~ International Journal of
Molecular Sciences

Article

Loss of Extrasynaptic Inhibitory Glycine Receptors in the
Hippocampus of an AD Mouse Model Is Restored by Treatment
with Artesunate

Jochen Kuhse '*, Femke Groeneweg 121, Stefan Kins 3, Karin Gorgas !, Ralph Nawrotzki 1%, Joachim Kirsch !

and Eva Kiss 14*

check for
updates

Citation: Kuhse, J.; Groeneweg, F;
Kins, S.; Gorgas, K.; Nawrotzki, R.;
Kirsch, J.; Kiss, E. Loss of
Extrasynaptic Inhibitory Glycine
Receptors in the Hippocampus of an
AD Mouse Model Is Restored by
Treatment with Artesunate. Int. J.
Mol. Sci. 2023, 24, 4623. https://
doi.org/10.3390/ijms24054623

Academic Editors: Elek Molnar

and Anna-Leena Sirén

Received: 20 December 2022
Revised: 14 February 2023

Accepted: 22 February 2023
Published: 27 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Anatomy and Cell Biology, University of Heidelberg, 69117 Heidelberg, Germany

Institute of Neuroanatomy, Medical Faculty Mannheim, University Heidelberg, 68167 Mannheim, Germany
Department of Human Biology and Human Genetics, University of Kaiserslautern-Landau,

67663 Kaiserslautern, Germany

Department of Cellular and Molecular Biology, George Emil Palade University of Medicine, Pharmacy,
Science and Technology of Targu Mures, 540142 Targu Mures, Romania

*  Correspondence: eva.kiss@uni-heidelberg.de

1t  These authors contributed equally to this work.

Abstract: Alzheimer’s disease (AD) is characterized by synaptic failure and neuronal loss. Recently,
we demonstrated that artemisinins restored the levels of key proteins of inhibitory GABAergic
synapses in the hippocampus of APP/PS1 mice, a model of cerebral amyloidosis. In the present study,
we analyzed the protein levels and subcellular localization of &2 and «3 subunits of GlyRs, indicated
as the most abundant receptor subtypes in the mature hippocampus, in early and late stages of AD
pathogenesis, and upon treatment with two different doses of artesunate (ARS). Immunofluorescence
microscopy and Western blot analysis demonstrated that the protein levels of both 2 and «3 GlyRs
are considerably reduced in the CA1 and the dentate gyrus of 12-month-old APP/PS1 mice when
compared to WT mice. Notably, treatment with low-dose ARS affected GlyR expression in a subunit-
specific way; the protein levels of 3 GlyR subunits were rescued to about WT levels, whereas
that of a2 GlyRs were not affected significantly. Moreover, double labeling with a presynaptic
marker indicated that the changes in GlyR a3 expression levels primarily involve extracellular GlyRs.
Correspondingly, low concentrations of artesunate (<1 uM) also increased the extrasynaptic GlyR
cluster density in hAPPswe-transfected primary hippocampal neurons, whereas the number of GlyR
clusters overlapping presynaptic VIAAT immunoreactivities remained unchanged. Thus, here we
provide evidence that the protein levels and subcellular localization of «2 and «3 subunits of GlyRs
show regional and temporal alterations in the hippocampus of APP/PS1 mice that can be modulated
by the application of artesunate.
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1. Introduction

The strychnine-sensitive glycine receptors (GlyRs) represent the major neurotransmit-
ter receptors at the inhibitory synapses in the spinal cord and brainstem [1], whereas the
y-aminobutyric acid type-A receptors (GABAARs) are the prevailing type of inhibitory
receptors in higher brain regions [2]. The postsynaptic GlyRs are pentameric proteins
comprised of alpha and beta-subunits, the latter serving, through binding to the scaffold
protein gephyrin, the anchoring of the GlyR at postsynaptic membrane specializations [3,4].
Further, the incorporation of § subunits confers insensitivity towards the alkaloid pi-
crotoxin, and induces an alteration of the glycine binding site at the interface of «- and
-subunits [5,6]. In addition to the heteromeric postsynaptic «/f3 GlyRs, different homo-
meric GlyRs are formed by alpha subunits that are mostly localized extrasynaptic and are

Int. . Mol. Sci. 2023, 24, 4623. https:/ /doi.org/10.3390/ijms24054623

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms24054623
https://doi.org/10.3390/ijms24054623
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-3499-4050
https://doi.org/10.3390/ijms24054623
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24054623?type=check_update&version=1

Int. J. Mol. Sci. 2023, 24, 4623

20f22

involved in tonic inhibition [7,8]. Both subunits show significant sequence similarity to
those of the nicotinic acetylcholine receptor (nAChR), GABAAR and serotonin type-3 recep-
tor subunits, constituting a superfamily of ligand-gated ion channels (Cys-loop receptor
family) [9]. Molecular heterogeneity of the GlyR results from the expression of four alpha-
and one beta-subunit genes [2]. Alternative splicing and mRNA editing contribute further
to GlyR-heterogeneity [10].

The subunit composition and distribution of GlyRs, including their subcellular localiza-
tion, exhibit differential patterns depending on the region and developmental stage [11-14].
In contrast to the apparent wide distribution of GlyR {3 subunit transcripts in the central
nervous system before and after birth, GlyRoee mRNAs and proteins show a more restricted
expression pattern. While «2 homomers represent the major GlyR isoform in the embryonic
spinal cord, after birth the majority of the spinal cord GlyRs are formed by «1 and o33
heteromers, which are mostly localized at postsynaptic sites [14]. In the cerebral cortex and
hippocampus, however, GlyRs are primarily composed of «2 or «3 subunits [15-18]. A
detailed analysis of GlyR mRNA and protein expression in the rat hippocampus at different
ages pointed to the predominance of extrasynaptic GlyRs in cell soma-rich layers, and many
post-synaptic heteromeric GlyR «2f3 on dendrites at immature stages (P7). In the mature
hippocampus (in 3-month-old rats), extrasynaptic a2/ «3-containing GlyR were the most
abundant [15] in concordance with earlier mRNA expression studies [11]. Moreover, in the
retina, a close relationship was detected between the type of neuron and the prevalence of
GlyR subunits expressed [19], suggesting a well-regulated recruitment of different GlyR
subtypes for distinct physiological functions in different regions of the CNS.

Corresponding to their predominant extrasynaptic localization, hippocampal GlyRs
are thought to play a tonic inhibitory role when activated by glycine, an important mech-
anism in controlling neuronal excitability [8,20]. Accordingly, exogenous administration
of glycine suppressed neuronal hyperexcitability in the rat dentate gyrus in a strychnine-
sensitive manner [21], and prevented somatically generated action potentials in both CA1
pyramidal cells and interneurons [22]. The complexity of glycinergic neurotransmission
is further increased by the function of glycine as a co-agonist of the excitatory N-methyl
D-aspartate receptors (NMDARs); thus, extracellular glycine levels modulate NMDAR-
mediated responses and long-term potentiation (LTP) [13]. These observations strongly
indicate that hippocampal glycine and its receptors may constitute an efficient system for
maintaining an equilibrium between excitation and inhibition in hippocampal networks.
This equilibrium might be affected in disorders of the CNS, possibly in a subtype, region
and eventually disease stage-dependent manner.

The most prevailing form of dementia in humans is the sporadic, late onset Alzheimer’s
disease (AD). AD is characterized by loss of synapses and neurons, which correlates with
progressive loss of memory and cognitive capabilities [23,24]. Morphological hallmarks are ex-
tracellular deposits of 3-amyloid protein (Af) in plaques and intracellular tangles composed
of hyperphosphorylated tau protein [25], affecting primarily the hippocampus and cerebral
cortex. Functional and structural changes of synapses in the AD brain comprise both the exci-
tatory glutamatergic system, as well as the inhibitory GABAergic neurotransmission [23-27].
Several studies reported a robust change of the GABAergic system in AD patients and in
multiple AD mouse models, including decreased levels of pre- and postsynaptic proteins. In
particular, reduced levels and specific fragments of gephyrin were observed in post-mortem
human AD brains [28,29]. Significant alterations in the structural and functional properties of
GABA 4 receptors were described in several AD models [30-32].

Previously, we reported a substantial reduction of the GABAR-y2 subunit and
gephyrin protein levels in 12-month-old APP/PS1 mice, a widely used model of AD [31].
Interestingly, the reduction of these key proteins of inhibitory synapses in the brain could
be restored by treating the APP/PS1 mice for three months with the anti-malarial drug
artemisinin, or its semisynthetic derivative artesunate. In addition, we observed a clear re-
duction of amyloid plaque load with low-dose artemisinins. Accordingly, a dose-dependent
decrease of soluble Ap-concentrations and levels of C-terminal fragments (CTF) of the
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amyloid precursor protein (APP) were measured in hippocampus homogenates from
artesunate-treated APP/PS1 mice [33].

Our recent findings, that artemisinins modulate the expression of GABAergic synapse
proteins in APP/PS1 mice, and the general missing information concerning the glycinergic
system in AD, prompted us to (1) analyze the protein levels and subcellular localization of
GlyR «2 and «3 subunits as the most abundant subtypes in the mouse hippocampus in the
early (3 months) and late stages (12 months) of AD pathogenesis, and (2) investigate whether
these features are affected when APP/PS1 mice are treated with two different doses (10 mg/kg
or 100 mg/kg) of artesunate (ARS), a derivative of artemisinin with higher oral bioavailability
and better abilities to cross the blood-brain barrier than artemisinin does [34].

These studies, using immunofluorescence microscopy and Western blot analyses,
revealed subunit-specific differences in the spatio-temporal and subcellular distribution of
the GlyR o2- and &3 subunits in the CA1 region, and dentate gyrus of the hippocampus of
3-month-old compared to 12-month-old WT- and APP/PS1 mice. Interestingly, in 12-month-
old APP/PS1 mice, protein levels of both «2 and o3 GlyR subunits were substantially
reduced in the somatic layers of the hippocampus compared to WT mice. Moreover,
artesunate treatment in these older APP/PS1 mice induced a recovery of GlyR protein
expression in a subunit-specific and dose-dependent way. Finally, both a quantification
of VIAAT-overlapping «2- and o3 GlyR clusters in the different hippocampus regions, as
well as findings in the hAPPswe-expressing cultured hippocampal neurons treated with
different concentrations of artesunate, strongly suggest that low doses of artesunate mainly
target the extrasynaptic GlyR compartment.

2. Results
2.1. Protein Levels and Distribution of the a2 and «3 Subunits of GlyRs in the Hippocampus of
3-Month-Old Mice

In the present study, we analyzed the protein expression level of x2 and «3 subunits of
GlyRs, as well as their regional distribution and subcellular localization in the hippocampus
of APP/PS1 mice in the early stages (3 months) and late stages (12 months) of cerebral
amyloidosis in comparison to WTs. Based on our recent findings, artemisinins can modulate
expression level of GABAergic synapse proteins in APP/PS1 mice, inclusive of gephyrin, a
scaffold protein common for GABAergic and glycinergic synapses. Thus, we also examined
the hippocampus of APP/PS1 mice treated with two different doses of artesunate.

Coronal brain cryosections of WT and APP/PS1 mice (without and with treatment)
were subjected to a detailed immunohistochemical analysis using GlyR o2 and o3 subtype-
specific antibodies, applied previously also by others [7,35,36]. The pyramidal cell layer
(PCL) and the stratum radiatum (SR) of the CA1 region and granular cell layer (GCL) of the
dentate gyrus (DG) were systematically evaluated firstly in 3-month-old mice, an age when
APP/PS1 mice present minimal or no amyloid plaques and cognitive impairment [37]. Our
findings clearly show that both «2 and &3 subtypes of GlyRs are widely expressed in the
different hippocampus subregions of 3-month-old WT mice (Figure 1A,B).

These results correlate well with earlier reports on mRNA and protein expression of
GlyRs in younger rodents (9-week-old rats) [11,15], as well as with electrophysiological data
from adolescent and young (P21-P50) C57/BIl6 mice [8]. Both anti-GlyR antibodies gener-
ated similar staining patterns and regional distribution (Figure 1A,B). Inmunoreactivity
was seen throughout the neuronal soma, as well as in dendrites in a highly dense punctate
fashion, as known from earlier reports [15-17]. Regional variations were evident through-
out the different hippocampal areas. Inmunoreactivities were more prominent in layers
containing the soma of pyramidal and granular cells than in the dendritic layers, indicating
the higher density of perisomatic/somatic localized GlyR clusters—including a few hilar
cells of the dentate gyrus (Figure 1A,B). Quantification of fluorescence intensities using con-
focal images (3 fields/section for CA1 and 2 fields/section for DG; n = 4-6 brains/group)
revealed that the mean fluorescence intensities of both GlyR subtypes were 1.8 to 2.0-fold
higher in the PCL and GCL than in the stratum radiatum representing the layer with fine
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112.6 4+ 13.7 and 101.9 + 18.6 vs. 47.3 arbitrary units; Figure 1). We could not detect any
evident differences, neither in staining intensities nor in the general regional distribution
of the immunofluorescence signals for GlyR «2 and o3 subtypes in the hippocampus of
3-month-old APP/PS1 mice when compared to WT. Moreover, immunofluorescence signals
were not evidently changed when the APP/PS1 mice were treated with artesunate for six
weeks, independent of the dose applied (Figure 1A-D).
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Figure 1. Level and regional distribution of GlyRa2 and GlyR«3 immunoreactivities in hippocam-
pus sections of 3-month-old WT and APP/PS1 mice. (A,B) Representative IF images from brain
cryosections of WT, APP/PS1 and APP/PS1 mice treated with two different doses (10 mg/kg and
100 mg/kg) of artesunate (A-ARS10, A-ARS100), labeled with subtype-specific antibodies for GlyR«2
(A) and GlyRa3 (B). Cell nuclei were revealed by 4’ ,6-diamidino-2-phenylindole (DAP]I) staining.
Similar staining patterns and regional distribution of GlyRa2 (A) and GlyRa3 (B) immunoreactivities
can be seen in the CA1 region and the dentate gyrus (DG) of the hippocampus of young WT and
APP/PS1 mice, as well as APP/PS1 mice treated with ARS. Both GlyR subtypes are enriched in the
pyramidal cell layer (PCL) of CA1 and the granule cell layer (GCL) of DG. Only rather weak GlyRo2
(A) and GlyRa3 (B) immunostaining can be seen in the stratum radiatum (SR) of CA1. Insets show
magnifications of the boxed windows in the PCL and SR of the CA1 region and GCL of the dentate
gyrus, respectively. They show intense punctate GlyRa2 (A) and GlyRa3 (B) staining at the soma
of CA1 pyramidal cells, DG granule cells and GlyR-positive clusters of different sizes within the SR
of the CA1 region, respectively. Confocal maximum intensity projections (8 optical sections, 3.5-um
thick z-stack; insets showing cells—2 optical sections, 1-um thick z-stack); scale bars: 50 um; insets:
10 um. (C,D) Quantification of GlyR«2 (C) and GlyR«3 (D) immunoreactivities in the PCL and SR of
the CA1 region and GCL of the dentate gyrus of WT and APP/PS1 mice. Three randomly chosen
fields within CA1 and two in the DG of each hippocampus were analyzed. n = 4-5 animals/group;
means + SEM of mean fluorescence intensities (FI).
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Earlier studies indicate that about two thirds of 2/ a3 containing GlyRs in the hip-
pocampus are localized extrasynaptic [15,16]. To prove these findings and detect possible
differences induced by the APP/PS1 transgene in the subcellular localization of these
GlyRs, we investigated brain sections double labeled for a GlyR subtype and the presy-
naptic protein VIAAT by confocal immunofluorescence analyses. VIAAT, the common
neurotransmitter transporter of glycine and GABA, is located in both GABAergic and
glycinergic synapses, and is widely used as a marker of all inhibitory pre-synaptic bou-
tons [16]. To determine the numerical density of GlyR and VIAAT-colocalized clusters,
indicating to some degree the synaptic localization of a2 and «3 subtypes, the overlay of
GlyR clusters with VIAAT immunoreactivities was quantified in randomly selected areas
of the PCL, SR of CA1 and GCL of the dentate gyrus (see Section 4 Materials and Meth-
ods). The results of these analyses supported the predominant extrasynaptic localization
of both GlyR subtypes in the analyzed regions of the hippocampus in 3-month-old WT,
and similarly in APP/PS1 mice, but with some differences in their regional distribution.
We found that in the cell soma-rich layers (PCL, GCL) there were about 20% of the «2
clusters, whereas in the dendritic layer of CA1 (SR) only 13-15% of the &2 clusters were
overlapping with VIAAT immunoreactivities (Figure 2), supporting somato-dendritic dif-
ferences in the subcellular localization of a2 clusters (Figure 2C). The proportion of a3
immunoreactivities overlapping with VIAAT-positive clusters was about 10-15% in all
layers analyzed (Figure 3). However, it should be noted that the precision of these values
might be to some degree affected by the limitations in spatial resolution of the conven-
tional light microscopy. Although the comparative analyses of 3-month-old APP/PS1 and
WT mice revealed no statistically significant differences in the density of GlyR*/VIAAT*
clusters, there was a moderate decrease in the density of «2*/VIAAT* puncta (Figure 2C).
In parallel, a moderate increase in the density of «3+/VIAAT™" overlapping clusters in
APP/PS1 mice in comparison to WT was consistently observed in all of the evaluated
hippocampal subregions (Figure 3C). These findings may be of relevance, since APP/PS1
mice treated with low-dose artesunate seemed to prevent or reverse these changes., The
quantification performed under similar conditions indicated a higher density of «2-, andin
parallel, a lower density of a3 immunoreactivities overlapped with VIAAT-positive puncta
in the pyramidal cell layer of CA1 of these treated mice in comparison to the untreated
ones (Figures 2C and 3C).

In summary, our analyses of 3-month-old mice demonstrate that in APP/PS1 mice,
the protein levels of GlyR a2 and «3 subtypes are not changed compared to age-matched
WT mice. However, subtle changes in the subcellular localization of these receptors can be
observed, probably as part of the early remodeling of inhibitory neurotransmission, which
might be prevented when the mice are treated with low-dose artesunate.

2.2. Protein Levels and Distribution of the a2 and «3 Subunits of GlyRs in the Hippocampus of
12 Month-Old Mice

Next, we examined the protein levels of GlyR subtypes in the hippocampus of 12-
month-old APP/PS1 and age-matched WT mice (n = 4-6 animals/group). At this age,
amyloid plaques and cognitive impairments can be clearly identified in APP/PS1 mice [37].
The labeling with the subtype-specific GlyR antibodies generated a similar distribution
pattern, as shown in the 3-month-old animals. A rather intense immunoreactivity is evident
in the somata of neurons of pyramidal (CA1l) and granular cells of the dentate gyrus
(Figure 4A,B). This is probably due to the high number of non-synaptic clusters in the cell
soma, and is in accordance with the mainly extrasynaptic occurrence of &2/ x3-containing
GlyRs in the mature hippocampal neurons.
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Figure 2. Subcellular localization of GlyR«2 clusters in hippocampus sections of 3-month-old WT and
APP/PS1 mice. (A,B) Representative double channel IF images of the CAl region (A) and the dentate
gyrus (DG) (B) of WT, APP/PS1 and APP/PS1 mice treated with two different doses (10 mg/kg and
100 mg/kg) of artesunate (A-ARS10, A-ARS100). Brain cryosections were double labeled with an anti-
GlyRa2 (green) and an anti-VIAAT (magenta) antibody. Right rectangular panels are magnifications
of the boxed windows within the pyramidal cell layer (PCL) and the stratum radiatum (SR) of the
CA1 region and granule cell layer (GCL) of DG, respectively, showing single channel acquisitions
(GlyRx2, VIAAT) and merged images. Arrows in merged images point to overlapping clusters,
indicating putative synaptic localized GlyRa2 clusters. Confocal maximum intensity projections
(8 optical sections, 3.5-um thick z-stack; rectangular panels—2 optical sections, 1-um thick z-stack);
scale bars: 50 um; panels: 10 um. (C) Quantitative analyses of overlapping clusters in hippocampus
areas. Note the higher density of GlyRo2 positive/VIAAT positive clusters in the PCL of low-dose
artesunate-treated APP/PS1 mice in comparison to untreated ones. Three randomly chosen fields
within PCL and SR of CA1 and two in the dentate gyrus (DG) of each hippocampus were analyzed
(n = 4-5 brains/group). The numbers of overlapping clusters were normalized to the total number of
clusters positive for the GlyRa2 subunit and given as a percent (%). Means + SEM.
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Figure 3. Subcellular localization of GlyR«3 clusters in hippocampus sections of 3-month-old WT
and APP/PS1 mice. (A,B) Representative double channel IF images of the CA1 region (A) and
the dentate gyrus (DG) (B) of WT, APP/PS1 and APP/PS1 mice treated with two different doses
(10 mg/kg and 100 mg/kg) of artesunate (A-ARS10, A-ARS100). Brain cryosections were double
labeled with an anti-GlyRo3 (green) and an anti-VIAAT (magenta) antibody. Right rectangular panels
are magnifications of the boxed windows within the pyramidal cell layer (PCL) and the stratum
radiatum (SR) of the CA1 region and granule cell layer (GCL) of DG, respectively, showing single
channel acquisitions (GlyRax3, VIAAT) and merged images. Arrows in merged images point to
overlapping puncta, indicating putative synaptic localized GlyRa3 clusters. Confocal maximum
intensity projections (8 optical sections, 3.5-pum thick z-stack; rectangular panels—2 optical sections,
1-pm thick z-stack); Scale bars: 50 um; panels: 10 um. (C) Quantitative analyses of overlay clusters
in hippocampus areas. Note the lower density of GlyRa3 positive/VIAAT positive clusters in the
PCL of low-dose artesunate-treated APP/PS1 mice in comparison to untreated ones. Three randomly
chosen fields within PCL and SR of CA1 and two in the dentate gyrus (DG) of each hippocampus
were analyzed (n = 4-5 brains/group). The numbers of overlapping clusters were normalized to the
total number of clusters positive for GlyRa3 subunit and given as a percent (%). Means &+ SEM.
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Figure 4. Level and regional distribution of GlyRa2 and GlyR«3 immunoreactivities in hippocam-
pus sections of 12-month-old WT and APP/PS1 mice. (A,B) Representative IF images from brain
cryosections of WT, APP/PS1 and APP/PS1 mice treated with two different doses (10 mg/kg and
100 mg/kg) of artesunate (A-ARS10, A-ARS100), labeled with subtype specific antibodies for GlyR«2
(A) and GlyRa3 (B). Insets show magnifications of the boxed windows in the pyramidal cell layer
(PCL) and the stratum radiatum (SR) of the CA1 region and granule cell layer (GCL) of the den-
tate gyrus (DG), respectively. Representative micrographs show reduced GlyRa2 (A) and GlyR«3
(B) immunoreactivity within the CA1 region and DG of the hippocampus of 12-month-old APP/PS1
mice compared to WT. Comparing the rather intense GlyRo2 (A) and GlyRa3 (B) immunoreactivities
in the somata of neurons of pyramidal (PCL) and granular cell layers (GCL), the decrease in the
labeling intensity in the APP/PS1 transgene is evident. A discrete increase in the staining intensity of
GlyRa2 (A) can be observed in the CA1 and DG of the hippocampus from APP/PS1 mice treated with
low-dose (A-ARS10), but not with high-dose artesunate (A-ARS100) in comparison to the non-treated
animals (APP/PS1). GlyRa3 immunoreactivity (B) is obviously increased in the hippocampus sec-
tions of all artesunate-treated APP/PS1 mice. The increase in staining intensity is more obvious in the
hippocampus of low-dose artesunate-treated mice (A-ARS10). Note the well-preserved morphology
of the nuclei, evidenced by DAPI in all sections. Confocal maximum intensity projections (8 optical
sections, 3.5-pm thick z-stack; insets showing cells—2 optical sections, 1-um thick z-stack); scale bars:
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50 um; insets: 10 pm. (C,D) Quantification of GlyRa2 (C) and GlyRa3 (D) immunoreactivities
in the PCL and SR of the CA1 region and GCL of the dentate gyrus of WT and APP/PS1 mice.
Note the significant decrease of both GlyR«2 (C) and GlyR«3 (D) immunoreactivity in cell soma-
rich layers of the hippocampus from 12-month-old APP/PS1 mice in comparison to WTs. Only
GlyRa3 immunoreactivity levels (D) are totally restored after treatment with artesunate, specifically
at low-dose (A-ARS10). Asterisks in (D) indicate amyloid plaques. Three randomly chosen fields
within CA1 and two in the DG of each hippocampus were analyzed. n = 4-5 animals/group;
means £ SEM of mean fluorescence intensities (FI). Student’s t-test, * p < 0.05. (E,F) Representative
Western blots probed with specific GlyRo2 and GlyR«3 antibodies, respectively, using hippocampal
protein extracts from 12-month-old WT, untreated APP/PS1 and APP/PS1 mice treated with 10- or
100 mg/kg artesunate (A-ARS10; A-ARS100). (G,H) Quantification of mean grey intensities from
Western blots are shown in (E,F) for GlyR subtypes. WTs were excluded from statistical analyses.
Note the decrease of total protein levels of both GlyRa2 (G) and GlyR«3 (H) in untreated APP/PS1
mice. Artesunate restores protein levels of GlyRa3 (F,H) but not of GlyR«2 (E,G). Mean + SEM.
One-way ANOVA with Bonferroni’s multiple comparison tests. * p < 0.05, ** p < 0.01.

In the hippocampus of 12-month-old WT animals in comparison to 3-month-old
mice, a remarkable and comparable increase of GlyR immunoreactivity could be observed
within all hippocampus layers by ~60% for o2 (200.3 £ 12.78 vs. 120.6. 6 + 37.5 in PCL,
189.4 + 22.5 vs. 106.3 £+ 33.1 in GCL, and 110.8 £ 16.8 vs. 61.9 in SR, arbitrary units),
and by ~30% in soma-rich layers for o3 (149.6 & 19.5 vs. 114.6 in GCL, 136.0 & 26.4 vs.
101.9 in GCL) (Figures 1A,B and 4A,B). Remarkably, GlyR «3 immunoreactivity remained
unchanged in the dendritic layer of CA1 over time (47.6 £ 9.3 vs. 47.3 £ 8.3 in SR, arbitrary
units). The same tendency was also detected for APP/PS1 mice (Figures 1A,B and 4A,B).

In the hippocampus of 12-month-old APP/PS1 mice, in comparison to age-matched
WTs, staining intensities of both 2 and «3 subtypes in all hippocampus regions analyzed
were diminished (Figure 4A,B). Gray scale values measured in the different hippocampus
layers confirmed a statistically significant reduction in mean fluorescence intensities of
the GlyR «2 subtype in the PCL and GCL of CA1l (Figure 4C), and of «3 subtype in
the PCL of CA1 (Figure 4D). The reduction of the GlyR «2 and a3 protein levels in 12-
month-old APP/PS1 mice were sustained by the immunoblot data of total hippocampus
homogenates (Figure 4E-H). The analyses of the hippocampi of 12-month-old APP/PS1
mice treated with low and high-dose artesunate, starting at 9 months of age, provided some
unexpected results. The decreased levels of GlyR o3 within the soma-rich layers of the
hippocampus observed in untreated APP/PS1 mice were restored with high consistency
to about WT levels in mice treated with low-dose artesunate. This effect showed a higher
variability by the high-dose treatment (Figure 4C,G). In contrast, the decreased GlyR o2
immunoreactivities were not significantly changed by the artesunate treatment. In some
animals, the high-dose artesunate even led to a further decrease in 2 staining intensities
(Figure 4D), a finding which was also supported by the WB data of total hippocampus
homogenates (Figure 4G,H). Interestingly, when quantifying the colocalization of GlyR and
VIAAT clusters, no obvious differences between experimental groups were found for the
number of overlapping VIAAT and GlyRs immunoreactivities, neither for «2 nor for «3.
There was an average coincidence for «2 of 30-40% in PCL, 12-15% in SR of CA1 and ~30%
in GCL of the dentate gyrus (Figure 5A), and for a3 of 10-11% in PCL, 17-19% in SR of CA1
and 12-14% in GCL of the dentate gyrus (Figure 5B). One exception was the significantly
higher density of a3 /VIAAT" signals in all analyzed layers of the hippocampus in the
high-dose ARS-treated APP/PS1 mice (Figure 5B), indicating dose-dependent differences
in the effects of artemisinins, as observed in earlier studies [33]. It should be again noted
that the precision of the absolute values provided by the quantification may be to some
degree affected by resolution limits of the conventional light microscopy.
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Figure 5. Subcellular localization of GlyR«2 and GlyRa3 clusters in hippocampus sections of 12-
month-old WT and APP/PS1 mice. (A,B) Representative double channel IF images of the CA1 region
of WT, APP/PS1 and APP/PS1 mice treated with two different doses (10 mg/kg and 100 mg/kg)
of artesunate (A-ARS10, A-ARS100). Brain cryosections were double labeled with an anti-GlyR«2
(A) or anti-GlyRa3 (B) (green) and an anti-VIAAT (magenta) antibody. Right rectangular panels
are magnifications of the boxed windows within the pyramidal cell layer (PCL) and the stratum
radiatum (SR) of the CA1 region, respectively, showing single channel acquisitions (GlyRa2 (A),
GlyRa3 (B), VIAAT) and merged images. Arrows in merged images point to overlapping puncta,
indicating putative synaptic localized GlyRa2 and GlyRa3 clusters. Confocal maximum intensity
projections (8 optical sections, 3.5-um thick z-stack; rectangular panels—2 optical sections, 1-um thick
z-stack); scale bars: 50 um; panels: 10 um. (C,D) Quantitative analyses of GlyR«2 (C) and GlyR«3
(D) subunits overlapping VIAAT immunoreactivities in hippocampus areas of 12-month-old WT and
APP/PS1 mice. Slices were double labeled with an anti-GlyRa?2 or anti-GlyR«3 and an anti-VIAAT
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antibody. The numbers of overlapping GlyR subtype- and VIAAT-positive clusters were determined
in the pyramidal cell layer (PCL) and the stratum radiatum (SR) of the CA1 region and granule cell
layer (GCL) of the dentate gyrus (DG). Three randomly chosen fields within PCL and SR of CA1 and
two fields in the dentate gyrus (DG) of each hippocampus were analyzed (1 = 4-6 brains/group).
The results represent the percentage of GlyR«a2 (A) and GlyR«3 (B) facing VIAAT-positive clusters
from the total number of respective GlyRax subtypes counted. Means = SEM. One-way ANOVA with
Bonferroni’s multiple comparison tests. * p < 0.05, ** p < 0.01.

The comparison with 3-month-old mice revealed that the proportion of &2 GlyR
subunits that overlap with VIAAT-positive immunoreactivities increased over time, being
almost double at 12 months of age in both the PCL (30—40% vs. 18-20%) and GCL (~30%
vs. 18-20%), since at the dendritic synapses of the stratum radiatum, a slight decrease
was observed. The density of these putative synaptic «3 GlyR subunits was not evidently
different between 3 and 12 months on somatic synapses in PCL and GCL (10-12% at both
time points), whereas the density at the dendritic synapses in the SR of CA1 increased
(17-19% vs. 12-13%) (Figures 2C, 3C and 5).

In summary, our analyses of 12-month-old mice demonstrate that in the hippocampus
of APP/PS1 mice modeling late-stage AD, the protein levels of «2 and «3 subtypes of the
GlyR were significantly decreased compared to age-matched WT mice. Despite the evident
decrease in total protein levels, the proportion of GlyR subunits overlaying with VIAAT
immunoreactivities (and thus, presumed to be synaptic localized) was not changed in the
different hippocampus layers. Treatment with low-dose artesunate led to a complete rescue
of protein levels of the GlyR o3 subunit, without affecting the density of these putative
synaptic localized clusters. This indicates that the changes in expression levels primarily
involve the extracellular localized GlyR subunits, and points towards a role of slow tonic
inhibition by the activation of extrasynaptic «2/«3 GlyRs in the mature hippocampus.

2.3. Distribution of GlyRs in hAPPswe Expressing Cultured Hippocampal Neurons

To further prove and examine the effects of artesunate on GlyRs in conditions that
mimic an AD environment, we treated cultured hippocampal neurons that expressed the
human APPswe protein with increasing concentrations of artesunate (from 0.1 pM to 1 uM)
for seven days. Previously, we have shown that this treatment paradigm reduced the
generation of C-terminal fragments in hAPPswe-infected hippocampal cell cultures [33].
Hippocampal neurons transduced with a cMyc-tagged hAPPswe transcript to induce
overexpression of mutated hAPP were immunolabelled with an anti-myc antibody (to
detect transduced neurons), in combination with an antibody for GlyRs (x1, x2, «3, mAb4a)
and the presynaptic marker VIAAT on div15 (Figure 6).

Cluster density and size were analyzed at both the soma and proximal dendrites
(Figure 6B). In our hands, only the mAb4 antibody produced signals that allowed a reli-
able comparative analysis of cells under different experimental conditions. An antibody
specific for a2-containing GlyRs also yielded clear clusters; however, here the interindi-
vidual variability within treatment groups was very high, possibly obscuring more subtle
differences between groups (Supplementary Materials Figure S1). For «3, none of the
commercially available antibodies was able to evidence specific clusters in the dissociated
hippocampal neurons. Thus, we focused our analyses of GlyRs detected by the mAb4a
antibody. Div15 hippocampal neurons showed clear mAb4a clusters and a more diffuse
cytoplasmic staining. Only a moderate number of the mAb4a clusters overlapped with
presynaptic VIAAT signals. Clusters overlapping with VIAAT were, on average, 20%
bigger than their extrasynaptic counterparts in untreated control cells (putative synaptic
clusters 0.061 and 0.074 um?, and extrasynaptic clusters 0.051 and 0.060 um? at the soma
and proximal dendrites, respectively). Overexpression of hAPPswe did not change either
the density or the size of mAb4a clusters (Figure 6B,C). Next, we investigated the effect of
artesunate treatment on the same parameters within the hAPPswe overexpressing neurons.
Here, we found a clear concentration-dependent increase in the number of GlyR clusters



Int. J. Mol. Sci. 2023, 24, 4623

12 of 22

(@)

Cluster size (in um?)

at both dendritic and somatic compartments after treatment with artesunate (Figure 6B).
The effect was most pronounced with 0.25 uM and 1 uM in the somatic compartment, and
with 0.25 uM and 0.5 uM artesunate in the dendritic compartment (Figure 6B,C). In the
somatic compartment, the same artesunate dosages also led to a subtle but statistically
significant increase in cluster size (Figure 6C). Interestingly, the increase in cluster density
was observed only for extrasynaptic clusters, and the density of putative synaptic clusters
remained unchanged.

B

30 A
B synaptic
Nel O extrasynaptic
= 20
»
ko)
S 10 4
[§)
O_
=
APP-Swe; DMSO
60~
Dend B synaptic
KT g O extrasynaptic
b, ) 3 40-
APP-Swe, ARS 0.25 uM <
(2]
o)
g 204
[$)
04

<\Q
RRGEE
Q7 Vo
- APP-Swe
0.084 Soma $ $ 0.08- Dend
Eo Ry
0.06- § 0064
c
0.04 4 & 0044
7]
5
0.02- B 002
o}
AR L S N A M S S R N g ¥
@ ) @ @ >
¥ P F ¥ FEFE FEE
RESEEE RGOS
o Q‘f? N o Q'.ﬁ’ N
- APP-Swe - APP-Swe

Figure 6. The effects of APP-Swe overexpression and artesunate treatment on GlyR clusters in
dissociated hippocampal neurons. (A) Representative IF images of transduced hippocampal neurons
of selected groups. cMyc-tagged APP-Swe transduced cells were manually selected for analysis
based on cMyc immunofluorescence. Regions of interest encompassing either the entire soma or
the proximal dendrite were selected and analyzed. The presence of synaptic (overlapping with
presynaptic VIAAT signal) and extrasynaptic GlyR clusters (no overlap) can be clearly seen, as well as
diffuse cytoplasmatic staining. (B) Quantification of the density of GlyR clusters at both the somatic
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(upper graph) and proximal dendritic (lower graph) compartments. Clusters were subdivided
in putative synaptic (red bars) and extrasynaptic (light grey bars). GlyR clusters based on their
overlap with the VIAAT signal. The numbers represent the percentage of extrasynaptic clusters
from total clusters counted. Note a statistically significant increase in extrasynaptic cluster density
for 0.25 and 1 uM artesunate for the somatic compartment, and for 0.25 and 0.5 uM artesunate for
the dendritic compartment. Additionally, the percentage of extrasynaptic clusters was statistically
significantly increased for the same artesunate dosages in the somatic compartment. (C) Quantitative
analysis of cluster size. Note a statistically significant increase in cluster size for the 0.25 and 1 uM
artesunate treatments in the somatic compartment only. Results are depicted as mean & SEM. 1 = cells
(22-24 per group). # p < 0.05 compared to APP-Swe-DMSO, ¥ p < 0.05 compared to untransduced-
DMSO (one-way ANOVA with Sidak’s multiple comparison tests).

In summary, our in vitro experiments with hAPPswe-transfected hippocampal neu-
rons provide additional evidence that artesunate in low concentrations can increase the
density of GlyRs, and that this mainly involves extrasynaptic GlyRs, which is in line with
our in vivo findings in 12-month-old APP/PS1 mice.

3. Discussion

In the present study, we demonstrate that artesunate—a derivative of the herb plant-
derived artemisinin—modulates the protein levels of GlyR subunits in conditions of in-
creased amyloidogenesis, both in vivo and in vitro experiments in an age and a concentration-
dependent manner. In particular, in the hippocampus of double transgenic APP/PS1 mice,
GlyR a3 subunit levels—found to be significantly reduced during late stages of cerebral
amyloidogenesis—were restored after treatment with a low-dose (10 mg/kg) artesunate.
In cultured hippocampal neurons transfected with hAPPswe treatment with artesunate
at a concentration as low as 0.25 uM, already significantly increased GlyR protein levels
and GlyR clustering. In addition, our findings strongly indicate that low-dose artesunate
mainly targets the extrasynaptic GlyR compartment. This conclusion is supported by
the quantification of a2- and a3 GlyR clusters, overlapping VIAAT immunoreactivities
in the different regions of the mouse hippocampus and in hAPPswe expressing cultured
hippocampal neurons treated with different concentrations of artesunate.

Artemisinins have been used for a long time in traditional Chinese medicine [38,39]. To-
day, artemisinin and its derivatives are applied in combination therapy for the treatment of
malaria [40]. Moreover, these drugs exert anti-oxidant, anti-inflammatory, anti-carcinogenic
and anti-viral effects [41-44]. Proposed mechanisms of actions include the modulation of
oxidative stress caused by mitochondrial ROS production and imbalance of antioxidant
enzymes, protection of the mitochondrial membrane potential required for ATP production,
and interference with various anti-inflammatory and anti-apoptotic signaling pathways,
such as NF-kappaB and PI3 kinase/Akt, and ERK/CREB/Bcl-2 and Nrf2 [38,45,46]. Re-
cently, it was also shown that artemisinins improve cognitive capacities in AD-models
reducing A levels, inflammation and amyloid plaque load, and were recommended as
potential candidates for the treatment of Alzheimer’s disease in humans [45-49]. In agree-
ment with these data, our recent study analyzing the effects of artemisinin and artesunate
in APP/PS1 mice confirmed their potent anti-amyloidogenic properties, and identified for
artesunate the limitation of APP-processing as one effective mechanism for mediating these
effects, especially when used in a lower dose [33].

Simultaneously, other in vitro studies provided evidence that artemisinins also affect
the inhibitory neurotransmission, though with somehow controversial results. On the one
hand, it was demonstrated that artemisinins reduce GABAergic signaling by inhibition
of GABA synthesis and GABA 4 receptor anchoring at the postsynaptic scaffold protein
gephyrin [50-52], with the latter relying on the ability of artemisinins to directly target a
binding pocket of gephyrin responsible for receptor-anchoring [50,53]. In studies with a
primary cultured spinal cord and hippocampal neurons, these authors also described a
compound- as well as time-dependent regulation of inhibitory glycinergic currents and
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gephyrin-GABA 4R co-clustering by artemisinins. For example, treatment with 10 uM of
artesunate reduced glycinergic currents, and 1h treatment with 50 pM of artesunate led
to a significant decrease in cluster number, area, and fluorescence intensity. In contrast,
pretreatment for 24 h had no relevant effect on receptor clustering, with a longer exposure
to these ARS concentrations being even toxic. On the other hand, in our own in vivo
studies, artemisinins restored the altered expression of key proteins of inhibitory synapses
in an AD mouse model [33]. Moreover, in cultured pancreatic islet cells, treatment with
10 uM artemether for three days enhanced GABA-ergic signaling in a gephyrin-dependent
manner and raised insulin secretion [54]. Interestingly, a recent study revealed that the
treatment of zebrafish with artesunate at relatively high doses induced acute cardiotoxicity,
whereas a low-dose treatment exerted cardioprotective effects [55]. These results further
suggest that the effects of artesunate may be dose- and state-dependent. Thus, artemisinins
seemingly display the specific hormetic behavior of potentially toxic substances that may
provide beneficial functions when administered in low doses [55].

In the present study we analyzed the protein levels, regional distribution and subcel-
lular localization of «2 and «3 GlyR subtypes by immunofluorescence microscopy and
Western blotting. The staining pattern and distribution generated by the subtype-specific
antibodies used in our experiments corresponded to those described for GlyRs in earlier
immunohistochemical studies in rodents, and support the wide presence of GlyR«2 and
GlyRa3 subtypes in all subregions of the young and adult mouse hippocampus [15-17].

The overall distribution pattern showed a higher expression within the stratum pyra-
midale of CA1 and stratum granulosum of DG, and indicated the predominant somatic
localization of these GlyRs. This overall pattern was not evidently different in APP/PS1
mice in comparison to WTs, neither at three months nor at 12 months of age. In contrast
to the repeatedly detected increased levels of gephyrin and y2 subtype of GABAAR in
the hippocampus of 3-month-old APP/PS1 mice in comparison to WTs, and a further
increase after treatment with artemisinin [31,32,56,57], we could not detect any significant
differences in the region-specific protein levels of GlyRx2 and GlyRo3 between different
experimental groups, suggesting different regulatory mechanisms for GABAergic and
glycinergic inhibition in early stage AD. Indeed, by co-localization studies with presynaptic
VIAAT, we detected significant but opposite changes in the subcellular localization of
GlyR subtypes in the hippocampus of these young APP/PS1 mice. Specifically, low-dose
artesunate treatment increased the number of VIAAT overlapping «2 clusters, mainly in
the pyramidal cell layer of the CA1 region, whereas the density of &3 clusters overlapping
with VIAAT was significantly reduced in this layer of the hippocampus. Thus, low-dose
artesunate not only prevented the opposite, although moderate alterations in the subcellu-
lar localization of «2 and &3 GlyR clusters observed in APP/PS1 mice in comparison to
WT, which might be part of the early remodeling process of inhibitory neurotransmission
in AD, but even corrected these parameters over WT levels.

At 12 months of age in the hippocampus of APP/PS1 mice, the protein levels of GlyR
o2 and «3 subunits were decreased compared to age-matched WT mice, most evidently
in cell soma-rich layers of the hippocampus, where in general GlyRs are most abundant.
These might be part of the typical loss of synaptic proteins in the brain occurring at
later stages of AD, since previously we detected a significant decrease of other inhibitory
synaptic components including gephyrin and GABAAR-y2, and to some extent VIAAT in
the hippocampus of 12-month-old APP/PS1 mice. Our findings correlate to those reported
in 6-7-month-old 2 x Tg mice (another double transgenic model of AD), showing a reduced
level of GlyR expression in the nucleus accumbens (nAc) parallel to a reduction in the pre-
and post-synaptic markers SV2 and gephyrin. Moreover, these authors demonstrated a
concomitant increase in intraneuronal A3 accumulation, as well as occasional extracellular
amyloid deposits in nAc [58]. Additionally, a decrease in glycinergic miniature synaptic
currents in nAc-brain slices was recorded, likely reflecting a decrease in the number of
receptors in the AD-altered neurons. Interestingly, it was also found that the function
of synaptic receptors was not affected, suggesting that extrasynaptic receptors might be
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compromised. Our results in the 12-month-old APP/PS1 mice are in line with these data,
since despite an evident decrease in total protein levels, the proportion of putative synaptic
localized receptor subunits in the analyzed layers of CAl and DG were not altered in
comparison to WTs, altogether indicating that the changes in the expression levels of GlyRs
in AD should primarily involve the extrasynaptic localized GlyR subunits.

Amyloid 3 (Ap) is considered to be one of the main pathological agents in AD and
induces a plethora of synaptic deficits, including downregulation of post-synaptic receptors
and neurotransmitter release [25]. Interestingly, it was demonstrated that Af3 protein
(1-42) interacts with GlyRs in rat hippocampal pyramidal cells, probably by binding to
external sites on GlyRs, and participates in the modulation of tonic inhibition by these
receptors. Specifically, it was shown that relatively high (100 nM) A concentrations
efficiently reduced the current through GlyRs [59], thus suggesting that the suppression
of the tonically active glycine receptor by Af3 in the AD brain may result in increased
excitability of the hippocampal neurons.

The functional impact of GlyRs in the hippocampus has gained attention only in
recent years. It is well-established that these receptors mediate fast inhibitory synaptic
transmission in the spinal cord and brainstem, and are involved in motor coordination
(locomotor behavior) and the processing of pain perception [1,2]. Less is known about their
functional role in higher brain regions. In the hippocampus, GlyRs are thought to modulate
the excitability of neuronal networks, cellular homeostasis and cell viability [13,60,61]
and thus underlie functions such as learning and memory. Correspondingly, silencing
the gene coding for the GlyR a2 subunit in mice resulted in impaired adult hippocampal
neurogenesis associated with deficits in spatial memory, when tested in the Morris water
maze [62]. Abundant evidence supports a contribution to tonic hippocampal inhibition and
indicates an anticonvulsive potential of GlyR activation [13,21]. Indeed, inhibition of GlyR-
currents in the hippocampus may lead to hyperexcitability and seizures [63]. Furthermore,
it is well known that patients with AD and animal models are more prone to epilepsy
than the population average [64]. Thus, one might suppose that the suppression of glycine
receptor mediated tonic inhibition by A may be one possible mechanism that links Af3
accumulation in AD to the development of epilepsy.

In particular, extrasynaptic GlyR harboring «2 or «3 subunits are proposed to have
an important function in mediating slow tonic GlyR activation in the mature hippocam-
pus [8,60]. In agreement with previous reports [12,15,20], our findings support the predomi-
nant extrasynaptic localization of both «2 and &3 GlyRs subunits in young and adult mouse
hippocampus. We found that non-synaptic localization is most prominent in the case of
somatic localized «3 GlyRs, similar to earlier findings in the rat hippocampus [15], with o3
GlyRs showing only ~10% postsynaptic localization in comparison to ~30-40% of «2 GlyRs
in the pyramidal cell layer of CA1l, as well as in the granule cell layer of DG in 12-month-old
mice. Interestingly, the treatment of adult APP/PS1 mice with artesunate clearly affected
the expression of a3 GlyRs, whereas the expression level of a2 GlyRs was not significantly
increased. The relative density of putative synaptic localized GlyR clusters was not affected
by artesunate treatment at this age, suggesting that the changes in expression levels pri-
marily involve the extracellular localized GlyR subunits. In this context, it is interesting
to note that the increase of GlyR subunit expression in cultured hippocampal neurons
after treatment with low artesunate concentrations in our experiments relied primarily on
the robust increase of extrasynaptic GlyR clusters at both the somatic and the dendritic
compartments. Altogether, these findings indicate that treatment with artesunate might
support the slow tonic inhibition mediated by GlyRs in the hippocampus in such a way as
to restore functionally relevant intrinsic homeostatic paradigms altered in AD pathogenesis.
It is noteworthy that artemisinins were reported to effectively control epileptic seizures in
AD-independent conditions [45], which indicates that the effects of artesunate on GlyRs,
and in general on inhibitory neurotransmission in the AD brain, cannot simply be the result
of their anti-amyloidogenic properties.
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Overall, our present study suggests that, in addition to the GABAergic inhibitory
system, GlyRs are also altered in the hippocampus of APP/PS1 mice, which in turn might
contribute to AD pathogenesis—and thus should be considered in the design of future ther-
apeutic approaches. Artesunate might be a potential candidate, however, considering the
relative pronounced condition and dose-dependent effects of artemisinins, comprehensive
evaluation and further studies are required.

However, the findings of this study have to be seen in light of some limitations.

The first limitation arises from the low spatial resolution of light microscopy used in
this study to identify synaptic localized GlyRs in double immunolabeled brain sections.
The limit of an optical microscope to view adjacent structural details clearly may result in
the generation of pseudo clusters, and thus represents a confounding factor for synapse
density quantification. Thus, we cannot rule out the possibility that some of the GlyR o2
or GlyR o3 positive puncta apparently overlapping VIAAT immunoreactivities observed
in the mouse hippocampus sections are from extrasynaptic sites. Future studies using
super-resolution imaging techniques, that are able to localize isolated fluorescent molecules
with precision well beyond the diffraction limit, can serve to further validate and refine the
calculation of absolute protein densities.

The second limitation concerns the antibodies used in this study for the detection of
GlyR a2 and GlyR «3 subunits. Although validated for the methods used in our study,
the specificity of these antibodies was not validated by knockout (KO) technology; thus, a
cross-reactivity with other proteins e.g., other GlyR subunits cannot be completely excluded.
Upcoming analyses using GlyR «2 and GlyR o3 KO cells or tissues have to ultimately clear
the subunit specificity of these antibodies, and thus refine or reinforce the findings of this
study.

Third, the experimental design of this study does not include WT mice treated with
artesunate. Further studies analyzing the effects of artemisinins also on physiological con-
ditions can provide additional information and help to better understand their mechanisms
of actions in pathological conditions, such as Alzheimer’s disease.

4. Materials and Methods
4.1. Animals and Tissue Preparation

Male double transgenic APP/PS1 mice and age-matched nontransgenic control mice
(WT) of the same genetic background (C57BL/6) were used for the experiments. APP/PS1
mice were obtained from Prof. Dr. M. Jucker (University of Tiibingen, Germany) and bred
in the animal care unit of the University of Kaiserslautern. Offspring were genotyped as
described earlier [65].

APP/PS1 mice co-express the KM670/671NL “Swedish” mutated amyloid precursor
protein (APP) and the L166P-mutation-carrying human presenilin 1 (PS1) under the control
of a neuron-specific Thyl promoter element. Due to the elevated secretion of human
ApB-peptide, the mouse model mimics aspects of cerebral amyloidosis. The first amyloid
plaques appear in the dentate gyrus at 2-3 months of age, and in the CA1 region of the
hippocampus at about 4-5 months of age [7]. Deficits in the Morris water maze test
and impairments of LTP in the hippocampal sub-region CA1l were reported, starting at
7-8 months of age [65]. Thus, to model early and late stages in AD-pathogenesis, 3- and
12-months-old animals were used for analyses, respectively. For 3 months experiments
on 6-week-old APP/PS1 mice, and for 12 months experiments on 9-month-old APP/PS1
mice were randomly assigned to three experimental groups: APP/PS1 (A) mice on chow
diet, and two artesunate-treatment groups, artesunate (Cayman Chemical, Ann Arbor,
MI, USA) being mixed in the chow rodent diet at a dose of 10 mg/kg and 100 mg/kg,
respectively (A-ARS10 and A-ARS100), for a further 6 weeks or 3 months, respectively.
The doses of artesunate used were based on published data after apprehensive literature
research [34,38]. At the end of the experiments, the mice (4-6 animals/group) were deeply
anesthetized with isoflurane and decapitated. Brain hemispheres were separated. For
immunohistochemistry, one hemisphere of each brain was mounted in an OCT embedding
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compound (VWR Chemicals) and snap-frozen in an absolute ethanol-dry ice mixture. For
biochemical analysis, the fresh hippocampus was dissected from the brain hemispheres
and immediately frozen in liquid nitrogen. Tissue samples were stored at —80 °C until
use [31].

All animal procedures were carried out in accordance with the European Communities
Council Directive (86/609/EEC) and approved by the responsible regional state authorities
(T-65/15 G-72/17 and (23 177-07 /G 18-2-041).

4.2. Immunofluorescence and Confocal Microscopy of Tissue Sections

Immunolabeling. The protocol was described in detail previously [31,32]. Briefly,
coronal cryostat sections (8 pm) cut from fresh-frozen brain hemispheres were fixed with
4% (w/v) PFA (Roth-Histofix 4%) for 8 min and incubated overnight at 4 °C with primary
antibodies diluted in blocking solution without Triton X-100. Individual sections were
incubated with a primary antibody against GlyRs separately, or in combination with a
polyclonal guinea pig anti-VIAAT antibody (Synaptic Systems, Gottingen, Germany, cat. nr.
131308, 1:500). The primary antibodies for detection of GlyRs included: rabbit polyclonal
anti-GlyR «2 (GeneTex, Irvine, CA, USA, GTX105634, 1:100), rabbit polyclonal anti-GlyR
a3 (Sigma-Aldrich, St. Louis, MO, USA, AB15014, 1:200). For visualization of primary
antibodies, sections were incubated with corresponding secondary antibodies conjugated
to fluorophores (Vector Laboratories, Invitrogen, Jackson Immunoresearch Laboratories,
Waltham, MA, USA) (60 min, RT), followed by incubation with DAPI (4,6-diamidino-2-
phenylindole, 1:200) to visualize nuclear DNA. Controls omitting the primary antibodies
were included. Serial sections from untreated and artesunate-treated mice for each time
point were labelled simultaneously, using the same batches of solutions to avoid differences
through immunolabeling conditions.

Confocal laser scanning microscopy and quantitative analysis. Confocal microscopy was per-
formed with a Leica TCS SP8 microscope (Leica Microsystems CMS GmbH, Mannheim, Ger-
many) as described previously [27,29]. Briefly, the emission filter settings were 490-540 nm
for PMT?2 (green) and 630-665 nm for PMT4 (cyan). Using a HC PL APO CS2 63.0 x 1.40
oil objective, images were acquired in sequential mode with a frame average of 4. Stacks of
8 optical sections (1024 x 1024 pixels) spaced by 500 nm were recorded. Laser power and
settings were identical for all samples stained in one session. Three randomly chosen fields
within CA1 and two in the dentate gyrus (DG) of each hippocampus (1 = 4-6 brains/group)
were recorded for quantitative analysis. In each field, rectangular areas of 500 x 150 um
within the pyramidal cell layer (PCL) and the stratum radiatum (SR) of CA1 and the granu-
lar cell layer (GCL) of DG were randomly selected and quantified for mean fluorescence
intensities using Image]/Fiji software (http://pacific. mpi-cbg.de/wiki/index.php/Fiji
(accessed on 15 January 2020)). Mean fluorescence intensity of a region of interest was
calculated from maximal intensity projection of eight optical sections. Mean values calcu-
lated for each animal were used for final statistics. WTs were set to 1, and data are given as
mean £ SEM [31,33].

To quantify the colocalization of GlyRs with the presynaptic inhibitory protein (VI-
AAT+) in the PCL and SR of the CA1 area and GCL of the dentate gyrus, an Image] /Fiji
macro developed in the Cell-Networks Math-Clinic Core Facility of the University of Hei-
delberg was used [32]. This first semi-automatically segmented the immunofluorescent
puncta using the threshold method, and then automatically processed the generated binary
masks to find overlapping signals between the different confocal channels. Each staining in
a double labelling image (GlyR subunit and VIAAT) was subjected to the same intensity
threshold cut-off, binary mask generation and particle analysis detection. The number and
area of overlapping puncta were then counted by the Image]/Fiji macro, and a customized
summary table was created in the output directory for each processed image for further val-
idation and statistical analysis. The percentage of overlapping (synaptic) puncta was then
calculated from the total number of puncta positive for the respective GlyR subunit [15,66].
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Mean values calculated from 2-3 CA1 and 2 DG images for each animal were used for final
statistics [32,56].

4.3. Protein Extracts and Immunoblot Analysis

Frozen hippocampus tissue samples were homogenized, as described elsewhere [31].
Proteins were blotted on polyvinylidene difluoride membranes (Millipore, Burlington,
MA, USA) according to the manufacturer’s instructions, and incubated with the primary
antibodies at 4 °C overnight. For detection of GlyRs, the same antibodies were used
as for immunohistochemistry: rabbit polyclonal anti-GlyR «2 (GeneTex, 1:100), rabbit
polyclonal anti-GlyR «3 (Sigma-Aldrich, 1:200) and a mouse anti-(3-actin antibody (Sigma-
Aldrich, A5441, 1:40,000). The corresponding horseradish peroxidase-conjugated secondary
antibodies (Bio-Rad, Hercules, CA, USA) were detected using the ECL Prime detection
kit (Amersham Biosciences, Amersham, UK). After exposure to hyperfilms (Amersham
Bioscience), pixel intensities of the bands of interest were analyzed using Image]. Band
intensities normalized to beta-actin were averaged from three to four animals (hippocampal
tissue/group) and results are presented as mean =+ SD.

4.4. Hippocampal Cell Cultures

Construction of expression plasmids: DNA fragments encoding the complete coding
sequence of human APP695 wild-type and human APPswedish (APP695 KM670/671NL)
mutant, which have been tagged with a N-terminal myc-epitope coding sequence cloned
into the Kpnl site of an APP cDNA [67], Eggert S, unpublished] were amplified by PCR, cre-
ating BamH1 and EcoRI flanking restriction sites. These PCR-fragments were subsequently
inserted into the BamHI and EcorRI restriction sites of the lentiviral vectors pFUGW [68]
and pFSGW [69], replacing the corresponding EGFP encoding BamH1 and EcoRI fragments
of these plasmids. An ubiquitin promotor (U) in the vector pPFUGW or a human synapsin
promotor (S) in pFSGW drove the expression of the described APP constructs.

Lentivirus preparation: Recombinant lentiviral particles were produced as described
previously [70]. In brief, HEK293LTV cells (Cell Biolabs, San Diego, CA, USA) were
transfected with equimolar amounts of pPFUGW, pA8.9 and pVSVg using polyethyleneimine
(Sigma-Aldrich). Virus particles were harvested two days after transfection by collecting
the cell culture supernatant and concentrated by ultracentrifugation (90 min at 75,000x g
(25,000 rpm, SW32Ti rotor, Beckman Coulter, Brea, CA, USA)). Virus containing solution
was aliquoted, shock frozen in liquid nitrogen and stored at —80 °C for further use.

Cell culture. Primary cultures of rat hippocampal neurons were prepared from E19
embryos plated at a density of 40,000 cells/cm? into 24-well plates. Infection with lentivirus
dilutions was performed two days after plating (days in vitro/div2). Artesunate was
diluted in DMSO and added to the cell culture medium in increasing concentrations (0.05,
0.125, 0.25 uM) at div 7-8. Cells were fixed for immunocytochemistry seven days after
treatment, starting at div 14-15 [33,56].

Immunolabeling. The protocol was described in detail [67]. Briefly, coverslips containing
cultured neurons were rinsed once with PBS and subsequently fixed with 4% (w/v) PFA
for 10 min at RT. After washing, cells were incubated with preheated 10 mM sodium
citrate with 0.05% Tween for 20 min at 95 °C for antigen retrieval, followed by incubation
with blocking buffer (5% horse-serum, 1% BSA and 0.1% TritonX-100 (Roth, Karlsruhe,
Germany) in PBS) for 30 min. Subsequently, cells were incubated with up to three primary
antibodies overnight at 4 °C including anti-GlyR «2 (rabbit polyclonal, GeneTex, 1:100),
mAb4a (mouse monoclonal [68]), anti cMyc-A488 (mouse monoclonal, 9E10, Abcam) and
VGAT (guinea pig polyclonal, Synaptic Systems). The following day, samples were washed
three times in PBS, whereafter they were incubated with appropriate secondary antibodies
conjugated to fluorophores (Vector Laboratories, Invitrogen, Jackson Immunoresearch
Laboratories) for 30 min at room temperature. Both primary and secondary antibodies
were diluted in blocking solution without TritonX-100. After a further three washes in PBS,
samples were rinsed in demineralized water and the coverslips were mounted onto glass



Int. J. Mol. Sci. 2023, 24, 4623

19 of 22

slides using Mowiol/Dabco (Roth, Karlsruhe, Germany). The slides were kept at 4 °C in
the dark until imaging.

Confocal laser scanning microscopy and quantitative analysis. Confocal microscopy was
performed with a Leica TCS SP8 microscope (Leica Microsystems CMS GmbH, Mannheim,
Germany). Transduced hippocampal dissociated neurons were visually identified with
cMyc staining. Only cells with a clear cytoplasmic cMyc signal were selected for imaging.
For quantification of GlyR clusters, cultures were stained with either mAb4 (all GlyR
subunits) or an alpha2-specific antibody, in addition to cMyc and VIAAT as a marker of
presynaptic inhibitory sites. For each cell, a 92 x 92 um region containing the somatic
compartment and proximal dendrite(s) was recorded as 4-channel, sequential Z-stack.
All settings, including laser power, were kept constant between all recordings in one
data set. Particle analysis was performed using NIH’s Fiji. In short, regions of interest
(ROISs) containing all clusters within the most proximal part of the apical dendrite or of
the soma were manually drawn on the Z-projections. Within the selected ROI, the GlyR or
VIAAT signal was thresholded (thresholds were kept constant throughout all recordings)
and all particles of at least 0.04 um? were measured for size, average and maximal grey
intensities. VIAAT positivity was used to subdivide clusters as synaptic or extrasynaptic.
Three different experiments with eight pyramidal neurons/experiment were analyzed, if
not otherwise specified. Statistics were performed as one-way ANOVA, with #n = number
of neurons.

4.5. Statistical Analysis

Statistical evaluation was done in Prism (GraphPad Software Inc., San Diego, CA,
USA). Statistical significance of IF and immunoblot data were determined using one-way
ANOVA with Bonferroni’s multiple comparison test. Statistical significance of the effects of
artesunate treatment and APP overexpression on dissociated neurons were tested using
one-way ANOVA with Sidak’s multiple comparison test. Numeric values are given as
mean = standard error of the mean (SEM) or standard deviation (SD), as specified.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24054623 /s1.

Author Contributions: Conceptualization, E.K., ] K. (Jochen Kuhse) and S.K.; methodology, EG., ].K.
(Jochen Kuhse), K.G. and E.K.; investigation, FG., ] K. (Jochen Kuhse), E.K. and R.N.; resources, S.K.,
E.K. and J.K. (Joachim Kirsch); writing—original draft preparation, J.K. (Jochen Kuhse), EG. and EK.;
writing—review and editing, K.G., RN., SK. and J.K. (Joachim Kirsch); funding acquisition, E.K., J.K.
(Jochen Kuhse) and S.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant of Romanian Ministry of Research and Innovation
CNCS—UEFISCDI (PN-III-P4-PCE-2021-1089) to EK. and a grant of the Alzheimer Forschung
Initiative e.V. (AFI) (Project number: 17024) to ].K., E.K. and S.K.

Institutional Review Board Statement: All animal procedures were carried out in accordance with
the European Communities Council Directive (86/609/EEC) and approved by the responsible re-
gional state authorities (T-65/15 G-72/17 and (23 177-07 /G 18-2-041).

Informed Consent Statement: Not applicable.

Data Availability Statement: Details regarding data supporting reported results are available from
the corresponding author, upon reasonable request.

Acknowledgments: We thank Katrin Loffler and Dagmar Grofd (Department of Human Biology and
Human Genetics, University of Kaiserslautern-Landau, Germany) and Ingeborg Vogel (Department
of Anatomy and Cell Biology, University of Heidelberg, Germany) for excellent technical assistance
and Carlo Antonio Beretta (CellNetworks Math-Clinic Core Facility at Heidelberg, University of
Heidelberg, Germany) for developing Image]/Fiji macro.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ijms24054623/s1
https://www.mdpi.com/article/10.3390/ijms24054623/s1

Int. . Mol. Sci. 2023, 24, 4623 20 of 22

References

1.  Legendre, P. The glycinergic inhibitory synapse. Cell. Mol. Life Sci. 2001, 58, 760-793. [CrossRef] [PubMed]

2. Lynch, J.W. Molecular structure and function of the glycine receptor chloride channel. Physiol. Rev. 2004, 84, 1051-1095. [CrossRef]
[PubMed]

3. Meyer, G.; Kirsch, J.; Betz, H.; Langosch, D. Identification of a gephyrin binding motif on the glycine receptor beta subunit.
Neuron 1995, 15, 563-572. [CrossRef] [PubMed]

4. Feng, G; Tintrup, H.; Kirsch, J.; Nichol, M.C.; Kuhse, |.; Betz, H.; Sanes, J.R. Dual requirement for gephyrin in glycine receptor
clustering and molybdoenzyme activity. Science 1998, 282, 1321-1324. [CrossRef] [PubMed]

5. Shan, Q.; Haddrill, J.L.; Lynch, J.W. A single beta subunit M2 domain residue controls the picrotoxin sensitivity of alphabeta
heteromeric glycine receptor chloride channels. . Neurochem. 2001, 76, 1109-1120. [CrossRef] [PubMed]

6. Grudzinska, J.; Schemm, R.; Haeger, S.; Nicke, A.; Schmalzing, G.; Betz, H.; Laube, B. The Beta subunit determines the ligand
binding properties of synaptic glycine receptors. Neuron 2005, 45, 727-739. [CrossRef]

7. Zhu, H.; Gouaux, E. Architecture and assembly mechanism of native glycine receptors. Nature 2021, 599, 513-517. [CrossRef]

8. McCracken, L.M.; Lowes, D.C,; Salling, M.C.; Carreau-Vollmer, C.; Odean, N.N.; Blednov, Y.A.; Betz, H.; Harris, R.A.; Harrison,
N.L. Glycine receptor a3 and o2 subunits mediate tonic and exogenous agonist-induced currents in forebrain. Proc. Natl. Acad.
Sci. USA 2017, 114, E7179-E7186. [CrossRef]

9.  Nys, M;; Kesters, D.; Ulens, C. Structural insights into Cys-loop receptor function and ligand recognition. Biochem. Pharmacol.
2013, 86, 1042-1053. [CrossRef]

10. Legendre, P; Forstera, B.; Jiittner, R.; Meier, ].C. Glycine Receptors Caught between Genome and Proteome—Functional
Implications of RNA Editing and Splicing. Front. Mol. Neurosci. 2009, 2, 23. [CrossRef]

11.  Malosio, M.L.; Marqueze-Pouey, B.; Kuhse, J.; Betz, H. Widespread expression of glycine receptor subunit mRNAs in the adult
and developing rat brain. EMBO . 1991, 10, 2401-2409. [CrossRef]

12.  Sato, K,; Kiyama, H.; Tohyama, M. Regional distribution of cells expressing glycine receptor alpha 2 subunit mRNA in the rat
brain. Brain Res. 1992, 590, 95-108. [CrossRef] [PubMed]

13.  Xu, T.L.; Gong, N. Glycine and glycine receptor signaling in hippocampal neurons: Diversity, function and regulation. Prog.
Neurobiol. 2010, 91, 349-361. [CrossRef]

14. Lynch, J.W. Native glycine receptor subtypes and their physiological roles. Neuropharmacology 2009, 56, 303-309. [CrossRef]
[PubMed]

15.  Aroeira, RL; Ribeiro, J.A.; Sebastido, A.M.; Valente, C.A. Age-related changes of glycine receptor at the rat hippocampus: From
the embryo to the adult. J. Neurochem. 2011, 118, 339-353. [CrossRef] [PubMed]

16. Brackmann, M.; Zhao, C.; Schmieden, V.; Braunewell, K.H. Cellular and subcellular localization of the inhibitory glycine receptor
in hippocampal neurons. Biochem. Biophys. Res. Commun. 2004, 324, 1137-1142. [CrossRef]

17.  Danglot, L.; Rostaing, P; Triller, A.; Bessis, A. Morphologically identified glycinergic synapses in the hippocampus. Mol. Cell.
Neurosci. 2004, 27, 394-403. [CrossRef]

18. Kubhse, J.; Schmieden, V.; Betz, H. Identification and functional expression of a novel ligand binding subunit of the inhibitory
glycine receptor. . Biol. Chem. 1990, 265, 22317-22320. [CrossRef]

19. Haverkamp, S. Glycine Receptor Diversity in the Mammalian Retina. In Webvision: The Organization of the Retina and Visual System;
Kolb, H., Fernandez, E., Nelson, R., Eds.; University of Utah Health Sciences Center: Salt Lake City, UT, USA, 2012.

20. Zhang, L.H.; Gong, N.; Fei, D.; Xu, L.; Xu, T.L. Glycine uptake regulates hippocampal network activity via glycine receptor-
mediated tonic inhibition. Neuropsychopharmacology 2008, 33, 701-711. [CrossRef]

21. Chattipakorn, S.C.; McMahon, L.L. Strychnine-sensitive glycine receptors depress hyperexcitability in rat dentate gyrus. J.
Neurophysiol. 2003, 89, 1339-1342. [CrossRef]

22.  Song, W.; Chattipakorn, S.C.; McMahon, L.L. Glycine-gated chloride channels depress synaptic transmission in rat hippocampus.
J. Neurophysiol. 2006, 95, 2366-2379. [CrossRef] [PubMed]

23.  Scheff, SSW.,; Price, D.A.; Schmitt, F.A.; Mufson, E.J. Hippocampal synaptic loss in early Alzheimer’s disease and mild cognitive
impairment. Neurobiol. Aging 2006, 27, 1372-1384. [CrossRef] [PubMed]

24. Mecca, A.P; O'Dell, R.S,; Sharp, E.S.; Banks, E.R.; Bartlett, H.H.; Zhao, W.; Lipior, S.; Diepenbrock, N.G.; Chen, M.K.; Naganawa,
M.; et al. Synaptic density and cognitive performance in Alzheimer’s disease: A PET imaging study with [''CJUCB-J. Alzheimer’s
Dement. 2022, 10, 2527-2536. [CrossRef] [PubMed]

25. Selkoe, D.J.; Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Med. 2016, 8, 595-608. [CrossRef]

26. Govindpani, K.; Calvo-Flores Guzman, B.; Vinnakota, C.; Waldvogel, H.J.; Faull, R.L.; Kwakowsky, A. Towards a Better
Understanding of GABAergic Remodeling in Alzheimer’s Disease. Int. J. Mol. Sci. 2017, 18, 1813. [CrossRef]

27. Martinez-Serra, R.; Alonso-Nanclares, L.; Cho, K.; Giese, K.P. Emerging insights into synapse dysregulation in Alzheimer’s
disease. Brain Commun. 2022, 4, fcac083. [CrossRef]

28. Agarwal, S.; Tannenberg, RK.; Dodd, P.R. Reduced expression of the inhibitory synapse scaffolding protein gephyrin in
Alzheimer’s disease. |. Alzheimer’s Dis. 2008, 14, 313-321. [CrossRef]

29. Hales, C.M.; Rees, H.; Seyfried, N.T.; Dammer, E.B.; Duong, D.M.; Gearing, M.; Montine, T.J.; Troncoso, ].C.; Thambisetty, M.;

Levey, A.L; et al. Abnormal gephyrin immunoreactivity associated with Alzheimer disease pathologic changes. J. Neuropathol.
Exp. Neurol. 2013, 72, 1009-1015. [CrossRef]


http://doi.org/10.1007/PL00000899
http://www.ncbi.nlm.nih.gov/pubmed/11437237
http://doi.org/10.1152/physrev.00042.2003
http://www.ncbi.nlm.nih.gov/pubmed/15383648
http://doi.org/10.1016/0896-6273(95)90145-0
http://www.ncbi.nlm.nih.gov/pubmed/7546736
http://doi.org/10.1126/science.282.5392.1321
http://www.ncbi.nlm.nih.gov/pubmed/9812897
http://doi.org/10.1046/j.1471-4159.2001.00124.x
http://www.ncbi.nlm.nih.gov/pubmed/11181831
http://doi.org/10.1016/j.neuron.2005.01.028
http://doi.org/10.1038/s41586-021-04022-z
http://doi.org/10.1073/pnas.1703839114
http://doi.org/10.1016/j.bcp.2013.07.001
http://doi.org/10.3389/neuro.02.023.2009
http://doi.org/10.1002/j.1460-2075.1991.tb07779.x
http://doi.org/10.1016/0006-8993(92)91085-S
http://www.ncbi.nlm.nih.gov/pubmed/1330217
http://doi.org/10.1016/j.pneurobio.2010.04.008
http://doi.org/10.1016/j.neuropharm.2008.07.034
http://www.ncbi.nlm.nih.gov/pubmed/18721822
http://doi.org/10.1111/j.1471-4159.2011.07197.x
http://www.ncbi.nlm.nih.gov/pubmed/21272003
http://doi.org/10.1016/j.bbrc.2004.09.172
http://doi.org/10.1016/j.mcn.2004.05.007
http://doi.org/10.1016/S0021-9258(18)45707-9
http://doi.org/10.1038/sj.npp.1301449
http://doi.org/10.1152/jn.00908.2002
http://doi.org/10.1152/jn.00386.2005
http://www.ncbi.nlm.nih.gov/pubmed/16381810
http://doi.org/10.1016/j.neurobiolaging.2005.09.012
http://www.ncbi.nlm.nih.gov/pubmed/16289476
http://doi.org/10.1002/alz.12582
http://www.ncbi.nlm.nih.gov/pubmed/35174954
http://doi.org/10.15252/emmm.201606210
http://doi.org/10.3390/ijms18081813
http://doi.org/10.1093/braincomms/fcac083
http://doi.org/10.3233/JAD-2008-14305
http://doi.org/10.1097/01.jnen.0000435847.59828.db

Int. J. Mol. Sci. 2023, 24, 4623 21 of 22

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Calvo-Flores Guzman, B.; Kim, S.; Chawdhary, B.; Peppercorn, K.; Tate, W.P.; Waldvogel, H.J.; Faull, R.L.; Montgomery, J.;
Kwakowsky, A. Amyloid-Betaj.s»-Induced Increase in GABAergic Tonic Conductance in Mouse Hippocampal CA1 Pyramidal
Cells. Molecules 2020, 25, 693. [CrossRef]

Kiss, E.; Gorgas, K.; Schlicksupp, A.; Grof, D.; Kins, S.; Kirsch, J.; Kuhse, J. Biphasic Alteration of the Inhibitory Synapse Scaffold
Protein Gephyrin in Early and Late Stages of an Alzheimer Disease Model. Am. J. Pathol. 2016, 186, 2279-2291. [CrossRef]
Hollnagel, J.O.; Elzoheiry, S.; Gorgas, K.; Kins, S.; Beretta, C.A.; Kirsch, J.; Kuhse, J.; Kann, O.; Kiss, E. Early alterations in
hippocampal perisomatic GABAergic synapses and network oscillations in a mouse model of Alzheimer’s disease amyloidosis.
PLoS ONE 2019, 14, €0209228. [CrossRef] [PubMed]

Kiss, E.; Kins, S.; Zoller, Y.; Schilling, S.; Gorgas, K.; Gro3, D.; Schlicksupp, A.; Rosner, R.; Kirsch, J.; Kuhse, J. Artesunate restores
the levels of inhibitory synapse proteins and reduces amyloid-3 and C-terminal fragments (CTFs) of the amyloid precursor
protein in an AD-mouse model. Mol. Cell. Neurosci. 2021, 113, 103624. [CrossRef] [PubMed]

Gautam, A.; Ahmed, T; Batra, V.; Paliwal, ]. Pharmacokinetics and pharmacodyamics of endoperoxide antimalarials. Curr. Drug
Metab. 2009, 10, 289-306. [CrossRef]

Puri, J.; Bellinger, L.L.; Kramer, P.R. Estrogen in cycling rats alters gene expression in the temporomandibular joint, trigeminal
ganglia and trigeminal subnucleus caudalis/upper cervical cord junction. J. Cell. Physiol. 2011, 226, 3169-3180. [CrossRef]
[PubMed]

Acufia, M.A.; Yévenes, G.E.; Ralvenius, W.T.; Benke, D.; Di Lio, A.; Lara, C.O.; Mufioz, B.; Burgos, C.F,; Moraga-Cid, G.; Corringer,
PJ.; et al. Phosphorylation state-dependent modulation of spinal glycine receptors alleviates inflammatory pain. J. Clin. Investig.
2016, 126, 2547-2560. [CrossRef] [PubMed]

Radde, R.; Bolmont, T.; Kaeser, S.A.; Coomaraswamy, J.; Lindau, D.; Stoltze, L.; Calhoun, M.E,; Jaggi, F.; Wolburg, H.; Gengler, S.;
et al. Abeta42-driven cerebral amyloidosis in transgenic mice reveals early and robust pathology. EMBO Rep. 2006, 7, 940-946.
[CrossRef] [PubMed]

Ho, W.E,; Peh, H.Y.; Chan, T.K.; Wong, W.S. Artemisinins: Pharmacological actions beyond anti-malarial. Pharmacol. Ther. 2014,
142, 126-139. [CrossRef]

Feng, X.; Cao, S.; Qiu, F.; Zhang, B. Traditional application and modern pharmacological research of Artemisia annua L. Pharmacol.
Ther. 2020, 216, 107650. [CrossRef]

Van der Pluijm, R.W,; Tripura, R.; Hoglund, R.M.; Phyo, A.P; Lek, D.; Islam, A.U.; Anvikar, A.R; Satpathi, P; Satpathi, S.; Behera,
PK.; et al. Triple artemisinin-based combination therapies versus artemisinin-based combination therapies for uncomplicated
Plasmodium falciparum malaria: A multicentre, open-label, randomised clinical trial. Lancet 2020, 395, 1345-1360. [CrossRef]
Appalasamy, S.; Lo, K.Y.; Ch'ng, S.J.; Nornadia, K.; Othman, A.S.; Chan, L.K. Antimicrobial activity of artemisinin and precursor
derived from in vitro plantlets of Artemisia annua L. Biomed. Res. Int. 2014, 2014, 215872. [CrossRef]

Merfort, I. Perspectives on sesquiterpene lactones in inflammation and cancer. Curr. Drug Targets 2011, 12, 1560-1573. [CrossRef]
[PubMed]

Crespo-Ortiz, M.P.; Wei, M.Q. Antitumor activity of artemisinin and its derivatives: From a well-known antimalarial agent to a
potential anticancer drug. J. Biomed. Biotechnol. 2012, 2012, 247597. [CrossRef] [PubMed]

Lin, Y.; Wu, E; Xie, Z,; Song, X.; Zhu, Q.; Wei, J; Tan, S.; Liang, L.; Gong, B. Clinical study of artesunate in the treatment of
coronavirus disease. Zhonghua Wei Zhong Bing Ji Jiu Yi Xue 2019, 32, 417-420.

Sailike, B.; Omarova, Z.; Jenis, J.; Adilbayev, A.; Akbay, B.; Askarova, S.; Jin, W.L.; Tokay, T. Neuroprotective and anti-epileptic
potentials of genus Artemisia L. Front. Pharmacol. 2022, 13, 1021501. [CrossRef] [PubMed]

Shi, J.Q.; Zhang, C.C.; Sun, X.L.; Cheng, X.X.; Wang, ].B.; Zhang, Y.D.; Xu, J.; Zou, H.Q. Antimalarial drug artemisinin extenuates
amyloidogenesis and neuroinflammation in APPswe/PS1dE9 transgenic mice via inhibition of nuclear factor-«B and NLRP3
inflammasome activation. CNS Neurosci. Ther. 2013, 19, 262-268. [CrossRef] [PubMed]

Qiang, W.; Cai, W.; Yang, Q.; Yang, L.; Dai, Y,; Zhao, Z,; Yin, ].; Li, Y,; Li, Q.; Wang, Y.; et al. Artemisinin B Improves Learning and
Memory Impairment in AD Dementia Mice by Suppressing Neuroinflammation. Neuroscience 2018, 395, 1-12. [CrossRef]

Zhao, X,; Li, S.; Gaur, U.; Zheng, W. Artemisinin Improved Neuronal Functions in Alzheimer’s Disease Animal Model 3xtg Mice
and Neuronal Cells via Stimulating the ERK/CREB Signaling Pathway. Aging Dis. 2020, 11, 801-819. [CrossRef]

Qin, Y.-R.; Ma, C.-Q,; Jiang, ].-H.; Wang, D.-P,; Zhang, Q.-Q.; Liu, M.-R.; Zhao, H.-R.; Fang, Q.; Liu, Y. Artesunate restores
mitochondrial fusion-fission dynamics and alleviates neuronal injury in Alzheimer’s disease models. J. Neurochem. 2022, 162,
290-304. [CrossRef]

Kasaragod, V.B.; Hausrat, T.].; Schaefer, N.; Kuhn, M.; Christensen, N.R.; Tessmer, I.; Maric, H.M.; Madsen, K.L.; Sotriffer, C.;
Villmann, C.; et al. Elucidating the Molecular Basis for Inhibitory Neurotransmission Regulation by Artemisinins. Neuron 2019,
101, 673-689.e11. [CrossRef]

Kasaragod, V.B.; Pacios-Michelena, A.; Schaefer, N.; Zheng, F; Bader, N.; Alzheimer, C.; Villmann, C.; Schindelin, H. Pyridoxal
kinase inhibition by artemisinins down-regulates inhibitory neurotransmission. Proc. Natl. Acad. Sci. USA 2020, 117, 33235-33245.
[CrossRef]

Pacios-Michelena, A.; Kasaragod, V.B.; Schindelin, H. Artemisinins and their impact on inhibitory neurotransmission. Curr. Opin.
Pharmacol. 2021, 59, 19-25. [CrossRef] [PubMed]

Kim, E.Y,; Schrader, N.; Smolinsky, B.; Bedet, C.; Vannier, C.; Schwarz, G.; Schindelin, H. Deciphering the structural framework of
glycine receptor anchoring by gephyrin. EMBO J. 2006, 25, 1385-1395. [CrossRef] [PubMed]


http://doi.org/10.3390/molecules25030693
http://doi.org/10.1016/j.ajpath.2016.05.013
http://doi.org/10.1371/journal.pone.0209228
http://www.ncbi.nlm.nih.gov/pubmed/30645585
http://doi.org/10.1016/j.mcn.2021.103624
http://www.ncbi.nlm.nih.gov/pubmed/33933588
http://doi.org/10.2174/138920009787846323
http://doi.org/10.1002/jcp.22671
http://www.ncbi.nlm.nih.gov/pubmed/21321935
http://doi.org/10.1172/JCI83817
http://www.ncbi.nlm.nih.gov/pubmed/27270175
http://doi.org/10.1038/sj.embor.7400784
http://www.ncbi.nlm.nih.gov/pubmed/16906128
http://doi.org/10.1016/j.pharmthera.2013.12.001
http://doi.org/10.1016/j.pharmthera.2020.107650
http://doi.org/10.1016/S0140-6736(20)30552-3
http://doi.org/10.1155/2014/215872
http://doi.org/10.2174/138945011798109437
http://www.ncbi.nlm.nih.gov/pubmed/21561425
http://doi.org/10.1155/2012/247597
http://www.ncbi.nlm.nih.gov/pubmed/22174561
http://doi.org/10.3389/fphar.2022.1021501
http://www.ncbi.nlm.nih.gov/pubmed/36339595
http://doi.org/10.1111/cns.12066
http://www.ncbi.nlm.nih.gov/pubmed/23406388
http://doi.org/10.1016/j.neuroscience.2018.10.041
http://doi.org/10.14336/AD.2019.0813
http://doi.org/10.1111/jnc.15620
http://doi.org/10.1016/j.neuron.2019.01.001
http://doi.org/10.1073/pnas.2008695117
http://doi.org/10.1016/j.coph.2021.04.008
http://www.ncbi.nlm.nih.gov/pubmed/34051675
http://doi.org/10.1038/sj.emboj.7601029
http://www.ncbi.nlm.nih.gov/pubmed/16511563

Int. . Mol. Sci. 2023, 24, 4623 22 of 22

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Li, J.; Casteels, T.; Frogne, T.; Ingvorsen, C.; Honoré, C.; Courtney, M.; Huber, K.V.; Schmitner, N.; Kimmel, R.A.; Romanov, R.A,;
et al. Artemisinins Target GABA 5 Receptor Signaling and Impair « Cell Identity. Cell 2017, 168, 86-100.e15. [CrossRef] [PubMed]
Zheng, C.; Shan, L.; Tong, P; Efferth, T. Cardiotoxicity and Cardioprotection by Artesunate in Larval Zebrafish. Dose-Response
2020, 18, 1559. [CrossRef] [PubMed]

Kiss, E.; Groeneweg, E; Gorgas, K.; Schlicksupp, A.; Kins, S.; Kirsch, J.; Kuhse, J. Amyloid-f Fosters p35/CDKS5 Signaling
Contributing to Changes of Inhibitory Synapses in Early Stages of Cerebral Amyloidosis. J. Alzheimer’s Dis. 2020, 74, 1167-1187.
[CrossRef] [PubMed]

Kiss, E.; Kins, S.; Gorgas, K.; Orlik, M.; Fischer, C.; Endres, K.; Schlicksupp, A.; Kirsch, J.; Kuhse, J. Artemisinin-treatment in
pre-symptomatic APP-PS1 mice increases gephyrin phosphorylation at Ser270: A modification regulating postsynaptic GABAAR
density. Biol. Chem. 2021, 403, 73-87. [CrossRef] [PubMed]

Fernandez-Pérez, E.J.; Gallegos, S.; Armijo-Weingart, L.; Araya, A.; Riffo-Lepe, N.O.; Cayuman, F; Aguayo, L.G. Changes in
neuronal excitability and synaptic transmission in nucleus accumbens in a transgenic Alzheimer’s disease mouse model. Sci. Rep.
2020, 10, 19606. [CrossRef]

Bukanova, J.V.; Sharonova, L.N.; Skrebitsky, V.G. Functional modulation of strychnine-sensitive glycine receptors in rat hippocam-
pal pyramidal neurons by amyloid-{3 protein (1-42). Brain Res. 2016, 1651, 61-72. [CrossRef]

Eichler, S.A.; Forstera, B.; Smolinsky, B.; Jittner, R.; Lehmann, T.N.; Fahling, M.; Meier, ].C. Splice-specific roles of glycine receptor
alpha3 in the hippocampus. Eur. J. Neurosci. 2009, 30, 1077-1091. [CrossRef]

Kuenzel, K.; Mofrad, S.A.; Gilbert, D.F. Phenotyping cellular viability by functional analysis of ion channels: GlyR-targeted
screening in NT2-N cells. Methods Mol. Biol. 2017, 1601, 205-214.

Lin, M.S; Xiong, W.C.; Li, S.J.; Gong, Z.; Cao, X.; Kuang, X.J.; Zhang, Y.; Gao, TM.; Mechawar, N.; Liu, C.; et al. a2-glycine
receptors modulate adult hippocampal neurogenesis and spatial memory. Dev. Neurobiol. 2017, 77, 1430-1441. [CrossRef]
[PubMed]

Liu, Y;; Hu, C; Tang, Y.; Chen, J.; Dong, M.; Song, T.; Zhang, X.; Zhao, J. Clozapine inhibits strychnine-sensitive glycine receptors
in rat hippocampal neurons. Brain Res. 2009, 1278, 27-33. [CrossRef] [PubMed]

Lehmann, L.; Lo, A.; Knox, K.M.; Barker-Haliski, M. Alzheimer’s Disease and Epilepsy: A Perspective on the Opportunities for
Overlapping Therapeutic Innovation. Neurochem. Res. 2021, 46, 1895-1912. [CrossRef] [PubMed]

Gengler, S.; Hamilton, A.; Holscher, C. Synaptic plasticity in the hippocampus of a APP/PS1 mouse model of Alzheimer’s disease
is impaired in old but not young mice. PLoS ONE 2010, 5, €9764. [CrossRef] [PubMed]

Weltzien, F,; Puller, C.; O’Sullivan, G.A.; Paarmann, I.; Betz, H. Distribution of the glycine receptor 3-subunit in the mouse CNS
as revealed by a novel monoclonal antibody. J. Comp. Neurol. 2012, 520, 3962-3981. [CrossRef] [PubMed]

Tienari, PJ.; De Strooper, B.; Ikonen, E.; Simons, M.; Weidemann, A.; Czech, C.; Hartmann, T.; Ida, N.; Multhaup, G.; Masters,
C.L.; et al. The beta-amyloid domain is essential for axonal sorting of amyloid precursor protein. EMBO J. 1996, 15, 5218-5229.
[CrossRef]

Lois, C.; Hong, E.J.; Pease, S.; Brown, E.J.; Baltimore, D. Germline transmission and tissue-specific expression of transgenes
delivered by lentiviral vectors. Science 2002, 295, 868-872. [CrossRef]

Dresbach, T.; Hempelmann, A.; Spilker, C.; Dieck, S.T.; Altrock, W.D.; Zuschratter, W.; Garner, C.C.; Gundelfinger, E.D. Functional
regions of the presynaptic cytomatrix protein bassoon: Significance for synaptic targeting and cytomatrix anchoring. Mol. Cell.
Neurosci. 2003, 23, 279-291. [CrossRef]

Kalbouneh, H.; Schlicksupp, A.; Kirsch, J.; Kuhse, J. Cyclin-dependent kinase 5 is involved in the phosphorylation of gephyrin
and clustering of GABAA receptors at inhibitory synapses of hippocampal neurons. PLoS ONE 2014, 9, e104256. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.cell.2016.11.010
http://www.ncbi.nlm.nih.gov/pubmed/27916275
http://doi.org/10.1177/1559325819897180
http://www.ncbi.nlm.nih.gov/pubmed/31975974
http://doi.org/10.3233/JAD-190976
http://www.ncbi.nlm.nih.gov/pubmed/32144981
http://doi.org/10.1515/hsz-2021-0153
http://www.ncbi.nlm.nih.gov/pubmed/33878252
http://doi.org/10.1038/s41598-020-76456-w
http://doi.org/10.1016/j.brainres.2016.09.016
http://doi.org/10.1111/j.1460-9568.2009.06903.x
http://doi.org/10.1002/dneu.22549
http://www.ncbi.nlm.nih.gov/pubmed/29057625
http://doi.org/10.1016/j.brainres.2009.04.043
http://www.ncbi.nlm.nih.gov/pubmed/19409375
http://doi.org/10.1007/s11064-021-03332-y
http://www.ncbi.nlm.nih.gov/pubmed/33929683
http://doi.org/10.1371/journal.pone.0009764
http://www.ncbi.nlm.nih.gov/pubmed/20339537
http://doi.org/10.1002/cne.23139
http://www.ncbi.nlm.nih.gov/pubmed/22592841
http://doi.org/10.1002/j.1460-2075.1996.tb00907.x
http://doi.org/10.1126/science.1067081
http://doi.org/10.1016/S1044-7431(03)00015-0
http://doi.org/10.1371/journal.pone.0104256

	Introduction 
	Results 
	Protein Levels and Distribution of the 2 and 3 Subunits of GlyRs in the Hippocampus of 3-Month-Old Mice 
	Protein Levels and Distribution of the 2 and 3 Subunits of GlyRs in the Hippocampus of 12 Month-Old Mice 
	Distribution of GlyRs in hAPPswe Expressing Cultured Hippocampal Neurons 

	Discussion 
	Materials and Methods 
	Animals and Tissue Preparation 
	Immunofluorescence and Confocal Microscopy of Tissue Sections 
	Protein Extracts and Immunoblot Analysis 
	Hippocampal Cell Cultures 
	Statistical Analysis 

	References

