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Physiological role for GABA, receptor
desensitization in the induction of long-term
potentiation at inhibitory synapses

Martin Field"4, Valentina Dorovykh1, Philip Thomas' & Trevor G. Smart® 1®

GABA, receptors (GABAARs) are pentameric ligand-gated ion channels distributed
throughout the brain where they mediate synaptic and tonic inhibition. Following activation,
these receptors undergo desensitization which involves entry into long-lived agonist-bound
closed states. Although the kinetic effects of this state are recognised and its structural
basis has been uncovered, the physiological impact of desensitization on inhibitory
neurotransmission remains unknown. Here we describe an enduring form of long-term
potentiation at inhibitory synapses that elevates synaptic current amplitude for 24 h following
desensitization of GABAARs in response to agonist exposure or allosteric modulation. Using
receptor mutants and allosteric modulators we demonstrate that desensitization of GABAARs
facilitates their phosphorylation by PKC, which increases the number of receptors at
inhibitory synapses. These observations provide a physiological relevance to the desensitized
state of GABAARSs, acting as a signal to regulate the efficacy of inhibitory synapses during
prolonged periods of inhibitory neurotransmission.
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he mammalian central nervous system forms the central

repository for learning and memory and is well known to

exhibit structural and functional plasticity. Plasticity is
usually manifest by short- or long-term alterations to the efficacy
of synaptic transmission!2. Historically, the most described and
studied forms of neural plasticity are associated with excitatory
neurotransmission and synapses>!. However, over time it has
become clear that these are not the only structures within the
brain that exhibit structural and functional plasticity. In parti-
cular, inhibitory synapses which are predominantly populated
with GABA, receptors (GABAARs) and respond to GABA
released by interneurons, are increasingly recognised as highly
plastic structures>®. However, the mechanisms that regulate the
plasticity of inhibitory synapses are incompletely understood.
One important question relates to how the postsynaptic cell
detects and determines the level of inhibitory synaptic activity in
order to initiate appropriate forms of plasticity. Excitatory
synapses possess Ca2t-permeable NMDA receptors which enable
glutamate in the synaptic cleft to directly influence intracellular
signalling in the postsynaptic cell. This results in potentiation of
the synaptic response largely due to changes to the number of
receptors in the postsynaptic membrane’s8. However, for inhibi-
tory synapses, whether such a direct signalling link exists between
synaptic activity and plasticity is unclear. The widespread
occurrence of shunting inhibition in the adult CNS® means that
inhibitory synapse activation will often result in negligible
changes to either membrane potential or net transmembrane Cl~
fluxes.

Here we provide evidence for inhibitory synaptic plasticity
being regulated by agonist-induced conformational changes to
synaptic GABA sRs. The most likely candidate for mediating such
a link between GABA 4R structure and the plasticity of inhibitory
synapses, and thus registering their level of activity, is the
desensitized state. This is a long-lived agonist-bound closed state
that the receptor can enter after binding agonist and opening of
the integral ion channel!?. Recent structural work has shown that
the key differences between this state and the agonist-bound open
(conducting) state are conformational changes that occur at
the ‘internal face’ of the receptor. This involves rotation of the
receptor’s transmembrane domain a-helices and a collapse of the
internal portal of the ion channel to limit the transmembrane flux
of ions!1-15,

Entry into this desensitized state occurs during the presence of
bound agonist at the orthosteric site, but the process is fully
reversible, and the state has a lifetime between hundreds of
milliseconds to seconds!®!. The desensitization of ligand-gated
ion channels is therefore distinct from that of metabotropic
receptors in being a relatively transient process that need not
involve post-translational modification of the channel or any
subsequent receptor internalisation. However, this does not
exclude the possibility that entry into the desensitized state can
initiate long-term plasticity at inhibitory synapses.

For GABA, receptors, which are members of the pentameric
ligand-gated ion channel family (pLGIC) and are the major
inhibitory neurotransmitter receptors in the central nervous
system?, the long-term effects of their entry into desensitized
states at inhibitory synapses have not been described. Never-
theless, many studies have focused on changes to the receptor
following sustained activation with agonists or allosteric
modulators!”. These changes include phosphorylation of receptor
subunits!8-21, altered expression of GABA 4Rs!821-28, changes to
receptor mobility and clustering®029-31, and alterations to
receptor pharmacology32. In most cases, it is unclear which event
triggers these long-term receptor alterations. For example, they
may be a consequence of direct responses to Cl~ currents flowing
through open GABA channels, or they may occur as a result of

the cellular inhibition per se. However, these same conditions
of prolonged or elevated GABA4R activation will also increase
the residency of receptors in the desensitized state, which may
act as a signal of GABAAR activity to regulate synaptic efficacy
or function, as has previously been speculated?!33, Indeed,
for the nicotinic acetylcholine receptor, prolonged application of
the agonist nicotine that causes desensitization34, also promotes
upregulation of these receptors via multiple mechanisms3>3. In
addition, the a7 nicotinic acetylcholine receptor can signal
through G-protein pathways by accessing a metabotropic sig-
nalling state which overlaps with their desensitized
conformation3’.

In our study using hippocampal neurons, we reveal a clear
agonist-induced plasticity of synaptic GABA4Rs, expressed in the
form of a long-term potentiation at inhibitory synapses. The
reliance of this plasticity on GABAAR desensitization is inter-
rogated using mutant receptor subunits that substantially alter the
ability of the receptor to access the desensitized state. We further
demonstrate that inhibitory long-term potentiation (iLTP)
depends on the ability of receptor desensitization to promote the
phosphorylation of residues that regulate the clustering of
GABA,Rs. Overall, our data reveal a signalling mechanism
whereby prolonged activation of GABAARs can lead to the
strengthening of inhibition via GABAergic synapses.

Results

GABA induces long-term potentiation at inhibitory synapses.
To assess the nature of agonist-dependent plasticity at inhibitory
synapses, hippocampal neurons were exposed initially to 1 mM
GABA for 20 min. Neurons were subject to whole-cell recording
after ~24h following wash-off of GABA with control culture
medium. This pre-treatment with GABA was undertaken in
culture maintenance media (see ‘Methods’), rather than ACSF or
similar saline solution, in order to avoid the activation of
autophagic signalling pathways by nitrogen starvation, which
could affect the function of inhibitory synapses3®3°. Furthermore,
cells were not subjected to electrophysiological recording during
pre-treatment in order to avoid GABA 4R rundown that is known
to occur under such conditions#9-42, and which may obscure the
induction of synaptic plasticity.

GABA pre-treatment caused large (~70%) increases in the
sIPSC amplitudes, from —55.5+2.0 pA in non-treated controls,
to —98.7+7.9pA (Fig. 1a, b). No change was apparent in the
interevent intervals (IEIs) of the IPSCs, suggesting no concomi-
tant alteration occurs in presynaptic release probability or indeed
in network activity (Fig. 1¢). The increase in the magnitude of the
sIPSCs was evident in the distributions of both the peak sIPSC
amplitudes, and the rate of rise of the synaptic events (Fig. 1d, e).
Furthermore, using a lower concentration of GABA (100 uM)
also produced similar increases in mIPSC amplitudes for
recordings made ~20 min after the end of the treatment period
(from —67.4 + 5.6 pA, to —86.9 £ 4.6 pA; n=11 and 12 neurons,
respectively; Fig. 1f, g). Agonist-dependent plasticity is therefore
evident in these neurons, driven by GABA activation, and it is
expressed as an increase in postsynaptic event amplitude at
inhibitory synapses.

Enhanced desensitization of GABA,Rs promotes inhibitory
synaptic strength. To explore the role of desensitization for
inhibitory synaptic plasticity, we selected previously determined
mutations to synaptic GABAAR subunits that alter the entry of
the receptor into desensitized states. These included a2V297L to
reduce, and y2LV262F to increase, GABAAR desensitization!l. We
first assessed the ability of these two mutations to alter the
occupancy of the desensitized state on time scales relevant to
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Fig. 1 GABA causes a long-term increase in inhibitory synapse efficacy. a Representative spontaneous inhibitory postsynaptic currents (sIPSCs) recorded
from cultured hippocampal neurons voltage-clamped at —60 mV and pretreated with either vehicle or TmM GABA for 20 min ~24 h prior to recording.
b Bar graph of mean amplitudes (pA) of sIPSCs displaying clean, monophasic rise phases (two-tailed t-test: t7y = 4.75, p=0.0021), and ¢ median
interevent intervals (IEls) following pre-exposure to vehicle (grey) or TmM GABA (pink); (two-tailed t-test: t(7y = —0.21, p=0.83); n= 4 neurons for
control, and 5 neurons for GABA). d Mean cumulative probability distribution of sIPSC amplitudes and e maximum rate of rise slopes for all sIPSCs
recorded after vehicle or GABA treatment. n = 718 events from 4 neurons, and 2520 events from 5 neurons, respectively. f Bar graph of mean amplitude of
mIPSCs recorded from neurons pretreated with 100 pM GABA for 20 min prior to recording (n =11 neurons (Ctrl), 12 neurons (+GABA); two-tailed t-test:
topn =2.71, p=0.013). g Cumulative probability distribution of mIPSC amplitudes. All data in the bar graphs in this figure and those proceeding it are
presented as mean values +/— SEM. Source data are provided as a Source data file for Fig. 1.

synaptic signalling by rapidly-applying GABA to outside-out
patches excised from HEK cells expressing a2f2y2L receptors
using a rapid drug application system. When exposed to 10 mM
(saturating) GABA for 200 ms, the GABA currents decayed in
accordance with a developing macroscopic desensitization during
GABA exposure (Fig. 2a). We measured the extent of desensiti-
sation from the depression of the steady-state GABA current
relative to its peak current. The inclusion of a2V297L substantially
decreased the extent of this decay, from 55.6 +£5.9% in the wild
type (wt) to 11.7 +4.3% (Fig. 2a, b), suggesting minimal accu-
mulation of the receptor in desensitized states over this timescale
for the a2-subunit mutant. Conversely, y2LV262F markedly
increased the extent of GABA current decay to 82.7+2.4%
compared to wild type (Fig. 2a, b), in agreement with its predicted
behaviour of promoting the accumulation of GABA,Rs in
desensitized states. Interestingly, neither mutation significantly
altered the rate at which the receptor currents decayed (Fig. 2c).

To understand how these mutations might affect synaptic
inhibition, a paired-pulse protocol was implemented, with
outside-out patches exposed to two 1 ms pulses of 10 mM GABA
separated by varying intervals between the pulses to monitor the
recovery from desensitization. For a2B2y2L wild-type receptors,

the peak of the second response was depressed compared to the
first response and this depression gradually recovered as the
interval between GABA applications was extended over a period
of 2-10s (Fig. 2d, e). However, the inclusion of the a2V297L
subunit largely abolished the suppression of the second pulse for
all interevent intervals (Fig. 2d, e). By contrast, while y2LV262F
only slightly increased the depression of the second current for
short interevent intervals, it substantially prolonged the duration
over which the suppression was observed compared to wild type
(Fig. 2d, e), an observation entirely consistent with the
stabilisation of the desensitized state.

To assess how manipulating the ability of GABAsRs to
desensitize might alter the strength of inhibitory synapses, the
mutants were expressed in hippocampal neurons in culture. At
room temperature, the expression of either the wild-type a2 or
Y2L subunits, or the a2V297L mutation did not alter the basal
amplitudes of sIPSCs compared with mock-transfected control
neurons (Fig. 3a-c). Conversely, expressing the profoundly
desensitising y2LV262F mutant substantially increased sIPSC
amplitudes from —65.8 +9.4 pA (mock transfection control) to
—126.7 £ 12.0 pA and also their rate of rise (Fig. 3a—c, g, h). This
was contrary to our initial expectation, based on the effects of this
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Fig. 2 @2V297L and y2V262F jlter the desensitization of GABAARs. a Average GABA (10 mM)-activated currents showing macroscopic desensitization of
wild-type (black) mutant a2 (red) and y2L (blue) GABAARSs in outside-out patches pulled from transiently transfected HEK293 cells expressing a2p2y2L
wild-type and mutated subunits, as indicated. b Extents of desensitization caused by 10 MM GABA measured as the % depression of the peak to steady-
state GABA current, =5, 6 and 9 patches for receptors containing a2WT, a2V297L and y2LV262F, respectively (one-way ANOVA: F, 17y =92.45, p=
7.3%10710; Tukey test (wt, a2V297L): p = 3.4 x 10~5; Tukey test (wt, y2LY262F): p = 0.0004). ¢ Weighted decay time constants for exponential fits to
macroscopic desensitization curves for a2WT, a2V297L and y2LY262F containing GABAARs (one-way ANOVA: F(2,15) =0.18, p=0.84). n=5, 4 and 9
patches, respectively; note that these are the same patches as panel (b), but weighted time constants could not be calculated for two of the a2V297L
patches due to insufficient decay of the currents. d Averaged GABA currents recorded from outside-out HEK cell patches expressing GABAARs (colour
coded as in a) showing responses to two 1ms pulses of 10 MM GABA separated by 500 ms. e Re-sensitization of the peak GABA current measured from
the relative amplitude of the current evoked by the second GABA pulse over a series of interevent intervals, n =4 patches for each. Source data are
provided as a Source data file for Fig. 2.
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Fig. 3 y2V262F expression increases sIPSC amplitudes at room temperature. a Representative sIPSC traces, recorded at 21°C from voltage-clamped
neurons expressing the indicated constructs (mock transfection, black; a2V297L, green; y2V262F, orange). b Average waveforms of sIPSCs recorded for each
receptor construct, aligned on the rising phase and not peak scaled. € Mean sIPSC amplitudes for neurons either mock-transfected, or expressing a2 or y2L
wild type, or a2V297L, 42| V262F (one-way ANOVA: F4 57y = 5.68, p=0.00064; Tukey test (mock, a2V297L): p = 0.99; Tukey test (mock, y21V262F). p =
0.0022; n=14,14, 11, 14 and 9 neurons, respectively). d Mean sIPSC amplitude plotted against mean sIPSC frequency for neurons transfected with the
indicated constructs. @ Mean 20-80% rise time of the synaptic events of the recorded cells (one-way ANOVA: F(4 57y =3.24, p=0.017; Tukey test
(V297L, V262F): p=0.013). f Median interevent intervals (IEI) for all cells (one-way ANOVA: F(457y=1.72, p=0.16). g Mean cumulative probability
distributions of the amplitudes, and h maximum rate of rise for the slopes of all sIPSCs recorded; n = 4334 events from 14 cells (Mock), 3973 events from
11 cells (2V297L) and 1596 events from 9 cells (y2LY262F), Source data are provided as a Source data file for Fig. 3.
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mutation on receptor kinetics, since the enhanced paired-pulse
suppression exhibited by this mutant might be expected to
manifest as a decrease in mean sIPSC amplitudes. However, the
frequency of the synaptic events observed in these cultures was
likely too low to observe a similar paired-pulse suppression, and
indeed, the amplitudes of the sIPSCs did not show any negative
correlation with their frequencies (Fig. 3d). In addition, no
significant changes were observed in either the interevent
intervals (Fig. 3f); or the 20-80% rise times of the events, other
than a small difference between the mutants (Fig. 3e).

To assess the effects of the mutations under physiological
conditions and increase the synaptic event frequency in the
cultures, the experiment was repeated at 37 °C. Here, similar
results were observed, with y2LV202F increasing the average
amplitudes of the synaptic events from —133.6+8.9pA (wild
type) to —211.1+25.0 pA (Supplementary Fig. la—c). Although
the frequencies were higher under these conditions, again no
correlation was evident with the sIPSC amplitudes (Supplemen-
tary Fig. 1d). However, it is important to note that the events were
selected for this analysis on the basis of having smooth
uninterrupted rising phases lacking secondary peaks. This would
have reduced the presence of summated sIPSCs in the dataset. To
check for unforeseen consequences of our event preselection, we
also examined the distributions of all detected events irrespective
of their rising phase profiles (Supplementary Fig. 1le-h).
Interestingly, when all synaptic events are included in the
analysis, the increase in sIPSC amplitude caused by y2LV262F
was smaller (Supplementary Fig. 1g; mean of mock transfection
distribution = —160.08 pA, and y2LV262F = —203.92 pA). This
was to be expected due to the enhanced receptor desensitization
conferred by this mutant, thereby reducing the ability of synaptic
responses to summate in response to high probability GABA
release at 37°C (e.g. Fig. 2d, e). Consistent with reduced
summation, all the synaptic events recorded from cells expressing
this mutant exhibited a decrease in their rise times (Supplemen-
tary Fig. 1f). In addition, events were detected with a lower
frequency for these cells (Supplementary Fig. le).

To further elucidate the cause of the increase in sIPSC
amplitudes by V262F, the experiment was repeated in the
presence of tetrodotoxin (TTX) to block action potential-
dependent GABA release; however, the resulting miniature event
(mIPSC) amplitudes were still enhanced by y2LV262F (Fig, 4a-d).
In addition, the rise time of the mIPSCs for V262F-expressing
cells was still faster compared to mock-transfected cells (Fig. 4e).
However, the median synaptic event frequency was slower,
suggesting a reduced release probability compared to mock-
transfected (Fig. 4f).

Given these observations, the profound increase in synaptic
current amplitudes by y2LV262F js unlikely to be accounted for by
an effect on GABA4R kinetics, as entry into the desensitized state
alone would be expected to decrease IPSC amplitudes!'®. More-
over, it is also unlikely to be a consequence of an alteration in
neural network activity given that it is still observed for both
spontaneous and miniature inhibitory events. Instead, it is more
likely that the expression of this mutant alters the numbers of
GABA4Rs at inhibitory synapses, either through desensitization
acting to regulate receptor number, or perhaps due to a
homeostatic response to passing smaller Cl~ currents at synapses
containing this mutant subunit during intense periods of synaptic
activity.

Agonist-induced LTP at inhibitory synapses depends on
GABA,R desensitization. To examine whether the entry of
receptors into the desensitized state is a prerequisite for the
induction of plasticity, the GABA pre-treatment protocol was

repeated, but with the sIPSCs recorded earlier, ~20 min post-
treatment, rather than 24 h. Even at this early time-point, sIPSC
amplitudes were substantially increased from —55.7+3.8 pA
(vehicle) to —132.2+16.8 pA (post-GABA; Fig. 5a-d, f). By
contrast, recordings from neurons expressing the minimally
desensitising a2V297L mutant revealed no potentiation of sIPSCs
(Fig. 5¢, d, f). These results are consistent with the induction of
agonist-induced iLTP requiring entry of GABA,Rs into a
desensitized state. Indeed, a2V2%7L should enhance the steady-
state membrane Cl~ conductance by reducing the ability of the
receptor to desensitize, yet this perturbation to Cl~ flux does not
contribute to iLTP. Spontaneous IPSC decay kinetics (Fig. 5g),
event frequencies (Fig. 5e) and rise times (Fig. 5h) were unaf-
fected by the pre-treatment with GABA, suggesting that the
observed change in event amplitudes did not result from either
changes in the probability of release or receptor kinetics.

Exposing neurons to GABA for prolonged periods has been
reported to initiate a persistent increase in the PKC-dependent
phosphorylation of the GABA,R y2 subunit?!. From prior
studies®3, we hypothesized that such a post-translational
modification could, in principle, account for an increase in
inhibitory synaptic efficacy, particularly since PKC phosphoryla-
tion of the y2 subunit correlates with the clustering of GABARs
at inhibitory synapses?6444>, To test this concept, GABA pre-
treatment was repeated in the presence of the specific PKC
inhibitor bisindolylmaleimide-I (Bis, 500 nM). This treatment
completely blocked the induction of agonist-induced iLTP
(Fig. 5¢f, h).

Inhibitory LTP is independent of receptor kinetics and prob-
ability of GABA release. Given that the sIPSCs recorded here
likely represent a mixture of responses to GABA release from
different interneurons with different release probabilities, we
explored whether the observed increase in sIPSC amplitude fol-
lowing GABA exposure was segregating with subsets of rise time
and/or sIPSC frequency-related parameters. This enabled us to
probe whether the potentiation was limited to specific subsets of
events or instead represented an overall effect on inhibitory
neurotransmission. To address this, we applied skewed t-
distribution mixture modelling to a subset of sIPSC variables
recorded for each synaptic event. Variables were selected to
represent the rise time and frequency characteristics of the events
but were independent of the event amplitude (see ‘Methods’). In
adopting such criteria, our aim was to avoid simply isolating
clusters of events that have undergone amplitude potentiation
and to only reveal clusters with our selected parameters. When
viewed using t-distributed stochastic neighbour embedding (t-
SNE) or as a plot of rise time against frequency, these parameters
were observed to have complex, overlapping, distributions
(Fig. 6a, b). Nevertheless, this analysis strategy yielded a separa-
tion of the data into 10 discernible clusters (Fig. 6a—c). Exam-
ination of the properties of each cluster revealed that events were
segregated by instantaneous frequency (Fig. 6b, f), along with a
separation between events exhibiting fast- and slow-rise times
(Fig. 6b, e). Notably, despite the number of clusters, the ampli-
tude potentiation of events following pre-exposure to GABA was
relatively evenly distributed amongst all 10 clusters (for both fast
and slow rising events), with the spectrum of event frequencies
demonstrating potentiation as increments in both peak amplitude
(Fig. 6d), and the slopes of their rises (Fig. 6g, h) following
exposure to GABA for 20 min at 1 mM.

Direction of GABA-activated transmembrane Cl~ flux and
iLTP. Some previous studies of agonist-dependent plasticity at
inhibitory synapses have suggested the involvement of underlying
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Source data are provided as a Source data file for Fig. 4.

mechanisms that require depolarising currents mediated by
GABARs to induce Ca’t signalling?®40. These studies have
associated depolarising GABA currents with reduced synaptic
efficacy. Although the evidence from our desensitisation mutants
suggests that iLTP induction is not consistent with the involve-
ment of any change in Cl~ current, we nevertheless assessed
whether the GABA currents induced during the pre-treatment
protocol are inhibitory or excitatory in nature.

To do so, we recorded from neurons under near-identical
conditions to those during the GABA pre-treatment (i.e. bathed
in culture media, with 5% CQO,/95% O,, at 37 °C). We used the
cell-attached patch configuration to avoid perturbing CI~ home-
ostasis. Under these conditions, the neurons exhibited robust
spike firing. However, GABA (1 mM) application immediately
silenced firing (Fig. 7a, b). Conversely, application of bicuculline
(50 pM) increased spike frequency (Fig. 7¢c, d). These results are
consistent with GABA R mediated Cl~ currents in our cultures

causing inhibition, and so discount depolarising GABA effects as
the cause of the observed plasticity.

GABA,R desensitization increases phosphorylation of y25327
to induce iLTP. We next considered what could be the most
plausible mechanism for the induction of iLTP. It is highly likely
that receptor phosphorylation is key, evident from our observa-
tion that the induction of agonist-dependent iLTP requires PKC
activity, combined with previous reports suggesting that such
treatment also increases phosphorylation of the y2 subunit?!.
Specifically, we examined whether GABA 4R desensitization could
increase the phosphorylation of key residues on y2 subunits that
are known to be associated with receptor clustering2®44. This
could, in principle, lead to an increase in the number of receptors
clustered at inhibitory synapses which would, in turn, account for
the increase in sIPSC amplitudes.

6 NATURE COMMUNICATIONS | (2021)12:2112 | https://doi.org/10.1038/s41467-021-22420-9 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22420-9

ARTICLE

a ;
Vehicle

i L e s e e

Vehicle

GABA pretreated GABA pretreated
25ms
10s 50 pA
50 pA |
(3
1.0 d e
£ 08 6
8 - -200 Jo ©
S 06 = = °
) L 4
2 o4 —— Vehicle 3 i
s ——GABA 5 c3
E ——V297L+GABA & 5
3 02 GABA + Bis < 22
2 1
0.0
0 -100 -200 -300 -400 -500 -600
Amplitude (pA) Vehicle GABAV297L Bis + Vehicle GABAV297L Bis +
+ GABA +  GABA
1.0 _ — g GABA GABA
2 60 3.0
(2]
Z 08 E ° % _ |o oo
] < 50 00 2 25
8 kS ) E
[<] 17} (9]
S 06 240 220
[} o =1
2 o4 = Vehicle o 30 815
g " ——GABA £ =
g ——V297L + GABA 920 s10
3 02 GABA + Bis £ 10 D05
k= g
0.0 ) 0.0
0 -100 -200 -300 -400 -500 -600 Vehicle GABA Vehicle GABA V297L Bis +

Max rise slope (pA/ms)

+ GABA
GABA

Fig. 5 Induction of iLTP by GABA requires both GABA 4R desensitization and PKC activation. a Representative sIPSC traces recorded in voltage-clamp
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phase. ¢ Cumulative probability distribution of the amplitudes of all sIPSCs recorded: n = 4178 events from 13 cells, 2799 events from 10 cells, 1387 events
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presence of bisindolylmaleimide-I (Bis), orange). d Mean amplitudes of sIPSCs recorded from neurons pretreated with either vehicle or GABA: while
expressing a2V297L, or in the presence of bisindolylmaleimide-I (Bis) (one-way ANOVA: F(3 3y =13.85, p = 0.0000066; Tukey test (vehicle vs GABA):
p=0.00002; Tukey test (vehicle, a2V297L - GABA): p = 0.99; Tukey test (vehicle vs GABA + bisindolylmaleimide): p=0.97; n=13, 10, 7 and 5 cells,
respectively). @ Median IEl for all events recorded from neurons after the indicated treatments (one-way ANOVA: F3 31y = 1.33, p=0.28). f Maximum
rate of rise slopes for all sIPSCs recorded. g Weighted time constants of exponential fits of the decay phases of sIPSCS recorded after treatment with either
vehicle or GABA (two-tailed t-test: t(;1y = —1.72, p = 0.10). h Mean 20-80% rise times of all events recorded for each neuron in the indicated conditions
(one-way ANOVA: Fz31y=0.97, p=0.41). Source data are provided as a Source data file for Fig. 5.

To determine whether a change in the number of synaptic
receptors is responsible for the potentiated sIPSCs and for iLTP,
peak-scaled non-stationary variance analysis was performed on
sIPSCs recorded from GABA pretreated neurons (Fig. 8a).
Parabolic curve fits to the sIPSC variance-amplitude relationships
for each cell showed no alteration in the unitary current (I,)
passed by each receptor, when compared to those for vehicle-
treated cells (Fig. 8a, b; —3.33 pA for vehicle, —2.86 pA for GABA
pretreated), discounting any changes in single-channel conduc-
tance or Cl~ equilibrium potential (under these conditions) as
being causative of iLTP. However, the same curve fits revealed
large increases in receptor numbers (N) activated at the peak of
the sIPSC, more than doubling from 25.9 (mock) to 63.3 (GABA
pretreated) (Fig. 8a, c). This is consistent with an increase in the
number of receptors mediating synaptic responses, sufficient to
account for the increase in average sIPSC amplitude (Fig. 5d).

To assess whether this apparent increase in receptor number is
indeed dependent on the phosphorylation of the y2 subunit, we
first repeated the GABA pre-treatment protocol on neurons
expressing the y2LS327A construct which removes a key
phosphorylation site. Again, pre-treatment with GABA increased
the amplitudes of sIPSCs recorded from mock-transfected
neurons, but this increase was largely abolished by the presence

of the S327A phospho-mutant (Fig. 8d-g), suggesting that the
phosphorylation of this residue is necessary for the induction of
agonist-induced iLTP. We also examined the involvement of an
additional PKC-phosphorylation site on the 32 subunit (S410) by
attempting to induce iLTP on neurons expressing the corre-
sponding phosphorylation site mutation (S410A). Similar to
S327, S410 also caused a complete absence of iLTP when exposed
to GABA (Fig. 8e-g), suggesting that iLTP may require the
concerted action of PKC at multiple phosphorylation sites on the
GABA 4Rs. No alterations were observed in the frequencies or rise
times of the events under these conditions (Fig. 8h, i).

To directly probe whether desensitization can regulate the
phosphorylation of S327 in y2 subunits, we expressed alp2y2L,
and the desensitisation mutants alV296L32y2L, or al1p2y2LV262F
GABA,Rs in HEK cells and assessed whether GABA treatments
altered the level of its phosphorylation. Although phosphoryla-
tion of GABA,R subunits in response to prolonged agonist
exposure has not previously been reported in HEK cells,
phosphorylation has been observed directly after exposure to
neurosteroids!$19. Indeed, we found that cells treated with GABA
(I1mM) for 20 min increased the level of phosphorylation of
¥25327 by 28.1 + 11.4% compared to vehicle-treated controls for
the wild-type alPB2y2L receptor (Fig. 8j, k), similar to that
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previously reported for cultured cortical neurons?!. Interestingly,
this effect was completely blocked by expressing the non-
desensitising a1V296L mutant, for which a small decrease in
phosphorylation relative to wild type was also observed (75.8 +
8.3% phosphorylation in treated cells compared to vehicle; Fig. 8j,
k). Conversely, GABA4Rs incorporating the profoundly desensi-
tising y2V262F subunit displayed larger increases in phosphoryla-
tion of S327, relative to wild-type alP2y2L receptors, when
exposed to GABA treatment (188.6 +17.0%, Fig. 8j, k).

The strong correlation between entry of the receptor into the
desensitised state and the extent of 215327 phosphorylation, and
in particular, the observation that the increased phosphorylation
was completely blocked by expression of the non-desensitizing
al1V296L mutant, strongly suggests that entry of the receptors into
the desensitized state is required for agonist-induced y2LS327
phosphorylation. This plausibly explains the dual dependence of
the agonist-induced plasticity on the receptor’s desensitized and
phosphorylation states.

Desensitization facilitates phosphorylation of GABA,R sub-
units by activated PKC. The ability of desensitization to enhance
the phosphorylation of GABAAR y2L subunits by PKC could
proceed via two principal mechanisms. Firstly, the desensitization
of GABA 4Rs could lead to the activation of PKC. Recent evidence
indicates that GABA,R subunits can interact with and also
activate phospholipase C (PLC)26. Although this results in the
activation of calcineurin, with subsequent dephosphorylation of
y2L5327 and downregulation of inhibitory synapses, in principle
this signalling pathway could also activate PKC and upregulate

the receptors under different cellular signalling conditions.
Similarly, it has also been reported that the desensitization of
nicotinic acetylcholine receptors can activate G-protein mediated
signalling®’, suggesting that desensitization of Pro-loop receptors
is indeed capable of initiating metabotropic signalling cascades.

The second mechanism by which GABAR desensitization
could increase phosphorylation of GABA 4R subunits would be to
facilitate the access of an already-active protein kinase to the
substrate y2L5327 residue. Consistent with such a mechanism,
neurosteroids have previously been reported to increase the
phosphorylation of GABAAR subunits without altering the
phosphorylation of PKC itself!8. Such a mechanism would
presumably require conformational changes to the receptor that
favour the presentation of the receptor substrate site(s) to the
kinase.

Given that these two distinct types of mechanism would have
different implications for the regulation of inhibitory synaptic
plasticity, and therefore the context in which it might occur, an
assay was devised to determine which form of regulation is more
likely. This involved activating PKC in hippocampal neurons with
phorbol 12-myristate 13-acetate (PMA, 200 nM). This treatment
increased sIPSC amplitudes from —60.3 £8.3pA to —104.8 +
12.5 pA (Fig. 9a-e). However, by co-incubating neurons with
PMA and picrotoxin (Ptx, 100 uM) used to block GABA,R
currents and desensitization during the pre-treatment phase, no
increase in inhibitory synaptic current amplitudes was observed
(Fig. 9c—e). Similarly, PMA pre-treatment of neurons expressing
non-desensitising a2V297L did not elicit any increase in sIPSC
amplitudes (Fig. 9c—e). These results suggest that even when PKC
is activated, it is still necessary for GABAsRs to undergo
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Fig. 7 GABA is inhibitory under conditions that induce iLTP. a
Extracellular spike currents recorded from a cultured hippocampal neuron
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the response to bicuculline (50 uM) application—two segments of the
recording are also shown below with higher time resolution. d Summary of
spike current frequencies before and after bicuculline application, n=5
neurons (paired-sample t-test: t¢4y = —7.87, p=0.0014). Baseline
measures signify the spike firing rate before any treatment. Source data are
provided as a Source data file for Fig. 7.

desensitization for the induction of iLTP. This scenario is more
consistent with the second of our proposed mechanisms, as the
first mechanism predicts that receptor activation and desensitiza-
tion are superfluous if PKC is already activated.

PMA also caused a decrease in median interevent intervals,
from 1.6 +0.4s to 0.3+0.1s (Fig. 9f), which likely represents a
distinct presynaptic action of PKC on GABA release as reported
previously?748. This decrease in IEIs was not blocked by
expression of a2V297L or cotreatment with picrotoxin (Fig. 9f).
This would suggest that the increase in amplitudes caused by
PMA was not simply a function of the increased release observed
with this treatment. Consistent with this, no changes to the rise
times of the events were observed under any of these conditions
(Fig. 9g).

Allosteric modulators can induce desensitization-dependent
LTP. Although entry of GABA,Rs into the desensitized state is
commonly studied in the context of orthosteric agonists, allosteric
modulators will also affect the occupancy of this state during
synaptic inhibition. In the case of one negative allosteric mod-
ulator, pregnenolone sulfate, inhibition of GABA,Rs is caused by
direct action on the desensitized state, enabling either stabilisation
or increased entry of GABARs into this state**—>2. However,
given that entry into the desensitized state is thought to follow
receptor activation!%33, it is also likely that drugs which do not
act directly on the desensitized state will also alter its occupancy
indirectly, as a consequence of effects on receptor kinetics. Fol-
lowing this line of reasoning, positive allosteric modulators
should also increase the occupancy of the desensitized state.

To examine this hypothesis, we returned to the paired-pulse
assay to assess GABA 4R desensitization in outside-out patches in
the presence of either pregnenolone sulfate, or the anaesthetic
etomidate, which is a positive allosteric modulator of

GABA,Rs*. Strikingly, both modulators had similar effects on
the paired-pulse GABA current suppression (Fig. 10a, b) to that
observed with the y2LV262F gubunit mutant. This manifested as a
suppression of the second GABA current at short interevent
intervals (similar to that for vehicle-treated receptors), but
considerably more sustained at longer interevent intervals in
the presence of either modulator. This result is in accord with
both modulators promoting the occupancy of agonist-bound
closed states during phasic signalling, with etomidate also
increasing the occupancy of open states evident from the slower
decays of the evoked GABA currents (Fig. 10a, c).

As both types of modulator appear to increase occupancy of
the desensitized state during phasic signalling, we predicted that
they would be capable of inducing iLTP. This is despite etomidate
being a positive allosteric modulator of GABA sRs and promoting
activation and therefore GABA currents, and pregnenolone
sulfate acting as a negative modulator to reduce GABA currents.

To test this hypothesis, we recorded from hippocampal
neurons pretreated with either modulator for 20 min prior to
recording. For both types of modulator, this resulted in large
increases in the amplitudes of sIPSCs, from —75.4+4.8 pA
(vehicle controls) to —121.8+132pA (1uM pregnenolone
sulfate) and —126.1 +11.8 pA (5uM etomidate) (Fig. 10d-f, j,
k). The decay kinetics of the synaptic currents were unaltered in
each of these recordings (Fig. 10e, g), consistent with each
modulator having been washed out prior to recording. The event
frequencies and rise times (Fig. 10h, i) showed no significant
changes, other than a slight decrease in the rise time of events
recorded from neurons pretreated with etomidate.

Thus, the finding that either a positive or negative allosteric
modulator can elicit prolonged increases in synaptic current
amplitudes, subsequent to their washout, confirms that entry of
the receptors into the desensitized state acts to induce iLTP at
inhibitory synapses. Furthermore, this finding also suggests that
this inhibitory plasticity can be induced using clinically relevant
modulators of GABARs.

Discussion

In exploring and establishing the role that desensitization of
GABA 4Rs can play in the brain, we have uncovered a mechanism
by which inhibitory synapses can directly regulate their level of
plasticity, in the form of an inhibitory long-term potentiation that
is manifest by increased synaptic current amplitudes.

In essence, iLTP is induced following the increased entry of
GABA ,Rs into one or more desensitized states, which appear to
serve as a signal for the activity state of the inhibitory synapse.
Receptor desensitization increases the phosphorylation of
GABA R subunits by PKC leading to a subsequent long-term
increase in inhibitory synaptic efficacy. In this context, the phy-
siological role of the desensitized state appears to be largely as a
mechanism of signal transduction. This is a role to which it is well
suited, especially given current structural and kinetic
evidencelO111453,55 a5 it represents a relatively long-lived con-
formational change transduced from the external to internal faces
of the plasma membrane upon the binding of agonist.

This long-term form of inhibitory plasticity was induced with
several chemical-LTP protocols stimulating either receptor
desensitization (using GABA, pregnenolone sulfate or etomidate)
or by direct PKC activation (using a phorbol ester). Similar
increases in synaptic efficacy were also apparent in cells expres-
sing a GABA AR mutation which substantially increases the sta-
bility of the desensitized state (y2LV262F). The induction of iLTP
could also be blocked by reducing entry into the desensitized state
(using a2V?97L), inhibition of PKC (using bisindolylmaleimide-I)
or by preventing GABA,R activation and thus desensitization
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(with picrotoxin), or by ablating the sites of PKC phosphorylation
on P23410A o \2S327A

In a physiological context, elevated levels of receptor desensi-
tization will most likely occur during high-intensity firing of
interneurons, or in the presence of modulators such as endo-
genous neurosteroids or anaesthetics. The basal PKC activity
required for this mechanism also has several potential sources in
neurons, signalling through either brain-derived neurotrophic
factor°®>7, metabotropic glutamate receptors®®>? or other forms
of neuromodulation®%%, all of which could potentially increase
PKC activity leading to the phosphorylation of GABA,Rs and
alterations in the efficacy of inhibitory synapses. Interestingly, a

10

similar receptor-activity and PKC-dependent mechanism is
already known to regulate the clustering of glycine receptors in
the spinal cord®2. Although the activity dependence was not
demonstrated to be due to entry of the glycine receptors into their
desensitized state, it was independent of the direction of net
chloride ion flux. Furthermore, the structural mechanism of
glycine receptor desensitization is similar to that of GABA R 163,

The phosphorylation of GABA 4R subunits by PKC, following
activation or modulation of the receptor, has been
reported!®1%21. In addition, although PKC activation is
acknowledged to have variable effects on GABA,Rs®, the
enhancement of inhibitory synaptic currents through PKC-
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Fig. 8 GABA R desensitization increases synaptic receptor numbers by phosphorylating y25327 and 25410, a Plots of synaptic current amplitude
variance against current amplitude from peak-scaled non-stationary variance analysis of sIPSCs presented in Fig. 5 (n =13 and 10 cells, respectively). Data
are shown for sIPSCs recorded from all GABA pretreated neurons (pink) and from controls (grey). b Single-channel current amplitudes (I,) are calculated
for synaptic GABAARs for each treatment (two-tailed t-test: t(;7y = —1.17, p = 0.25). ¢ Synaptic receptor numbers (N.) calculated for sIPSCs for each
treatment (two-tailed t-test: t(z7y = —4.48, p=0.00021). d Averaged sIPSC waveforms recorded from untransfected cells pretreated with either vehicle
(grey) or GABA (pink), and cells expressing y25327A pretreated with GABA (purple), aligned to their rise phases. @ Mean cumulative probability
distributions of the sIPSC amplitudes and f Maximum rate of rise slopes of all sIPSCs recorded; n = 3470 events from 14 cells, 3808 events from 9 cells,
2266 events from 8 cells, and 4125 events from 6 cells, respectively, for each construct (mock, grey; +GABA, pink; y25327 + GABA, purple; BZS‘”O +
GABA, blue). g Mean sIPSC amplitudes for the same conditions as in panel (e) and (f) (one-way ANOVA: F333)=29.20, p=2.1x 10~9%; Tukey test
(vehicle, S327A + GABA): p=0.09; Tukey test (vehicle vs S410A): p=0.12). h Mean 20-80% rise times for sIPSCs recorded under the indicated
conditions (one-way ANOVA: F(334y=1.32, p=0.28). i Median IE| of the sIPSCs recorded from cells under the indicated conditions (one-way ANOVA:
F334)=0.66, p=0.58). j Immunoblots of lysates taken from HEK293 cells transiently transfected with the indicated constructs treated with either vehicle
or GABA (1mM) for 20 min prior to lysis. Blots were probed for phosphorylated (p) y25327 (top row), and for total y2 levels (bottom row). k Fold changes
in the phosphorylation levels for y25327 in cells expressing the indicated constructs (control, black; a1V296L, red; y2LV262F, blue), after GABA 20 min
treatment (one-sample t-test with a onefold change as the null hypothesis: t¢;y = 2.35, p = 0.038; one-way ANOVA: F(; 15y =15.52, p = 0.00020; Tukey
test (wt vs a1V296L): p = 0.036; Tukey test (wt vs y2LY262F): p = 0.042; n =12, 9 and 11 lysates for WT, a1V296L and y2V262F respectively). Source data are

provided as a Source data file for Fig. 8.

dependent phosphorylation and the regulation of GABAAR
clustering by the phosphorylation of the y25327 site are also well
established20-44:43,56,59,65 Thuys, the results described here provide
a mechanistic basis for the link between GABA 4R activation and
phosphorylation, and demonstrate a synaptic relevance for this
mechanism. Structural studies will be required to establish pre-
cisely how entry of the receptors into the desensitized state
enhances the phosphorylation of GABAAR subunits in the M3-
M4 internal loop domain, an area yet to be resolved at the
atomic level.

Given that GABALR activation and desensitization are pre-
requisites for iLTP even in the presence of PMA, it seems unlikely
that this form of plasticity depends on the activation of phos-
pholipase C by the GABA,Rs, even though such a signalling
cascade has been described?®, as PMA will occupy the dia-
cylglycerol binding site of PKC®®. Nevertheless, residues proximal
to the S327 phosphorylation consensus site of y2 subunits,
including H318, have been implicated in the desensitization of the
receptor®’, therefore suggesting conformational coupling between
this region and the desensitization gate that could provide a
mechanistic link between desensitization and phosphorylation.
Interestingly, recent structural work has shown that phosphati-
dylinositol bisphosphate (PIP,), a known interactor of PKC,
binds to GABA4Rs, with the inositol head group positioned in
close proximity to the desensitization gate®, perhaps providing a
mechanism by which desensitization could promote the binding
of PKC to the GABA4R and the phosphorylation of receptor
subunits.

Although we do not yet understand the precise structural basis
of this process, the results we present here demonstrate a link
between the activation of GABA,Rs and the potentiation of
inhibitory synapses not only providing an important insight into
the plasticity of inhibition in the brain, but also revealing the
potential of the GABAR to signal its level of activation (desen-
sitization) by engaging with a metabotropic signalling pathway at
inhibitory synapses.

Methods
HEK cell culture. Human embryonic kidney cells (HEK293) were cultured in
Dulbecco’s modified Eagle’s media (Gibco) containing 10% v/v fetal bovine serum
(heat-inactivated, Brazil, Gibco) and 100 U/ml penicillin and 100 pg/ml strepto-
mycin (Gibco). They were maintained in a humidified 37 °C, 5% CO, incubator.
Cells were passaged approximately twice weekly. Briefly, cells were detached from
tissue culture plasticware using trypsin (Trypsin - EDTA, 0.05% w/v, Gibco). The
dissociated cells were then centrifuged at 150 x g for 2 min before resuspension in
culture media at the desired density for plating.

For electrophysiology experiments, cells were plated onto 22 mm washed glass
coverslips coated with poly-L-lysine (mw: 70,000-150,000; Sigma). Cells were
transfected with mouse GABA,R cDNA constructs using the pRK5 vector and

with eGFP ¢cDNA (pEGFP-C1) in a 1:1:1:1 ratio using the calcium phosphate
precipitation method. For each coverslip 4 pg of total DNA was mixed with 20 pl of
340 mM CaCl,. This solution was then mixed with 24 ul 2x HBS (50 mM HEPES,
280 mM NaCl, 2.8 mM Na,HPO,). The combined solution was applied dropwise to
the cells. Transfected cells were incubated in a humidified 37 °C/5% CO, incubator
for 24-48 h prior to recording. Cells that were incubated for 48 h were washed in
Hanks balanced salt solution (HBSS, Sigma) after 24 h to remove the transfection
media. For immunoblotting, a similar protocol was used with cells seeded onto 6-
well plates.

cDNA constructs. The constructs alV2%L and y2LV262F were generated as
described in Gielen et al.'l. The a2 equivalent of a1V2%L (a2V2%7L) was generated
using site-directed mutagenesis of the wild-type a2 construct. Briefly, an inverse
PCR was carried out with primers containing the mutation (see Supplementary
Table 1). The products of the reaction were ligated with T4-ligase (Roche), and
then introduced into competent E. coli cells (NEB 5as, New England Biolabs).
Clonal bacterial cultures were then produced, and the DNA harvested using a
maxiprep kit (Qiagen, manufacturers protocol). All constructs were validated using
Sanger sequencing (Source Biosciences).

Outside-out patch recordings from HEK293 cells. Outside-out patches were
pulled from transfected HEK cells using thick-walled borosilicate patch electrodes
(resistance 4—6 MQ) filled with an internal recording solution consisting of

140 mM KCI, 10 mM HEPES, 1 mM MgCl,, 4 mM Mg-ATP, 10 mM BAPTA,
pH 7.2. The bath was continuously perfused with a Krebs solution containing:
140 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl,, 2.5 mM CaCl,, 5mM HEPES, 11 mM
D-glucose, pH 7.4. The outside-out patches were voltage-clamped at —20 mV with
an Axopatch 200B amplifier (Molecular Devices) and currents were recorded and
low pass filtered with a 4-pole Bessel filter (5kHz), at a sampling rate of 50 kHz.
Drugs were rapidly-applied using a glass theta-tube, extruded to a tip diameter of
50-100 pm, and connected to a piezoelectric transducer (Burleigh Instruments) for
fast drug exchange. Open electrode tip liquid junction currents were used to
confirm the rate of solution exchange (10-90%) at 100-250 ps, and that exposures
were free from oscillation artefacts. All recordings from outside-out patches were
made at 21 +1°C.

GABA current decay curves were fitted using Clampfit version 10.7 (Molecular
Devices) and the standard exponential function with two or three components. The
number of components used was determined by whether additional components
decreased the sum of squared errors. Weighted time constants (T.,) were calculated
with the formula:

T _(at) +(a,5) +(a5.45) (1)
" (a, +a, + a3)
Where a indicates the amplitude, and ¢ indicates the time constant, for each
exponential component. Extents of desensitization (D(extent)) were calculated as
the percentage reduction in GABA current from the peak to the steady state:

D(extent) = <1 - <W>> x 100 (2)

peak

Dissociated neuronal cultures. Hippocampal cultures were prepared from E18
Sprague-Dawley rat embryos. Animals were sacrificed in accordance with the UK
Animals (Scientific Procedures) Act 1986 as also overseen by UCL’s Animal
Welfare and Ethical Review Body. The pooled hippocampi were dissociated by
trypsinization and trituration using flame polished Pasteur pipettes. The resulting
cell suspension was plated onto 22 mm glass coverslips previously coated with
poly-L-ornithine (Sigma, mw 100,000-200,000), in a plating media consisting of:
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Fig. 9 Induction of iLTP by PKC requires GABA,R activation and desensitization. a Representative sIPSC traces recorded from cells pretreated with
either vehicle (black) or phorbol 12-myristate 13-acetate (PMA, green). b Average waveforms of sIPSCs for each condition. ¢ Mean cumulative probability
distributions of the amplitudes of all sIPSCs recorded for each receptor construct (WT or a2V297L) and condition (vehicle, grey; +PMA, turquoise; a2V297L
+ PMA, light green; +PMA & picrotoxin (Ptx), purple); n =1482 events from 7 neurons, 12,532 events from 10 neurons, 11,1770 events from 5 neurons
and 4745 events from 7 neurons, respectively. d Cumulative probability distributions of the maximum rate of rise slopes of all sIPSCs recorded as in panel
(c). e Summary data for mean sIPSC amplitudes recorded from cells pretreated with either vehicle or PMA, or cells expressing a2V2%7L and pretreated with
PMA, or pretreated with PMA in the presence of picrotoxin (100 uM; one-way ANOVA: F(3 5y =5.84, p=0.0036; Tukey test (vehicle vs PMA): p=
0.022; Tukey test (vehicle vs PMA + Ptx): p = 0.98; Tukey test (vehicle, a2V297L + PMA): p = 0.99). f Median sIPSC IEls under the same four conditions
as in (e) (one-way ANOVA: F(3 .5 = 8.03, p = 0.0006; Tukey test (vehicle vs PMA): p = 0.0013; Tukey test (vehicle vs a2V2%7L 4+ PMA): p = 0.0016;
Tukey test (vehicle vs PMA + Ptx: p=0.030). g Mean 20-80% rise time of sIPSCs for neurons recorded under the indicated conditions (one-way
ANOVA: F(355, =115, p=0.35). Source data are provided as a Source data file for Fig. 9.

minimum essential medium (Gibco), 5% v/v heat-inactivated horse serum (New
Zealand origin, Gibco), 5% v/v heat-inactivated fetal calf serum (South American
origin, Gibco), 2 mM glutamine (Gibco), 20 mM glucose (Sigma), 100 U/100 pg/ml
penicillin-G/streptomycin (Sigma). One hour after plating, the plating media was
removed and replaced with maintenance media consisting of Neurobasal-A
(Gibco), 0.5x B27 supplement (Gibco), 0.5x Glutamax (Gibco), 35 mM D-glucose
(Sigma), 100 U/ml penicillin-G and 100 pg/ml streptomycin. The maintenance
media was topped up with 0.5 ml fresh media twice a week for each 35 mm
culture dish.

Neurons were transfected after 7 days in vitro using Effectene (Qiagen). For this
0.4 ug of the indicated GABA 4R subunit DNA (in pRK5) and 0.4 ug of eGFP DNA
(pEGFP-C1) were mixed with 100 ul EC buffer, 3.2 ul enhancer, 10 pl Effectene and
600 pl maintenance media. This solution was mixed by vortexing and added
dropwise to neurons maintained in fresh media. Two hours after the addition of
the transfection media, it was removed and replaced with conditioned media
harvested from the neurons prior to the transfection.

Analysis and whole-cell voltage-clamp recordings of synaptic currents. Cov-
erslips were removed from the incubator between 20 and 22 days in vitro and were
placed into a bath continuously perfused with Krebs solution. Transfected cells
were identified by their eGFP fluorescence. Only principal cells with pyramidal cell-
like morphologies were used for recording. Patch electrodes with resistances of
2.5-3.5 MQ were filled with a CsCl-based internal solution consisting of 140 mM
CsCl, 2mM NaCl, 10 mM HEPES, 5 mM EGTA, 2 mM MgCl,, 0.5 mM CaCl,, 2
mM Na-ATP, 0.5 mM Na-GTP and 2 mM QX-314, were used for the whole-cell
recording configuration. Recordings were made with an Axopatch 200B amplifier
with Clampex ver 10.2. Cells were subjected to a holding potential of —60 mV and
series resistance compensation of >85% was applied. Recordings were made with
sampling rates of 20 kHz using a 4-pole low pass Bessel filter set at 5 kHz. The
access resistance was assessed every 5 min and used as a barometer of cell viability.
If it deviated by more than 25%, the data from the intervening period were dis-
carded. For the recording of spontaneous inhibitory postsynaptic currents
(sIPSCs), 2 mM kynurenic acid was included in the bath solution to block
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Fig. 10 Allosteric modulators of GABARs that increase the occupancy of the desensitized state also induce iLTP. a Averaged GABA currents of
GABAARs in outside-out patches pulled from transiently transfected HEK293 cells, to sequential pulses of 10 mM GABA in the presence of vehicle, 10 uM
pregnenolone sulfate (PS, light blue), or 5 uM etomidate (purple). b Re-sensitization of the second GABA current with increasing interevent intervals in the
presence of the indicated modulators; n =4, 3, and 3, respectively, for each condition. ¢ Weighted decay time constants for GABA current responses in
control and exposed to the modulators (Eto = etomidate, PS = pregnenolone sulfate; one-way ANOVA: F(; 7, =55.9, p=0.00005; Tukey test (vehicle vs
etomidate): p=0.00007; Tukey test (etomidate vs pregnenolone sulfate): p = 0.0001). d Representative sIPSCs recorded from neurons pretreated with
the indicated modulators (vehicle, 1uM pregnenolone sulfate or 5 uM etomidate). e Average sIPSC waveforms for each modulator aligned on the current
rising phases. f Mean sIPSC amplitudes (one-way ANOVA: Fi; 29y =7.19, p=0.0029; Tukey test (mock vs PS): p=0.0099; Tukey test (mock vs
etomidate): p=0.0058) and g weighted decay time constants for sIPSCs recorded after treatment with the indicated modulators (one-way ANOVA:
F229y=0.11, p=0.89). h Median IEls for the sIPSCs recorded from neurons after treatment under the indicated conditions (one-way ANOVA (IED) F(; 29y
=4.25,p=0.27).i20-80% rise times of sIPSCs recorded after treatment (one-way ANOVA (rise times) F 29y = 4.25, p = 0.024; Tukey test (Mock vs
Etomidate): p = 0.029; Tukey test (Mock vs PS): p =0.078). j Cumulative probability distribution of the sIPSC amplitudes. k Maximum rate of rise slopes
of all sIPSCs recorded; n =3930 events from 11 cells, 8646 events from 10 cells and 4467 events from 11 cells, respectively. Source data are provided as a

Source data file for Fig. 10.

glutamate receptor activity. Bath temperature was controlled either by working at a
controlled ambient temperature (21 °C, as measured with a thermometer and
thermocouple immersed in the bath solution), or by warming the bath solution
with an inline heater to 37 °C (confirmed by insertion of a thermocouple into
the bath).

For experiments involving drug pre-treatments, final drug concentrations were
added to the maintenance media (see above) of the cultured neurons, and the
dishes were subsequently returned to the cell incubator for the duration of the
treatment (20 min). The coverslips were then removed and placed into the
recording chamber. Krebs solution was washed over the coverslip for 25 min prior
to recording to ensure washout of the drug. For recordings performed 24 h after
GABA treatment, the treatment media was removed, and the cells were washed 5x
in HBSS, followed by one 20-min wash in fresh maintenance media before being
returned to conditioned media harvested from the cells prior to the treatment.

Spontaneous IPSCs were identified in 5 min recording epochs using Clampfit
(version 10.7, Molecular Devices) in conjunction with a template pattern search
(generated from examples of sIPSC rise profiles and peak currents recorded from
control cultured hippocampal neurons at the same temperature). All recorded
events were visually inspected. For the calculation of mean amplitudes, events were
discarded if they displayed inflections on the rising phase. Events used for kinetic
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analysis were also discarded if they displayed any secondary peaks during the decay
phase. Conversely, for the calculation of rise-rates, interevent intervals, and the
production of cumulative probability distributions, all detected events were
included. Decay curves were fitted to average sIPSC waveforms using a standard
two component exponential function in ClampFit. Weighted time constants were
determined from

(a1-t;) + (ar-t,)

T —
(a, +a,)

w 3)
Where a indicates the relative weighting of each exponential component and ¢
indicates the time constant of each component. Rise-time slopes were calculated
using the maximum rate of rise function in ClampFit on data filtered at 2 kHZ (8-
pole Bessel). For presentation purposes only, current records were further filtered
with a 1 kHz 8-pole Bessel filter.

For peak-scaled non-stationary variance analysis, synaptic events were selected
that displayed both clean rise and decay phases (without inflections, secondary
peaks, or noise artefacts). These events were imported into WinWCP v5.2.3
(Dempster, 2015), and the peak of the averaged sIPSCs was aligned to the peaks of
individual sIPSCs selected for analysis. The decay phases of individual sIPSCs were
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subtracted from the mean sIPSC decay to yield the current variance which was
plotted against the corresponding mean current and the data curve fitted using the
parabolic function:

Im?
o’ = (iIm - %) + var (4)

Where ¢ is the current variance, i is the single-channel current, I, is the mean

current and N is the mean number of synaptic receptors activated during the peak
of an sIPSC, and var is the baseline current variance. From the resulting parabolic
curve fits, the equation was used to estimate both i and N for synaptic GABARs.

Cluster-based analysis for sIPSCs. Spontaneous IPSC parameters were extracted
using the Clampfit event detection protocol as described above. The following
parameters were chosen for the clustering analysis: instantaneous sIPSC frequency,
10-90% sIPSC rise time, 20-80% rise time, 30-70% rise time, maximum rise slope
normalized to the peak sIPSC amplitude, rise slope normalized by the peak
amplitude, interevent sIPSC interval, burst window (calculated as the shortest
interval containing three consecutive sIPSC events, including the one in question),
and coefficient of variation within the burst window. Clustering of these para-
meters was carried out in R (ver 3.6.2), using the EMMIXskew package® (ver 1.0.3)
for analysing a mixture of multi-variate skew distributions. Skewed t-
distributions®® were used to model the data, due to our observation that SIPSC
parameters, such as frequency, often display a skew in their probability distribu-
tions. The number of clusters was established by running models with varying
numbers of components, and then selecting the one which minimised the Bayes
information criterion’?. T-distributed stochastic neighbour embedding plots were
produced in R using the Rtsne package’!. All other plots were produced in Ori-
ginPro (2018). For the boxplots, boxes represent the interquartile range with the
whiskers representing the 10-90% interval.

Immunoblotting. Dishes containing HEK cells were taken from the incubator and
placed on ice. The media was removed, and the cells briefly washed in ice-cold
Tris-buffered saline (TBS). TBS was removed and radioimmunoprecipitation assay
buffer (RIPA; 1% NP-40, 0.5% Na-deoxycholate, 0.1% sodium-dodecyl sulfate
(SDS), 150 mM NaCl, 50 mM Tris) was added. Dishes containing the cells and
RIPA buffer were immediately placed into a —80 °C freezer for ~5 min to freeze the
cells. Plates were removed from the freezer, thawed on ice and cell lysates were
collected in ice-cold Eppendorf tubes. Lysates were mixed by rotation at 4 °C for 1
h to allow solubilisation of the membrane proteins to occur. The lysates were then
spun at 16,100 x g for 30 min. Bicinchoninic acid (BCA) assays (Thermo Scientific)
were carried out and the protein concentrations normalised. Sample buffer was
added to the lysate at final concentrations of 17.5% glycerol, 5% SDS, 250 mM tris,
5mg/ml bromophenol blue, 4 M urea, 200 mM dithiothreitol and incubated at
room temperature for 45 min prior to loading onto the gels.

Polyacrylamide gels (10%) were prepared as follows: 10% acrylamide, 375 mM
bis-Tris, 0.2% SDS, 0.15% ammonium persulfate, 0.015% TEMED and poured into
glass cassettes (Biorad) and polymerised for at least 1 h before sample loading.
Samples were loaded directly onto the gel along with a pre-stained protein marker
(New England Biolabs), and were run with a constant voltage of 60 V. Sodium
metabisulfite was added to the electrophoresis running buffer (25 mM Tris, 192
mM glycine, 0.1% SDS) to a final concentration of 50 mM. Protein from the gel was
then transferred to nitrocellulose membranes for 1h at 100 V. Blocking was next
performed in TBS 0.1% Tween (TBST) 5% BSA for 30 min at room temperature.

After blocking, proteins were exposed to primary antibodies overnight at 4 °C
(anti-y2 phospho-S327, ab73183 (Abcam), 1:1000). Antibodies were diluted in the
same buffer as used for blocking. Membranes were washed in TBST for 1h and
probed with secondary antibodies (HRP-conjugate anti-rabbit (Rockland), 1:10,000
in TBST 5% BSA) for 2 h at room temperature. After exposure to the secondary
antibody, the membranes were washed 3x in TBST (total wash time 1h) and were
developed with luminata crescendo ECL substrate (Millipore) on an ImageQuant
LAS 4000 (GE Healthcare). The membranes were stripped in mild stripping buffer
(200 mM glycine, 0.1% SDS, 1% Tween20, pH 2.2), and subsequently re-probed for
total y2 GABA 4R subunit levels (anti-y2: Alomone, 1:500, AGA-005). Analysis was
carried out using GelAnalyser 2010a (ver 19.1). Lanes and bands were detected
automatically, and a rolling-ball background correction was applied prior to
quantification.

Statistics. All the data shown in the bar graphs are presented as means + standard
errors (SEM). This includes graphs demonstrating the median IEIs of synaptic
events, where individual data points represent the median values of all events for an
individual cell. Comparing means of multiple groups was undertaken using a one-
way ANOVA followed by a Tukey post hoc test. In the case of experiments

with two conditions, two-tailed t-tests were performed. Results with p values <0.05
were defined as statistically significant (indicated by the * symbol on graphs), and
p values are reported in full, where appropriate, with each figure legend.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Data supporting the findings of this manuscript are available from the corresponding
author upon reasonable request. A reporting summary for this Article is available as a
Supplementary Information file. Source data are provided with this paper.

Received: 22 October 2019; Accepted: 3 March 2021;
Published online: 09 April 2021

References

1. Bliss, T. V. P, Collingridge, G., Morris, R. G. M. & Reymann, K. G. Long-term
potentiation in the hippocampus: discovery, mechanisms and function.
Neuroforum 24, A103-A120 (2018).

2. Nicoll, R. A. A brief history of long-term potentiation. Neuron 93, 281-290
(2017).

3. Lisman, J. Glutamatergic synapses are structurally and biochemically complex
because of multiple plasticity processes: long-term potentiation, long-term
depression, short-term potentiation and scaling. Philos. Trans. R. Soc. Lond.,
B, Biol. Sci. 372, https://doi.org/10.1098/rstb.2016.0260 (2017).

4. Malenka, R. C. & Bear, M. F. LTP and LTD: an embarrassment of riches.
Neuron 44, 5-21 (2004).

5. Barberis, A. Postsynaptic plasticity of GABAergic synapses.
Neuropharmacology 169, https://doi.org/10.1016/j.neuropharm.2019.05.020
(2019).

6. Chiu, C. Q, Barberis, A. & Higley, M. J. Preserving the balance: diverse forms
of long-term GABAergic synaptic plasticity. Nat. Rev. Neurosci. 20, 272-281
(2019).

7. Malenka, R. C. & Nicoll, R. A. NMDA-receptor-dependent synaptic plasticity:
multiple forms and mechanisms. Trends Neurosci. 16, 521-527 (1993).

8. Herring, B. E. & Nicoll, R. A. Long-term potentiation: from CaMKII to AMPA
receptor trafficking. Annu. Rev. Physiol. 78, 351-365 (2016).

9. Farrant, M. & Kaila, K. The cellular, molecular and ionic basis of GABA ,
receptor signalling. Prog. Brain Res. 160, 59-87 (2007).

10. Gielen, M. & Corringer, P.-]. The dual-gate model for pentameric ligand-gated
ion channels activation and desensitization. . Physiol. 596, 1873-1902 (2018).

11. Gielen, M., Thomas, P. & Smart, T. G. The desensitization gate of inhibitory
Cys-loop receptors. Nat. Commun. 6, 6829 (2015).

12. Huang, X., Chen, H. & Shaffer, P. L. Crystal structures of human GlyRa3
bound to ivermectin. Structure 25, 945-950 (2017).

13. Laverty, D. et al. Crystal structures of a GABA-receptor chimera reveal new
endogenous neurosteroid-binding sites. Nat. Struct. Mol. Biol. 24, 977-985
(2017).

14. Miller, P. S. & Aricescu, R. A. Crystal structure of a human GABA, receptor.
Nature 512, 270-275 (2014).

15. Miller, P. S. et al. Structural basis for GABA, receptor potentiation by
neurosteroids. Nat. Struct. Mol. Biol. 24, 986-992 (2017).

16. Papke, D., Gonzalez-Gutierrez, G. & Grosman, C. Desensitization of
neurotransmitter-gated ion channels during high-frequency stimulation: a
comparative study of Cys-loop, AMPA and purinergic receptors. J. Physiol.
589, 1571-1585 (2011).

17. Gravielle, M. C. C. Regulation of GABA, receptors by prolonged exposure to
endogenous and exogenous ligands. Neurochem. Int. 118, 96-104 (2018).

18. Abramian, A. M. et al. Neurosteroids promote phosphorylation and
membrane insertion of extrasynaptic GABA, receptors. Proc. Natl Acad. Sci.
USA 111, 7132-7137 (2014).

19. Adams, J. M., Thomas, P. & Smart, T. G. Modulation of neurosteroid
potentiation by protein kinases at synaptic- and extrasynaptic-type GABA 5
receptors. Neuropharmacology 88, 63-73 (2015).

20. Ferreri, M. C., Gutiérrez, M. L. & Gravielle, M. C. Tolerance to the
sedative and anxiolytic effects of diazepam is associated with different
alterations of GABA 4 receptors in rat cerebral cortex. Neuroscience 310,
152-162 (2015).

21. Gutiérrez, M. L. L., Ferreri, M. C. C,, Farb, D. H. & Gravielle, M. C. C. GABA-
induced uncoupling of GABA/benzodiazepine site interactions is associated
with increased phosphorylation of the GABA, receptor. J. Neurosci. Res. 92,
1054-1061 (2014).

22. Barnes, E. M. Use-dependent regulation of GABA, receptors. Int. Rev.
Neurobiol. 39, 53-76 (1996).

23. Baumgartner, B. J., Harvey, R. J., Darlison, M. G. & Barnes, E. M.
Developmental up-regulation and agonist-dependent down-regulation of
GABA, receptor subunit mRNAs in chick cortical neurons. Mol. Brain Res.
26, 9-17 (1994).

14 | (2021)12:2112 | https://doi.org/10.1038/s41467-021-22420-9 | www.nature.com/naturecommunications


https://doi.org/10.1098/rstb.2016.0260
https://doi.org/10.1016/j.neuropharm.2019.05.020
www.nature.com/naturecommunications

ARTICLE

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Lyons, H. R., Gibbs, T. T. & Farb, D. H. Turnover and down-regulation of
GABAA receptor al, f2S, and yl subunit mRNAs by neurons in culture. J.
Neurochem. 74, 1041-1048 (2000).

Modgil, A. et al. Endogenous and synthetic neuroactive steroids evoke
sustained increases in the efficacy of GABAergic inhibition via a protein
kinase C-dependent mechanism. Neuropharmacology 113, 314-322 (2017).
Nicholson, M. W. et al. Diazepam-induced loss of inhibitory synapses
mediated by PLCS/ Ca®*/ calcineurin signalling downstream of GABA,
receptors. Mol. Psychiatry 23, 1851-1867 (2018).

Oh, D. J. & Dichter, M. A. Desensitization of GABA-induced currents in
cultured rat hippocampal neurons. Neuroscience 49, 571-576 (1992).
Russek, S. J., Bandyopadhyay, S. & Farb, D. H. An initiator element mediates
autologous downregulation of the human type A y-aminobutyric acid receptor
B1 subunit gene. Proc. Natl Acad. Sci. USA 97, 8600-8605 (2000).

Brady, M. et al. Depolarizing, inhibitory GABA type A receptor activity
regulates GABAergic synapse plasticity via ERK and BDNF signalling.
Neuropharmacology 128, 324-339 (2018).

Gouzer, G., Specht, C. G., Allain, L., Shinoe, T. & Triller, A. Benzodiazepine-
dependent stabilization of GABA, receptors at synapses. Mol. Cell. Neurosci.
63, 101-113 (2014).

Lévi, S., Roux, N., Le, Eugéne, E. & Poncer, J. C. Benzodiazepine ligands
rapidly influence GABA 4 receptor diffusion and clustering at hippocampal
inhibitory synapses. Neuropharmacology 88, 199-208 (2015).

Gravielle, M. C. C,, Faris, R., Russek, S. J. & Farb, D. H. GABA induces activity
dependent delayed-onset uncoupling of GABA/benzodiazepine site
interactions in neocortical neurons. J. Biol. Chem. 280, 20954-20960 (2005).
Friedman, L. K., Gibbs, T. T. & Farb, D. H. y-aminobutyric acidA receptor
regulation: heterologous uncoupling of modulatory site interactions induced
by chronic steroid, barbiturate, benzodiazepine, or GABA treatment in
culture. Brain Res. 707, 100-109 (1996).

Picciotto, M. R., Addy, N. A, Mineur, Y. S. & Brunzell, D. H. It is not “either/
or”: activation and desensitization of nicotinic acetylcholine receptors both
contribute to behaviors related to nicotine addiction and mood. Prog.
Neurobiol. 84, 329-342 (2008).

Govind, A., Walsh, H. & Green, W. Nicotine-induced upregulation of native
neuronal nicotinic receptors Is caused by multiple mechanisms. J. Neurosci.
32, 2227-2238 (2012).

Thomsen, M. S. & Mikkelsen, J. D. Type I and II positive allosteric modulators
differentially modulate agonist-induced up-regulation of a7 nicotinic
acetylcholine receptors. J. Neurochem. 123, 73-83 (2012).

Kabbani, N. & Nichols, R. A. Beyond the channel: metabotropic signaling by
nicotinic receptors. Trends Pharmacol. Sci. 39, 354-366 (2018).

Hui, K. K. et al. GABARAPs dysfunction by autophagy deficiency in
adolescent brain impairs GABA 4 receptor trafficking and social behavior. Sci.
Adv. 5, eaau8237 (2019).

Rowland, A. M., Richmond, J. E., Olsen, J. G., Hall, D. H. & Bamber, B. A.
Presynaptic terminals independently regulate synaptic clustering and
autophagy of GABA, receptors in Caenorhabditis elegans. ]. Neurosci. 26,
1711-1720 (2006).

Gyenes, M., Farrant, M. & Farb, D. H. “Run-down” of y-aminobutyric acid A
receptor function during whole-cell recording: a possible role for
phosphorylation. Mol. Pharmacol. 34, 719-723 (1988).

Ozawa, S. & Yuzaki, M. Patch-clamp studies of chloride channels activated by
y-aminobutyric acid in cultured hippocampal neurones of the rat. Neurosci.
Res. 1, 275-293 (1984).

Palma, E. et al. GABA -current rundown of temporal lobe epilepsy is
associated with repetitive activation of GABA, “phasic” receptors. Proc. Natl
Acad. Sci. USA 104, 20944-20948 (2007).

He, Q. et al. Interneuron- and GABA 4 receptor-specific inhibitory synaptic
plasticity in cerebellar Purkinje cells. Nat. Commun. 6, 7364 (2015).

Muir, J. et al. NMDA receptors regulate GABA receptor lateral mobility and
clustering at inhibitory synapses through serine 327 on the y2 subunit. Proc.
Natl Acad. Sci. USA 107, 16679-16684 (2010).

Wang, J. et al. Interaction of calcineurin and type-A GABA receptor

Y2 subunits produces long-term depression at CA1 inhibitory synapses. J.
Neurosci. 23, 826-836 (2003).

McLean, H. A, Caillard, O., Ben-Ari, Y. & Gaiarsa, J. L. Bidirectional plasticity
expressed by GABAergic synapses in the neonatal rat hippocampus. J. Physiol.
496, 471-477 (1996).

Capogna, M., Gahwiler, B. H. & Thompson, S. M. Presynaptic enhancement
of inhibitory synaptic transmission by protein kinases A and C in the rat
hippocampus in vitro. J. Neurosci. 15, 1249-1260 (1995).

Pitler, T. A. & Alger, B. E. Differences between presynaptic and postsynaptic
GABAp mechanisms in rat hippocampal pyramidal cells. J. Neurophysiol. 72,
2317-2327 (1994).

Shen, W., Mennerick, S., Covey, D. F. & Zorumski, C. F. Pregnenolone sulfate
modulates inhibitory synaptic transmission by enhancing GABA, receptor
desensitization. J. Neurosci. 20, 3571-3579 (2000).

50. Sachidanandan, D. & Bera, A. K. Inhibition of the GABA 4 receptor by sulfated
neurosteroids: a mechanistic comparison study between pregnenolone sulfate
and dehydroepiandrosterone sulfate. J. Mol. Neurosci. 56, 868-877 (2015).

51. Seljeset, S., Bright, D. P., Thomas, P. & Smart, T. G. Probing GABA 4 receptors
with inhibitory neurosteroids. Neuropharmacology 136, 23-36 (2018).

52. Germann, A. L., Pierce, S. R, Burbridge, A. B., Steinbach, J. H. & Akk, G.
Steady-state activation and modulation of the concatemeric a12y2L GABA
receptor. Mol. Pharmacol. 96, 320-329 (2019).

53. Bianchi, M. T., Botzolakis, E. J., Haas, K. F., Fisher, J. L. & Macdonald, R. L.
Microscopic kinetic determinants of macroscopic currents: insights from
coupling and uncoupling of GABA 4 receptor desensitization and deactivation.
J. Physiol. 584, 769-787 (2007).

54. Yang, J. & Uchida, I. Mechanisms of etomidate potentiation of GABA
receptor-gated currents in cultured postnatal hippocampal neurons.
Neuroscience 73, 69-78 (1996).

55. Jones, M. V. & Westbrook, G. L. Desensitized states prolong GABA 5 channel
responses to brief agonist pulses. Neuron 15, 181-191 (1995).

56. Jovanovic, J. N., Thomas, P., Kittler, J. T., Smart, T. G. & Moss, S. J. Brain-
derived neurotrophic factor modulates fast synaptic inhibition by regulating
GABA, receptor phosphorylation, activity, and cell-surface stability. J.
Neurosci. 24, 522-530 (2004).

57. Porcher, C., Medina, 1. & Gaiarsa, J.-L. Mechanism of BDNF modulation in
GABAergic synaptic transmission in healthy and disease brains. Front Cell
Neurosci. 12, 273 (2018).

58. Niswender, C. M. & Conn, P. J. Metabotropic glutamate receptors:
physiology, pharmacology, and disease. Annu. Rev. Pharmacol. Toxicol. 50,
295-322 (2010).

59. Bannai, H. et al. Bidirectional control of synaptic GABAR clustering by
glutamate and calcium. Cell Rep. 13, 2768-2780 (2015).

60. Dominguez, S., Fernandez de Sevilla, D. & Bufio, W. Muscarinic long-term
enhancement of tonic and phasic GABAA inhibition in rat CA1 pyramidal
neurons. Front Cell Neurosci. 10, 244 (2016).

61. Yan, Z. Regulation of GABAergic inhibition by serotonin signaling in
prefrontal cortex: molecular mechanisms and functional implications. Mol.
Neurobiol. 26, 203-216 (2002).

62. Nakahata, Y. et al. Activation-dependent rapid postsynaptic clustering of
glycine receptors in mature spinal cord neurons. eNeuro 4, https://doi.org/
10.1523/eneuro.0194-16 (2017).

63. Du, J, Li, W, Wu, S,, Cheng, Y. & Gouaux, E. Glycine receptor
mechanism elucidated by electron cryo-microscopy. Nature 526, 224-229
(2015).

64. Nakamura, Y., Darnieder, L. M., Deeb, T. Z. & Moss, S. J. Regulation of
GABA,Rs by phosphorylation. Adv. Pharmacol. 72, 97-146 (2015).

65. Poisbeau, P., Cheney, M. C,, Browning, M. D. & Mody, I. Modulation of
synaptic GABA 4 receptor function by PKA and PKC in adult hippocampal
neurons. J. Neurosci. 19, 674-683 (1999).

66. Liu, W. S. & Heckman, C. A. The sevenfold way of PKC regulation. Cell.
Signal. 10, 529-542 (1998).

67. Gielen, M., Barilone, N. & Corringer, P.-]. The desensitization pathway of
GABA, receptors, one subunit at a time. Nat. Commun. 11, 5369 (2010).

68. Laverty, D. et al. Cryo-EM structure of the human alpf3y2 GABA4 receptor in
a lipid bilayer. Nature 565, 516-520 (2019).

69. Wang, K., Ng, S. & McLachlan, G. J. in Digital Image Computing: Techniques
and Applications 526-531 (2009).

70. Schwarz, G. Estimating the dimension of a model. Ann. Stat. 6, 461-464
(1978).

71. Krijthe, J. & Van der Maaten, L. Rtsne, R package version 0.15, https://cran.r-
project.org/web/packages/Rtsne/index.html (2018).

Acknowledgements
This work was supported by an MRC programme grant (T.G.S.). M.F. was supported by
a 4-year MRC Postgraduate Studentship.

Author contributions

M.F. performed electrophysiology, biochemical and molecular experiments and asso-
ciated analyses, and contributed significantly towards directing the study; V.D. per-
formed biochemical experiments, P.T. performed electrophysiology experiments and
analysis and advised on project direction; T.G.S. conceived the study, supervised the
study’s direction and provided resources. All authors contributed towards the writing,
editing and reviewing of the paper.

Competing interests
The authors declare no competing interests.

| (2021)12:2112 | https://doi.org/10.1038/s41467-021-22420-9 | www.nature.com/naturecommunications 15


https://doi.org/10.1523/eneuro.0194-16
https://doi.org/10.1523/eneuro.0194-16
https://cran.r-project.org/web/packages/Rtsne/index.html
https://cran.r-project.org/web/packages/Rtsne/index.html
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Additional information Open Access This article is licensed under a Creative Commons
Supplementary information The online version contains supplementary material L7 Attribution 4.0 International License, which permits use, sharing,
available at https://doi.org/10.1038/s41467-021-22420-9. adaptation, distribution and reproduction in any medium or format, as long as you give

appropriate credit to the original author(s) and the source, provide a link to the Creative
Correspondence and requests for materials should be addressed to T.G.S. Commons license, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

Peer review information Nature Communications thanks Alexandru Aricescu with
Patricia Brown, Pierre Jean Corringer, Jerzy Mozrzymas and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations. © The Author(s) 2021

16 | (2021)12:2112 | https://doi.org/10.1038/s41467-021-22420-9 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-22420-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Physiological role for GABAA receptor desensitization in the induction of long-term potentiation at inhibitory synapses
	Results
	GABA induces long-term potentiation at inhibitory synapses
	Enhanced desensitization of GABAARs promotes inhibitory synaptic strength
	Agonist-induced LTP at inhibitory synapses depends on GABAAR desensitization
	Inhibitory LTP is independent of receptor kinetics and probability of GABA release
	Direction of GABA-activated transmembrane Cl− flux and iLTP
	GABAAR desensitization increases phosphorylation of γ2S327 to induce iLTP
	Desensitization facilitates phosphorylation of GABAAR subunits by activated PKC
	Allosteric modulators can induce desensitization-dependent LTP

	Discussion
	Methods
	HEK cell culture
	cDNA constructs
	Outside-out patch recordings from HEK293 cells
	Dissociated neuronal cultures
	Analysis and whole-cell voltage-clamp recordings of synaptic currents
	Cluster-based analysis for sIPSCs
	Immunoblotting
	Statistics

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




