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Abstract
Glucagon-like peptide-1 (GLP-1) is a metabolic hormone that is secreted in a glucose-

dependent manner and enhances insulin secretion. GLP-1 receptors are also found in the

brain where their signalling affects neuronal activity. We have previously shown that the

GLP-1 receptor agonists, GLP-1 and exendin-4 enhanced GABA-activated synaptic and

tonic currents in rat hippocampal CA3 pyramidal neurons. The hippocampus is the centre

for memory and learning and is important for cognition. Here we examined if exendin-4 simi-

larly enhanced the GABA-activated currents in the presence of the benzodiazepine diaze-

pam. In whole-cell recordings in rat brain slices, diazepam (1 μM), an allosteric positive

modulator of GABAA receptors, alone enhanced the spontaneous inhibitory postsynaptic

current (sIPSC) amplitude and frequency by a factor of 1.3 and 1.6, respectively, and dou-

bled the tonic GABAA current normally recorded in the CA3 pyramidal cells. Importantly, in

the presence of exendin-4 (10 nM) plus diazepam (1 μM), only the tonic but not the sIPSC

currents transiently increased as compared to currents recorded in the presence of diaze-

pam alone. The results suggest that exendin-4 potentiates a subpopulation of extrasynaptic

GABAA receptors in the CA3 pyramidal neurons.

Introduction
Over a number of years evidence has accumulated suggesting that diabetes mellitus increases
the risk of impairment of cognitive functions [1–5]. A number of mechanisms may be involved
including decreased signaling by metabolic hormones. It is well established that the brain ex-
presses receptors for many metabolic hormones, including receptors for insulin and the incre-
tins, e.g. glucagon-like peptide-1 (GLP-1) [6]. It is, therefore, somewhat surprising that apart
from the hypothalamus [7], we know relatively little about the effects of metabolic hormones
on neurons and function of neuronal circuits and, thereby, brain function. In the brain, the
hippocampus is a part of the medial temporal lobe and is the center for memory formation
and learning [6, 8]. Receptors for metabolic hormones are prominently expressed in the
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hippocampus, including the GLP-1 receptor [6, 9]. It can be activated not only by the endoge-
nous GLP-1, but also by compounds that mimic its action such as exendin-4 that is also known
as the type 2 diabetes medicine exenatide. We have shown previously that activation of the
GLP-1 receptor system alters GABA signaling in hippocampal CA3 pyramidal neurons [10].

Diazepam (Valium) is a benzodiazepine that is used to treat a broad spectrum of conditions
including insomnia, anxiety and seizures [11]. It is a positive allosteric modulator of the
GABAA receptors and binds to the receptor at the interface between α and γ2/3 subunits in the
pentameric receptor [12]. It potentiates GABAA receptor activity at the single channel level by
increasing the open probability and the single-channel conductance resulting in an apparent
increase in the GABAA receptor affinity for GABA [13–16]. GABAA receptors are located at
synapses in the postsynaptic neurons but also outside of synapses where they are called extrasy-
naptic or nonsynaptic GABAA receptors. The synaptic receptors generate the phasic inhibitory
postsynaptic currents (IPSCs) whereas the extrasynaptic receptors generate the long lasting
tonic currents. Both types of the GABA-activated currents generally reduce neuronal excitabil-
ity in mammalian brains [17, 18].

In the present study we examined in rat hippocampal CA3 pyramidal neurons the effects of
diazepam applied alone or together with exendin-4 on the GABAA receptor-mediated synaptic
and tonic currents. In the neurons, diazepam enhanced the sIPSCs and doubled the tonic cur-
rents revealing a significant contribution of GABAA receptors containing the γ2/3 subunit not
only to synaptic but, importantly, also to tonic currents generated in the cells. Only for the
tonic current were the effects of the drugs additive suggesting that exendin-4 potentiates a spe-
cific subpopulation of extrasynaptic GABAA receptors expressed in the neurons. The results
are consistent with independent modes of modulation by diazepam and exendin-4 of the
GABA-activated currents in rat hippocampal CA3 pyramidal neurons.

Materials and Methods

Ethics statement
All procedures were approved by Uppsala Animal Ethical Committee, permit number C129/14.

Brain slice preparation procedure
Wistar rats aged 16–22 days were used for hippocampal slice preparation. Animals were
handled and sacrificed accordingly to the local ethical guidelines and approved animal care
protocols by the Uppsala Animal Ethical Committee, Uppsala, Sweden (permit: C129/14). Hip-
pocampal slices were prepared as previously described [19]. Briefly, the animal was decapitat-
ed, the brain rapidly removed and immersed into an ice-cold artificial cerebrospinal fluid
(ACSF) containing (in mM): 124 NaCl, 3 KCl, 2.5 CaCl2, 1.3 MgSO4, 26 NaHCO3, 2.5
Na2HPO4 and 10 glucose with pH 7.3–7.4 when bubbled with 95% O2 and 5% CO2. Sagittal
hippocampal slices 400 μm thick were prepared with a vibratome (Leica VT1200S) in ice-cold
ACSF gassed with 95% O2 and 5% CO2. Slices were incubated in ACSF at 37°C for 1 h and
stored at room temperature (20–22°C).

Recording and analysis of electrophysiological data
All patch-clamp recordings were done at room temperature (20–22°C). Most of the chemicals
were purchased from Sigma-Aldrich (Germany) or Anaspec (exendin-4; USA). Bicuculline
methiodide from Santa Cruz Biotechnology (USA) or Sigma-Aldrich (Germany) was used. The
pipette solution contained (mM): 140 CsCl, 1 CaCl2, 3 EGTA, 0.5 KCl, 1 MgCl2, 2 ATP-Mg, 0.3
GTP-Na, 5 QX-314 bromide, 10 TES; pH 7.25 with CsOH. The recording pipettes were made
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from borosilicate glass capillaries (Harvard Apparatus; UK) with DMZ-Universal Puller (Zeitz
Instruments; Germany) and had resistance of 2 to 4 MΩ when filled with the pipette solution.
The holding potential (Vh) was set to −60 mV and used in all experiments. ACSF containing
kynurenic acid (3 mM) and other drugs was continuously perfused through the experimental
chamber (perfusion rate of 2 mL/min) during the experiments. Electrophysiological recordings
were done using Axopatch 200B amplifier (Molecular Devices; USA), filtered at 2 kHz, sampled
at 10 kHz by analogue-to-digital converter, Digidata 1322A (Molecular Devices; USA), and
stored in a computer. The recordings were analyzed with pClamp 10 (Molecular Devices; USA)
andMiniAnalysis 6 (Synaptosoft, Inc.; USA) software. The amplitude of the tonic current was
defined as the difference between the baseline current levels before and after the drug application
[20]. The control for the drug effects on the frequency of the sIPSCs was the period of recording
immediately before the first drug application that contained 190 to 220 events (normally, 20 to
90 s). sIPSC frequency at the maximal drug effect was calculated and normalized to its control
value in the same cell. The average value of the baseline current during the transient change in
the current value during exendin-4 application was fitted with a double exponential function (Eq
1): y = y0 + A1

�exp(–t/τrise) − A2
�exp(–t/τdecay), where y0, A1,2 are arbitrary constants; and the

τrise/decay are time constants for the rise and the decay phase of the transient current, respectively.

Statistical analysis
Statistical analysis was carried out using SigmaPlot 11 (Systat Software; USA), MiniAnalysis 6
(Synaptosoft, Inc.; USA) or GraphPad Prism 6 (GraphPad Software; USA) software. Results are
presented as mean ± standard error of the mean (SEM). Paired Student's t-test was used for data-
sets treated as pairs and normally distributed. The Tukey method was used to detect outliers. Sta-
tistical analysis was performed after excluding outliers. Non-parametric Mann-Whitney test was
used for data-sets that were not normally distributed. The significance level was set at P< 0.05.

Results

Effects of diazepam and exendin-4 on synaptic and tonic GABAA

receptor-mediated currents in hippocampal CA3 pyramidal neurons
We examined the effects of diazepam (1 μM) and exendin-4 (10 nM) on sIPSCs and tonic
GABAA receptor-mediated currents recorded in the rat hippocampal CA3 pyramidal neurons.
Bicuculline (100 μM), a GABAA receptor antagonist, was added at the end of each recording to
inhibit the GABA-evoked synaptic and tonic currents. Fig 1 shows the effects of first adding di-
azepam and then, diazepam plus exendin-4. Diazepam alone increased the frequency of the
synaptic currents by a factor of 1.6 as compared to control (Fig 1A and 1B). The most frequent
peak amplitude of the sIPSCs was also enhanced by diazepam and increased by a factor of 1.3
(Fig 1A and 1C) as well as the tonic current which increased from 24 ± 4 pA (n = 7) in control
to 52 ± 6 pA (n = 7; Fig 1A and 1D). The enhanced level of the tonic current was maintained as
long as diazepam was applied (Fig 1A).

We then examined the effect of exendin-4 on the sIPSCs and the tonic current in the pres-
ence of diazepam. We have previously shown that 10 nM exendin-4 enhanced the frequency
but not the amplitude of the sIPSCs and transiently potentiated the tonic currents in the CA3
pyramidal neurons [10]. After the initial perfusion with diazepam, exendin-4 plus diazepam
was applied to the brain slices. Exendin-4 in the presence of diazepam did not increase the fre-
quency of the sIPSCs above what was observed when diazepam alone was applied (Fig 1A and
1B) and similarly, no further increase was recorded in the sIPSC amplitude when exendin-4
was applied with diazepam (Fig 1A and 1C). In contrast, on exposure to exendin-4, an
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additional but transient increase in the tonic current was recorded and the peak value was on
the average 72 ± 6 pA (n = 7; Fig 1A and 1D). Interestingly, the additional increase of the tonic
current when exendin-4 was applied together with diazepam, is similar in magnitude (~23 pA)
as the recorded peak tonic current in exendin-4 alone [10].

The time course of the transient tonic current evoked by exendin-4 is
modulated by diazepam
During the first minutes of the exendin-4 administration in the continuous presence of diaze-
pam the tonic current transiently increased (Figs 1A and 2A). The rising and decay phase of

Fig 1. Diazepam alone and co-applied together with exendin-4 potentiate spontaneous inhibitory postsynaptic currents (sIPSCs) and the tonic
GABAA receptor-mediated current. (A) Diazepam (1 μM) induces sustained increase in tonic and sIPSCs, and its co-application with exendin-4 (10 nM)
leads to additional but transient enhancement in tonic current. Horizontal black bars show the time of application of the drugs. (B) sIPSC frequencies
increased upon diazepam application alone and together with exendin-4. **P < 0.01, ***P < 0.001, n = 7 (non-parametric Mann-Whitney test). n. s., not
significant. (C) Cumulative probability histograms of sIPSC amplitudes for diazepam and its co-application with exendin-4 revealed increase of sIPSC
amplitudes at both conditions comparatively to control. *P < 0.05, n = 7 for both conditions. No difference was detected between DZ and Ex-4+DZ. (D) Tonic
currents in individual neurons at diazepam administration and its co-perfusion with exendin-4. Data from each group is presented as a scatter dot plot with
mean ± SEM and a box and whiskers plot with median values plotted by Tukey method. No outliers were detected. *P < 0.05, **P < 0.01, ***P < 0.001, n = 7
(Student’s t-test). DZ, diazepam; Ex-4+DZ, co-application of exendin-4 and diazepam.

doi:10.1371/journal.pone.0124765.g001
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the current could be fitted with a bi-exponential function to examine whether the combination
of drugs affects the activation or the decay phase of the current. We fitted the time course of
the transient increase of the baseline current with Eq 1 (Fig 2B). In the presence of both drugs,
exendin-4 and diazepam, the baseline current increased with a characteristic time constant
τrise = 1.0 ± 0.2 min (n = 6) which was significantly smaller than the decay time constant, τde-
cay = 1.7 ± 0.2 min (n = 6, Student's t-test: P = 0.019) (Fig 2C). We have previously reported
that both the rising and the decay phase of the transient tonic current evoked with exendin-4
alone in the CA3 pyramidal neurons can be fitted with time constants of about 2 min [10]. In
this study in the presence of 1 μM diazepam, the current rate of rise was faster (i.e. time con-
stant decreased) but the decay was similar to currents evoked in exendin-4 alone.

Discussion
In recent years metabolic hormones have emerged as important modulators of hippocampal
function [10, 21–23]. Here exendin-4, a mimetic of the metabolic hormone glucagon-like pep-
tide-1 (GLP-1), and the benzodiazepine diazepam both potentiated GABAA receptor-mediated
currents in rat hippocampal CA3 pyramidal neurons. These cells constitute an important part
of the hippocampal neuronal network that is important for memory formation [8]. The CA3
neuronal activity is normally regulated by GABA-releasing inhibitory hippocampal interneu-
rons. Our results show that in the presence of diazepam, exendin-4 does not enhance the
sIPSCs above what was observed in diazepam alone. In contrast, the tonic current was en-
hanced by both drugs and the effects were additive. Interestingly, diazepam enhances receptors
containing the γ2 or γ3 subunits normally localized at synapses but clearly also having signifi-
cant extrasynaptic distribution in the CA3 pyramidal neurons. The results obtained with
exendin-4 are furthermore consistent with that exendin-4 enhances a subpopulation of extra-
synaptic GABAA receptors.

Fig 2. The kinetics of the transient tonic current induced by application of exendin-4 in the presence of diazepam. (A) A representative example of
the transient current evoked by co-application of exendin-4 (10 nM) and diazepam (1 μM). Horizontal black bar indicates time of co-application of the two
drugs. Before that time hippocampal slice was bathed in diazepam alone. (B) A fit to the transient current by Eq 1: y = y0 + A1*exp(–t/τrise) − A2*exp(–t/τdecay).
(C) Values of time constants τrise and τdecay at simultaneous application of two drugs. *P < 0.05, n = 6 for both time constants (Student’s t-test).

doi:10.1371/journal.pone.0124765.g002
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The drugs enhance the GABA signaling by different mechanisms. Diazepam interacts di-
rectly with the receptor by binding to a binding site on the GABAA receptors [24–26]. Upon
application of diazepam alone, the tonic current doubled in amplitude and the frequency and
the amplitude of the sIPSCs increased in comparison to control sIPSCs values. It is well estab-
lished that diazepam can enhance synaptic currents [27], and GABAA receptors containing the
γ2 or 3 subunit can form extrasynaptic receptors [11, 28] and thus be potentiated by diazepam.
Since exposure to diazepam resulted in the tonic current doubled in size as compared to con-
trol, it suggests that a large proportion of the extrasynaptic GABAA receptors in the CA3 pyra-
midal neurons contain the γ2 or perhaps the γ3 subunit.

Exendin-4, on the other hand, activates GLP-1 receptors in pre- and postsynaptic neurons
[10]. Activation of GLP-1 receptors then results in increased release of GABA from presynaptic
terminals and activation of intracellular signaling in postsynaptic cells resulting in enhanced
GABAA receptor function that is manifested in transiently increased sIPSC frequency and am-
plitude of the tonic current [10]. In the present work, tonic but not synaptic currents were en-
hanced when exendin-4 was co-applied with diazepam after a prolonged perfusion of the slices
with diazepam alone. At the synapse, diazepam increases the apparent affinity of the GABAA re-
ceptors for GABA whereas exendin-4 increases the concentration of GABA in the synaptic cleft
[10, 11, 14]. Hence, only as long as the GABAA receptors are not saturated with GABA will co-
application of diazepam and exendin-4 be expected to increase the sIPSC amplitude [10, 27].

The CA3 pyramidal neurons normally exhibit significant tonic current in contrast to the
hippocampal CA1 pyramidal neurons [10, 29, 30]. The tonic current in the presence of diaze-
pam in this study was about twice the size of the current without drugs and, interestingly, tran-
siently increased when exendin-4 was added. The increase by exendin-4 is similar in amplitude
to the tonic current evoked by exendin-4 alone. The additive effects of diazepam and exendin-4
on the amplitude of the tonic current and then the return to the diazepam-enhanced current
level, at the end of the transient current increase by exendin-4, supports the notion that exend-
ing-4 enhances a subset of extrasynaptic GABAA receptors in the CA3 pyramidal neurons.

GABAA receptors containing the γ2 or 3 subunit are potentiated by benzodiazepines [31]
and are prominently expressed at synapses. That γ2/3 GABAA receptor subtypes also contrib-
ute to tonic currents has been reported see e.g. [28, 32, 33] in addition to the current study on
rat CA3 pyramidal neurons. This is in contrast to rat hippocampal dentate gyrus neurons
where the δ subunit is a prominent component of the extrasynaptic receptors [28, 34]. The
principal cells that make up the basic neuronal network in the hippocampus are the dentate
gyrus granule cells, the CA3 and CA1 pyramidal neurons. These cell-types differ in the basal
level of the tonic current and the subtypes of GABAA receptors expressed in the cells. Whether
they also differ in the level or type of modulation of the GABA signaling by metabolic hor-
mones is still being explored [6, 29, 35,10]. Since these neurons form a crucial part of the hip-
pocampal neuronal network and the hippocampus is the centre for memory and learning,
metabolic hormones can be expected to have impact on hippocampal function like memory
formation and cognition.

Author Contributions
Conceived and designed the experiments: SVK BB. Performed the experiments: SVK. Analyzed
the data: SVK. Wrote the paper: SVK ZJ BB.

References
1. Duarte AI, Candeias E, Correia SC, Santos RX, Carvalho C, Cardoso S, et al. Crosstalk between diabe-

tes and brain: glucagon-like peptide-1 mimetics as a promising therapy against neurodegeneration.
Biochim Biophys Acta. 2013; 1832(4):527–41. doi: 10.1016/j.bbadis.2013.01.008 PMID: 23314196.

GLP-1 Receptor Signaling Enhances Neuronal Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0124765 April 30, 2015 6 / 8

http://dx.doi.org/10.1016/j.bbadis.2013.01.008
http://www.ncbi.nlm.nih.gov/pubmed/23314196


2. Patrone C, Eriksson O, Lindholm D. Diabetes drugs and neurological disorders: new views and thera-
peutic possibilities. Lancet Diabetes Endocrinol. 2014; 2(3):256–62. doi: 10.1016/S2213-8587(13)
70125-6 PMID: 24622756.

3. Roberts RO, Knopman DS, Przybelski SA, Mielke MM, Kantarci K, Preboske GM, et al. Association of
type 2 diabetes with brain atrophy and cognitive impairment. Neurology. 2014; 82(13):1132–41. doi:
10.1212/WNL.0000000000000269 PMID: 24647028; PubMed Central PMCID: PMCPMC3966799.

4. Marder TJ, Flores VL, Bolo NR, HoogenboomWS, Simonson DC, Jacobson AM, et al. Task-induced
brain activity patterns in type 2 diabetes: a potential biomarker for cognitive decline. Diabetes. 2014;
63(9):3112–9. doi: 10.2337/db13-1783 PMID: 24705405; PubMed Central PMCID: PMCPMC4141362.

5. Qiu C, Sigurdsson S, Zhang Q, Jonsdottir MK, Kjartansson O, Eiriksdottir G, et al. Diabetes, markers of
brain pathology and cognitive function: the Age, Gene/Environment Susceptibility-Reykjavik Study.
Ann Neurol. 2014; 75(1):138–46. doi: 10.1002/ana.24063 PMID: 24243491.

6. Lathe R. Hormones and the hippocampus. J Endocrinol. 2001; 169(2):205–31. JOE03947 [pii]. PMID:
11312139.

7. Schneeberger M, Gomis R, Claret M. Hypothalamic and brainstem neuronal circuits controlling homeo-
static energy balance. J Endocrinol. 2014; 220(2):T25–46. Epub 2013/11/14. JOE-13-0398 [pii]doi: 10.
1530/JOE-13-0398 PMID: 24222039.

8. Deuker L, Doeller CF, Fell J, Axmacher N. Human neuroimaging studies on the hippocampal CA3
region—integrating evidence for pattern separation and completion. Front Cell Neurosci. 2014; 8:64.
doi: 10.3389/fncel.2014.00064 PMID: 24624058; PubMed Central PMCID: PMCPMC3941178.

9. Holst JJ. The physiology of glucagon-like peptide 1. Physiol Rev. 2007; 87(4):1409–39. doi: 10.1152/
physrev.00034.2006 PMID: 17928588.

10. Korol SV, Jin Z, Babateen O, Birnir B. Glucagon-like peptide-1 (GLP-1) and exendin-4 transiently en-
hance GABAA receptor-mediated synaptic and tonic currents in rat hippocampal CA3 pyramidal neu-
rons. Diabetes. 2015; 64(1):79–89. Epub 2014/08/13. doi: 10.2337/db14-0668 PMID: 25114295.

11. Uusi-Oukari M, Korpi ER. Regulation of GABA(A) receptor subunit expression by pharmacological
agents. Pharmacol Rev. 2010; 62(1):97–135. Epub 2010/02/04. pr.109.002063 [pii] doi: 10.1124/pr.
109.002063 PMID: 20123953.

12. Sigel E, Buhr A. The benzodiazepine binding site of GABAA receptors. Trends Pharmacol Sci. 1997;
18(11):425–9. PMID: 9426470.

13. Birnir B, Eghbali M, Everitt AB, Gage PW. Bicuculline, pentobarbital and diazepammodulate spontane-
ous GABA(A) channels in rat hippocampal neurons. Br J Pharmacol. 2000; 131(4):695–704. doi: 10.
1038/sj.bjp.0703621 PMID: 11030718; PubMed Central PMCID: PMCPMC1572380.

14. Eghbali M, Curmi JP, Birnir B, Gage PW. Hippocampal GABA(A) channel conductance increased by di-
azepam. Nature. 1997; 388(6637):71–5. doi: 10.1038/40404 PMID: 9214504.

15. Li P, Eaton MM, Steinbach JH, Akk G. The benzodiazepine diazepam potentiates responses of
α1β2γ2L γ-aminobutyric acid type A receptors activated by either γ-aminobutyric acid or allosteric ago-
nists. Anesthesiology. 2013; 118(6):1417–25. doi: 10.1097/ALN.0b013e318289bcd3 PMID: 23407108;
PubMed Central PMCID: PMCPMC3852889.

16. Rogers CJ, Twyman RE, Macdonald RL. Benzodiazepine and beta-carboline regulation of single
GABAA receptor channels of mouse spinal neurones in culture. J Physiol. 1994; 475(1):69–82. Epub
1994/02/15. PMID: 7514665; PubMed Central PMCID: PMC1160356.

17. Semyanov A, Walker MC, Kullmann DM, Silver RA. Tonically active GABA A receptors: modulating
gain and maintaining the tone. Trends Neurosci. 2004; 27(5):262–9. Epub 2004/04/28. doi: 10.1016/j.
tins.2004.03.005S0166-2236(04)00090-6 [pii]. PMID: 15111008.

18. Pavlov I, Savtchenko LP, Kullmann DM, Semyanov A, Walker MC. Outwardly rectifying tonically
active GABAA receptors in pyramidal cells modulate neuronal offset, not gain. J Neurosci. 2009;
29(48):15341–50. Epub 2009/12/04. 29/48/15341 [pii]doi: 10.1523/JNEUROSCI.2747-09.2009 PMID:
19955387.

19. Birnir B, Everitt AB, Gage PW. Characteristics of GABAA channels in rat dentate gyrus. J Membr Biol.
1994; 142(1):93–102. PMID: 7707357.

20. Bai D, Zhu G, Pennefather P, Jackson MF, MacDonald JF, Orser BA. Distinct functional and pharmaco-
logical properties of tonic and quantal inhibitory postsynaptic currents mediated by gamma-aminobu-
tyric acid(A) receptors in hippocampal neurons. Mol Pharmacol. 2001; 59(4):814–24. PMID: 11259626.

21. Benedict C, Hallschmid M, Schultes B, Born J, Kern W. Intranasal insulin to improve memory function
in humans. Neuroendocrinology. 2007; 86(2):136–42. 000106378 [pii] doi: 10.1159/000106378 PMID:
17643054.

22. McClean PL, Gault VA, Harriott P, Holscher C. Glucagon-like peptide-1 analogues enhance synaptic
plasticity in the brain: a link between diabetes and Alzheimer's disease. Eur J Pharmacol. 2010;

GLP-1 Receptor Signaling Enhances Neuronal Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0124765 April 30, 2015 7 / 8

http://dx.doi.org/10.1016/S2213-8587(13)70125-6
http://dx.doi.org/10.1016/S2213-8587(13)70125-6
http://www.ncbi.nlm.nih.gov/pubmed/24622756
http://dx.doi.org/10.1212/WNL.0000000000000269
http://www.ncbi.nlm.nih.gov/pubmed/24647028
http://dx.doi.org/10.2337/db13-1783
http://www.ncbi.nlm.nih.gov/pubmed/24705405
http://dx.doi.org/10.1002/ana.24063
http://www.ncbi.nlm.nih.gov/pubmed/24243491
http://www.ncbi.nlm.nih.gov/pubmed/11312139
http://dx.doi.org/10.1530/JOE-13-0398
http://dx.doi.org/10.1530/JOE-13-0398
http://www.ncbi.nlm.nih.gov/pubmed/24222039
http://dx.doi.org/10.3389/fncel.2014.00064
http://www.ncbi.nlm.nih.gov/pubmed/24624058
http://dx.doi.org/10.1152/physrev.00034.2006
http://dx.doi.org/10.1152/physrev.00034.2006
http://www.ncbi.nlm.nih.gov/pubmed/17928588
http://dx.doi.org/10.2337/db14-0668
http://www.ncbi.nlm.nih.gov/pubmed/25114295
http://dx.doi.org/10.1124/pr.109.002063
http://dx.doi.org/10.1124/pr.109.002063
http://www.ncbi.nlm.nih.gov/pubmed/20123953
http://www.ncbi.nlm.nih.gov/pubmed/9426470
http://dx.doi.org/10.1038/sj.bjp.0703621
http://dx.doi.org/10.1038/sj.bjp.0703621
http://www.ncbi.nlm.nih.gov/pubmed/11030718
http://dx.doi.org/10.1038/40404
http://www.ncbi.nlm.nih.gov/pubmed/9214504
http://dx.doi.org/10.1097/ALN.0b013e318289bcd3
http://www.ncbi.nlm.nih.gov/pubmed/23407108
http://www.ncbi.nlm.nih.gov/pubmed/7514665
http://dx.doi.org/10.1016/j.tins.2004.03.005S0166-2236(04)00090-6
http://dx.doi.org/10.1016/j.tins.2004.03.005S0166-2236(04)00090-6
http://www.ncbi.nlm.nih.gov/pubmed/15111008
http://dx.doi.org/10.1523/JNEUROSCI.2747-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19955387
http://www.ncbi.nlm.nih.gov/pubmed/7707357
http://www.ncbi.nlm.nih.gov/pubmed/11259626
http://dx.doi.org/10.1159/000106378
http://www.ncbi.nlm.nih.gov/pubmed/17643054


630(1–3):158–62. Epub 2009/12/29. S0014-2999(09)01144-3 [pii] doi: 10.1016/j.ejphar.2009.12.023
PMID: 20035739.

23. Campbell JE, Drucker DJ. Pharmacology, physiology, and mechanisms of incretin hormone action.
Cell Metab. 2013; 17(6):819–37. Epub 2013/05/21. S1550-4131(13)00150-2 [pii] doi: 10.1016/j.cmet.
2013.04.008 PMID: 23684623.

24. Middendorp SJ, Hurni E, Schönberger M, Stein M, Pangerl M, Trauner D, et al. Relative positioning of
classical benzodiazepines to the γ2-subunit of GABAA receptors. ACSChem Biol. 2014; 9(8):1846–53.
doi: 10.1021/cb500186a PMID: 24918742.

25. Richter L, de Graaf C, Sieghart W, Varagic Z, Mörzinger M, de Esch IJ, et al. Diazepam-bound GABAA
receptor models identify new benzodiazepine binding-site ligands. Nat Chem Biol. 2012; 8(5):455–64.
doi: 10.1038/nchembio.917 PMID: 22446838; PubMed Central PMCID: PMCPMC3368153.

26. Lévi S, Le Roux N, Eugène E, Poncer JC. Benzodiazepine ligands rapidly influence GABAA receptor
diffusion and clustering at hippocampal inhibitory synapses. Neuropharmacology. 2014. doi: 10.1016/j.
neuropharm.2014.06.002 PMID: 24930360.

27. Segal M, Barker JL. Rat hippocampal neurons in culture: voltage-clamp analysis of inhibitory synaptic
connections. J Neurophysiol. 1984; 52(3):469–87. Epub 1984/09/01. PMID: 6148383.

28. Glykys J, Mody I. Activation of GABAA receptors: views from outside the synaptic cleft. Neuron. 2007;
56(5):763–70. Epub 2007/12/07. S0896-6273(07)00867-7 [pii] doi: 10.1016/j.neuron.2007.11.002
PMID: 18054854.

29. Jin Z, Jin Y, Kumar-Mendu S, Degerman E, Groop L, Birnir B. Insulin reduces neuronal excitability by
turning on GABA(A) channels that generate tonic current. PLoS One. 2011; 6(1):e16188. doi: 10.1371/
journal.pone.0016188 PMID: 21264261.

30. Semyanov A, Walker MC, Kullmann DM. GABA uptake regulates cortical excitability via cell type-
specific tonic inhibition. Nat Neurosci. 2003; 6(5):484–90. Epub 2003/04/08. doi: 10.1038/
nn1043nn1043 [pii]. PMID: 12679782.

31. Olsen RW, Sieghart W. International Union of Pharmacology. LXX. Subtypes of gamma-aminobutyric
acid(A) receptors: classification on the basis of subunit composition, pharmacology, and function. Up-
date. Pharmacol Rev. 2008; 60(3):243–60. Epub 2008/09/16. pr.108.00505 [pii] doi: 10.1124/pr.108.
00505 PMID: 18790874; PubMed Central PMCID: PMC2847512.

32. Lindquist CE, Birnir B. Graded response to GABA by native extrasynaptic GABA receptors. J Neuro-
chem. 2006; 97(5):1349–56. Epub 2006/04/01. JNC3811 [pii] doi: 10.1111/j.1471-4159.2006.03811.x
PMID: 16573642.

33. Jin Y, Korol SV, Jin Z, Barg S, Birnir B. In Intact Islets Interstitial GABA Activates GABAA Receptors
That Generate Tonic Currents inŒ±-Cells. PLoS One. 2013; 8(6):e67228. doi: 0.1371/journal.pone.
0067228 PMID: 23826240.

34. Olsen RW, Sieghart W. GABA A receptors: subtypes provide diversity of function and pharmacology.
Neuropharmacology. 2009; 56(1):141–8. Epub 2008/09/02. S0028-3908(08)00337-7 [pii] doi: 10.1016/
j.neuropharm.2008.07.045 PMID: 18760291; PubMed Central PMCID: PMC3525320.

35. WanQ, Xiong ZG, Man HY, Ackerley CA, Braunton J, LuWY, et al. Recruitment of functional GABA(A)
receptors to postsynaptic domains by insulin. Nature. 1997; 388(6643):686–90. doi: 10.1038/41792
PMID: 9262404.

GLP-1 Receptor Signaling Enhances Neuronal Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0124765 April 30, 2015 8 / 8

http://dx.doi.org/10.1016/j.ejphar.2009.12.023
http://www.ncbi.nlm.nih.gov/pubmed/20035739
http://dx.doi.org/10.1016/j.cmet.2013.04.008
http://dx.doi.org/10.1016/j.cmet.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23684623
http://dx.doi.org/10.1021/cb500186a
http://www.ncbi.nlm.nih.gov/pubmed/24918742
http://dx.doi.org/10.1038/nchembio.917
http://www.ncbi.nlm.nih.gov/pubmed/22446838
http://dx.doi.org/10.1016/j.neuropharm.2014.06.002
http://dx.doi.org/10.1016/j.neuropharm.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24930360
http://www.ncbi.nlm.nih.gov/pubmed/6148383
http://dx.doi.org/10.1016/j.neuron.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18054854
http://dx.doi.org/10.1371/journal.pone.0016188
http://dx.doi.org/10.1371/journal.pone.0016188
http://www.ncbi.nlm.nih.gov/pubmed/21264261
http://dx.doi.org/10.1038/nn1043nn1043
http://dx.doi.org/10.1038/nn1043nn1043
http://www.ncbi.nlm.nih.gov/pubmed/12679782
http://dx.doi.org/10.1124/pr.108.00505
http://dx.doi.org/10.1124/pr.108.00505
http://www.ncbi.nlm.nih.gov/pubmed/18790874
http://dx.doi.org/10.1111/j.1471-4159.2006.03811.x
http://www.ncbi.nlm.nih.gov/pubmed/16573642
http://dx.doi.org/0.1371/journal.pone.0067228
http://dx.doi.org/0.1371/journal.pone.0067228
http://www.ncbi.nlm.nih.gov/pubmed/23826240
http://dx.doi.org/10.1016/j.neuropharm.2008.07.045
http://dx.doi.org/10.1016/j.neuropharm.2008.07.045
http://www.ncbi.nlm.nih.gov/pubmed/18760291
http://dx.doi.org/10.1038/41792
http://www.ncbi.nlm.nih.gov/pubmed/9262404

