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SUMMARY

Earlier studies delineated the precise arrangement of proteins that drive neurotransmitter
release and post-synaptic signaling at excitatory synapses. However, spatial organization

of neurotransmission at inhibitory synapses remains unclear. Here, we took advantage of

the molecularly specific interaction of antimalarial artemisinins and the inhibitory synapse
scaffold protein, gephyrin, to probe the functional organization of gamma-aminobutyric acid

A receptor (GABAaR)-mediated neurotransmission in central synapses. Short-term application
of artemisinins severely contracts the size and density of gephyrin and GABAaR 2 subunit
clusters. This size contraction elicits a neuronal activity-independent increase in Badnfexpression
due to a specific reduction in GABAergic spontaneous, but not evoked, neurotransmission. The
same functional effect could be mimicked by disruption of microtubules that link gephyrin to
the neuronal cytoskeleton. These results suggest that the GABAergic postsynaptic apparatus
possesses a concentric center-surround organization, where the periphery of gephyrin clusters
selectively maintains spontaneous GABAergic neurotransmission facilitating its autonomous
function regulating Badnfexpression.
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In brief

Guzikowski and Kavalali took advantage of the molecularly specific interaction of
antimalarial artemisinins and an inhibitory synapse scaffold protein, gephyrin, to probe the
functional organization of GABAaR-mediated neurotransmission. Their study explores the
nano-organization of the GABAergic synapse and the segregation of evoked and spontaneous
neurotransmission.

INTRODUCTION

Over the past seven decades, our picture of synaptic neurotransmission has expanded to
include both action potential-dependent release and spontaneous release, both of which
have distinct physiological roles (Andreae and Burrone, 2018; Gonzalez-Islas et al., 2018;
Kavalali, 2018). Extensive work has been conducted at the excitatory synaptic terminal
delineating a precise transsynaptic alignment of molecular nanocolumns that drives the
segregation of evoked and spontaneous release (Biederer et al., 2017; Guzikowski and
Kavalali, 2021; Maschi and Klyachko, 2017; Ramsey et al., 2021; Tang et al., 2016).
However, it remains unclear whether a similar nanostructure applies to inhibitory synapses
as well. To date, a partial segregation of evoked and spontaneous release at the inhibitory
synapse has been demonstrated, but how this segregation is achieved is unknown (Horvath
et al., 2020). To address this question, we took advantage of a family of antimalarial small
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RESULTS

molecule compounds, artemisinins, to probe the relationship of gamma-aminobutyric acid A
receptor (GABAAR) clustering and gephyrin.

Artemisinins are commonly used antimalarials, with gephyrin recently identified as

a primary mammalian target, stimulating work delineating its effect on inhibitory
neurotransmission (Li et al., 2017; Tu, 2016). Artemether and artesunate are semi-synthetic
derivatives developed from the parent compound artemisinin, collectivity referred to as
artemisinins. Gephyrin is a scaffolding protein thought to mediate the mesophasic assembly
of GABAARSs at the synapse by forming a flexible hexagonal lattice at the inhibitory
postsynaptic domain, analogous to the role of PSD95 at excitatory synapses (Choii and Ko,
2015; Liu et al., 2020). The explicit role of gephyrin in inhibitory receptor localization,
stabilization, mobility, and retention is unclear, in part due to the extensive diversity in
GABAAR subunit composition (Farrant and Nusser, 2005; Jacob et al., 2005; Meier et al.,
2001). While glycine receptors require gephyrin to localize at the synapse, only a subset of
GABAAR subunits demonstrate gephyrin colocalization and only a further subset, GABAAR
al, 2, 3, and 5, exclusively demonstrate direct gephyrin binding (Brady and Jacob, 2015;
Essrich et al., 1998; Kasaragod et al., 2019; Kneussel et al., 2001; Lévi et al., 2004;

Maric et al., 2011). Crystal structures of the gephyrin E (GephE) domain revealed the
universal binding pocket for GABAARS was shared by artemisinins, fostering a competitive
interaction where artemisinins prevent GABAaRS from binding to gephyrin (Kasaragod et
al., 2019). Therefore, we used artemisinins as tool to disrupt GABAaR-gephyrin interactions
to delineate the role of gephyrin in distinct modes of neurotransmission.

In this study, we first demonstrate that parental artemisinin and artemether treatment

cause a reduction in gephyrin cluster volume and density, primarily by shedding gephyrin
monomers from the cluster periphery, while the number of inhibitory synaptic puncta is
unchanged. Furthermore, this loss of gephyrin is paralleled by loss of GABAAR y2 subunit
expression. Surprisingly, artemisinin treatment has a marginal effect on action potential
frequency but significantly increases BanfmRNA expression. Therefore, we investigated the
different modes of GABAergic neurotransmission to uncover how Badnfis regulated. We
show that parental artemisinin and artemether cause a specific disruption to spontaneous
GABAergic transmission, while all artemisinins show no effect on evoked activity. The
disruption of GABAaR-gephyrin binding with artemisinins leads to the suppression of
spontaneous GABAergic transmission and reciprocal augmentation of tonic GABAergic
inhibition, indicating a parallel increase in the population of extrasynaptic GABAARS.

We then use nocodazole, a tubulin polymerization inhibitor, to investigate the role of
downstream gephyrin-microtubule interactions. Collectively, our results suggest a center-
surround organization of evoked and spontaneous release at the GABAergic post-synapse
where gephyrin is dynamically required to anchor spontaneous-release specific GABAARS,
maintaining their autonomous function regulating Banfexpression.

Artemisinins decrease gephyrin cluster volume

We utilized primary hippocampal cultures to investigate the action of artemisinins
at inhibitory synapses using immunocytochemistry and whole-cell voltage-clamp
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electrophysiology (Figures 1A and 1B). Following 1-h treatment of neurons with
artemisinins, coverslips were co-immunostained for inhibitory synapse markers. Inhibitory
synaptic puncta were identified by the colocalization of an inhibitory presynaptic marker,
vesicular gamma-aminobutyric acid (GABA) transporter (vGAT), and an inhibitory
postsynaptic marker, gephyrin. These colocalizations were then normalized to dendritic
length (MAP2) to quantify inhibitory synapse density. Artemisinins did not alter inhibitory
puncta density, demonstrating that short-term treatment with artemisinins does not have

a gross effect on inhibitory synapse number (Figures 1C and 1D). To further investigate

the downstream effects of artemisinins, we used 3D direct stochastic optical reconstruction
microscopy (dSTORM) to probe presynaptic, VGAT, and postsynaptic, gephyrin, clusters

by analyzing single-molecule localizations. Protein clusters were defined as more than

six gephyrin or vGAT molecules localized within 0.1 um of each other (Figure 1E).
Artemether and parental artemisinin treatment significantly reduced gephyrin cluster volume
by approximately 40% with no effect on VGAT cluster volume, demonstrating a specific
postsynaptic effect. Artesunate did not affect gephyrin cluster volume (Figures 1E-1G). To
disentangle which region of a gephyrin cluster is lost following treatment, we measured the
distance between the centers of the presynaptic VGAT and post-synaptic gephyrin juxtaposed
clusters. This analysis reveals no change in the centroid distance (Figure 1H), consistent
with gephyrin shedding from the periphery of the clusters (Figure 11).

Artemisinins alter gephyrin cluster density

To further evaluate the effect of artemisinins, we quantified the density of gephyrin in
concentric circles from cluster center. Previous reports have demonstrated that gephyrin
displays occasional subsynaptic clustering; consistent with these reports, the majority of
gephyrin clusters we visualize are organized as a single domain (Crosby et al., 2019; Liu

et al., 2020; Pennacchietti et al., 2017). In the control group, as distance increases from the
center, gephyrin density decreases, with the densest region being at the center. Furthermore,
artemether and parental artemisinin significantly reduce density consistently at multiple
5-nm annuli, with artesunate having a slight downward trend at select radii (Figure 2B;
Table S1). Evaluating density at variable distances from cluster center not only provides
insight into innate clustering characteristics of gephyrin but further demonstrates artemether
and parental artemisinin’s specific disruption of gephyrin clustering.

To further understand how the clustering of gephyrin changed independent of absolute
density and cluster shape, we calculated the pair correlation function for individual gephyrin
clusters normalized to the theoretical fit (Hartley et al., 2015; Sengupta et al., 2013).

This analysis allows clustering changes to be compared between groups with g(r) > 1
representing a heterogeneous organization (i.e., clustering), g(r) = 1 a uniform random
distribution, and g(r) < 1 a molecularly de-enriched area (Tang et al., 2016). In all groups,
point pattern information over a 300-nm radius from cluster center has the same trend as
absolute density, heightened clustering at the center and dispersion toward the periphery
(Figure 2C). The radii at which g(r) is no longer greater than 1 is the transition from
substantial protein clustering to a more dispersed molecular arrangement at approximately
75 nm for DMSO, 60 nm for artemether, 50 nm for parental artemisinin, and 70 nm for
artesunate (Figures 2D-2F). Thus, these results suggest that and parental artemisinin induce
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a reduction in gephyrin cluster density causing a decrease in cluster volume due to the
selective loss of the periphery.

Functional impact of artemisinin treatment

Based on the interdependent relationship between gephyrin and GABAARS, we next
investigated the consequence of this reduction in peripheral gephyrin volume on GABAAR
subunit expression (Craig et al., 1996; Essrich et al., 1998; Kneussel et al., 2001; Lévi et

al., 2004). The GABAAR -y2 subunit is crucial in mediating the clustering dynamics of
GABAARSs, with a1, B2, y2 the predominant subunits composing the pentameric GABAARS
(Alldred et al., 2005; Farrant and Nusser, 2005; Kneussel et al., 1999, 2001; Lévi et al.,
2004; Sperk et al., 1997). In control and parental artemisinin treatment groups, the clustering
dynamics of GABAAR <2 subunit single-molecule localizations parallel that of gephyrin,
whereby parental artemisinin caused a significant reduction in GABAAR 2 subunit cluster
surface area and increased sphericity (Figures 3A-3C).

Next, we aimed to test the functional impact of this structural manipulation. When we
monitored action potential firing using whole-cell current clamp experiments, we detected
only a marginal effect of the reduction in gephyrin and GABAAR 2 clustering on intrinsic
neuronal excitability with a slight decrease in firing rate, without a significant effect

on resting membrane potential or the amplitudes of sub-threshold excitatory postsynaptic
potentials (EPSPs) (Figures 3D-3G). In contrast, parental artemisinin treatment resulted in a
significant increase in BanfmRNA expression, whereas an absolute suppression of activity
for 1-h (tetrodotoxin [TTX] treatment) has no effect (Figures 3H and 3I). These results
demonstrate an activity-independent increase in Banfexpression following artemisinin
treatment. To elucidate the mechanism mediating this increase in Banf, in the subsequent
sets of experiments, we further probed action potential-dependent and -independent modes
of GABAergic neurotransmission.

Artemisinins suppress spontaneous GABAergic transmission

This reduction in gephyrin cluster volume and density led us to explore the functional
consequences of artemisinins at the synapse. Previously, artemisinins’ actions on glycinergic
neurotransmission were investigated in human embryonic kidney (HEK) cells. HEK cells
transfected with gephyrin and glycine receptors had reduced glycine-induced currents when
treated with both parental artemisinin and its derivative artemether. In addition, parental
artemisinin and artemether reduced glycine whole-cell currents in spinal cord neurons
(Kasaragod et al., 2019). However, the results of whole-cell agonist-induced currents
cannot be fully extrapolated to central synapses as they do not recapitulate physiological
neurotransmission. Therefore, we performed whole-cell voltage-clamp electrophysiology
on hippocampal neurons to monitor GABAergic neurotransmission and examine how the
shrinkage of gephyrin clusters affects neurotransmission.

One-hour treatment of hippocampal neurons with artemether and parental artemisinin
significantly reduced miniature inhibitory postsynaptic current (mIPSC) frequency relative
to vehicle, dimethyl sulfoxide (DMSO) incubation. Consistent with its lack of effect on
gephyrin cluster size, artesunate had no effect on mIPSC frequency after 1-h treatment.
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However, longer-term treatment (24 h) with artesunate also resulted in a substantial decrease
in mIPSC frequency (Figures 4A and 4B). Interestingly, this robust decrease in mIPSC
frequency was accompanied by only a slight decrease in mIPSC amplitudes, suggesting a
potential loss of a specific subgroup of receptors rather than a global reduction in receptor
density (Figures 4C-4F). To further disentangle the relationship of mIPSC frequency and
amplitudes following artemisinin treatment, we employed time-domain denoising analysis,
previously used to analyze fluorescence signals and electrophysiological single-channel
recordings (Chanaday, 2018; Chanaday and Kavalali, 2018; Chung and Kennedy, 1991).
This analysis assisted us in recovering smaller-amplitude mIPSC events lost in baseline
noise and resulted in a positive correction in average frequency of mIPSCs seen after
treatment. The inclusion of these events also decreased average amplitude following
denoising, and it induced a consistent left-ward shift in mIPSC amplitude distribution
(Figure S1).

When artemisinins are not included in the bath following pre-incubation, the decrease in
mIPSC frequency is not as robust, implying a competitive relationship between GABAARS
and artemisinins (Figures 4G-4l). These results are consistent with the action of engineered
peptides that exhibit competitive attachment to the gephyrin receptor binding pocket, as

at low concentrations they reduce glycine mIPSC frequency with no change in mIPSC
amplitudes (Maric et al., 2017). The marginal effect of artesunate on gephyrin cluster
volume and density in combination with unaltered mIPSC frequency corroborates the
interplay of imaging results and the electrophysiology phenotype. Artesunate likely does not
have an acute effect on gephyrin cluster volume or mIPSC frequency due to within-family
differences in GephE domain binding (Kasaragod et al., 2019).

The decrease in mIPSC frequency could be attributed to a decrease in neurotransmitter
release rather than dispersion of GABAARS. To investigate if there is a presynaptic effect

of artemisinins, we treated cells with a sub-saturating dose of the low-affinity antagonist
(1,2,5,6-tetrahydropyridine-4-yl) methylphosphinic acid (TPMPA). Due to the low affinity
of TPMPA for GABAARSs, TPMPA will reduce mIPSC amplitude based on a concentration-
dependent competition with endogenous GABA, allowing us to estimate GABA release
based on the degree to which TPMPA reduces mIPSC amplitude (Vaden et al., 2020). Cells
were pre-treated with artemisinins and then TPMPA was perfused during mIPSC recordings
(Figures 4J and 4K). TPMPA perfusion reduced mIPSC amplitude to the same degree in all
treatment groups, ~30%, demonstrating that quantal GABA release is unaltered following
treatment with artemisinins (Figure 4L). Importantly, the effect of artemisinins is inhibitory
synapse specific as treatment had no effect on miniature excitatory postsynaptic current
(mEPSC) frequency or amplitude (Figures 4M-40), further supporting the specificity of the
effect on gephyrin.

Artemisinins do not alter GABAergic evoked neurotransmission

Following our investigation into mIPSCs, we further probed inhibitory neurotransmission
by investigating evoked release. Due to the robust decrease in mIPSC frequency following
parental artemisinin and artemether treatment, we expected to see similar alterations in
evoked release. Surprisingly, there was no difference in evoked inhibitory postsynaptic
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current (elPSC) amplitudes between groups (Figures 5A and 5B). Upon repetitive
stimulation — 10 action potentials at 10 Hz (100 ms ISI) or 20 Hz (50 ms ISI) —

synapses treated with artemisinins depressed to the same degree as controls, demonstrating
that artemisinins did not affect release probability (Figures 5C-5E). Thus, treatment

with artemisinins preferentially dysregulates spontaneous neurotransmission as opposed

to evoked neurotransmission, suggesting acute disruption of gephyrin impairs spontaneous-
release-specifc GABAARS.

Artemisinins augment GABA, currents mediating tonic inhibition

Following our investigation into spontaneous and evoked neurotransmission, we examined
tonic inhibition, a mode of neural communication regulating cell excitability. Tonic
inhibition is neurotransmission mediated by extrasynaptic GABAaRS activated by the low
concentration of GABA in the extracellular space. The stochastic opening of extrasynaptic
GABAARs results in tonic current that is often described as “noise” during voltage-clamp
recordings (Farrant and Nusser, 2005). We quantified this tonic inhibition by examining
the distribution of current around the mean, whereby a Gaussian distribution with a lower
standard deviation represents less noise and thus reduced tonic inhibition. At baseline,
artemether and parental artemisinin, both of which reduced mIPSC frequency, generated
significantly greater noise than DMSO (Figures 6B and 6C). After recording baseline tonic
current for each treatment group, we perfused TPMPA, which remarkably reduced tonic
current to comparable levels in all groups (Figures 6D-6H). Furthermore, we also see a
positive shift in the holding current in the artemether and parental artemisinin groups,
with more than a 20% decrease in holding current upon TPMPA perfusion, suggesting a
greater amount of tonic current. To further confirm our measurement of GABA-mediated
tonic current, opposed to another source of noise, we measured the effect of the common
GABAAR antagonist, bicuculline, on the control group (Figures 6D and 6E). Overall, this
assessment suggests that there is an increase in the number of receptors that mediate tonic
current.

Disruption of microtubule interaction mimics artemisinins’ action

Our results indicate that the disruption of GABAR-gephyrin binding preferentially
disrupts spontaneous GABAergic neurotransmission. Therefore, we further probed this
apparent center-surround organization of evoked and spontaneous neurotransmission via the
distribution of microtubules, downstream of the GABAaR-gephyrin interaction. Gephyrin
stabilizes the inhibitory postsynapse and decreases receptor mobility by anchoring to
microtubules in the inhibitory postsynaptic cytoskeleton (Kirsch and Betz, 1995; Kirsch
et al., 1991; Sassoe-Pognetto et al., 2011). The application of nocodazole, which disrupts
microtubules by preventing the normal balance of microtubule assembly and disassembly,
allowed us to investigate how inhibitory neurotransmission is regulated downstream of
GABAAR anchoring. The effect of nocodazole was tested in a dose-dependent manner
whereby, at 1-h of 10 pg/mL (33 uM) treatment, microtubules were severely disrupted and
gephyrin puncta size was reduced (Figures 7A-7D). This dose is consistent with earlier
studies where 10 pg/mL led to a significant decrease in tubulin immunostaining after

30 min and microtubule destruction after 4 h (Ligon and Steward, 2000; Meyer et al.,
2000). Following nocodazole treatment, mIPSC frequency was significantly reduced with
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the selective loss of smaller-amplitude mIPSCs (Figures 7E-7H). To further elucidate the
subgroup of GABAARS disrupted by artemisinins, neurons were treated with both parental
artemisinin and nocodazole. Here, the combined treatment with parental artemisinin and
nocodazole did not result in a further decrease in frequency (Figure 71). These results
indicate that disrupting microtubules affects the same population of GABAARS that are
disrupted following artemisinin treatment, demonstrating gephyrin binding to microtubules
as an essential mediator of GABAAR synaptic localization. Similar to artemisinin treatment,
elPSC amplitudes were unaltered between control and nocodazole-treated groups (Figures
7J and 7K). In addition, repetitive stimulation—210 action potentials at 10 Hz and 20 Hz—
caused the same degree of depression in all groups (Figures 7L-7N).

DISCUSSION

Synapses maintain action potential-dependent and spontaneous modes of neurotransmission
through distinct pre- and postsynaptic mechanisms instilling distinct kinetics, pathways, and
physiological roles to different modes of release. Extensive work at excitatory synapses

via the application of use-dependent drugs and optical imaging have demonstrated the
segregation of spontaneous and evoked neurotransmission (Atasoy et al., 2008; Melom et
al., 2013; Peled et al., 2014; Reese and Kavalali, 2016; Sara et al., 2011). The distinct
functional roles of evoked and spontaneous release at excitatory synapses provides a
rationale for robust segregation maintained by prominent nano-organization within single
active zones that link pre- and postsynaptic compartments (Biederer et al., 2017; Guzikowski
and Kavalali, 2021; Maschi and Klyachko, 2017; Tang et al., 2016). However, due to

the unique structure and function of inhibitory synapses, the same properties cannot be
assumed for inhibitory neurotransmission but should be thoroughly investigated. Studies at
excitatory synapses have created a picture of a molecularly heterogeneous synapse, where
active-zone nanostructure aligns with postsynaptic receptor organization creating a precise
transsynaptic alignment of release sites and receptors shaping synaptic efficacy, determining
neurotransmission reliability, and tuning plasticity (Kusick et al., 2020; Li et al., 2021,
Ramsey et al., 2021; Tang et al., 2016). However, only recently has a partial segregation

of evoked and spontaneous release been shown at the inhibitory synapse. The use of
picrotoxin, a use-dependent GABAAR channel blocker, demonstrated that approximately
40% of GABAARS are exclusively activated by evoked release (Horvath et al., 2020). The
intracellular postsynaptic binding site of artemisinins allowed us to disrupt intrinsic synaptic
structural elements and directly probe the cytosolic mechanisms that might mediate this
segregation. In our experiments following acute treatment with artemisinins, the shrinkage
of gephyrin cluster volume in concert with a decrease in mIPSC frequency point to the
specific loss of gephyrin-dependent spontaneous-release-specific GABAaRs mediating Banf
transcription (Figure 70).

Gephyrin was proposed as the central organizer of the inhibitory synapse; however,

the importance of gephyrin in synaptic receptor organization and inhibitory synaptic
development is complex. Unlike glycine receptors that show an absolute dependence

on gephyrin, the extensive subunit heterogeneity of GABAARS (19 subunits) makes it
challenging to delineate receptor dependence on gephyrin and how this mediates synaptic
and extrasynaptic receptor localization (Farrant and Nusser, 2005; Lévi et al., 2004; Sassoé-

Cell Rep. Author manuscript; available in PMC 2022 August 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guzikowski and Kavalali Page 9

Pognetto et al., 2000). Classically, receptors containing y2 and a.1, 2, or 3 subunits are
described as predominately synaptic, whereas a4, 5, and 6 are predominately extrasynaptic,
with & subunits purely extrasynaptic (Farrant and Nusser, 2005). In our experiments,

the competitive interaction of GABAARS and artemisinins for the gephyrin universal
binding pocket altered GABAergic neurotransmission and demonstrated the localization of
GABAARs mediating spontaneous neurotransmission at the periphery of gephyrin clusters.
In parallel with the loss of spontaneous GABAergic neurotransmission, treatment caused
an increase in tonic inhibition consistent with the notion that GABAARS that mediate
spontaneous transmission were shuttled toward extrasynaptic sites. Furthermore, we see
that GABAAR 2 subunit expression mimics that of gephyrin, whereby peripheral synaptic
clustering of y2 is lost following treatment. Last, this physical disruption to the inhibitory
synapse revealed a functional role of GABAergic spontaneous release in Badnfregulation.
These observations agree with the premise that gephyrin canonically regulates the dynamics
of inhibitory receptors at the synapse as the absence of gephyrin increases receptor mobility
and decreases receptor clustering without an absolute change in the number of receptors
expressed on the membrane (Jacob et al., 2005; Meier et al., 2001). In addition, GABAAR
dynamics are regulated by the diffusion of receptors from extrasynaptic locations but not
their insertion (Thomas et al., 2005). Moreover treatment with gephyrin super-binding
peptides, engineered peptides that exhibit competitive binding to the gephyrin receptor
binding pocket, reduces synaptic and increases extrasynaptic localizations of GABAAR a2,
demonstrating receptor dispersion as opposed to internationalization (Maric et al., 2017).
These data suggest a model where, upon treatment with artemisinins, GABAaRs move

out of the synapse and into the extrasynaptic space due to decreased gephyrin binding.
However, our findings do not fully exclude the possibility that GABAARS could be targeted
for endocytosis and/or degradation following disruption of gephyrin binding.

The selective effect of artemisinin treatment on a subpopulation of GABARS was bolstered
by experiments with disrupted microtubule polymerization downstream of the GABAAR-
gephyrin interaction. Here, we used nocodazole as a tool to impair anchoring of gephyrin to
the cytoskeleton, ultimately resulting in the same phenotype as artemisinins as indicated by
mIPSC and elPSC recordings. The surprising maintenance of evoked neurotransmission
following artemisinins and nocodazole treatment suggests that these distinct forms of
neurotransmission are spatially segregated.

The results of these studies have two possible explanations; either only the subpopulation of
GABAARs that mediate spontaneous neurotransmission demonstrate gephyrin dependence,
suggesting other clustering mechanisms, or density differences within gephyrin clusters
cause the loss of the periphery first, allowing selective disruption of spontaneous
neurotransmission. Experiments based on genetic knockout and viral-mediated knockdown
of gephyrin suggest gephyrin is important for the confinement and clustering of only a
subgroup of GABAARS subunits. In these studies, gephyrin loss of function specifically
reduces a2, a3, p2/3, and y2 clustering, suggesting alternative mechanisms of synaptic
localization and clustering for the remaining subunits (Hausrat et al., 2015; Jacob et al.,
2005; Kneussel et al., 2001; Lévi et al., 2004). Of note, the a1 subunit is unaffected
following gephyrin knockout despite its ability to bind to the gephyrin universal binding site
(Kneussel et al., 2001; Lévi et al., 2004; Maric et al., 2011). Overall, loss-of-function studies
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to date have been unable to paint a clear picture of the relationship between gephyrin and
neurotransmission (Kneussel et al., 1999; Lévi et al., 2004; Yu et al., 2007; van Zundert

et al., 2005). Here, we disrupted gephyrin interactions acutely using artemisinins, which
allowed us to rapidly probe the innate structure of the inhibitory postsynaptic apparatus.
The reduced density of gephyrin molecules at the periphery of clusters made the edges of
these clusters more vulnerable to artemisinins, causing the overall shrinkage of gephyrin
clusters upon treatment. This allowed us to use artemisinins as a tool to specifically

disrupt peripheral gephyrin GABAAR binding and probe the spatial organization within
the inhibitory synapse. In this setting, gephyrin cluster centers were maintained despite
disruption of the cluster periphery, presumably due to elevated gephyrin density within

the centroid region. We posit that this apparent differential effect of artemisinin treatment
allowed for the preservation of evoked neurotransmission and the selective disruption to
spontaneous neurotransmission likely irrespective of potential subunit differences in the
center versus the periphery. We do not rule out the notion that specific GABAAR subunits
could display a heterogeneous organization within the synapse; however, our experiments
focus on the relationship between structural elements and neurotransmission. Ultimately, our
results reveal a center-surround organization of evoked and spontaneous neurotransmission
(Figure 70).

Historically the main role of inhibitory signaling has been cast as modulating excitatory
neurotransmission and regulating a neuron’s propensity to fire action potentials. Only
recently has the biochemical signaling of inhibitory neurotransmission been addressed

due to the few known targets of chloride. The discovery that with-no-lysine kinases
(WNKSs) function as chloride sensors mediating second-messenger cascades downstream
of GABAergic chloride current provides insight into the dynamic nature of the inhibitory
synapse (Chen et al., 2019; Heubl et al., 2017; Piala et al., 2014). A recent study
demonstrated that the blockade of spontaneous GABAergic release alters calcium signaling
and leads to multiplicative downscaling at excitatory synapses via Banftranscription.
However, whether this happens physiologically in the presence of activity was unknown
(Horvath et al., 2021). Our findings suggest that gephyrin mediates the nano-segregation of
spontaneous and evoked neurotransmission facilitating the autonomous role of GABAergic
spontaneous neurotransmission in the regulation of Banftranscription. Our ability to
selectively disrupt spontaneous neurotransmission and see a subsequent increase in Banf
implies Banfis a regulated specific target of spontaneous GABAergic release. Our current
findings demonstrate the inhibitory synapse is more dynamic than previously thought and
structural mechanisms to facilitate the segregation of evoked and spontaneous release are
in place. Different pathways that can drive, maintain, and regulate different modes of
neurotransmission imply distinct functional roles with molecular segregation, providing a
platform to mediate these biochemical pathways.

Limitations of the study

In this study, we probe the functional and structural nano-organization of inhibitory
GABAergic synapses in primary hippocampal cultures. While this is a common model
system to study synaptic nanostructure and physiology, further work in other model
systems and /n7 vivo is necessary to fully elucidate inhibition’s role in neural circuits. The
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demonstrated segregation of evoked and spontaneous GABA-mediated neurotransmission
highlights the diverse functional roles for distinct modes of inhibitory neurotransmission.
While the use of artemisinins allowed us to probe the downstream role of spontaneous
GABAergic neurotransmission in regulating Banfgene transcription, further work is
necessary to causally link GABA release and downstream signaling pathways. Furthermore,
while pharmacological manipulation with artemisinins acted as a great tool to study
GABAergic synapse nanostructure, the field would greatly benefit from high-quality optical
tools that sense GABA and chloride to further untangle inhibitory synapse nanostructure.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Ege T. Kavalali
(ege.kavalali@vanderbilt.edu).

Materials availability—This study did not generate new reagents.

Data and code availability

. Microscopy data reported in this paper will be shared by the lead contact upon
request.
. No original code has been generated in this study. Denoising code is available on

github (Chanaday, 2018).

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Sprague-Dawley rats of either sex (postnatal day 1-2) were used to generate
primary hippocampal cultures, used in all experiments. All animal procedures were
performed in accordance with the guide for the care and use of laboratory animals and were
approved by the Institutional Animal Care and Use Committee at Vanderbilt University.

Cell culture—Dissociated hippocampal cultures were prepared as previously explained

in (Kavalali et al., 1999). Briefly, hippocampi were dissected from P1-2 rats in 20% FBS
containing Hank’s balanced salt solution. Tissue was then washed and treated with 10
mg/mL of trypsin and 0.5 mg/mL DNase for 10 minutes at 37°C. Following trypsinization
tissue was washed again and mechanically dissociated. Cells were then plated on 1:50
MEM:Matrigel coated glass coverslips. Neurons were incubated for the first 24hrs in media
containing: MEM (no phenol red), 5 g/D-glucose, 0.2 g/L NaHCO3, 0.1 g/L transferrin,
10% FBS, 2 mM L-glutamine and 20 mg/L insulin. On DIV 1 media was changed to growth
media with 5% FBS, 0.5 mM L-glutamine, no insulin, and the addition of B27 supplement
and 4 pM cytosine arabinoside. On DIV 4 growth media was changed to contain only 2 pM
cytosine arabinoside. Cells were maintained at 37°C in a 5% CO, atmosphere until DIV
14-18 for experiments.
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METHOD DETAILS

Drug treatment—Stock solutions of Artemether (50 mM), Artemisinin (175 mM), and
Artesunate (65 mM) were created by dissolving the drugs in Dimethyl Sulfoxide (DMSO)
and storing at room temperature. Working solutions of 10 mM were created the day

of experiments. Primary hippocampal cultures were treated with 50 uM of Artemether,
Artemisinin, and Artesunate. Control samples were treated with the equivalent volume of
DMSO. Coverslips were treated for 1 hFour with Artemisinins before electrophysiology,
immunolabeling, and RNA extraction experiments and the respective drug was included in
the bath solution, unless otherwise stated.

Stock solution of nocodazole (10 mg/mL) was prepared and stored at ~20°C. Primary
hippocampal cultures were treated with 10 pg/mL (33 M), unless otherwise stated.
Coverslips were treated for 1 hour with nocodazole before electrophysiology and
immunolabeling experiments and nocodazole was included in the bath solution, unless
otherwise stated.

Stock solution of (1,2,5,6-Tetrahydropyridine-4-yl) methylphosphinic acid (TPMPA) (50
mM) was prepared with milliQ water. Baseline mIPSCs were recorded for three minutes
and then primary hippocampal cultures were perfused with tyrode’s solution containing the
respective Artemisinin and 200 pM TPMPA.. The bath was able to equilibrate for three
minutes and then mIPSCs were recorded.

Electrophysiology—Whole cell patch clamp electrophysiology was performed on
pyramidal cells at room temperature. For voltage clamp experiments cells were held at =70
mV. For current clamp experiments no current was injected. All recordings were performed
following a two-minute equilibration period after breaking into the cell. Recordings were
3-5 minutes in length. elPSCs were elicited via bipolar electrodes (FHC) immersed in

the external bath solution with 35 mA stimulation as previously reported in published
molecular neuroscience and electrophysiology experiments. Action potentials and elPSCs
were analyzed using Clampfit10 software (Molecular Devices). mIPSCs and mEPSCs were
analyzed using MiniAnalysis software (Synaptosoft). Denoising analysis was conducted
using a custom MATLAB script adapted from previous work in our lab (Figure S1)
(Chanaday, 2018; Chanaday and Kavalali, 2018). Extracellular bath Tyrode’s solution
contained 150 mM of NaCl, 4 mM KCI, 10 mM of glucose, 10 mM of HEPES, 1.25

mM of MgCI2, 2 mM of Ca2* at pH 7.4 and 320 mOsM. For current clamp experiments
no drugs were included in the bath solution. Intracellular pipette solution contained 110
mM K-Gluconate, 20 mM KCI, 10 mM NaCl, 10 mM HEPES, 4 mM Mg-ATP, 0.3

mM GTP, 0.6 mM EGTA at pH 7.3 and 284 mOsm. To isolate mMEPSCs 1 mM TTX,

50 mM PTX, and 50 mM D-AP5 were included in the extracellular solution. To isolate
mIPSCs 1 mM TTX, 10 mM CNQX, and 50 mM D-AP5 were included. To isolate

elPSCs 50 mM D-AP5 and 10 mM CNQX were added. Intracellular pipette solution
contained 115mM Cs-methanesulphonate, 10mM CsCl, 5mM NaCl, 10mM HEPES, 20mM
tetraethylammonium-CI, 4mM MgATP, 0.3mM GTP, 0.6mM EGTA, 10mM of QX314
[N-(2,6-dimethylphenylcarbamoyl-methyl)-triethylammonium bromide] at pH 7.3 and 300
mOsM.
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Immunocytochemistry and imaging—~Following treatment with either Artemisinins
or nocodazole, coverslips were fixed with a 4% PFA, 4% sucrose in PBS at room
temperature. Cells were then permeabilized with 0.2% triton-X PBS solution for 30 minutes
at room temperature and blocked in 1% bovine serum albumin, 2% goat serum in PBS

for 2 hours at room temperature. Next, coverslips were incubated overnight at 4°C with
primary antibody diluted in blocking buffer: 1:500 anti-VGAT (131-008, Synaptic Systems),
1:150 anti-gephyrin (147-021, Synaptic Systems), 1:1000 anti-MAP2 (188-006, 188-004
Synaptic Systems), y2 1:400 (224-004, Synaptic Systems) and 1:1000 anti-B3-tubulin
(302-302 Synaptic Systems). For y2 staining primary antibody incubation was before
permeabilization. Following primary antibody incubation coverslips were incubated with

a species-appropriate Alexa Fluor secondary antibody for 90 minutes at room temperature.
For confocal microscopy, coverslips were mounted on glass slides using aqua-polymont and
imaged within the following week. For 3D dSTORM microscopy coverslips did a second
fixation step following secondary antibody incubation and stored in PBS.

For confocal images Z-stacks were collected via a Zeiss LSM 710 with 63x objective at
0.1395 um/pixel resolution. Synapse density was analyzed using Intellicount (Fantuzzo et
al., 2017).

3D dSTORM was performed using Vutara VXL Single Molecule Localization (SML)
Super-Resolution Microscope with biplane illumination and a 60x objective. TetraSpeck
beads plated on a glass coverslip were used to preform calibration before experiments. Two
color imaging was preformed using the 561 nm and 647 nm excitation lasers with 488

nm as the reference channel (MAP2). Samples were imaged in STORM imaging buffer

for a maximum of two hours (50 mM tris-HCI (pH 8.0), 10 mM NaCl, 10% glucose,

169 active units glucose oxidase, 1404 active units catalase, 20 mM Cysteamine). All data
analysis was performed using Vutara software for single molecule localization, visualization,
and statistical analysis. To generate clusters of individual probes DBScan, Density-Based
spatial Clustering of Application with Noise, was used with parameters for gephyrin and
VGAT clusters: maximum particle distance threshold of 0.1 um and minimum particle count
threshold of 6 and GABAAR y2 clusters: maximum particle distance threshold of 0.2 pm
and minimum particle count threshold of 6 to calculate cluster surface area and sphericity.
Following the identification of gephyrin and vGAT clusters, StormRLA, stochastic optical
reconstruction microscopy-based relative localization analysis, was used to compare cluster
proximities with a max cluster distance of 1um to define VGAT and gephyrin colocalizing
clusters representing a pre- and post-synapse. Once colocalized clusters were determined,
cluster volume and cluster centroid distance (distance between the centroids of the pre- and
post-synaptic clusters) were calculated. To assess cluster density 5 nm concentrate rings
expanding from gephyrin cluster center were created and the number of localizations within
each annulus were compared to annulus volume. Pair correlation functions were calculated
for individual gephyrin clusters in addition to a theoretical fit to account for cluster density
and shape.

RNA extraction, cDNA preparation and gPCR—Following treatment, cells were
lysed and RNA extraction was preformed using the PureLink® RNA mini kit with
supplementary DNase treatment (Thermo Fisher Scientific) according to manufacturer

Cell Rep. Author manuscript; available in PMC 2022 August 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guzikowski and Kavalali Page 14

protocol. RNA was collected from at least three independent cultures. Extracted RNA was
converted to cDNA using the SuperScript® 111 Reverse Transcriptase kit (Thermo Fisher
Scientific) according to manufacturer protocol. RNA was incubated with 1x random primer
and 10mM dNTPs at 65°C for 5 minutes. 5x First Strand Buffer, L00mM DTT, RNase out,
and SuperScript® Il Reverse Transcript were then added to the reaction and incubated at
25°C for 5 minutes, 50°C for 1 hour, then 70°C for 15 minutes.

Prepared cDNA was used for gPCR. Reaction mixture: 10 pL of Power SYBR®

Green PCR Master Mix (Thermo Fisher Scientific), 7 uL of nuclease-free H20,1

uL of forward primer (10uM), 1 uL of reverse primer (10uM), and 1.5uL of

cDNA. Primers: Gapadh Forward AGGTCGGTGTGAACGGATTTG, Gapdh Reverse
TGTAGACCATGTAGTTGAGGTCA, BdnfForward AGACATGTTTGCGGCATCCAG,
BadnfReverse: CCATAAGGACGCGGACTTGTACA. The gPCR reaction was done in
duplicate for each sample with a 2 plateau thermal profile of (1) 50°C for 10 minutes,

(2) 95°C for 2 minutes, (3) 95°C for 15 s, (4) 60°C for 1 minute, steps 3—4 were repeated for
40 cycles. All Ct values were normalized to Gapdh and analyzed relative to a standard curve.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data presented as mean +/— standard error of mean (SEM). Sample size details are included
in figure captions. Sample sizes were based on previous studies performed in our lab as
well as in the field of molecular & cellular neuroscience. To quantify tonic inhibition, we
calculated the distribution of current around the mean and fit it to a Gaussian distribution
to determine the standard deviation. Currents traces were taken at two time points in the
beginning of each recording and at two time points after the perfusion of TPMPA. Due

to the low frequency of mIPSCs 30 second traces at the same timepoints were selected
across all recordings regardless of the presence of a mIPSC. Each set of experiments was
performed at least twice with two different sets of neuronal cultures if appropriate. Prism 8
(GraphPad) was used to run all statistical tests including a test of normality was conducted
for each data set analyzed, outliers were identified with Robust regression and Outlier
removal (ROUT) method, and the appropriate parametric or nonparametric test conducted
to compare groups. All statistical details are stated in the figure legends. A p< 0.05 was
considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Gephyrin mediates nano-segregation of spontaneous and evoked
neurotransmission

Clustering dynamics of GABAAR -y2 subunits parallel gephyrin cluster size
and density

Evoked and spontaneous GABAergic neurotransmission show center-
surround organization

GABAergic spontaneous neurotransmission regulates Banfexpression
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Figure 1. Artemisinin treatment has a specific postsynaptic effect, decreasing gephyrin cluster
volume

(A) Description of experimental design; preparation of primary hippocampal cultures

and treatment with artemisinins before electrophysiology and immunocytochemistry
experiments.

(B) Molecular structure of artemisinins (Kasaragod et al., 2019) and diagram of molecular
interaction of artemisinins and GABAAR intracellular loops between transmembrane
domains 3-4 binding to the gephyrin universal binding pocket on the GephE domain.

(C) Following 1-h control (DMSOQ) and 50 uM artemisinin treatment, neurons were co-
immunolabeled for VGAT (presynaptic marker, green), gephyrin (postsynaptic marker, red),
and MAP?2 (dendrite, blue). The colocalization of vGAT and gephyrin puncta represent
inhibitory puncta.

(D) Quantitative analyses of inhibitory puncta per 10 pm of dendrite (ordinary one-way
ANOVA p = 0.0137, Dunnett’s multiple comparisons test DMSO versus artemether p

= 0.4367, DMSO versus artemisinin p = 0.1475, DMSO versus artesunate p = 0.9308.
Sample size is equivalent to number of regions imaged: DMSO n = 12, artemether n = 10,
artemisinin n = 16, artesunate n = 13).
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(E) 3D dSTORM reconstructions of colocalized and pre- and postsynaptic clusters with
localizations color coded by probe (VGAT, blue; gephyrin, pink).

(F) Quantitative analyses of gephyrin cluster volume (Kruskal-Wallis test p = 0.0001,
Dunn’s multiple comparisons test DMSO versus artemether p = 0.0011, DMSO versus
artemisinin p = 0.0003, DMSO versus artesunate p = 0.4738. Sample size is equivalent to
number of regions imaged: DMSO n = 7, artemether n = 7, artemisinin n = 9, artesunate n =
6).

(G) VGAT cluster volume (Kruskal-Wallis test p = 0.0872, Dunn’s multiple comparisons test
DMSO versus artemether p = 0.9122, DMSO versus artemisinin p > 0.9999, DMSO versus
artesunate p = 0.19991. Sample size is equivalent to number of regions imaged: DMSO n =
7, artemether n = 7, artemisinin n = 9, artesunate n = 6).

(H) Distance between center of vVGAT and gephyrin colocalized clusters (Kruskal-Wallis
test p = 0.8732, Dunn’s multiple comparisons DMSQO versus artemether p > 0.9999,

DMSO versus artemisinin p > 0.9999, DMSO versus artesunate p > 0.9999. Sample size

is equivalent to number of regions imaged: DMSO n = 7, artemether n = 7, artemisinin n =
9, artesunate n = 6).

(1) Proposed schematic of how pre- and postsynapse centroid distance is unchanged
following the loss of gephyrin. Graphs are mean = SEM. Significance reported as *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. NS denotes non-significance.
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Figure 2. Artemether and parental artemisinin decrease gephyrin cluster density
(A) 3D dSTORM reconstructions of gephyrin molecules with localizations represented by

density heatmap.

(B) Quantitative analysis of gephyrin cluster density at individual annuli thickness of 5

nm (mixed-effects analysis treatment group factor p < 0.0001, DMSO versus artemether

p = 0.0002, DMSO versus artemisinin p = 0.0024, DMSO versus artesunate p = 0.1558.
Sample size is equivalent to number of clusters analyzed: DMSO n = 35, artemether n = 31,
artemisinin n = 34, artesunate n = 35; refer to Table S1 for individual radii statistical results).
(C-F) (C) Pair correlation functions of gephyrin clusters for all treatment groups to a radius
of 300 nm and (D) for artemether (n = 28) and DMSO (n = 34) to 100 nm radius, (E)
artemisinin (n = 33) and DMSO to 100 nm radius, and (F) artesunate (n = 33) and DMSO
to 100 nm radius. Graphs are mean = SEM. Significance reported as *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001. NS denotes non-significance.
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Figure 3. Functional impact of artemisinin treatment
(A) 3D dSTORM reconstructions of GABAAR y2 clusters with localizations color coded by

treatment (DMSO, gray; artemisinin, blue).

(B and C) (B) Quantitative analyses of GABAAR <2 cluster surface area (Mann-Whitney
test p < 0.0001. Sample size is equivalent to number of regions imaged: DMSO n =7,
artemisinin n = 7) and (C) GABAAR -y2 cluster sphericity (Mann-Whitney test p = 0.0010.
Sample size is equivalent to number of regions imaged: DMSO n = 7, artemisinin n = 7).

(D) Representative traces of whole-cell current-clamp action potentials following 1-h control
(DMSO) and 50 pM artemisinin treatment.

(E) Cumulative distribution of action potential inter-event interval (Kolmogorov-Smirnov
test, p < 0.0001, sample size is equivalent to number of cells recorded from DMSO n = 13,
artemisinin n = 13).

(F and G) (F) Quantitative analyses of resting membrane potential (Mann-Whitney test,

p = 0.9250, sample size is equivalent to number of cells recorded from DMSO n = 13,
artemisinin n = 12), and (G) sub-threshold event amplitude (EPSP) (Mann-Whitney test, p =
0.4636. Sample size is equivalent to number of events analyzed: DMSO n = 120, artemisinin
n =120).
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(H) BdnfmRNA expression normalized to DMSO following artemisinin (unpaired t test, p
= 0.0343, sample size is equivalent to the number of independent groups: DMSO n = 10,
artemisinin n = 8).

(I) Tetrodotoxin (TTX) treatment (unpaired t test, p = 0.7890, DMSO n =6, TTX n = 6).
Graphs are mean £ SEM. Significance reported as *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001. NS denotes non-significance.
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Figure 4. Artemether and parental artemisinin treatment selectivity decreased inhibitory
miniature events

(A) Representative traces of whole-cell voltage-clamp mIPSCs following 1-h control
(DMSO) and 50 pM artemisinin treatment.

(B) Quantitative analyses of mIPSC frequency (Kruskal-Wallis test p < 0.0001, Dunn’s
multiple comparisons test DMSO versus artemether p = 0.0002, DMSO versus artemisinin p
= 0.0020, DMSO versus artesunate p > 0.9999, DMSO versus artesunate 24 h p = 0.0672.
Sample size is equivalent to number of cells recorded from DMSO: n = 15, artemether n = 8,
artemisinin n = 10, artesunate n = 12, artesunate 24 h n = 5) and cumulative distribution of
mIPSC inter-event intervals (IEIS).

(C) Cumulative distribution of mIPSC amplitude following artemether treatment
(Kolmogorov-Smirnov test p < 0.0001, DMSO n = 15, artemether n = 8).

(D) Artemisinin treatment (Kolmogorov-Smirnov test p < 0.0001, DMSO n = 15,
artemisinin n = 10).

(E) Artesunate treatment (Kolmogorov-Smirnov test p < 0.0001, DMSO n = 15, artesunate n
=12).
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(F) Quantitative analysis of mIPSC amplitude (average per coverslip) (ordinary one-way
ANOVA p = 0.2030. Sample size is equivalent to number of cells recorded from DMSO n =
15, artemether n = 8, artemisinin n = 10, artesunate n = 12).

(G) Quantitative analyses of mIPSC frequency following 1-h control (DMSO) and 50 uM
artemether treatment with artemether included (same data as Figure 4B) and not included

in Tyrode’s bath solution (Kruskal-Wallis test, p < 0.0001, Dunn’s multiple comparison
test DMSO versus artemether incubation p = 0.1035, DMSO versus artemether incubation
+ bath p < 0.0001, artemether incubation versus artemether incubation + bath p = 0.2954,
DMSO n = 17, artemether incubation n = 6, artemether incubation + bath n = 10).

(H) 50 uM artemisinin treatment with artemisinin included (same data as Figure 4B) and
not included in Tyrode’s bath solution (Kruskal-Wallis test, p < 0.0001, Dunn’s multiple
comparison test DMSO versus artemisinin incubation p = 0.3020, DMSO versus artemisinin
incubation + bath p < 0.0001, artemisinin incubation versus artemisinin incubation + bath

p = 0.0506, DMSO n = 18, artemisinin incubation n = 9, artemisinin incubation + bath n =
12).

(1) 50 uM artesunate treatment with artesunate included (same data as Figure 4B) and

not included in Tyrode’s bath solution (Kruskal-Wallis test, p = 0.6794, Dunn’s multiple
comparison test DMSO versus artesunate incubation p > 0.999, DMSO versus artemisinin
incubation + bath p > 0.999, artesunate incubation versus artesunate incubation + bath p >
0.999, DMSO n = 17, artesunate incubation n = 8, artesunate incubation + bath n = 12).

(J) Representative traces of mIPSC peaks in control (DMSQ) treatment at baseline and
following 200 pM TPMPA perfusion.

(K) Quantitative analyses of decrease in mIPSC amplitude following TPMPA perfusion
(Wilcoxon matched-pairs signed rank test DMSO p = 0.0156, artemether p = 0.0313,
artemisinin p = 0.0156, artesunate p = 0.0156. Sample size is equivalent to number of cells
recorded from DMSO n = 7, artemether n = 7, artemisinin n = 7, artesunate n = 7).

(L) Quantitative analyses of percentage decrease in mIPSC amplitude following TPMPA
perfusion (Kruskal-Wallis test, p = 0.3321, Dunn’s multiple comparison test DMSO versus
artemether p > 0.9999, DMSO versus artemisinin p > 0.9999, DMSO versus artesunate p =
0.3342. Sample size is equivalent to number of cells recorded from DMSO n = 7, artemether
n =7, artemisinin n = 7, artesunate n = 7).

(M) Representative traces of whole-cell voltage-clamp mEPSCs following 1-h control
(DMSO) and 50 pM artemisinin treatment.

(N and O) (N) Quantitative analyses of mMEPSC frequency (Kruskal-Wallis test, p = 0.6979,
Dunn’s multiple comparison test DMSQO versus artemether p > 0.9999, DMSO versus
artemisinin p > 0.9999, DMSO versus artesunate p > 0.9999. Sample size is equivalent

to number of cells recorded from DMSO n = 11, artemether n = 11, artemisinin n = 15,
artesunate n = 14) and (O) mEPSC amplitude (Kruskal-Wallis test, p = 0.7366, Dunn’s
multiple comparison test DMSO versus artemether p > 0.9999, DMSO versus artemisinin p
> 0.9999, DMSO versus artesunate p > 0.9999. Sample size is equivalent to number of cells
recorded from DMSO n = 11, artemether n = 11, artemisinin n = 15, artesunate n = 14).
Graphs are mean £ SEM. Significance reported as *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001. NS denotes non-significance.
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Figure 5. Artemisinin treatment did not alter eIPSC amplitude
(A) Representative traces of whole-cell voltage-clamp elPSCs following 1-h control

(DMSO) and 50 uM artemisinin treatment.

(B) Quantitative analyses of elPSC amplitude (ordinary one-way ANOVA p = 0.6983,
Dunnett’s multiple comparisons test DMSO versus artemether p = 0.8745, DMSO versus
artemisinin p = 0.5277, DMSO versus artesunate p = 0.9591. Sample size is equivalent

to number of cells recorded from DMSO n = 18, artemether n = 13, artemisinin n = 11,
artesunate n = 9).

(C) Ten stimulations at 10 Hz and 20 Hz were applied to each group with the quantification
of paired pulse ratio using the amplitude of the postsynaptic current of the first and second
stimulation.

(D) 10 Hz (ordinary one-way ANOVA p = 0.7246, Dunnett’s multiple comparisons test
DMSO versus artemether p = 0.8258, DMSO versus artemisinin p = 0.8064, DMSO versus
artesunate p = 0.6556, DMSO n = 20, artemether n = 12, artemisinin n = 10, artesunate n =
9).

(E) 20 Hz (Kruskal-Wallis test, p = 0.7560, Dunn’s multiple comparison test DMSO versus
artemether p > 0.9999, DMSO versus artemisinin p > 0.9999, DMSO versus artesunate

p = 0.9917. Sample size is equivalent to number of cells recorded from DMSO n =

19, artemether n = 12, artemisinin n = 10, artesunate n = 7). Graphs are mean + SEM.
Significance reported as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. NS
denotes non-significance.
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Figure 6. Artemisinin treatment augments tonic inhibition
(A) Description of experimental design: 1-h treatment with artemisinins followed by

baseline and bicuculline/TPMPA post-perfusion electrophysiology experiments.

(B) Representative traces of tonic inhibitory current before and after bicuculine or TPMPA
perfusion. Black dotted lines are representative of one standard deviation from the mean at
baseline.

(C) Tonic inhibitory baseline current was quantified by fitting the distribution of the noise
around the mean to a Gaussian curve; a smaller standard deviation translates to a smaller
dispersion of noise (ordinary one-way ANOVA p < 0.0001, Dunnett’s multiple comparisons
test DMSO versus artemether p < 0.0001, DMSO versus artemisinin p = 0.0003, DMSO
versus artesunate p = 0.6731, DMSO n = 14, artemether n = 14, artemisinin n = 14,
artesunate n = 14).

(D) The standard deviation of tonic inhibitory current following bicuculine or TPMPA
perfusion (Kruskal-Wallis test p = 0.0018, Dunn’s multiple comparisons test bicuculline
versus artemether p = 0.0076, bicuculline versus artemisinin p = 0.0018; all other
comparisons not significant. Sample size is equivalent to number of baseline traces
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analyzed: bicuculline n = 14, DMSO n = 14, artemether n = 14, artemisinin n = 14,
artesunate n = 14).

(E) Frequency distribution of tonic current around the mean of each group (paired t test
DMSO versus DMSO TPMPA p < 0.0001).

(F) Frequency distribution of tonic current around the mean of each group (Wilcoxon test
artemisinin versus artemisinin TPMPA p = 0.0001).

(G) Frequency distribution of tonic current around the mean of each group (paired t test
artemether versus artemether TPMPA p < 0.0001).

(H) Frequency distribution of tonic current around the mean of each group (paired t test
artesunate versus artesunate TPMPA p < 0.0001). Graphs are mean = SEM. Significance
reported as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. NS denotes non-
significance.
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Figure 7. Disruption of microtubule polymerization preferentially effected inhibitory miniature
events

(A) Following 1-h control (DMSQO) and 33 uM (10 mg/1 mL) nocodazole treatment, neurons
were co-immunolabeled for gephyrin (postsynaptic marker, pink) and gl11 tubulin (neuronal
tubulin, green).

(B) Quantitative analysis of gephyrin puncta per 10 pm of Il tubulin (Kruskal-Wallis test p
= 0.2535, Dunn’s multiple comparisons test DMSO versus 10 pM p > 0.9999, DMSO versus
20 UM p = 0.4111, DMSO versus 33 UM p = 0.3666. Sample size is equivalent to number of
regions imaged: DMSO =6, 10 uM =3, 20 uM =5, 33 uM = 5).

(C) Gephyrin puncta size.

(D) Quantitative analysis of gephyrin puncta size following 1-h treatment with increasing
concentrations of nocodazole. (Kruskal-Wallis test p = 0.0078, Dunn’s multiple comparisons
test DMSO versus 10 uM p = 0.1204, DMSO versus 20 uM p = 0.0117, DMSO versus 33
UM p = 0.0874. Sample size is equivalent to number of regions imaged: DMSO =6, 10 uM
=3,20 M =5, 33 uM =5).

(E) Representative traces of whole-cell voltage-clamp mIPSCs following 1-h control
(DMSO) and 33 uM nocodazole treatment.

(F and G) (F) Quantitative analysis of mIPSC frequency (Mann-Whitney test DMSO versus
nocodazole p = 0.0097. Sample size is equivalent to number of cells recorded from DMSO n
=8, nocodazole n = 11) and (G) mIPSC amplitude (two-tailed unpaired t test DMSO versus
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nocodazole p = 0.5286. Sample size is equivalent to number of cells recorded from DMSO n
=8, nocodazole n = 11).

(H) Cumulative distribution of mIPSC amplitude following nocodazole treatment
(Kolmogorov-Smirnov test p = 0.0212. Sample size is equivalent to number of cells recorded
from DMSO n = 8, nocodazole n = 11).

(1) Analysis of the combined effect of artemisinin and nocodazole treatment on mIPSC
frequency (ordinary one-way ANOVA p < 0.0001, Tukey’s multiple comparisons test
DMSO versus artemisinin p = 0.0052, DMSO versus nocodazole p = 0.0002, DMSO versus
artemisinin + nocodazole p = 0.0006, artemisinin versus nocodazole p = 0.5062, artemisinin
versus artemisinin + nocodazole p = 0.7110, nocodazoleversus artemisinin + nocodazole

p = 0.9922. Sample size is equivalent to number of cells recorded from DMSO n = 11,
artemisinin n = 14, nocodazole n = 11, artemisinin + nocodazole n = 10).

(J) Representative traces of elPSCs following 1-h control (DMSO) and 33 uM nocodazole
treatment.

(K) Quantitative analysis of elPSC amplitude (two-tailed unpaired t test DMSO versus
nocodazole p = 0.4480. Sample size is equivalent to number of cells recorded from DMSO n
=12, nocodazole n = 10).

(L) Ten stimulations at 10 Hz and 20 Hz were applied to each group with the quantification
of paired pulse ratio using the amplitude of the postsynaptic current of the first and second
stimulation.

(M) 10 Hz (two-tailed unpaired t test DMSO versus nocodazole p = 0.7816. Sample size is
equivalent to number of cells recorded from DMSO n = 9, nocodazole n = 9).

(N) 20 Hz (Mann-Whitney DMSQO versus nocodazole p = 0.3401. Sample size is equivalent
to number of cells recorded from DMSO n = 9, nocodazole n = 9).

(O) Proposed schematic of GABAAR clustering following artemisinin treatment: artemisinin
selectively disrupts peripheral GABAAR clusters mediating spontaneous release, increasing
their mobility and the number receptors mediating tonic inhibition, while evoked release is
unaffected. Graphs are mean £ SEM. Significance reported as *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001. NS denotes non-significance.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-Gephyrin (mouse monoclonal) Synaptic Systems Cat# 147 021;
RRID: AB_2232546
Anti-vGAT (rabbit monoclonal) Synaptic Systems (R:aRt?D]:?ﬁgogi;30053 4
I . - Cat# 188 006
Anti-MAP2 (chicken polyclonal) Synaptic Systems RRID:AB._2619881
- . . . Cat# 188-004
Anti-MAP2 (guinea pig polyclonal) Synaptic Systems RRID: AB_2138181
Anti-B3-tubulin (rabbit polyclonal) Synaptic Systems ggﬁ;oig’olz%w 424
Anti-GABAAR-y2 (guinea pig polyclonal) Synaptic Systems Cati 224-004

Primer: Gapah Forward AGGTCGGTGTGAACGGATTTG

Primer Gapdh Reverse
TGTAGACCATGTAGTTGAGGTCA

Primer: BanfForward
AGACATGTTTGCGGCATCCAG

Primer: BadnfReverse:
CCATAAGGACGCGGACTTGTACA

Chemicals, peptides, and recombinant proteins

6-Cyano-7-nitroquinoxaline-2,3-dione disodium salt hydrate
(CNQX)

D(-)-2-Amino-5-phosphonopentanoic acid (AP-5)
Picrotoxin (PTX)

Tetrodotoxin (TTX)

Artemisinin

Artemether

Artesunate

Nocodazole

(1,2,5,6-Tetrahydropyridine-4-yl) methylphosphinic acid
Glucose Oxidase from Aspergillus niger
Cysteamine

Catalase from Bovine liver

DNase 1

B-27 supplement

Cytosine Arabinoside (Ara-C)

Transferrin

Experimental models: Organisms/strains
Sprague-Dawley rat pups (P1-P2)

Software and algorithms

MiniAnalysis

Clampfit

Prism

Horvath et al. 2021

Horvath et al. 2021
Horvath et al. 2021

Horvath et al. 2021

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Enzo Life Sciences
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Santa Cruz Biotechnology
Tocris

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma-Aldrich
GIBCO

Sigma

Calbiochem

Charles River

Synaptosoft

Molecular Devices

GraphPad

RRID: AB_10594245
N/A

N/A
N/A

N/A

Cat# C239

Cat# A8054
Cat# P1675
Cat# BML-NA120-0001
Cat# 361593
Cat# A9361
Cat# A3731
Cat# sc-3518
Cat# 1040

Cat# G2133
Cat#30070
Cat#C40

Cat# D5025
Cat# 17504-010
Cat# C6645
Cat# 616420

Strain code: 400

http://www.synaptosoft.com/MiniAnalysis

http://www.moleculardevices.com

http://www.graphpad.com
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Vutara VXL software Bruker N/A

MATLAB Mathworks https://www.mathworks.com/products/
matlab.html

Intellicount Fantuzzo et al., 2017 N/A

Fiji ImageJ processing package — https://imagej.net/Fiji

open source
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