of separate populations of VGAT™
and VGAT insulin granules (84). Alternatively, vesicular GABA
accumulation could be mediated by another vesicular
monoamine transporter such as vesicular monoamine
transporter 2 (VMAT?2; Slc18a2). VMAT?2 is expressed in beta
cells (85, 86). Although the primary substrates of VMAT2 are
the monoamines dopamine, norepinephrine, serotonin, and
histamine, there is evidence in neurons to suggest VMAT2 can
function as a vesicular GABA transporter in the absence of
VGAT (87).

Tonic GABA secretion

Pertinent to our discussion, Rorsman and colleagues
consistently reported a high rate of basal (not associated with
vesicular fusion) GABA release that was unregulated by glucose
or pharmacological regulators of insulin secretion (76). This basal
GABA current constitutes 25% of the total internal beta cell GABA
content per hour (77). Detection of basal GABA release by tonic
activity of GABAAR expressed in GABA sniffer cells could be
blocked by SR-95531 and was not associated with vesicular fusion
(62, 76). This high level of non-vesicular GABA release was also
independently observed by Pipeleers (77). Due to this unregulated
GABA release, Rorsman and Pipeleers each independently
concluded that the beta cell must be equipped with a second
pathway for release of GABA from the cytosol that is non-
vesicular and does not follow changes in insulin release (62).
Thus, GABA and insulin must follow different routes of storage
and release. However, a mechanism for non-vesicular GABA
release from beta cells remained undescribed for another decade.

In 2019, Menegaz et al. published that the volume-regulated
anion channel (VRAC) is a mechanism for non-vesicular release of
GABA from the cytosol of beta cells (12). VRAC is an osmo-
sensitive anion (CI) channel that controls cell volume. VRAC
channels are hetero-hexamers complexes composed of six
subunits of LRRC8 family proteins LRRC8A, B, C, D or E (88,
89). The subunit LRRC8A (also known as Swelll) is obligatory for
functional VRAC channels while its heterohexamer partners
LRRC8B-E confer functional heterogeneity (88, 90-92). In
addition, one VRAC isoform (LRRC8A/D) has low CI°
conductance and is specialized for permeability to cytosolic
organic osmolytes such as GABA and taurine (88, 90-92). The
expression of LRRC8A, B, and D in primary beta cells has been
confirmed by rt-PCR and western blot (93-95). However, the
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hypothesis that GABA secretion is independent of glucose and
Ca”" does not take into account the known role of VRAC as a
glucose sensor, as glucose-inducible VRAC CI currents are
observed in beta cells (94, 95). This discrepancy is resolved by
other data showing that glucose may induce VRAC-dependent CI
currents but does not induce VRAC-dependent organic osmolyte
efflux from islets (12, 78). One explanation for this may be that the
signal required to activate the GABA permeant isoform of the
VRAC channel (LRRC8A/D) is different than for the other CI
permeable VRAC isoforms. While large changes in osmolarity are a
tool to study VRAC opening, this stimulus is unlikely to be
physiological. Thus, the endogenous trigger for VRAC-dependent
GABA release in beta cells remains to be discovered.

Evidence of pulsatile GABA secretion

To understand islet GABA secretion dynamics, Menegaz
et al. measured GABA release from islets in real time using
biosensor cells expressing a recombinant GABAgR coupled to
intracellular Ca®" mobilization and placed in proximity to an
islet in a laminar flow field. GABA release from islets was
observed to follow a pulsatile pattern with a period between 4
and 10 minutes (12), similar to pulsatile insulin secretion. The
pulsatile GABA release was shown to be unregulated by glucose
and was not inhibited by removal of extracellular calcium,
depolarization with KCl, or opening ATP-gated potassium
channels with diazoxide, consistent with a non-vesicular
mechanism of secretion. Inhibiting GABA biosynthesis with
allyglycine acutely decreased the amplitude of GABA pulses.
Likewise, inhibiting GABA catabolism with vigabatrin increased
the amount of GABA released per pulse. Thus, GABA efflux is
strongly coupled to the rate of GABA biosynthesis and secretion.
The Roper lab independently observed the coupling of GABA
secretion to islet metabolism and showed that GABA release is
not triggered by high glucose (79). Genetic models to knock out
or knock down LRRCS8A, the obligate subunit of VRAC
channels, eliminated pulsatile GABA secretion and established
VRAC as a conveyer of the GABA efflux pulses (12). Whether
the pulsatile pattern is produced by vesicular release, opening
and closing of VRAC channels; or whether GABA membrane
permeability remains relatively constant, and pulses mainly
reflect oscillations in the rate of GABA biosynthesis is
unknown. It is also not yet known whether GABA oscillations
are coordinated with insulin secretory pulses, oscillations in
cytosolic Ca?*, cellular metabolism, or some other rhythmic
pattern in the beta cells.

It is interesting to speculate on whether the pulsatile nature of
GABA release from beta cells meaningfully regulates pulsatile
insulin secretion. In support of this concept, manipulating GABA
secretion with allylglycine and vigabatrin produces opposing effects
on insulin secretion of over or under secretion, respectively, and
both manipulations destabilize the periodicity of insulin secretion
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(12). Thus, the pulsatile pattern of GABA secretion and its impact
on insulin secretion suggests that GABA is important for pacing
islet activities.

The effect of GABA on
insulin secretion

In the early 1980s, researchers attempted to understand the
islet GABA system through whole pancreas perfusion while
others performed oral and intravenous administration of
GABA or GABA receptor agonists and antagonists in humans
and animals. Kawai and Unger performed one of the earliest
experiments to show a definitive effect of GABA on islet
hormone secretion by dynamic perfusion of whole dog
pancreas (96). Their study showed that GABA (1-100 pM)
robustly inhibited insulin secretion stimulated by 5.5 mM
glucose. The inhibitory effect of GABA on insulin secretion
was repeated in rat islets by Gu et al. in 1993 (97). In addition,
the Baekkeskov group showed that overexpression of GAD65 in
mouse beta cell, which greatly increased islet GABA content,
robustly impaired first-phase insulin secretion and glucose
responsiveness (98). Collectively, these results demonstrated
that GABA is an autocrine inhibitory signal for insulin
secretion. This data contrasts with the electrophysiology of the
GABA4R, as explained below, where GABA can contribute to
either beta cell depolarization or hyperpolarization depending
on the experimental conditions. Classifying GABA as purely
inhibitory or excitatory is an oversimplification of a complex
underlying physiology.

The function of GABA, receptors in
islet physiology

Tonotropic GABA4Rs are ligand-gated Cl' channels that exert
control over membrane potential and are widely distributed in the
CNS. GABA4Rs consist of hetero-pentameric combinations of
different subunits expressed from 19 genes categorized into
different classes and subunit isoforms: o (1-6), B (1-4), v (1-3),
d, €, 0, mand p(1-3) (99). GABA 4Rs most frequently consist of two
o, two 3 and one ¥ subunit, with two GABA binding sites located at
the B2+/01- subunit interface. Although there are thousands of
theoretical GABA,R assemblies, only select combinations create
functional receptors in vivo (99). The different GABAAR subtypes
exhibit marked difference in their localization (synaptic or
extrasynaptic), Cl” conductivity, sensitivity to GABA, time until
desensitization, and pharmacological profile (99). Some GABA,R
isoforms respond rapidly to high concentrations of GABA at the
synapse and quickly deactivate/desensitize (phasic currents), while
others are specialized for generating constant responses to ambient
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GABA and desensitize slowly or incompletely (tonic currents)
(100). GABA,Rs are further subject to control through
desensitization, deactivation, trafficking, membrane insertion and
retrieval, and phosphorylation which dynamically adjust and/or
maintain GABA sensitivity (101).

GABAAR subunit expression in beta
cells relates to tonic and phasic
Cl” conductances

GABAAR subunit expression directs the receptor
localization and physiological properties. In neurons, the
GABA4R al, 02, and 2 subunits impart preferential synaptic
localization while the 04 and & subunits are mainly extrasynaptic
(100). Subunits ol and 02 have the lowest affinity for GABA and
desensitize quickly to efficiently respond to bursts of highly
concentrated GABA at the synapse without being activated by
background GABA. The 04, 0.5, and 06 subunits have a higher
affinity for GABA, responding to low concentrations of ambient
tonic GABA and desensitizing incompletely, enabling persistent,
steady currents (99, 100). These designations are not absolute as
all receptor subtypes are found extrasynaptically and synaptic
receptors also mediate tonic responses depending on localization
and cell type.

Functional GABA 4Rs have been identified in primary beta
cells at the mRNA, protein, and electrophysiological level (10,
76). In human beta cells, the 02, a5, B3, and 2 subunits are
expressed (10, 76) combining to form at least two functionally
distinct GABA,Rs with different affinities for GABA, opening
rates, and Cl” conductances (10). These receptors may represent
the low affinity 02372 and high affinity 058372 GABAAR
subtypes (10). GABA4R subunit expression and responses
shift affinity profile in human islets from donors with T2D
(10), perhaps in response to the lower levels of islet GABA
synthesis and secretion.

GABA AR subunits have also been detected in mouse islets,
with the o4, B3, ¥2, and § subunits being prominent (10, 102).
One report suggests the Y2 isoform, while possibly expressed in
the other mouse islet endocrine cells, is not expressed in the
mouse beta cells (10). These subunits suggest mouse beta cells
are attuned to tonic GABA (04P38). Expression of GABA,R
receptor subunits has also been studied in rat islets with many
different subunits detected that could comprise both tonic and
phasic receptor subtypes (11, 102).

The subunit expression data indicate that beta cell GABA,R
subtype, and thus physiological and pharmacological profile
(sensitivity to modulatory drugs), differ significantly by species
and disease state (10, 45). Experiments to systematically link
GABA R subunit expression to receptor behavior, particular to
comprehend tonic and phasic GABA conductances, have not yet
been undertaken in beta cells, although some clues are available.
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Measurements of rat and human beta cell native GABA,R
responses to interstitial GABA (no external GABA applied)
showed clear tonic conductances (11, 45), so it reasonably
clear that beta cells have tonic GABA responses. Information
on phasic GABA responses is more elusive as the best data
available are from human beta cells transduced to overexpress
the synaptic otlfl GABAAR which showed both phasic and
tonic responses (62, 76, 83). More exploration is needed to
definitively determine the functional realities of the native
GABALR subunit composition in islets and link the specific
subunits to tonic and phasic receptor behavior and overall
islet function.

GABAAR control over beta cell
membrane potential

In the CNS, GABAergic inhibition is heavily mediated by the
GABA 4R and applying exogenous GABA to isolated islets tends
to be inhibitory to insulin secretion at the macroscopic level.
Thus, blocking GABA,R was the natural first approach to
identify the mechanism of islet cell GABA signaling. Yet, when
Kawai and Unger applied the potent GABA,R antagonist
bicuculline, insulin secretion was inhibited rather than
enhanced (96). The inhibition of insulin secretion by blocking
GABA4R suggests a stimulatory effect of GABA,R channel
opening. Decades later, Braun et al. provided additional
evidence for the GABA stimulatory hypothesis by showing
that the GABA,R antagonist SR-95531 also inhibited insulin
secretion elicited by 6 mM glucose, concluding that GABA is an
autocrine excitatory signal to beta cells. That GABAAR
activation appears to be stimulatory contrasts with the finding
that applied GABA is inhibitory to glucose-stimulated insulin
secretion, an effect that has been repeatable across a wide range
of studies spanning 40 years.

A stimulatory action of GABA 4R in beta cells is the opposite
of what occurs in most neurons where GABA4R is classically
inhibitory. This is explained to be because beta cells, like
immature neurons, maintain a high intracellular CI°
concentration, [Cl'];, of 34 mM (103), while mature adult
neurons maintain a low [Cl]; at or below the Nernst
equilibrium of 10 mM (104). The CI electrochemical gradient
determines the equilibrium potential for CI” currents (Eqj-). At
membrane voltages below Eq-, Cl” flows out of the cell (inward
current) and at membrane voltages above E-, Cl” flows into the
cell (outward current) (105).

A seminal study on the function of GABA 4R was conducted
in human beta cells by Braun et al. using overexpression of
GABA AR a1 and B1 subunits as a biosensor. Braun et al. showed
that GABA application to resting beta cells in low glucose
induced transient inward currents, characteristic of GABAsR-
specific Cl” currents that are depolarizing (76). These currents
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were sensitive to the GABA R antagonist SR-95531 confirming
the involvement of functional GABA,Rs (76). Such inward
GABAergic currents contributed to depolarizing the beta cell
when membrane potential is below Ec- and even triggered
single action potentials (76). However, to stimulate Ca®* influx
and hormone secretion, opening of GABA,Rs in low glucose
would also need to overcome the strongly hyperpolarizing ATP-
sensitive potassium channels (Karp). Consistent with this
notion, antagonizing GABA R with SR-95531 reduced insulin
secretion in 6 mM glucose (just above the threshold for electrical
activity) but had no effect on insulin secretion at lower glucose
levels (76).

Application of GABA at 6 mM glucose depolarizes beta cells
from resting potential to approximately -55 mV (close to the
Eq-) and increases the frequency of action potentials at this
threshold glucose concentration (76). However, high
concentrations of GABA (e.g. >100 puM) will clamp the
membrane potential to the equilibrium chloride potential
(Eqi-) and prevent regenerative electrical activity (76). Thus,
GABA applied at typical experimental concentrations (which
may be supraphysiologic) induces a large Cl flux that clamps the
membrane potential below the threshold for the opening of P/Q
type Ca** channels (above -20 mV), the channels that are
responsible for insulin granule exocytosis (106-108), which
can explain the often observed reduction in insulin secretion
despite GABA being depolarizing at sub-activating glucose.
Furthermore, whenever membrane potential exceeds Eg-, the
direction of the GABA invoked CI” current changes direction to
hyperpolarize the beta cell (109). Braun et al. reported the E¢- in
human beta cells to be approximately -50 mV, which results in a
net inward (hyperpolarizing) driving force for CI” ions at 0 mV
(76). The direction of GABAergic currents on membrane
potential thus acutely depends on the beta cell activation state
and experimental conditions including buffer electrolyte
composition, glucose concentration, and the local
concentration of GABA (Figure 4).

The general hypothesis that GABA is electrically excitatory
in low glucose and inhibitory in high glucose was systematically
tested and confirmed in INS-1 beta cells by Dong et al. who also
measured that the reversal potential for GABAAR currents in
INS-1 beta cells to be -43 mV, at the sweet spot between resting
and activated membrane potentials (109). In accordance with
the Goldman-Hodgkin-Katz solution of the Nernst-Plank
equation, any significant ion conductance will push the
membrane potential towards the equilibrium potential of that
particular ion (110). Thus, GABA AR may act a bit like a voltage
clamp in the islet, increasing beta cell excitability at resting
conditions and moderating beta cell excitability in activating
conditions (Figure 4).

Experiments to measure the average open probability and
mean current of the native beta cell GABARs at different
membrane potentials showed beta cell GABA,Rs are
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outwardly rectifying (10, 11). This means that the beta cell
GABA R carries a low Cl” current at hyperpolarized potentials
but current increases as the membrane becomes more
depolarized. Outward rectifier channels are closed
(deactivated) at negative membrane potentials and
progressively activate with membrane depolarization. Outward
rectification of the GABA 4R could theoretically increase beta cell
sensitivity to GABA upon beta cell depolarization independently
of GABA secretion rate.

There are several additional important questions that arise
surrounding GABA 4R based on factors that are understood in
neurons but have been understudied in beta cells. These include:
1) Do beta cells exert control over GABA sensitivity by GABAsR
internalization and cell surface trafficking? (111); 2) What are
the physiological implications of different GABA 4R subtypes in
the islet? (112); 3) Like neurons, do beta cells exhibit a
developmental GABA switch due to changes in [Cl]; that
track with maturation? (113); 4) To what extend do beta cells
use “shunting inhibition” where tonic GABAergic chloride
conductance is initially excitatory but further increasing
conductance overpowers the excitation and results in
inhibition? (114); 5) What are the relative contributions of
phasic and tonic currents to GABA signaling in the islet?
(100); and 6) Do beta cells experience “off responses,” where
the sudden withdrawal of GABA generates a rebound excitation
response? (115, 116).
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The function of GABAg receptors in
islet physiology

The mechanism by which applied GABA inhibits insulin
secretion may also involve GABAgRs in beta cells (117-120).
GABAGRgRs are heterodimers formed from subunits GABBR1 and
GABBR2 (121) to form an inhibitory G protein-coupled
receptor (Gj/,-GPCR). The family of G;/,,-GPCRs in beta cells
includes the somatostatin receptors, which function by
stimulating the opening of hyperpolarizing G protein-activated
inward rectified potassium channels (GIRK), reducing the
activity of adenylyl cyclase, which results in lower cyclic AMP
(cAMP), and inhibiting voltage gated Ca®" channels (VGCC)
(122, 123). In this manner, GABAgR signaling is proposed to
activate similar inhibitory mechanisms as somatostatin receptor
signaling. Selective induction of G;-GPCRs in beta cells also
activates Na*/K* ATPases (NKAs) and initiates islet Ca®*
oscillations, further suggesting that GABA could be important
for tuning pulsatile insulin secretion (124). Studies investigating
the role of the GABAgR using agonists and antagonists
demonstrate that GABAgR activation reduces insulin secretion
(45, 118, 120). An inhibitory interaction between G;,, and N-, P/
Q-, and R-type channels is one of the classical pathways of
GABAgR VGCC channel regulation in neurons (125). However,
calcium flux within the islet does not acutely change upon
addition of baclofen, a selective GABAgR agonist (118), thus
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GABAgR may mainly act in beta cells via reducing cAMP and
opening GIRKs.

Some studies indicate that human beta cells do not form
functional GABAgR complexes under basal conditions. This is
because human beta cells only express detectable levels of one of
the GABAgR obligatory subunits, GABBRI, while the second
subunit, GABBR2, is below the detection threshold (10, 120).
Mouse and rat beta cells, on the other hand, express both
obligatory GABBR1 and GABBR2 subunits and have
functional GABAgRs that contribute to insulin secretion and
glucose homeostasis (118, 119, 126). Interestingly, GABBR2
expression in human islets is inducible by cAMP signaling.
Multiple strategies to raise levels of cAMP (e.g. forskolin,
exendin4, 8Br-cAMP) each robustly increased GABBR2
mRNA levels, resulting in formation of functional GABARR
units that exert negative control over insulin secretion (120). The
levels of cAMP in beta cells are influenced by incretins like
glucagon-like peptide-1 (GLP-1) (127). Thus, at least in human
islets, GABBR2 expression may be held in reserve unless a period
of prolonged and elevated cAMP necessitates GABAR
inhibitory control to bring beta cell cAMP and electrical
activity back to basal levels.

GABA as a mediator of the paracrine
cross-talk between pancreatic
islet cells

The pancreatic islet is a dense cellular cluster arranged as an
endocrine micro-organ formed by several cell types that control
glucose metabolism, intermediary metabolism, and food
ingestion. One of the most important processes that allows the
pancreatic islets to be the master regulator of glycemia is the
paracrine relation between their cells. In a nutrient abundance
period, beta cells secret the hypoglycemic hormone insulin that
inhibits the secretion of the hyperglycemic hormone glucagon by
the pancreatic alpha cells. On the other hand, to counterattack
the fasting state the alpha cells secrete glucagon, which
stimulates insulin secretion. The secretion of both insulin and
glucagon is inhibited by the delta cell-secreted somatostatin. In
consonance with the hormones, other islet-released molecules,
such as GABA, form an intricate paracrine network that controls
the hormone release within the islet and, consequently, controls
glucose homeostasis.

Effect of GABA on
glucagon secretion

The main alpha cell product is glucagon, a 29 amino acid
peptide hormone known as the major hypoglycemia-
counteracting agent. The glucagon hyperglycemic effect occurs
mainly in the liver, where, after binding to its G protein-coupled
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receptor (GCGR) (128), glucagon promotes hepatic glucose
output stimulating gluconeogenesis and glycogenolysis (129).
The key factor in glucagon secretion is blood glucose levels.
Unlike beta cells, low circulating glucose leads to an increase in
glucagon secretion. In a mechanism that involves T-type Ca**
channel opening followed by membrane depolarization and
Ca®" and Na" influx, the alpha cells secrete glucagon during a
glucose-privation period (130, 131). In addition to the glucose
stimulus, glucagon secretion is regulated by other circulating
molecules, including amino acids (132) and free fatty acids (133)
and by paracrine effectors, such as insulin (134) and GABA
(135). Multiple studies have shown that GABA negatively
regulates glucagon release (46, 102, 135), helping to refine the
pancreatic response to alteration in the blood glucose.

The GABA mediation over the islet cell network depends on
its binding to GABA receptors. While the ionotropic GABAsR
was detected in the rodent (23, 82) and human (45) alpha cell
membrane surface, GABAgR was detected only in rat alpha cells
(62). The GABAR is likely important in alpha cell responses
where the alteration in the membrane potentiation suppresses
the alpha cells’ electric activity by making the potential more
negative and more unlikely to generate an action potential, thus
suppressing glucagon release (135).

In glucose homeostasis, where insulin and glucagon
antagonize each other, the GABAergic system appears to act
as a counterbalance. During the postprandial period, a rise in the
blood glucose concentration is observed, which induces the beta
cell secretion of insulin and GABA. In this nutrient abundance
period, where there is no need to mobilize endogenous energy
stores, no glucagon is necessary. This information is conveyed to
alpha cells through insulin and GABA signaling. A complication
of this feedback mechanism is that macroscopic GABA release
from beta cells does not increase along with insulin in response
to glucose stimulation. This discrepancy is resolved by data
showing that insulin enhances GABA4R activity in alpha cells
via increased membrane translocation of the intracellular
receptor pool (46), thereby increasing responsiveness to
available GABA despite GABA release not being coregulated
with insulin. Thus, islet endocrine cells can be envisioned to tune
their sensitivity to ambient GABA as a means of controlling
excitation rather than the islet interstitial GABA levels changing
dramatically in response to glucose or other stimuli. That GABA
reinforces the inhibitory communication from beta to alpha cells
suggests the islet GABA system as a target to treat diabetes.
Dysregulation of alpha cell glucagon secretion in low glucose
contributes to diabetic hyperglycemia and is observed in T2D,
T1D and pre-T1D autoantibody positive individuals (136, 137).
Coincidentally, islets from donors with T2D and T1D are also
observed to be depleted of GABA (12). These results ask us to
consider whether the loss of islet GABA in diabetes is
responsible for poor control over glucagon secretion. Could
pharmacologically targeting GABA signaling improve glycemia
in diabetic patients?
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Effect of GABA on delta cells

Delta cells are the third most abundant cell type in the
pancreatic islets and, in a paracrine fashion, inhibit insulin and
glucagon secretion. There is evidence that beta cells modulate
somatostatin (SST) secretion through Urocortin3 signaling
(138). Moreover, delta cells also express GABA receptors,
indicating that beta cells could modulate delta cells through
GABA signaling (76). However, studies of GABA on delta cells
are still very scarce. There is very little data using sophisticated
modern techniques to convincingly demonstrate how GABA
modulation affects SST secretion.

Most studies developed with GABA and delta cells are
focused on GABA R signaling. There is not much information
on the importance of GABAgRs in delta cells. One study, Braun
et al, 2004 demonstrated that the incubation of isolated rat
pancreatic islets with CGP55845, a GABARR antagonist, did not
alter glucose-stimulated somatostatin secretion (118). On the
other hand, it is reported that delta cells express high levels of
GABAAR (76). Nevertheless, the known effects of GABA on
pancreatic delta cells are controversial. Results from Braun et al.
showed that the inhibition of GABA 4R using an antagonist (SR-
95531) reduces SST secretion in both low (3 mM) and high
glucose (20 mM). In addition, in the same study, they
demonstrated by patch-clamp experiments that incubation
with GABA strongly depolarizes delta cells membrane
potential, indicating that GABA secreted by beta cells could
stimulate SST secretion (76). Other studies performed using
static incubation showed that GABA did not change SST
secretion (83, 135, 139). However, SST secretion stimulated by
arginine was increased by addition of 100 uM of GABAAR
antagonist bicuculline (135).

Consistent with the results of Braun et al. that GABA is
stimulatory to delta cells, a study from the 1980s performed
with perfused dog’s pancreas showed that GABA transiently
increased SST secretion, and this stimulation was dose
dependent. GABA increased SST secretion rapidly but
desensitized within 1 min. When incubated with bicuculline
(a GABA 4R antagonist) in the presence of GABA, there was no
alteration in SST secretion. Yet, when bicuculline infusion was
discontinued, a quickly increased SST release was
observed (96).

Differently, Robbins et al. demonstrated that in the perfused
rat’s pancreas, incubation with muscimol, a GABA,R agonist,
reduced glucose-stimulated SST secretion. This inhibition of SST
secretion was not reversed when muscimol incubation was
removed (140). Furthermore, consistent with the notion that
GABA could inhibit SST secretion, a study demonstrated that a
patient that presented somatostatinoma of the pancreas and
high-level plasma SST received for 6 days sodium valproate, an
elevator of GABA synthesis and secretion, presented an
increased plasma level GABA leading a reduced plasma SST
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(141). Thus, further studies are needed to clarify the direction
and extent of GABA’s effects on delta cell SST secretion.

It has been shown that GABA localizes differently in delta
cells from beta cells. GABA in human delta cells is localized in
vesicles but is cytosolic in beta cells due to VGAT being
expressed in human delta cells but not in most beta cells (12).
Despite having observed the expression of GAD65 in the human
delta cells, there is still no evidence that delta cells synthesize
GABA, particularly because removal of beta cells by STZ or T1D
results in islets devoid of GABA (12). However, Gilon & Remacle
demonstrated that a subset of delta cells from a rat’s pancreas
selectively uptake radiolabeled GABA (43). In this sense, delta
cells in the islet may function in a manner analogous to
astrocytes that take up and clear excess GABA in the brain.
Studies should be directed to understand if delta cell sequestered
GABA is metabolized or re-secreted to modulate hormone
secretion in an auto- or paracrine fashion.

Open questions about the role of
GABA in islets

Several open questions and discovery opportunities exist
related to the role of GABA in the islet. First, the mechanism
that controls basal secretion of GABA from the islet needs further
clarification. Although GABA has been historically localized in
synaptic-like microvesicles and large dense core vesicles (55, 62,
76, 83), the amount of secretion of GABA from these vesicles
cannot account for the large background rate of release from beta
cells that is unregulated by glucose (12, 77, 142). Additionally,
studies have shown immunogold and immunohistochemical
labeling of some vesicular GABA (62, 76), but uniformly diffuse,
cytosolic GABA appears to be more dominant (12). It seems
likely, therefore, that a mechanism for cytosolic secretion of
GABA must be driving basal GABA secretion. VRAC was
identified as a mechanism of non-vesicular secretion from the
cytosol (12), but the physiological trigger that gates the isoform of
VRAC permeable to GABA, particularly one that could account
for pulsatile GABA release, is unknown. Real-time optical
indicators of local endogenous GABA such as iGABASnFR
(143) could be implemented to further elucidate endogenous
triggers and dynamics of islet GABA secretion.

Next, given the recent identification of GABA as a
regenerative factor for the islet, the role of GABA in pancreatic
development and morphology has not been investigated. While
mechanisms relating GABA signaling in alpha cell or ductal cell
transdifferentiation to beta cells have been debated (22, 28, 29,
144), it would be interesting to understand whether GABA is
important to beta cell maturation, islet development and
morphogenesis, and whether there is a developmental switch in
the direction of GABALR currents on beta cell membrane
potential like the one that exists in the CNS (113).
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decarboxylase (GAD), of which there are two isoforms, GAD65 and GAD67. GABA is transaminated with alpha ketoglutarate (aKG) via GABA
transaminase (GABA-T) to form glutamic acid (Glu) and succinate semialdehyde (SSA). SSA is in turn oxidized to form succinate, which enters
the TCA cycle, thus connecting the GABA pool to beta cell metabolism. GABA is secreted to the extracellular space via volume-regulated anion
channels (VRAC), which are a mechanism for non-vesicular secretion of osmolytes GABA and taurine from the cytosolic pool in response to
changes in osmolarity or other triggers. This non-vesicular form of GABA release does not appear to be regulated by glucose. GABA is also be
secreted from a sub-population of large dense core vesicles (LDCV) together with insulin. Vesicular packaging of GABA depends on the
presence of the vesicular GABA transporter (VGAT), which is expressed in only a subpopulation of beta cells. Alternatively, we speculate that
VMAT2 could serve as a vesicular GABA transporter in the absence of VGAT, although experimental evidence has not yet been generated to
support this concept. Once secreted, interstitial islet GABA ligates GABA4 receptors (GABAAR), which are Cl” channels. Chloride currents through
opened GABAARs modulate membrane potential (V,,) and thus control beta cell excitability. The direction that GABAAR pushes V,, depends on
whether the V,, is presently above or below the equilibrium chloride potential (Ec-). GABAAR activation can inhibit insulin secretion by clamping
Vpm, to the E¢ - or hyperpolarizing the membrane back toward Ec- when V,, is more electropositive in excited beta cells. GABAAR can contribute
to beta cell depolarization when glucose concentrations are low and V., is negative of Ec-. GABA also ligates GABAg receptors (GABAgR), which
are inhibitory G protein (Gi)-coupled receptors that stimulate the opening of G protein-coupled inwardly-rectifying potassium channels (GIRKs)
and inhibit adenylyl cyclase. Gi is also known to inhibit P/Q-type and N-type and Ca* channels but it is not yet confirmed whether this
mechanism occurs in beta cells. Overall, the pancreatic islet integrates metabolic, ionotropic, and metabotropic signals together with the
paracrine effects of GABA via responses invoked in alpha and delta cells, to result in a net effect of GABA on islet function.

The complete mechanism to describe action of GABA on
total islet endocrine cell function has not been adequately
described. Multiple results showing both excitatory action on
beta cell membrane potential (76, 145) and inhibitory effects on
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insulin secretion (12, 96) have been reported. However, the
majority of these studies have utilized applied GABA. A
confounding factor is that applied GABA or drugs that
manipulate GABA receptors occur on top of endogenous beta
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cell GABA secretion and concentrations used may be
supraphysiologic. Given the variability in methods used and
difficulty in performing and interpreting the experiments due to
the complex interactions between GABA,R, GABAgR, GABA
metabolism and indirect signals such as potential GABA
stimulation of SST secretion, the integrated effect of
endogenous beta cell GABA signaling on insulin secretion is
still not completely certain. Furthermore, the effect of GABA on
the delta cell has been understudied. We propose that the
majority of the evidence gathered thus far converges on
endogenous beta cell GABA inhibiting insulin secretion in
excited beta cells. Given the pulsatile nature of its efflux
pattern, GABA may also be important for regulating the
oscillatory rhythm of insulin secretion. Ultimately, a mouse
strain with conditional knockout of the GAD enzymes and
each type of GABA receptor in beta cells would be useful to
confirm the role and importance of GABA in islet physiology.

Finally, the importance of GABA in diabetes pathology has yet
to be clarified. Islet GABA levels are observed to be significantly
decreased in T1D and T2D (10, 12, 45), but the cause of this
decline in GABA is unknown. Because GABA appears to be a
negative immune regulator (13, 14, 33, 146), does a loss of islet
GABA make islets more susceptible to immune insult or
contribute to triggering of autoimmunity? Once diabetes
manifests clinically and most beta cells are lost or senescent,
does a lack of GABA signaling from beta cells contribute to alpha
and delta cell dysfunction? The role of this loss of GABA in the
pathophysiology of diabetes has not been determined. On top of
that, the biosynthetic enzyme GADG65 is one of the major
autoantigens for T1D. GAD65 is expressed in alpha and delta
cells yet the enzyme does not appear to function for GABA
biosynthesis in these cell types (12). If alpha and delta cells do
express GADG65, why are these cell types not targeted for
destruction in T1D? While these questions remain to be
addressed, it is clear that we must better understand how
GABA influences the islet dysfunction that accompanies the
major forms of diabetes.

In summary, this review comprises an effort to clarify a
central model of the endogenous GABA system within the islet
(Figure 5). Following the history of investigation of GABA in the

References

1. Okada Y, Taniguchi H, Shimada C, Kurosawa F. High concentration of y-
aminobutyric acid (GABA) in the langerhans’ islets of the pancreas. Procedings
Japan Academy (1975) 51(10):760-2. doi: 10.2183/pjab1945.51.760

2. Baekkeskov S, Aanstoot HJ, Christgau S, Reetz A, Solimena M, Cascalho M,
et al. Identification of the 64K autoantigen in insulin-dependent diabetes as the
GABA-synthesizing enzyme glutamic acid decarboxylase. Nature (1990) 347
(6289):151-6. doi: 10.1038/347151a0

3. Karlsson M, Zhang C, Méar L, Zhong W, Digre A, Katona B, et al. A single—
cell type transcriptomics map of human tissues. Sci Adv (2021) 7(31):eabh2169.
doi: 10.1126/sciadv.abh2169

Frontiers in Endocrinology

10.3389/fendo.2022.972115

islet has allowed us to identify future directions for the role of
GABA in the islet and suggest the development of new tools to
answer those questions.

Author contributions

DH, SF, GS, and EP all contributed to writing the review. All
authors commented and provided feedback on initial drafts. EP
edited and completed the final draft of the manuscript.

Funding

Funding for this research was provided by the NIH grant
#R01DK124267 and the Diabetes Research Connection, Project
Number 47.

Acknowledgments

Thanks to Patrik Rorsman for providing example traces of
tonic and phasic GABAR CI currents in human beta cells.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

4. Uhlén M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A,
et al. Tissue-based map of the human proteome. Science (2015) 347(6220):1260419.
doi: 10.1126/science.1260419

5. Consortium TTM. Single-cell transcriptomics of 20 mouse organs creates a
tabula muris. Nature (2018) 562(7727):367-72. doi: 10.1038/s41586-018-0590-4

6. Yoon B-E, Lee CJ. GABA as a rising gliotransmitter. Front Neural Circuits
(2014) 8. doi: 10.3389/fncir.2014.00141

7. Zhang B, Vogelzang A, Miyajima M, Sugiura Y, Wu Y, Chamoto K, et al. B
cell-derived GABA elicits IL-10+ macrophages to limit anti-tumour immunity.
Nature (2021) 599(7885):471-6. doi: 10.1038/s41586-021-04082-1

frontiersin.org


https://doi.org/10.2183/pjab1945.51.760
https://doi.org/10.1038/347151a0
https://doi.org/10.1126/sciadv.abh2169
https://doi.org/10.1126/science.1260419
https://doi.org/10.1038/s41586-018-0590-4
https://doi.org/10.3389/fncir.2014.00141
https://doi.org/10.1038/s41586-021-04082-1
https://doi.org/10.3389/fendo.2022.972115
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Hagan et al.

8. Okada Y, Taniguchi H, Schimada C. High concentration of GABA and high
glutamate decarboxylase activity in rat pancreatic islets and human insulinoma.
Science (1976) 194(4265):620-2. doi: 10.1126/science.185693

9. Michalik M, Nelson J, Erecinska M. GABA production in rat islets of
langerhans. Diabetes (1993) 42(10):1506-13. doi: 10.2337/diab.42.10.1506

10. Korol SV, Jin Z, Jin Y, Bhandage AK, Tengholm A, Gandasi NR, et al. Functional
characterization of native, high-affinity GABAA receptors in human pancreatic 3 cells.
EBioMedicine (2018) 30:273-82. doi: 10.1016/j.ebiom.2018.03.014

11. Attali B, Jin Y, Korol SV, Jin Z, Barg S, Birnir B. In intact islets interstitial
GABA activates GABAA receptors that generate tonic currents in a-cells. PloS One
(2013) 8(6). doi: 10.1371/journal.pone.0067228

12. Menegaz D, Hagan DW, Almaga ], Cianciaruso C, Rodriguez-Diaz R,
Molina J, et al. Mechanism and effects of pulsatile GABA secretion from
cytosolic pools in the human beta cell. Nat Metab (2019) 1(11):1110-26. doi:
10.1038/s42255-019-0135-7

13. Jin Z, Mendu SK, Birnir B. GABA is an effective immunomodulatory
molecule. Amino Acids (2013) 45(1):87-94. doi: 10.1007/s00726-011-1193-7

14. Barragan A, Weidner JM, Jin Z, Korpi ER, Birnir B. GABAergic signalling in
the immune system. Acta Physiol (2015) 213(4):819-27. doi: 10.1111/apha.12467

15. Tillakaratne NJK, Medina-Kauwe L, Gibson KM. Gamma-aminobutyric
acid (GABA) metabolism in mammalian neural and nonneural tissues. Comp
Biochem Physiol Part A: Physiol (1995) 112(2):247-63. doi: 10.1016/0300-9629(95)
00099-2

16. Strandwitz P, Kim KH, Terekhova D, Liu JK, Sharma A, Levering J, et al.
GABA-modulating bacteria of the human gut microbiota. Nat Microbiol (2018) 4
(3):396-403. doi: 10.1038/541564-018-0307-3

17. Boonstra E, de Kleijn R, Colzato LS, Alkemade A, Forstmann BU,
Nieuwenhuis S. Neurotransmitters as food supplements: the effects of GABA on
brain and behavior. Front Psychol (2015) 6. doi: 10.3389/fpsyg.2015.01520

18. Franklin IK, Wollheim CB. GABA in the endocrine pancreas. ] Gen Physiol
(2004) 123(3):185-90. doi: 10.1085/jgp.200409016

19. Hampe CS, Mitoma H, Manto M. GABA and glutamate: Their transmitter
role in the CNS and pancreatic islets. In: GABA and glutamate - new developments
in neurotransmission research (2018). IntechOpen, London, United Kingdom

20. Wang C, Kerckhofs K, Van de Casteele M, Smolders I, Pipeleers D, Ling Z.
Glucose inhibits GABA release by pancreatic beta-cells through an increase in
GABA shunt activity. Am ] Physiol Endocrinol Metab (2006) 290(3):E494-9. doi:
10.1152/ajpendo.00304.2005

21. Noguchi GM, Huising MO. Integrating the inputs that shape pancreatic islet
hormone release. Nat Metab (2019) 1(12):1189-201. doi: 10.1038/s42255-019-
0148-2

22. Ben-Othman N, Vieira A, Courtney M, Record F, Gjernes E, Avolio F, et al.
Long-term GABA administration induces alpha cell-mediated beta-like cell
neogenesis. Cell (2017) 168(1-2):73-85.e11. doi: 10.1016/j.cell.2016.11.002

23. Soltani N, Qiu H, Aleksic M, Glinka Y, Zhao F, Liu R, et al. GABA exerts
protective and regenerative effects on islet beta cells and reverses diabetes. Proc Natl
Acad Sci U S A (2011) 108(28):11692-7. doi: 10.1073/pnas.1102715108

24. He S, Zhang Y, Wang D, Tao K, Zhang S, Wei L, et al. Rapamycin/GABA
combination treatment ameliorates diabetes in NOD mice. Mol Immunol (2016)
73:130-7. doi: 10.1016/j.molimm.2016.01.008

25. Tian J, Dang H, Chen Z, Guan A, Jin Y, Atkinson MA, et al. y-aminobutyric
acid regulates both the survival and replication of human B-cells. Diabetes (2013)
62(11):3760-5. doi: 10.2337/db13-0931

26. Tian J, Lu Y, Zhang H, Chau CH, Dang HN, Kaufman DL. y-aminobutyric
acid inhibits T cell autoimmunity and the development of inflammatory responses
in a mouse type 1 diabetes model. ] Immunol (2004) 173(8):5298-304. doi: 10.4049/
jimmunol.173.8.5298

27. Sarnobat D, Charlotte Moffett R, Flatt PR, Irwin N, Tarasov AL. GABA and
insulin but not nicotinamide augment o~ to B-cell transdifferentiation in insulin-
deficient diabetic mice. Biochem Pharmacol (2022) 199:115019. doi: 10.1016/
jbcp.2022.115019

28. Ackermann AM, Moss NG, Kaestner KH. GABA and artesunate do not
induce pancreatic o-to-f cell transdifferentiation in vivo. Cell Metab (2018) 28
(5):787-92.€3. doi: 10.1016/j.cmet.2018.07.002

29. van der Meulen T, Lee S, Noordeloos E, Donaldson CJ, Adams MW,
Noguchi GM, et al. Artemether does not turn o cells into B cells. Cell Metab (2018)
27(1):218-25.e4. doi: 10.1016/j.cmet.2017.10.002

30. Shin J-S, Kim J-M, Min B-H, Chung H, Park C-G. Absence of spontaneous
regeneration of endogenous pancreatic B-cells after chemical-induced diabetes and
no effect of GABA on o.-to-f cell transdifferentiation in rhesus monkeys. Biochem
Biophys Res Commun (2019) 508(4):1056-61. doi: 10.1016/j.bbrc.2018.12.062

31. Ling KC, Hagan DW, Santini-Gonzalez J, Phelps EA. Effects of sustained
GABA releasing implants on pancreatic islets in mice. Drug Delivery Transl Res
(2021) 11(5):2198-208. doi: 10.1007/513346-020-00886-2

Frontiers in Endocrinology

15

10.3389/fendo.2022.972115

32. Bhandage AK, Olivera GC, Kanatani S, Thompson E, Loré K, Varas-Godoy M,
et al. A motogenic GABAergic system of mononuclear phagocytes facilitates
dissemination of coccidian parasites. eLife (2020) 9:¢60528. doi: 10.7554/eLife.60528

33. Bhandage AK, Jin Z, Korol SV, Shen Q, Pei Y, Deng Q, et al. GABA regulates
release of inflammatory cytokines from peripheral blood mononuclear cells and
CD4+ T cells and is immunosuppressive in type 1 diabetes. EBioMedicine (2018)
30:283-94. doi: 10.1016/j.ebiom.2018.03.019

34. Tian ], Lu Y, Zhang H, Chau CH, Dang HN, Kaufman DL. Gamma-
aminobutyric acid inhibits T cell autoimmunity and the development of
inflammatory responses in a mouse type 1 diabetes model. J Immunol (2004)
173(8):5298-304. doi: 10.4049/jimmunol.173.8.5298

35. Bhat R, Axtell R, Mitra A, Miranda M, Lock C, Tsien RW, et al. Inhibitory
role for GABA in autoimmune inflammation. Proc Natl Acad Sci U S A (2010) 107
(6):2580-5. doi: 10.1073/pnas.0915139107

36. Tallan HH, Moore S, Stein WH. STUDIES ON THE FREE AMINO ACIDS
AND RELATED COMPOUNDS IN THE TISSUES OF THE CAT. J Biol Chem
(1954) 211(2):927-39. doi: 10.1016/50021-9258(18)71180-0

37. Briel G, Gylfe E, Hellman B, Neuhoff V. Microdetermination of free amino
acids in pancreatic islets isolated from obese-hyperglycemic mice. Acta Physiol
Scand (1972) 84(2):247-53. doi: 10.1111/j.1748-1716.1972.tb05175.x

38. Gylfe E, Sehlin J. Interactions between the metabolism of l-leucine and d-
glucose in the pancreatic beta-cells. Horm Metab Res (1976) 8(1):7-11. doi:
10.1055/s-0028-1093684

39. Taniguchi H, Okada Y, Shimada C, Baba S. GABA in pancreatic islets. Arch
Histol Jpn (1977) 40 Suppl:87-97. doi: 10.1679/a0hc1950.40.Supplement_87

40. Taniguchi H, Okada Y, Seguchi H, Shimada C, Seki M, Tsutou A, et al. High
concentration of gamma-aminobutyric acid in pancreatic beta cells. Diabetes
(1979) 28(7):629-33. doi: 10.2337/diab.28.7.629

41. Okada Y, Hosoya Y, Taniguchi H. Uptake of3H-GABA (y-aminobutyric
acid) and3H-leucine in the pancreatic islets and substantia nigra of the rat.
Experientia (1980) 36(1):131-3. doi: 10.1007/BF02004018

42. Vincent SR, Brown JC. Autoradiographic studies of the y-aminobutyric acid
(GABA) system in the rat pancreas. Histochemistry (1988) 88(2):171-3. doi:
10.1007/BF00493300

43. Gilon P, Remacle C. High-affinity GABA uptake in a subpopulation of
somatostatin cells in rat pancreas. ] Histochem Cytochem (1989) 37(7):1133-9. doi:
10.1177/37.7.2567300

44. Zhou Y, Danbolt NC. GABA and glutamate transporters in brain. Front
Endocrinol (2013) 4. doi: 10.3389/fend0.2013.00165

45. Taneera ], Jin Z, Jin Y, Muhammed SJ, Zhang E, Lang S, et al. Gamma-
aminobutyric acid (GABA) signalling in human pancreatic islets is altered in type 2
diabetes. Diabetologia (2012) 55(7):1985-94. doi: 10.1007/s00125-012-2548-7

46. Xu E, Kumar M, Zhang Y, Ju W, Obata T, Zhang N, et al. Intra-islet insulin
suppresses glucagon release via GABA-GABAA receptor system. Cell Metab (2006)
3(1):47-58. doi: 10.1016/j.cmet.2005.11.015

47. Cho JH, Lee KM, Lee YI, Nam HG, Jeon WB. Glutamate decarboxylase 67
contributes to compensatory insulin secretion in aged pancreatic islets. Islets (2019)
11(2):33-43. doi: 10.1080/19382014.2019.1599708

48. Fenalti G, Law RHP, Buckle AM, Langendorf C, Tuck K, Rosado CJ, et al.
GABA production by glutamic acid decarboxylase is regulated by a dynamic
catalytic loop. Nat Struct Mol Biol (2007) 14(4):280-6. doi: 10.1038/nsmb1228

49. Bu DF, Erlander MG, Hitz BC, Tillakaratne NJ, Kaufman DL, Wagner-
McPherson CB, et al. Two human glutamate decarboxylases, 65-kDa GAD and 67-
kDa GAD, are each encoded by a single gene. Proc Natl Acad Sci U S A (1992) 89
(6):2115-9. doi: 10.1073/pnas.89.6.2115

50. Kim J, Richter W, Aanstoot HJ, Shi Y, Fu Q, Rajotte R, et al. Differential
expression of GAD65 and GAD67 in human, rat, and mouse pancreatic islets.
Diabetes (1993) 42(12):1799-808. doi: 10.2337/diab.42.12.1799

51. Kanaani J, Cianciaruso C, Phelps EA, Pasquier M, Brioudes E, Billestrup N,
et al. Compartmentalization of GABA synthesis by GAD67 differs between
pancreatic beta cells and neurons. PloS One (2015) 10(2):¢0117130. doi: 10.1371/
journal.pone.0117130

52. Kass I, Hoke DE, Costa MGS, Reboul CF, Porebski BT, Cowieson NP, et al.
Cofactor-dependent conformational heterogeneity of GAD65 and its role in
autoimmunity and neurotransmitter homeostasis. Proc Natl Acad Sci U § A
(2014) 111(25):E2524-9. doi: 10.1073/pnas.1403182111

53. Tan RPA, Kozlova I, Su F, Sah S, Keable R, Hagan DW, et al. Neuronal
growth regulator 1 (NEGR1) promotes synaptic targeting of glutamic acid
decarboxylase 65 (GADG65). bioRxiv (2022) 2022.02.08.479601. doi: 10.1101/
2022.02.08.479601

54. Phelps EA, Cianciaruso C, Michael IP, Pasquier M, Kanaani J, Nano R, et al.
Aberrant accumulation of the diabetes autoantigen GADG65 in golgi membranes in
conditions of ER stress and autoimmunity. Diabetes (2016) 65(9):2686-99. doi:
10.2337/db16-0180

frontiersin.org


https://doi.org/10.1126/science.185693
https://doi.org/10.2337/diab.42.10.1506
https://doi.org/10.1016/j.ebiom.2018.03.014
https://doi.org/10.1371/journal.pone.0067228
https://doi.org/10.1038/s42255-019-0135-7
https://doi.org/10.1007/s00726-011-1193-7
https://doi.org/10.1111/apha.12467
https://doi.org/10.1016/0300-9629(95)00099-2
https://doi.org/10.1016/0300-9629(95)00099-2
https://doi.org/10.1038/s41564-018-0307-3
https://doi.org/10.3389/fpsyg.2015.01520
https://doi.org/10.1085/jgp.200409016
https://doi.org/10.1152/ajpendo.00304.2005
https://doi.org/10.1038/s42255-019-0148-2
https://doi.org/10.1038/s42255-019-0148-2
https://doi.org/10.1016/j.cell.2016.11.002
https://doi.org/10.1073/pnas.1102715108
https://doi.org/10.1016/j.molimm.2016.01.008
https://doi.org/10.2337/db13-0931
https://doi.org/10.4049/jimmunol.173.8.5298
https://doi.org/10.4049/jimmunol.173.8.5298
https://doi.org/10.1016/j.bcp.2022.115019
https://doi.org/10.1016/j.bcp.2022.115019
https://doi.org/10.1016/j.cmet.2018.07.002
https://doi.org/10.1016/j.cmet.2017.10.002
https://doi.org/10.1016/j.bbrc.2018.12.062
https://doi.org/10.1007/s13346-020-00886-2
https://doi.org/10.7554/eLife.60528
https://doi.org/10.1016/j.ebiom.2018.03.019
https://doi.org/10.4049/jimmunol.173.8.5298
https://doi.org/10.1073/pnas.0915139107
https://doi.org/10.1016/S0021-9258(18)71180-0
https://doi.org/10.1111/j.1748-1716.1972.tb05175.x
https://doi.org/10.1055/s-0028-1093684
https://doi.org/10.1679/aohc1950.40.Supplement_87
https://doi.org/10.2337/diab.28.7.629
https://doi.org/10.1007/BF02004018
https://doi.org/10.1007/BF00493300
https://doi.org/10.1177/37.7.2567300
https://doi.org/10.3389/fendo.2013.00165
https://doi.org/10.1007/s00125-012-2548-7
https://doi.org/10.1016/j.cmet.2005.11.015
https://doi.org/10.1080/19382014.2019.1599708
https://doi.org/10.1038/nsmb1228
https://doi.org/10.1073/pnas.89.6.2115
https://doi.org/10.2337/diab.42.12.1799
https://doi.org/10.1371/journal.pone.0117130
https://doi.org/10.1371/journal.pone.0117130
https://doi.org/10.1073/pnas.1403182111
https://doi.org/10.1101/2022.02.08.479601
https://doi.org/10.1101/2022.02.08.479601
https://doi.org/10.2337/db16-0180
https://doi.org/10.3389/fendo.2022.972115
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Hagan et al.

55. Reetz A, Solimena M, Matteoli M, Folli F, Takei K, De Camilli P. GABA and
pancreatic beta-cells: colocalization of glutamic acid decarboxylase (GAD) and
GABA with synaptic-like microvesicles suggests their role in GABA storage and
secretion. EMBO ] (1991) 10(5):1275-84. doi: 10.1002/j.1460-2075.1991.tb08069.x

56. Kanaani ], Diacovo M]J, El-Husseini AE-D, Bredt DS, Baekkeskov S.
Palmitoylation controls trafficking of GAD65 from golgi membranes to axon-
specific endosomes and a Rab5a-dependent pathway to presynaptic clusters. J Cell
Sci (2004) 117(10):2001-13. doi: 10.1242/jcs.01030

57. Chaudhry FA, Reimer R], Bellocchio EE, Danbolt NC, Osen KK, Edwards
RH, et al. The vesicular GABA transporter, VGAT, localizes to synaptic vesicles in
sets of glycinergic as well as GABAergic neurons. ] Neurosci (1998) 18(23):9733-50.
doi: 10.1523/JNEUROSCI.18-23-09733.1998

58. Jenstad M, Chaudhry FA. The amino acid transporters of the Glutamate/
GABA-glutamine cycle and their impact on insulin and glucagon secretion. Front
Endocrinol (2013) 4. doi: 10.3389/fendo.2013.00199

59. Chessler SD, Simonson WT, Sweet IR, Hammerle LP. Expression of the
vesicular inhibitory amino acid transporter in pancreatic islet cells: distribution of
the transporter within rat islets. Diabetes (2002) 51(6):1763-71. doi: 10.2337/
diabetes.51.6.1763

60. Vincent SR, Hokfelt T, Wu JY, Elde RP, Morgan LM, Kimmel JR.
Immunohistochemical studies of the GABA system in the pancreas.
Neuroendocrinology (1983) 36(3):197-204. doi: 10.1159/000123456

61. Sakaue M, Saito N, Tanaka C. Immunohistochemical localization of
gamma-aminobutyric acid (GABA) in the rat pancreas. Histochemistry (1987) 86
(4):365-9. doi: 10.1007/BF00494994

62. Braun M, Wendt A, Karanauskaite ], Galvanovskis J, Clark A, MacDonald
PE, et al. Corelease and differential exit via the fusion pore of GABA, serotonin, and
ATP from LDCV in rat pancreatic beta cells. ] Gen Physiol (2007) 129(3):221-31.
doi: 10.1085/jgp.200609658

63. Jin H, Wu H, Osterhaus G, Wei J, Davis K, Sha D, et al. Demonstration of
functional coupling between y-aminobutyric acid (GABA) synthesis and vesicular
GABA transport into synaptic vesicles. Proc Natl Acad Sci (2003) 100(7):4293-8.
doi: 10.1073/pnas.0730698100

64. McCormick DA. GABA as an inhibitory neurotransmitter in human cerebral
cortex. ] Neurophysiol (1989) 62(5):1018-27. doi: 10.1152/jn.1989.62.5.1018

65. Hassel B, Johannessen CU, Sonnewald U, Fonnum F. Quantification of the
GABA shunt and the importance of the GABA shunt versus the 2-oxoglutarate
dehydrogenase pathway in GABAergic neurons. ] Neurochem (1998) 71(4):1511-8.
doi: 10.1046/j.1471-4159.1998.71041511.x

66. LaNoue KF, Carson V, Berkich DA, Hutson SM. 6.1 Mitochondrial/Cytosolic
interactions via metabolite shuttles and transporters. In: Handbook of neurochemistry
and molecular neurobiology (2007). p. 589-616. Springer, Boston, MA, USA

67. Hansford RG. Control of mitochondrial substrate oxidation. Curr Topics
Bioenerget (1980) 10:217-78. doi: 10.1016/B978-0-12-152510-1.50012-2

68. LiC, Liu C, Nissim I, Chen J, Chen P, Doliba N, et al. Regulation of glucagon
secretion in normal and diabetic human islets by y-hydroxybutyrate and glycine. J
Biol Chem (2013) 288(6):3938-51. doi: 10.1074/jbc.M112.385682

69. de Graaf RA, Patel AB, Rothman DL, Behar KL. Acute regulation of steady-
state GABA levels following GABA-transaminase inhibition in rat cerebral cortex.
Neurochem Int (2006) 48(6-7):508-14. doi: 10.1016/j.neuint.2005.12.024

70. Pizarro-Delgado J, Hernandez-Fisac I, Martin-Del-Rio R, Tamarit-
Rodriguez J. Branched-chain 2-oxoacid transamination increases GABA-shunt
metabolism and insulin secretion in isolated islets. Biochem J (2009) 419(2):359-68.
doi: 10.1042/BJ20081731

71. Ravasz D, Kacso G, Fodor V, Horvath K, Adam-Vizi V, Chinopoulos C.
Catabolism of GABA, succinic semialdehyde or gamma-hydroxybutyrate through
the GABA shunt impair mitochondrial substrate-level phosphorylation.
Neurochem Int (2017) 109:41-53. doi: 10.1016/j.neuint.2017.03.008

72. Winnock F, Ling Z, De Proft R, Dejonghe S, Schuit F, Gorus F, et al. Correlation
between GABA release from rat islet beta-cells and their metabolic state. Am ] Physiol
Endocrinol Metab (2002) 282(4):E937-42. doi: 10.1152/ajpendo.00071.2001

73. Pizarro-Delgado J, Braun M, Hernandez-Fisac I, Martin-Del-Rio R,
Tamarit-Rodriguez J. Glucose promotion of GABA metabolism contributes to
the stimulation of insulin secretion in B-cells. Biochem ] (2010) 431(3):381-90. doi:
10.1042/BJ20100714

74. Merrins MJ, Poudel C, McKenna JP, Ha ], Sherman A, Bertram R, et al.
Phase analysis of metabolic oscillations and membrane potential in pancreatic islet
B -cells. Biophys J (2016) 110(3):691-9. doi: 10.1016/j.bpj.2015.12.029

75. Marinelli I, Fletcher PA, Sherman AS, Satin LS, Bertram R. Symbiosis of
electrical and metabolic oscillations in pancreatic B-cells. Front Physiol (2021) 12.
doi: 10.3389/fphys.2021.781581

76. Braun M, Ramracheya R, Bengtsson M, Clark A, Walker JN, Johnson PR,
et al. Gamma-aminobutyric acid (GABA) is an autocrine excitatory transmitter in

Frontiers in Endocrinology

16

10.3389/fendo.2022.972115

human pancreatic beta-cells. Diabetes (2010) 59(7):1694-701. doi: 10.2337/db09-
0797

77. Smismans A, Schuit F, Pipeleers D. Nutrient regulation of gamma-
aminobutyric acid release from islet beta cells. Diabetologia (1997) 40(12):1411—
5. doi: 10.1007/s001250050843

78. Bustamante ], Lobo MVT, Alonso FJ, Mukala NTA, Giné E, Solis JM, et al.
An osmotic-sensitive taurine pool is localized in rat pancreatic islet cells containing
glucagon and somatostatin. Am ] Physiology-Endocrinol Metab (2001) 281(6):
E1275-E85. doi: 10.1152/ajpendo.2001.281.6.E1275

79. Wang X, Yi L, Roper MG. Microfluidic device for the measurement of
amino acid secretion dynamics from murine and human islets of langerhans. Anal
Chem (2016) 88(6):3369-75. doi: 10.1021/acs.analchem.6b00071

80. MacDonald PE, Braun M, Galvanovskis J, Rorsman P. Release of small
transmitters through kiss-and-run fusion pores in rat pancreatic beta cells. Cell
Metab (2006) 4(4):283-90. doi: 10.1016/j.cmet.2006.08.011

81. MacDonald PE, Obermuller S, Vikman J, Galvanovskis J, Rorsman P,
Eliasson L. Regulated exocytosis and kiss-and-run of synaptic-like microvesicles
in INS-1 and primary rat beta-cells. Diabetes (2005) 54(3):736-43. doi: 10.2337/
diabetes.54.3.736

82. Wendt A, Birnir B, Buschard K, Gromada J, Salehi A, Sewing S, et al.
Glucose inhibition of glucagon secretion from rat alpha-cells is mediated by GABA
released from neighboring beta-cells. Diabetes (2004) 53(4):1038-45. doi: 10.2337/
diabetes.53.4.1038

83. Braun M, Wendt A, Birnir B, Broman J, Eliasson L, Galvanovskis J, et al.
Regulated exocytosis of GABA-containing synaptic-like microvesicles in pancreatic
beta-cells. J Gen Physiol (2004) 123(3):191-204. doi: 10.1085/jgp.200308966

84. Kreutzberger AJB, Kiessling V, Doyle CA, Schenk N, Upchurch CM, Elmer-
Dixon M, et al. Distinct insulin granule subpopulations implicated in the secretory
pathology of diabetes types 1 and 2. eLife (2020) 9:¢62506. doi: 10.7554/eLife.62506

85. Sakano D, Uefune F, Tokuma H, Sonoda Y, Matsuura K, Takeda N, et al.
VMAT2 safeguards B-cells against dopamine cytotoxicity under high-fat diet-
induced stress. Diabetes (2020) 69(11):2377-91. doi: 10.2337/db20-0207

86. Anlauf M, Eissele R, Schafer MK, Eiden LE, Arnold R, Pauser U, et al.
Expression of the two isoforms of the vesicular monoamine transporter (VMAT1
and VMAT2) in the endocrine pancreas and pancreatic endocrine tumors. J
Histochem Cytochem (2003) 51(8):1027-40. doi: 10.1177/002215540305100806

87. Tritsch NX, Ding JB, Sabatini BL. Dopaminergic neurons inhibit striatal
output through non-canonical release of GABA. Nature (2012) 490(7419):262-6.
doi: 10.1038/naturel1466

88. Voss FK, Ullrich F, Miinch ], Lazarow K, Lutter D, Mah N, et al.
Identification of LRRC8 heteromers as an essential component of the volume-
regulated anion channel VRAC. Science (2014) 344(6184):634-8. doi: 10.1126/
science.1252826

89. Planells-Cases R, Lutter D, Guyader C, Gerhards NM, Ullrich F, Elger DA,
et al. Subunit composition of VRAC channels determines substrate specificity and
cellular resistance to pt-based anti-cancer drugs. EMBO ] (2015) 34(24):2993-3008.
doi: 10.15252/embj.201592409

90. Lutter D, Ullrich F, Lueck JC, Kempa S, Jentsch TJ. Selective transport of
neurotransmitters and -modulators by distinct volume-regulated LRRC8 anion
channels. ] Cell Sci (2017) 130(6):1122-33. doi: 10.1242/jcs.196253

91. Syeda R, Qiu Z, Dubin Adrienne E, Murthy Swetha E, Florendo Maria N,
Mason Daniel E, et al. LRRC8 proteins form volume-regulated anion channels that
sense ionic strength. Cell (2016) 164(3):499-511. doi: 10.1016/j.cell.2015.12.031

92. Qiu Z, Dubin Adrienne E, Mathur J, Tu B, Reddy K, Miraglia Loren J, et al.
SWELLL, a plasma membrane protein, is an essential component of volume-
regulated anion channel. Cell (2014) 157(2):447-58. doi: 10.1016/j.cell.2014.03.024

93. Kinard TA, Satin LS. An ATP-sensitive cl- channel current that is activated
by cell swelling, cAMP, and glyburide in insulin-secreting cells. Diabetes (1995) 44
(12):1461-6. doi: 10.2337/diab.44.12.1461

94. Kang C, Xie L, Gunasekar SK, Mishra A, Zhang Y, Pai S, et al. SWELL1 is a
glucose sensor regulating B-cell excitability and systemic glycaemia. Nat Commun
(2018) 9(1):367. doi: 10.1038/s41467-017-02664-0

95. Stuhlmann T, Planells-Cases R, Jentsch TJ. LRRC8/VRAC anion channels
enhance B-cell glucose sensing and insulin secretion. Nat Commun (2018) 9
(1):1974. doi: 10.1038/s41467-018-04353-y

96. Kawai K, Unger RH. Effects of gamma-aminobutyric acid on insulin,
glucagon, and somatostatin release from isolated perfused dog pancreas.
Endocrinology (1983) 113(1):111-3. doi: 10.1210/endo-113-1-111

97. Gu X-H, Kurose T, Kato S, Masuda K, Tsuda K, Ishida H, et al. Suppressive
effect of GABA on insulin secretion from the pancreatic beta-cells in the rat. Life Sci
(1993) 52(8):687-94. doi: 10.1016/0024-3205(93)90229-V

98. Shi Y, Kanaani J, Menard-Rose V, Ma YH, Chang P-Y, Hanahan D, et al.
Increased expression of GAD65 and GABA in pancreatic 3-cells impairs first-phase

frontiersin.org


https://doi.org/10.1002/j.1460-2075.1991.tb08069.x
https://doi.org/10.1242/jcs.01030
https://doi.org/10.1523/JNEUROSCI.18-23-09733.1998
https://doi.org/10.3389/fendo.2013.00199
https://doi.org/10.2337/diabetes.51.6.1763
https://doi.org/10.2337/diabetes.51.6.1763
https://doi.org/10.1159/000123456
https://doi.org/10.1007/BF00494994
https://doi.org/10.1085/jgp.200609658
https://doi.org/10.1073/pnas.0730698100
https://doi.org/10.1152/jn.1989.62.5.1018
https://doi.org/10.1046/j.1471-4159.1998.71041511.x
https://doi.org/10.1016/B978-0-12-152510-1.50012-2
https://doi.org/10.1074/jbc.M112.385682
https://doi.org/10.1016/j.neuint.2005.12.024
https://doi.org/10.1042/BJ20081731
https://doi.org/10.1016/j.neuint.2017.03.008
https://doi.org/10.1152/ajpendo.00071.2001
https://doi.org/10.1042/BJ20100714
https://doi.org/10.1016/j.bpj.2015.12.029
https://doi.org/10.3389/fphys.2021.781581
https://doi.org/10.2337/db09-0797
https://doi.org/10.2337/db09-0797
https://doi.org/10.1007/s001250050843
https://doi.org/10.1152/ajpendo.2001.281.6.E1275
https://doi.org/10.1021/acs.analchem.6b00071
https://doi.org/10.1016/j.cmet.2006.08.011
https://doi.org/10.2337/diabetes.54.3.736
https://doi.org/10.2337/diabetes.54.3.736
https://doi.org/10.2337/diabetes.53.4.1038
https://doi.org/10.2337/diabetes.53.4.1038
https://doi.org/10.1085/jgp.200308966
https://doi.org/10.7554/eLife.62506
https://doi.org/10.2337/db20-0207
https://doi.org/10.1177/002215540305100806
https://doi.org/10.1038/nature11466
https://doi.org/10.1126/science.1252826
https://doi.org/10.1126/science.1252826
https://doi.org/10.15252/embj.201592409
https://doi.org/10.1242/jcs.196253
https://doi.org/10.1016/j.cell.2015.12.031
https://doi.org/10.1016/j.cell.2014.03.024
https://doi.org/10.2337/diab.44.12.1461
https://doi.org/10.1038/s41467-017-02664-0
https://doi.org/10.1038/s41467-018-04353-y
https://doi.org/10.1210/endo-113-1-111
https://doi.org/10.1016/0024-3205(93)90229-V
https://doi.org/10.3389/fendo.2022.972115
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Hagan et al.

insulin secretion. Am ] Physiology-Endocrinol Metab (2000) 279(3):E684-E94. doi:
10.1152/ajpendo.2000.279.3.E684

99. Sallard E, Letourneur D, Legendre P. Electrophysiology of ionotropic
GABA receptors. Cell Mol Life Sci (2021) 78(13):5341-70. doi: 10.1007/s00018-
021-03846-2

100. Farrant M, Nusser Z. Variations on an inhibitory theme: phasic and tonic
activation of GABA(A) receptors. Nat Rev Neurosci (2005) 6(3):215-29. doi:
10.1038/nrn1625

101. Luscher B, Fuchs T, Kilpatrick Casey L. GABAA receptor trafficking-
mediated plasticity of inhibitory synapses. Neuron (2011) 70(3):385-409. doi:
10.1016/j.neuron.2011.03.024

102. Bailey SJ, Ravier MA, Rutter GA. Glucose-dependent regulation of y-
aminobutyric acid (GABAA) receptor expression in mouse pancreatic islet o.-cells.
Diabetes (2007) 56(2):320-7. doi: 10.2337/db06-0712

103. Eberhardson M, Patterson S, Grapengiesser E. Microfluorometric analysis
of cl- permeability and its relation to oscillatory Ca2+ signalling in glucose-
stimulated pancreatic B-cells. Cell Signalling (2000) 12(11-12):781-6. doi: 10.1016/
S0898-6568(00)00122-4

104. Ganguly K, Schinder AF, Wong ST, Poo M-m. GABA itself promotes the
developmental switch of neuronal GABAergic responses from excitation to
inhibition. Cell (2001) 105(4):521-32. doi: 10.1016/S0092-8674(01)00341-5

105. Di Fulvio M, Aguilar-Bryan L. Chloride transporters and channels in -cell
physiology: revisiting a 40-year-old model. Biochem Soc Trans (2019) 47(6):1843—
55. doi: 10.1042/BST20190513

106. Braun M, Ramracheya R, Bengtsson M, Zhang Q, Karanauskaite J,
Partridge C, et al. Voltage-gated ion channels in human pancreatic beta-cells:
electrophysiological characterization and role in insulin secretion. Diabetes (2008)
57(6):1618-28. doi: 10.2337/db07-0991

107. Rorsman P, Ashcroft FM. Pancreatic beta-cell electrical activity and insulin
secretion: Of mice and men. Physiol Rev (2018) 98(1):117-214. doi: 10.1152/
physrev.00008.2017

108. Yang S-N, Berggren P-O. The role of voltage-gated calcium channels in
pancreatic B-cell physiology and pathophysiology. Endocrine Rev (2006) 27
(6):621-76. doi: 10.1210/er.2005-0888

109. Dong H, Kumar M, Zhang Y, Gyulkhandanyan A, Xiang YY, Ye B, et al.
Gamma-aminobutyric acid up- and downregulates insulin secretion from beta cells
in concert with changes in glucose concentration. Diabetologia (2006) 49(4):697—
705. doi: 10.1007/s00125-005-0123-1

110. Hille B. Ion channels of excitable membranes. 3rd ed Vol. xviii. .
Sunderland, Mass: Sinauer (2001). p. 814.

111. Mele M, Costa RO, Duarte CB. Alterations in GABAA-receptor trafficking
and synaptic dysfunction in brain disorders. Front Cell Neurosci (2019) 13. doi:
10.3389/fncel.2019.00077

112. Olsen RW, Sieghart W. GABAA receptors: Subtypes provide diversity of
function and pharmacology. Neuropharmacology (2009) 56(1):141-8. doi: 10.1016/
j.neuropharm.2008.07.045

113. Ben-Ari Y. The GABA excitatory/inhibitory developmental sequence: A personal
journey. Neuroscience (2014) 279:187-219. doi: 10.1016/j.neuroscience.2014.08.001

114. Song I, Savtchenko L, Semyanov A. Tonic excitation or inhibition is set by
GABAA conductance in hippocampal interneurons. Nat Commun (2011) 2(1):376.
doi: 10.1038/ncomms1377

115. Liu J, Yang X-L. OFF response of bullfrog cones is shaped by terminal
ionotropic GABA receptors. Brain Res Bull (2006) 71(1-3):219-23. doi: 10.1016/
j.brainresbull.2006.09.006

116. Ackert JM, Farajian R, Volgyi B, Bloomfield SA. GABA blockade unmasks
an OFF response in ON direction selective ganglion cells in the mammalian retina.
J Physiol (2009) 587(18):4481-95. doi: 10.1113/jphysiol.2009.173344

117. Brice NL, Varadi A, Ashcroft SJH, Molnar E. Metabotropic glutamate and
GABA(B) receptors contribute to the modulation of glucose-stimulated insulin
secretion in pancreatic beta cells. Diabetologia (2002) 45(2):242-52. doi: 10.1007/
s00125-001-0750-0

118. Braun M, Wendt A, Buschard K, Salehi A, Sewing S, Gromada J, et al.
GABAB receptor activation inhibits exocytosis in rat pancreatic beta-cells by G-
protein-dependent activation of calcineurin. J Physiol (2004) 559(Pt 2):397-409.
doi: 10.1113/jphysiol.2004.066563

119. Bonaventura MM, Crivello M, Ferreira ML, Repetto M, Cymeryng C,
Libertun C, et al. Effects of GABAB receptor agonists and antagonists on glycemia
regulation in mice. Eur J Pharmacol (2012) 677(1-3):188-96. doi: 10.1016/
j.ejphar.2011.12.013

120. Rachdi L, Maugein A, Pechberty S, Armanet M, Hamroune J, Ravassard P,
et al. Regulated expression and function of the GABAB receptor in human
pancreatic beta cell line and islets. Sci Rep (2020) 10(1):13469. doi: 10.1038/
541598-020-69758-6

Frontiers in Endocrinology

10.3389/fendo.2022.972115

121. Xu C, Zhang W, Rondard P, Pin J-P, Liu J. Complex GABAB receptor
complexes: how to generate multiple functionally distinct units from a single
receptor. Front Pharmacol (2014) 5. doi: 10.3389/fphar.2014.00012

122. Gassmann M, Bettler B. Regulation of neuronal GABA(B) receptor
functions by subunit composition. Nat Rev Neurosci (2012) 13(6):380-94.
doi: 10.1038/nrn3249

123. Rorsman P, Huising MO. The somatostatin-secreting pancreatic 3-cell in
health and disease. Nat Rev Endocrinol (2018) 14(7):404-14. doi: 10.1038/s41574-
018-0020-6

124. Dickerson MT, Dadi PK, Zaborska KE, Nakhe AY, Schaub CM, Dobson
JR, et al. Gi/o protein—coupled receptor inhibition of beta-cell electrical excitability
and insulin secretion depends on Na+/K+ ATPase activation. bioRxiv (2022). ,
479802. doi: 10.1101/2022.02.10.479802

125. Dolphin AC. G Protein modulation of voltage-gated calcium channels.
Pharmacol Rev (2003) 55(4):607-27. doi: 10.1124/pr.55.4.3

126. Bonaventura MM, Catalano PN, Chamson-Reig A, Arany E, Hill D, Bettler
B, et al. GABAB receptors and glucose homeostasis: evaluation in GABAB receptor
knockout mice. Am J Physiology-Endocrinol Metab (2008) 294(1):E157-E67. doi:
10.1152/ajpendo.00615.2006

127. Tengholm A. Cyclic AMP dynamics in the pancreatic B-cell. Upsala ] Med
Sci (2012) 117(4):355-69. doi: 10.3109/03009734.2012.724732

128. de Graaf C, Song G, Cao C, Zhao Q, Wang M-W, Wu B, et al. Extending
the structural view of class b GPCRs. Trends Biochem Sci (2017) 42(12):946-60. doi:
10.1016/j.tibs.2017.10.003

129. Jiang G, Zhang BB. Glucagon and regulation of glucose metabolism. Am ]
Physiology-Endocrinol Metab (2003) 284(4):E671-E8. doi: 10.1152/
ajpendo.00492.2002

130. Réder PV, Wu B, Liu Y, Han W. Pancreatic regulation of glucose
homeostasis. Exp Mol Med (2016) 48(3):e219-e. doi: 10.1038/emm.2016.6

131. Gromada J, Ma X, Hoy M, Bokvist K, Salehi A, Berggren P-O, et al. ATP-
sensitive k+ channel-dependent regulation of glucagon release and electrical
activity by glucose in wild-type and SUR1-/- mouse a-cells. Diabetes (2004) 53
(suppl_3):S181-S9. doi: 10.2337/diabetes.53.suppl_3.s181

132. Rocha DM, Faloona GR, Unger RH. Glucagon-stimulating activity of 20
amino acids in dogs. J Clin Invest (1972) 51(9):2346-51. doi: 10.1172/JCI107046

133. Hong J, Abudula R, Chen J, Jeppesen PB, Dyrskog SEU, Xiao J, et al. The
short-term effect of fatty acids on glucagon secretion is influenced by their chain
length, spatial configuration, and degree of unsaturation: studies in vitro.
Metabolism (2005) 54(10):1329-36. doi: 10.1016/j.metabol.2005.04.022

134. Franklin I, Gromada J, Gjinovci A, Theander S, Wollheim CB. B-cell
secretory products activate o-cell ATP-dependent potassium channels to inhibit
glucagon release. Diabetes (2005) 54(6):1808-15. doi: 10.2337/diabetes.54.6.1808

135. Rorsman P, Berggren P-O, Bokvist K, Ericson H, Mohler H, Ostenson C-
G, et al. Glucose-inhibition of glucagon secretion involves activation of GABAA-
receptor chloride channels. Nature (1989) 341(6239):233-6. doi: 10.1038/
341233a0

136. Doliba NM, Rozo AV, Roman J, Qin W, Traum D, Gao L, et al. o cell
dysfunction in islets from nondiabetic, glutamic acid decarboxylase autoantibody—
positive individuals. J Clin Invest (2022) 132(11):e156243. doi: 10.1172/JCI156243

137. Brissova M, Haliyur R, Saunders D, Shrestha S, Dai C, Blodgett DM, et al. o
cell function and gene expression are compromised in type 1 diabetes. Cell Rep
(2018) 22(10):2667-76. doi: 10.1016/j.celrep.2018.02.032

138. van der Meulen T, Donaldson CJ, Caceres E, Hunter AE, Cowing-
Zitron C, Pound LD, et al. Urocortin3 mediates somatostatin-dependent
negative feedback control of insulin secretion. Nat Med (2015) 21(7):769-
76. doi: 10.1038/nm.3872

139. Gilon P, Bertrand G, Loubatiéres-Mariani MM, Remacle C, Henquin JC.
The influence of gamma-aminobutyric acid on hormone release by the mouse and
rat endocrine pancreas. Endocrinology (1991) 129(5):2521-9. doi: 10.1210/endo-
129-5-2521

140. Robbins MS, Grouse LH, Sorenson RL, Elde RP. Effect of muscimol on
glucose-stimulated somatostatin and insulin release from the isolated, perfused rat
pancreas. Diabetes (1981) 30(2):168-71. doi: 10.2337/diab.30.2.168

141. Kusunoki M, Yamamura T, Ichii S, Fujita S, Nakai T, Utsunomiya J. The
effects of sodium valproate on plasma somatostatin and insulin in humans. J Clin
Endocrinol Metab (1988) 67(5):1060-3. doi: 10.1210/jcem-67-5-1060

142. Wang C, Mao R, Van de Casteele M, Pipeleers D, Ling Z. Glucagon-like
peptide-1 stimulates GABA formation by pancreatic beta-cells at the level of
glutamate decarboxylase. Am J Physiol Endocrinol Metab (2007) 292(4):E1201-6.
doi: 10.1152/ajpendo.00459.2006

143. Marvin JS, Shimoda Y, Magloire V, Leite M, Kawashima T, Jensen TP, et al.
A genetically encoded fluorescent sensor for in vivo imaging of GABA. Nat
Methods (2019) 16(8):763-70. doi: 10.1038/s41592-019-0471-2

frontiersin.org


https://doi.org/10.1152/ajpendo.2000.279.3.E684
https://doi.org/10.1007/s00018-021-03846-2
https://doi.org/10.1007/s00018-021-03846-2
https://doi.org/10.1038/nrn1625
https://doi.org/10.1016/j.neuron.2011.03.024
https://doi.org/10.2337/db06-0712
https://doi.org/10.1016/S0898-6568(00)00122-4
https://doi.org/10.1016/S0898-6568(00)00122-4
https://doi.org/10.1016/S0092-8674(01)00341-5
https://doi.org/10.1042/BST20190513
https://doi.org/10.2337/db07-0991
https://doi.org/10.1152/physrev.00008.2017
https://doi.org/10.1152/physrev.00008.2017
https://doi.org/10.1210/er.2005-0888
https://doi.org/10.1007/s00125-005-0123-1
https://doi.org/10.3389/fncel.2019.00077
https://doi.org/10.1016/j.neuropharm.2008.07.045
https://doi.org/10.1016/j.neuropharm.2008.07.045
https://doi.org/10.1016/j.neuroscience.2014.08.001
https://doi.org/10.1038/ncomms1377
https://doi.org/10.1016/j.brainresbull.2006.09.006
https://doi.org/10.1016/j.brainresbull.2006.09.006
https://doi.org/10.1113/jphysiol.2009.173344
https://doi.org/10.1007/s00125-001-0750-0
https://doi.org/10.1007/s00125-001-0750-0
https://doi.org/10.1113/jphysiol.2004.066563
https://doi.org/10.1016/j.ejphar.2011.12.013
https://doi.org/10.1016/j.ejphar.2011.12.013
https://doi.org/10.1038/s41598-020-69758-6
https://doi.org/10.1038/s41598-020-69758-6
https://doi.org/10.3389/fphar.2014.00012
https://doi.org/10.1038/nrn3249
https://doi.org/10.1038/s41574-018-0020-6
https://doi.org/10.1038/s41574-018-0020-6
https://doi.org/10.1101/2022.02.10.479802
https://doi.org/10.1124/pr.55.4.3
https://doi.org/10.1152/ajpendo.00615.2006
https://doi.org/10.3109/03009734.2012.724732
https://doi.org/10.1016/j.tibs.2017.10.003
https://doi.org/10.1152/ajpendo.00492.2002
https://doi.org/10.1152/ajpendo.00492.2002
https://doi.org/10.1038/emm.2016.6
https://doi.org/10.2337/diabetes.53.suppl_3.s181
https://doi.org/10.1172/JCI107046
https://doi.org/10.1016/j.metabol.2005.04.022
https://doi.org/10.2337/diabetes.54.6.1808
https://doi.org/10.1038/341233a0
https://doi.org/10.1038/341233a0
https://doi.org/10.1172/JCI156243
https://doi.org/10.1016/j.celrep.2018.02.032
https://doi.org/10.1038/nm.3872
https://doi.org/10.1210/endo-129-5-2521
https://doi.org/10.1210/endo-129-5-2521
https://doi.org/10.2337/diab.30.2.168
https://doi.org/10.1210/jcem-67-5-1060
https://doi.org/10.1152/ajpendo.00459.2006
https://doi.org/10.1038/s41592-019-0471-2
https://doi.org/10.3389/fendo.2022.972115
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Hagan et al.

144. Li J, Casteels T, Frogne T, Ingvorsen C, Honore C, Courtney M, et al.
Artemisinins target GABAA receptor signaling and impair alpha cell identity. Cell
(2017) 168(1-2):86-100 el5. doi: 10.1016/j.cell.2016.11.010

145. Faraji F, Ghasemi A, Motamedi F, Zahediasl S. Time-dependent effect
of GABA on glucose-stimulated insulin secretion from isolated islets in rat.

Frontiers in Endocrinology

18

10.3389/fendo.2022.972115

Scand J Clin Lab Invest (2011) 71(6):462-6. doi: 10.3109/00365513.2011.
586131

146. Bjurstom H, Wang J, Ericsson I, Bengtsson M, Liu Y, Kumar-Mendu S,
et al. GABA, a natural immunomodulator of T lymphocytes. ] Neuroimmunol
(2008) 205(1-2):44-50. doi: 10.1016/j.jneuroim.2008.08.017

frontiersin.org


https://doi.org/10.1016/j.cell.2016.11.010
https://doi.org/10.3109/00365513.2011.586131
https://doi.org/10.3109/00365513.2011.586131
https://doi.org/10.1016/j.jneuroim.2008.08.017
https://doi.org/10.3389/fendo.2022.972115
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	The role of GABA in islet function
	Introduction
	Identification of GABA in the pancreas
	GABA subcellular localization and biosynthesis
	GABA synthesis by GAD
	GAD protein trafficking in beta cells
	GAD subcellular localization suggests a nonvesicular GABA release mechanism in beta cells

	GABA in beta cell metabolism
	GABA secretion from beta cells
	Vesicular GABA secretion
	Tonic GABA secretion
	Evidence of pulsatile GABA secretion

	The effect of GABA on insulin secretion
	The function of GABAA receptors in islet physiology
	GABAAR subunit expression in beta cells relates to tonic and phasic Cl- conductances
	GABAAR control over beta cell membrane potential

	The function of GABAB receptors in islet physiology
	GABA as a mediator of the paracrine cross-talk between pancreatic islet&#146;cells
	Effect of GABA on glucagon secretion
	Effect of GABA on delta cells
	Open questions about the role of GABA in islets
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


