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Neurexins are presynaptic cell-adhesion molecules essential for synaptic function that
are expressed in thousands of alternatively spliced isoforms. Recent studies suggested
that alternative splicing at splice site 4 (SS4) of Nrxn1 is tightly regulated by an
activity-dependent mechanism. Given that Nrxn1 alternative splicing at SS4 controls
NMDA-receptor-mediated synaptic responses, activity-dependent SS4 alternative
splicing would suggest a new synaptic plasticity mechanism. However, conflicting
results confound the assessment of neurexin alternative splicing, prompting us to
re-evaluate this issue. We find that in cortical cultures, membrane depolarization by
elevated extracellular KT-concentrations produced an apparent shift in Nrxn1-SS4
alternative splicing by inducing neuronal but not astroglial cell death, resulting in persistent
astroglial Nrxn1-SS4+ expression and decreased neuronal Nrxn1-SS4— expression.
in vivo, systemic kainate-induced activation of neurons in the hippocampus produced
no changes in Nrxn1-SS4 alternative splicing. Moreover, focal kainate injections into
the mouse cerebellum induced small changes in Nrxn1-SS4 alternative splicing that,
however, were associated with large decreases in Nrxn1 expression and widespread
DNA damage. Our results suggest that although Nrxn1-SS4 alternative splicing may
represent a mechanism of activity-dependent synaptic plasticity, common procedures
for testing this hypothesis are prone to artifacts, and more sophisticated approaches will
be necessary to test this important question.
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INTRODUCTION

Neurexins are presynaptic cell-adhesion molecules that play crucial role in defining synapse
properties through differential interactions with multifarious extra- and intra-cellular ligands.
Genetic perturbation of neurexins and their ligands are implicated in multiple neuropsychiatric
disorders (Sudhof, 2017; Kasem et al., 2018; Gomez et al., 2021). Neurexin genes (Nrxnl, Nrxn2,
and Nrxn3 in mice) use alternative promotors to transcribe distinct isoforms (o, B, y), whose
mRNAs are subject to extensive alternative splicing in patterns that are specific to neuronal cell
types (Treutlein et al., 2014; Fuccillo et al., 2015; Furlanis et al., 2019; Lukacsovich et al., 2019). Six
canonical sites of alternative splicing (SS1-SS6) are known, of which SS1, SS2, SS3, and SS6 are
specific to a-neurexins, whereas SS4 and SS5 exist in both «- and B-neurexins (Ullrich et al., 1995).
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FIGURE 3 | Neuronal and astroglial cells have differential Nrxn SS4 splice pattern. (A) ASCOT single cell RNA-seq data (http://ascot.cs.jhu.edu/) from V1 cortex show
differential PSI of Nrxn1 SS4 in inhibitory, excitatory neurons, and astroglial cell populations. PSI, Percent Spliced in. Un - undetected. (B) RT-PCR shows Nrxn SS4
splice pattern in cells from pure glial culture.

(Continued)
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treated cells within specific Ara-C treatment regimens (* = p 0.0153, **

FIGURE 3 | Three replicates from two passages shown. (C) Quantification of Nrxn SS4 percent spliced in show almost 100% of Nrxn1 and Nrxn3 SS4 spliced-in in
glial cells. (D) Relative expression levels of all Nrxns in pure glial cells from passage 1 and 2 (# = p < 0.0001, ** = p 0.0026). (E) Experimental paradigm. Cultured
cortical neurons isolated from E16.5 mouse embryos were treated with Ara-C from indicated DIV. At DIV11, cells were exposed to high-KCl or NaCl for 10 min and
samples were collected after 6 h for RT-PCR and ICC. (F) RT-PCR shows Nrxn SS4 splicing in various Ara-C treatment regimens with NaCl and KCI treatments.

(G) Quantification of splicing ratio shows dynamic change in Nrxn2 and Nrxn3 SS4 splicing between early and late AraC treated control (NaCl) groups. No change in
splicing ratio between NaCl and KCl treated cells within specific Ara-C treatment regimens (* = p 0.0357, ns = not significant). (H) Quantification of relative expression
show dynamics of Nrxn1 and Nrxn2, but not Nrxn3 between early and late Ara-C treated control (NaCl) groups. No change in expression levels between NaCl and KClI
= p 0.0054, Nrxn1; * = p 0.039, DIV3 vs. DIV6; p 0.0204, DIV3 vs. DIV9). All numerical data
are represented as means + SEM. Statistical significance was calculated by two-way ANOVA using Sidak’s multiple comparison test.

KA caused a relative decrease in the Nrxnl-, Nrxn2-, and
Nrxn3-SS4+ levels, which is opposite to what we observed
in KCl-treated cells (Figures 7C,E). The changes were most
pronounced for Nrxn3 (~40% decrease), whereas they were
modest for Nrxnl (~15% decrease). The expression levels of
neuronal and astroglial marker genes, however, did not change
except for a small decrease (~15%) in synaptophysin (Syp)
(Figures 7E,G). Neurexin mRNA levels were modestly decreased,
but this decrease was not statistically significant (Figure 7H).

These experiments confirm the results of Iijima et al. (2011),
suggesting that KA-induced neuronal activation alters neurexin
SS4 alternative splicing. However, they are based on dissecting
out injected brain tissue, which could be prone to errors. To
more directly analyze the injected area of the cerebellum, we
analyzed sections by smRNA-FISH for neurexins (Figure 8).
Strikingly, smRNA-ISH uncovered a dramatic loss of Nrxnl,
Nrxn2, and Nrxn3 expression in the KA-injected area but not
in the surrounding tissue (Figures 8A,B). This result suggests
that the dissection of injected tissue was too imprecise to capture
the stimulated neurons, and that the KA injection did cause a
global change in total neurexin gene expression in the stimulated
neurons. To elucidate whether this change was associated with
a neurotoxic effect of KA that is known to induce DNA damage
and cell death (Kasof et al., 1995; Simonian et al., 1996), we tested
for DNA damage at the site of KA exposure. We labeled the
KA injection sites 5, 24 and 48 h after treatments using terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining. The KA injected sites were strongly positive for TUNEL
signals at all-time points (Figures 8C,E), consistent with highly
fragmented DNA induced by KA-driven excitotoxicity and
apoptosis. At 5h, TUNEL-positive cells were mostly granule layer
cells, whereas at 24 and 48 h, both granule and molecular layer
cells were positive for TUNEL signals (Figure 8D). The sustained
DNA damage even after 48h of KA injection indicates long-
lasting cell damage that may have a profound impact on the
physiology, and confounds the interpretation of the neurexin SS4
alternative splicing observed by RT-PCR.

DISCUSSION

This study was initiated to explore the mechanistic basis for
the activity-dependent alternative splicing of neurexins at SS4,
which is of interest because it regulates the glutamate receptor
composition of synapses (Aoto et al., 2013; Dai et al., 2019). In
pursuing this goal, we first aimed to establish optimal conditions
for studying activity-dependent neurexin SS4 alternative splicing,

based on pioneering papers that were recently published (Iijima
et al, 2011; Ding et al, 2017). However, as we analyzed
neurons treated as described in these papers, either in culture
or in vivo, we noticed that the apparent stimulation-induced
change in neurexin SS4 alternative splicing was associated with
neuronal cell death. Given the importance of neurexin alternative
splicing, we therefore examined in detail the effect of various
conditions that are thought to regulate neurexin SS4 alternative
splicing on the overall expression of marker genes and on
neuronal viability. Our data show that most reported conditions
that promote activity-dependent SS4 alternative splicing of
neurexins predispose to neuronal cell death, suggesting that the
interpretation of such studies is not straightforward. Thus, it is at
present unclear whether activity-dependent alternative splicing
of neurexins at SS4 is a physiological event.

Application of elevated levels of KCl (55mM) to cultured
neurons has been employed in many studies to trigger activity-
dependent gene expression programs and to stimulate alternative
splicing of neuronal mRNAs, including neurexins (Martinowich
et al., 2003; Greer and Greenberg, 2008; Schor et al., 2009; Kim
et al., 2010; Iijima et al, 2011; Rozic et al, 2011, 2013; Ding
et al., 2017). This approach is thought to mimic the pattern of
gene activation that occurs in response to physiological stimuli in
brain (Greer and Greenberg, 2008). However, although elevated
extracellular KCI induces membrane depolarization, it may not
always actually enhance neuronal activity. Treatment of cultured
neurons with 8 mM KCl retains spontaneous neuronal activity,
but shifts the pattern of that activity from burst to tonic spike
firing (Golbs et al., 2011). Treatment of cultured neurons with
KCl above 10 mM conversely diminishes spontaneous activity
(Grubb and Burrone, 2010; Rienecker et al., 2020), suggesting
that persistent neuronal depolarization does not necessarily
induce neuronal stimulation. Furthermore, persistent neuronal
depolarization produces sustained increases in intracellular
calcium, a key second messenger for numerous cellular processes,
including transcription and alternative splicing (Collins et al.,
1991; Grubb and Burrone, 2010; Rienecker et al., 2020). In
addition, neurons die at concentrations of >50 mm KCI (Collins
and Lile, 1989). Na* influx upon KCl-mediated depolarization
enhances cell death and induces autophagy (Takahashi et al.,
1999; Shehata et al., 2012). In the light of this relationship
of KCl to neuronal survival, the utility of the persistent
depolarization paradigm as an “activity-inducing system” to
study alternative splicing may need re-evaluation. While there
are clear merits of using elevated extracellular KCI (extensively
reviewed in Rienecker et al.,, 2020), the inherent confounds
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Analysis of RNA-seq data from Ding et al., 2017
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FIGURE 4 | RNA-seq analysis from Ding et al. datasets show significant downregulation of neuronal and synapse markers and upregulation of cell death markers. (A)
Experimental paradigm used in Ding et al. study, where 55 mM KClI or NaCl was treated on DIV11 for 10 min and samples collected at 24 h for RNA-seq analysis.
(Continued)
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FIGURE 4 | (B) Heatmap show differential gene expression between duplicate KCl and control samples (C) Valcano plot showing Log?2 fold change of up and down
regulated genes. Key synaptic and neuronal markers highlighted in red, enrichment of astrocyte markers in brown and cell death markers in purple. (D=H) Individual
FPKM-values for neuronal and synaptic markers show down regulation in KCI treated compared to control groups (D), down regulation of all Nrxns (E), up regulation
of immune-related genes (F), enrichment of astrocyte markers (G), and upregulation of key cell death markers (H).
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FIGURE 5 | Neuronal activity induced by systemic KA administration does not lead to Nrxn1 SS4 alternative splicing. (A) Experimental paradigm where CD-1 WT
mice received 20 mg/kg KA and brains were collected at indicated time points. IHC images show induction of cFOS expression in hippocampus (insets) at 1 h and
continued expression until 24 h post-injection. (B) RT-PCR for Nrxn1 SS4 splicing, cFos, Arc expression in hippocampus (Hpc) and cortex (Crtx) at different time
points after KA injection. (C) Quantification of relative expression levels of cFos and Arc show significant induction between 0.5 and 4 h in Hpc and 0.5 and 2h
post-KA injection in Crtx (# = p < 0.0001, ** = p 0.0067, *** = p 0.0002). (D) Quantification of Nrxn1 SS4/- ratio shows no significant difference in Hpc and Crtx
across all time points post-KA injection. (E) Quantification of relative expression levels of total Nrxn1 show no major change across different time points in Crtx and
Hpc. All numerical data are represented as means + SEM. Statistical significance was calculated by two-way ANOVA using Tukey’s multiple comparison test. Scale
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and limitations of this approach in studying complex and
heterogeneous splice isoforms could outweigh its benefits.
The results of our KCl treatment experiments and RNA-
seq analyses exemplify and highlight potential disadvantage of
this approach.

Historically, the glutamate receptor agonist KA has been used
as a neurotoxin to induce cell death to study neurodegeneration

in rodents (Pollard et al., 1994; Ankarcrona et al., 1995; Simonian
et al,, 1996; Wang et al.,, 2005; Kuzhandaivel et al., 2010). KA is
30-fold more neurotoxic than glutamate and activates kainite-
type ionotropic glutamate receptors (Bleakman and Lodge,
1998). Kainate receptor activation by KA increases intracellular
Ca?*, elevates reactive oxygen species, and stimulates multiple
other biochemical reactions, resulting in neuronal cell death (Sun
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FIGURE 6 | KA-induced activity followed by neuronal specific mRNA enrichment using Baf53b-Cre x RiboTag approach show no change in Nrxn SS4 alternative
splicing. (A) Baf53b-Cre x RiboTag experimental paradigm. Mice expressing Cre under neuronal-specific Baf53b promotor crossed with RiboTag mice. Adult mice
heterozygous for both alleles received 20 mg/kg KA intraperitoneally. Hippocampus harvested at indicated time points. Poly-ribosome bound mRNA isolated using
immunoprecipitation (IP) with HA beads and used for subsequent gPCR and RT-PCR. (B) Quality control gPCR shows enrichment of neuronal markers and
de-enrichment of astroglial markers. (C) Microscopic images of IHC in the hippocampus shows KA-induced cFos expression at 2 h post-injection. (D) RT-PCR shows
Nrxn SS4 splicing and cFos expression in IP and input samples in six mice in each time point. (E) Quantification of relative expression of cFos show high level in IP
*=p 0.0191 (input)]. (F) Quantification of Nrxn
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FIGURE 6 | SS4 splicing ratio shows marked difference between IP and input mRNA but no significant difference within IP or input samples across different time
points (G) Quantification of Nrxn relative expression levels show general difference in IP and input mRNA, except for Nrxn1 but no significant difference with in IP or
input samples across different time points. All numerical data are represented as means + SEM. Statistical significance was calculated by two-way ANOVA using
Sidaks’s multiple comparison test. Scale bar 100 pm.
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et al., 1992; Cheng and Sun, 1994; Gluck et al., 2000; Milatovic ~ transcription and alternative splicing of neuronal mRNAs (lijima
et al, 2002). Similar to the KCl-based assays, KA-induced  etal,2011; Denkena et al., 2020). Systemic administration of KA
neuronal activity has also been used to study activity-dependent ~ may have lesser effects on cell death than focal microinjection

Frontiers in Molecular Neuroscience | www.frontiersin.org 15 March 2021 | Volume 14 | Article 659681


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Liakath-Ali and Stdhof Activity-Dependent Neurexin Alternative Splicing

) Noxole [ ] Nexnzeo [ Nrxnde
_Nrxn1p N2 CGNrxn3p
ss{w SSIZ ssls SS|6 SS|4 %SS ss|1 SS]Z SS3 SS4 ssls 5511 5512 SS|3 5516 ss|4 ssls
Ex[1] 2-9 T TITT TTTTTTITT 124 |ex T e T T 2300f [ex[a TTTIT T TTT T T 71T 1621 | J
RNA-ISH probe RNA-ISH probe RNA-ISH probe
Sl Nirxn 1RVA

+KA 5 hrs +KA 24 hrs +KA 48 hrs

D E
1004
oy
i 801
E ¥ s
= 60- psl
1z
Z 40
}_
207 ;ﬂ'!\.
+KA 5 hrs - +KA 24 hrs +KA 48 hrs 0 : 24 48

5
Hrs post-KA injection

FIGURE 8 | Focal injection of KA in cerebral hemisphere leads to reduced Nrxn expression levels and strong DNA damage. (A) Schematic of exon composition of
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of KA into brain regions (Le Duigou et al., 2005). However, as revealed by induction of cFos. While we observed a small
systemic KA did not lead to any significant change in neurexin  shift in the SS4 alternative splicing of neurexins in areas
SS4 splicing, although the neurons were massively activated  of the cerebellum that were injected with KA, the strong

Frontiers in Molecular Neuroscience | www.frontiersin.org 16 March 2021 | Volume 14 | Article 659681


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Liakath-Ali and Stidhof

Activity-Dependent Neurexin Alternative Splicing

induction of sustained DNA damage and the suppression of
neurexin mRNA levels suggests apoptosis-induced cell death.
Moreover, in cerebellar granule cells, KA-induced apoptosis
correlates with activation of c-Jun, an immediate-early gene
(Cheung et al, 1998). Studies of alternative splicing after
KA-induced neuronal activity often do not examine neuronal
survival despite the fact that KA is a strong neurotoxic agent
(Tijima et al, 2011). The correlation of neurexin SS4 splice
changes and immediate-early gene activation with significant
DNA damage muddles the interpretation of the alternative
splicing results.

While it is possible that activity-dependent neurexin

alternative splicing at SS4 occurs in a physiological
context, this complex question needs to be tackled
using assays that truly mimic neuronal activity in

order to address the biological significance. It is likely
that the wuse of massive stimulation paradigms or
“hammering” approaches to elicit strong gene expression
and alternative splicing changes does more harm than
good. Moreover, any major conclusion arising from studies
that utilize such approaches may call into question the
actual mechanistic underpinning of activity-dependent
alternative splicing.
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Supplementary Figure 1 | Chronic exposure of high-KCl induces dendritic
breakage and doesn’t alter Nrxn SS4 splicing. (A) Experimental paradigm. DIV 11
cortical neurons isolated from E16.5 mouse embryos were chronically exposed to
50 mM NaCl or KCI and samples were collected during indicated time points. (B)
RT-PCR of Nrxn SS4 splicing in NaCl and KCl treated samples at indicated time
points. (C,D) Quantification of SS4 splice ratio (C) and relative expression levels
(C) of Nrxns shows no difference between KCl and NaCl treatments. (E)
Microscopic images of ICC stained with MAP2 and GFAP antibodies show marked
dendritic breakage (arrows) in KCI treated neurons compared to NaCl. GFAP
positive astrocytes show intact morphology. (F,G) Quantification of MFI show
decrease in MAP2 fluorescence (F) in KClI treated cells and no difference in GFAP
expression levels (G) (* = p 0.0313, 1.0h; * = p 0.0208, 1.5h). All numerical data
are represented as means + SEM. Statistical significance was calculated by
two-way ANOVA using Tukey’s multiple comparison test. Scale bar 100 pm.

Supplementary Figure 2 | (A) Microscopic images of ICC stained with MAP2
and GFAP antibodies show marked reduction in dendritic development (arrows) in
cells treated with AraC from DIV3. (B,C) Quantification of MFI show decrease in
MAP2 fluorescence (B) in KCl treated cells with late AraC (from DIV9) treatment
(C). Note the increase in GFAP expression level with early to late AraC treatment
regimens (B). Scale bar 100 um.

Supplementary Figure 3 | (A) Heatmaps from Gene Set Enrichment Analysis
(GSEA) of Ding et al. datasets show de-enrichment for several genes encoding
neuronal cell body membrane and positive regulators of excitatory postsynaptic
potential in KCL treated compared to control neurons. (B) Enrichment of
inflammatory response genes and (C,D) postiive regulators of apoptosis and
necrosis in KCL treated compared to control neurons.

Supplementary Figure 4 | RNA-seq analysis of Quesnel-Valligres et al., and
Ataman et al. datasets. (A) Experimental paradigm used in Quesnel-Vallieres et al.
study, where DIV10 hippocampal neurons isolated from E16.5 mouse embryos
chronically exposed to 55 mM KCl and samples collected at 3 h for RNA-seq
analysis. (B) Heatmap show differential gene expression between duplicate KCI
and untreated control samples (C) Valcano plot showing Log2 fold change of up
and down regulated genes. Note significant upregulation of IEGs, Npas4, cFos,
and Arc. No de-enrichment for neuronal markers found. There is an onset of
upregulation of Fas, a pro-apoptotic gene. (D) List of top 20 up and down
regulated genes. (E) Experimental paradigm used in Ataman et al. study, where
DIV15 cortical neurons isolated from E16.5 mouse embryos were silenced using
1M TTX 4+ 100 uM D-APV for overnight before chronically exposing to 55 mM
KClI or NaCl. Samples collected at 0 and 6 h for RNA-seq analysis. (F) Heatmap
show differential gene expression between duplicate KCl and 0 h control samples.
(G) Valcano plot showing Log2 fold change of up and down regulated genes.
Note significant upregulation of IEGs, Npas4, Fos, Junb, and Arc. No
de-enrichment for neuronal markers found. There is an onset of upregulation of
Fas, a pro-apoptotic gene. (H) List of top 20 up and down regulated genes.

Supplementary Figure 5 | GSEA analysis of Quesnel-Valligres et al., datasets.
(A) Heatmap from GSEA analysis show enrichment of 49 genes (of 83) in the GO
category: regulation of RNA splicing in 3h KCl treated cells compared to untreated
cells. (B) GSEA heatmap shows 50 genes (of 183 in the GO category) that are in
the regulation of neuron apoptotic process category.

Supplementary Figure 6 | Differential splicing and GSEA analysis from Ataman
et al., datasets. (A) Bar graph shows genes with differential splicing events
analyzed from the datasets. Note that Nrxns does not have any differential splicing
events. (B) Heatmap from GSEA analysis show enrichment of 60 genes (of 183) in
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the GO category: regulation of neuron apoptotic process in 6 h KCl treated cells
compared to Oh treated cells.

Supplementary Table 1 | List of differentially expressed (DE) genes with up and
down regulated genes from Ding et al. (2017) datasets.

Supplementary Table 2 | List of differentially expressed (DE) genes with up and
down regulated genes from Quesnel-Vallieres et al. (2016) datasets.

Supplementary Table 3 | List of GSEA genes of GO category: regulation of RNA
splicing from Quesnel-Vallieres et al. (2016) datasets.
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