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ABSTRACT

Oligodendrocytes form myelin for central nervous system axons and release factors which sig-
nal to neurons during myelination. Here, we ask how oligodendroglial factors influence hip-
pocampal GABAergic neuron physiology. In mixed hippocampal cultures GABAergic neurons
fired action potentials of short duration and received high frequencies of excitatory synaptic
events. In purified neuronal cultures without glial cells, GABAergic neuron excitability in-
creased and the frequency of synaptic events decreased. These effects were largely reversed by
adding oligodendrocyte conditioned medium. We compared the transcriptomic signature with
the electrophysiological phenotype of single neurons in these three culture conditions. Genes
expressed by single pyramidal or GABAergic neurons largely conformed to expected cell-type
specific patterns. Multiple genes of GABAergic neurons were significantly downregulated by
the transition from mixed cultures containing glial cells to purified neuronal cultures. Levels of
these genes were restored by the addition of oligodendrocyte conditioned medium to purified
cultures. Clustering genes with similar changes in expression between different culture condi-
tions revealed processes affected by oligodendroglial factors. Enriched genes are linked to roles
in synapse assembly, action potential generation and transmembrane ion transport, including of
zinc. These results provide new insight into the molecular targets by which oligodendrocytes

influence neuron excitability and synaptic function.
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Communication between oligodendrocytes and neurons is crucial for circuit maturation
but still not completely understood. The fast transmission of action potentials relies on insulat-
ing properties of myelin sheath which is interrupted at nodes of Ranvier, small axonal domains
highly enriched in voltage-gated Na* channels (Sherman and Brophy 2005). The profile of my-
elination and nodes of Ranvier controls the timing of impulse transmission, critical for coinci-
dent arrival of synaptic inputs transmitted by multiple axons in sensory systems (Seidl 2014;
Freeman et al. 2016; Arancibia-Carcamo et al. 2017; Monje 2018). Both oligodendrocytes and
oligodendrocyte precursor cells (OPCs or NG2 cells) sense neuronal activity, which triggers
their differentiation and maturation into myelinating oligodendrocytes (Barres & Raff, 1993;
Demerens et al. 1996). Adaptive myelination acts to reinforce selected circuits during learning
(McKenzie et al. 2014; Bechler et al. 2018; Monje 2018; Stedehouder et al. 2018). Oligoden-
drocytes also release lactate to provide metabolic support to axons (Fiinfschilling et al. 2012;

Lee et al. 2012; Saab et al. 2016).

Factors secreted by oligodendrocytes induce early formation of node-like clusters,
termed prenodes, enriched in Nay channels, Nfasc186 and Ankyrin-G, along the axons of retinal
ganglion cells and some hippocampal GABAergic neurons (parvalbumin or somatostatin im-
munopositive) before myelination (Kaplan et al. 1997; Freeman et al. 2015; Bonetto et al. 2019;
Dubessy et al. 2019). These early clusters are associated with an increased axonal conduction
velocity along GABAergic axons (Freeman et al. 2015). In addition, factors secreted by oli-
godendrocytes or their precursor cells close to the soma of pyramidal neurons modulate glu-
tamatergic neurotransmission and restrain high-frequency firing (Sakry et al. 2014; Birey et al.
2015; Battefeld et al. 2016; Jang et al. 2019; Xin et al. 2019). Moreover, oligodendroglial exo-
somes and OPC secreted protein NG2 mediate glia signaling to neurons (Friihbeis et al. 2013;
Sakry et al. 2015). The identity of molecular targets by which oligodendrocyte secreted factors

affect GABAergic neuron excitability and synaptic interactions remain unknown.
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The present study aimed to identify targets of oligodendrocyte mediated regulation of
GABAergic hippocampal neurons. Electrophysiological phenotypes of rat hippocampal neu-
rons were compared in mixed cultures, (with glial cells, CTRL) and purified neuron cultures
(without glial cells, PUR). We then tested the effects of adding oligodendrocyte conditioned
medium (OCM) to purified cultures. OCM tended to reverse changes in GABAergic neuron
physiology and anatomy induced by eliminating glial cells from cultures Single-cell RNA-se-
quencing of GABAergic neuron cytoplasm collected in patch electrodes let us explore molec-
ular targets of OCM-induced regulation. RNA-seq analysis was validated by the presence of
cell-type specific genes, including those for subclasses of GABAergic neurons. Major targets
of oligodendrocyte factor signaling to GABAergic neurons included ion channels and trans-
porters contributing to the regulation of membrane potential and action potential generation as

well transmembrane transport of zinc.

MATERIALS AND METHODS
Animals

Care and use of rats in all experiments conformed to institutional policies and guidelines
(UPMC, INSERM, and European Community Council Directive 86/609/EEC). The following
rat strains were studied: Sprague-Dawley or Wistar rats (Janvier Breeding Center) and VGAT-
Venus Wistar rats in which a green fluorescent protein variant is selectively expressed in GA-
BAergic cells (Uemastu et al. 2008). We assume that fluorescent cells in cultures correspond

to GABAergic neurons.

Culture Media

We used the following culture media. NM, neurobasal medium (21103ium (2Gibco) supple-

mented with 0.5 mM L-glutamine, B27 (1x; Invitrogen), and penicillin-streptomycin (100
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IU/mL). BS, Bottenstein-Sato medium: DMEM Glutamax supplemented with transferrin (50
pg/mL), albumin (50 pg/mL), insulin (5 pg/mL), progesterone (20 nM), putrescine (16 pg/mL),

sodium selenite (5 ng/mL), T3 (40 ng/mL), T4 (40 ng/mL) and PDGF (10 ng/ml).

Preparation of oligodendrocyte conditioned medium

Glial cell cultures were prepared from cerebral cortices of P2 Wistar rats as described previ-
ously (Mazuir et al. 2020). After meninges were removed, cortices were incubated for 35 min
in papain (30 U/mL; Worthington), supplemented with L-cysteine (0.24 mg/mL) and DNase
(50 pg/mL) in DMEM at 37°. They were then mechanically homogenized and passed through
a 0.70 pum filter. Cells were re-suspended in DMEM with 10% FCS and 1% penicillin-strepto-
mycin. After 7 to 14 days in vitro (DIV), oligodendroglial lineage cells were purified from glial
cell cultures which initially contain astrocytes and microglial cells. After cultures were shaken
overnight at 230 rpm and 37°C, overlying oligodendroglial and microglial cells could be selec-
tively detached. Microglia were then eliminated by differential adhesion (McCarthy and de
Vellis 1980). Collected cells were incubated in dishes for 15 min. Non-adherent cells were
retrieved and centrifuged in DMEM for 5 min at 1500 rpm. They were re-suspended and seeded
at a density of 1.5x10%/cm? on Polyethylene-imine (PEI)-coated dishes with BS medium and
0.5% PDGF. Immunostaining showed that 90 + 4% of cells were positive for the oligoden-
droglial marker O4*, 7.2 + 2.5% were GFAP" astrocytes and 4.6 + 0.7% were CD11b" immuno-
positive microglial cells (Mazuir et al. 2020). Medium from these cultures was collected after

48 hours, filtered (0.22 pm) and stored for use as oligodendrocyte conditioned medium.

Neuronal cultures

Experiments were performed in three different culture conditions (Fig. 1A). Control (CTRL)
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was mixed hippocampal cultures containing neurons, astrocytes and oligodendrocytes. They
were prepared from E18 rat embryos and have been characterized (Freeman et al. 2015). Puri-
fied neuron cultures (PUR) were prepared by adding anti-mitotic agents (FdU and U 5uM) for
12 hours, starting at 24 hours after dissection. Immunostaining showed these cultures contained
less than 5% astrocytes and virtually no oligodendrocytes. In OCM cultures oligodendrocyte
conditioned medium was added to purified neuron cultures. Conditioned medium (500 pl/well)
was added at 3 days in vitro (DIV). One-third of the medium was replaced with neurobasal
medium (NM) at 7 DIV, and then twice a week. Axon initial segments were visualized by 20
min exposure to an anti-Nfasc antibody (clone A12/18, Antibodies Incorporated) coupled to

Alexa 594 (using Apex antibody labeling kit, ref A10474, Thermofisher) before recordings.

Patch-clamp electrophysiological recording and analysis

Electrophysiological recordings were made from cultures at 17 DIV. Dishes were transferred
to a recording chamber mounted on a BX51WI microscope (Olympus, France) and superfused
with ACSF containing (in mM): 124 NaCl, 2.5 KCl, 26 NaHCOs3, 1 NaH;POs, 2 CaCly, 2
MgCly, and 11 glucose, bubbled with 5% COz in Oz (pH 7.3, 305-315 mOsm/L). Temperature
was kept at 34° C. Recordings were made with glass pipettes pulled using a Brown—Flaming
electrode puller (Sutter Instruments) from borosilicate glass of external diameter 1.5 mm (Clark
Capillary Glass, Harvard Apparatus). Pipette resistance was 6 MQ when filled with a solution
containing (in mM): 135 K-gluconate, 1.2 KCI1, 10 HEPES, 0.2 ethylene glycol tetraacetic acid
(EGTA), 2 MgClz, 4 MgATP, 0.4 Tris-GTP, 10 Naz-phosphocreatine and 2.7 biocytin. RNase
inhibitor was added (5ul in 1ml) when harvesting cell contents. Pipette solution pH was ad-
justed to 7.3 with KOH and the osmolarity was 290 mOsm. Whole-cell current-clamp record-
ings were made using a MultiClamp 700B amplifier and pCLAMP software (Molecular De-

vices). Potential signals were filtered at 6 kHz and digitized at 20-50 kHz.
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Recordings in the whole-cell current clamp configuration were made from fluorescent GA-
BAergic neurons and non-fluorescent pyramidal shaped neurons in cultures prepared from
VGAT-Venus Wistar rats. Excitatory postsynaptic potential (EPSP) and action potential (AP)
frequencies, membrane potential and input resistance were measured at resting potential. Re-
sponses to families of hyperpolarizing and depolarizing current steps of duration 800 ms were
recorded from holding potentials near -60 mV. Current intensities were manually adjusted to
induce a maximal hyperpolarization close to -100 mV. Incremental positive steps of +1/10 of
that value were then applied until the cell was depolarized above rheobase several times. After
recording electrical data for ~10 min, neuronal contents were aspirating into the glass electrode
tip. They were extracted into a tube containing 3.5 pl of lysis buffer with RNase inhibitor as
a first step to prepare a library of neuronal total RNA (Qiu et al., 2012). Electrophysiological
signals were analyzed with AxographX and routines written in MATLAB (The Mathwork;
Huang et al. 2017). EPSP and AP frequencies were measured from baseline records of duration
at least 3000 ms. Sup. Figl shows procedures used to measure active and passive membrane

parameters.

Reconstruction of neuronal morphology

Pipettes used for patch-clamp recordings included 2.7 mM biocytin. Cultures containing filled
cells were fixed at 17 DIV with PFA4% (diluted in PBS 1X; pH 7.2) for 10 min at room tem-
perature (RT). Coverslips were washed three times with PBS 1X and blocked with 5% normal
goat serum containing 0.1% Triton for 15 min at RT. Biocytin-filled cells and their axon initial
segments were visualized. Cultures were incubated with anti-Neurofascin (1:100, ab31457,
Abcam) for 2 hours at RT. After three PBS rinses, they were incubated with Streptavidine-

Alexa 488 (ThermoFisher Scientific) to visualize biocytin-filled neurons and anti-rabbit-Alexa
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594 (1:1000, ThermoFisher Scientific) for Neurofascin for 1 hour at RT. Stained cultures were

mounted with Fluoromount-G.

Images of stained cells were acquired on a upright spinning disk microscope (Intelligent Imag-
ing Innovations, Inc) using a 20x glycerol immersion objective (NA 1.0), a CSU-W1 spinning
disk head (Yokogawa) and a sSCMOS ORCA-Flash4.0 camera (Hamamatsu). Multiple tile re-
gions each with Z step series of separation 1.1 um were acquired for each cell. Tile scans were
stitched using Fiji software with BigStitcher plugin. Neuronal arborizations were drawn with
the semi-automatic filament tracer tool of IMARIS software (Bitplane). The axon was identi-
fied from Neurofascin immunostaining of its initial segment. Axonal and dendritic lengths and

data for Sholl analyses were derived by the IMARIS software.

Statistical analysis of electrophysiological properties and morphology

Statistical analyses were performed using GraphPad Prism version 7.0. Experiments for each
condition were carried out in at least 3 independent cultures from at least 3 different litters.
Electrophysiological parameters in Figs. 1 and 2 were compared using the Mann-Whitney test
(for PYR CTRL vs. GABA CTRL) and using Kruskal Wallis and Dunn’s multiple comparison
post hoc test (for GABA CTRL vs. GABA PUR, GABA PUR vs. GABA OCM and GABA

CTRL vs. GABA OCM). P-values are given in Table 1.

Axonal and dendritic lengths were compared (Fig. 3) using Kruskal Wallis and Dunn’s multiple
comparison post hoc test (for GABA CTRL vs. GABA PUR and GABA PUR vs. GABA OCM
and GABA CTRL vs. GABA OCM). Dendritic arborizations were assessed with Sholl analysis
which measures the number of dendrites which intersect circles of increasing distance from the
neuronal soma (20 pm increments were used). They were analyzed using a linear mixed-effects

model (LMM) with culture condition and radial distance as fixed effects, and the cell identifier
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number as a random effect to account for the successive measurements over the concentric rings
(Wilson et al. 2017). Significance for the main effects of condition, distance and their interaction
was then evaluated using ANOVA Type Il Wald chi-square tests. Analyses were made with R
(R Development Core Team, ver 3.5.1, 2019) and plots were generated with the ggplot2 pack-
age (Wickham et al., 2016). LMM was fitted with the function Imer in the Ime4 package (Bates
et al., 2015). When a factor had a significant effect or when a significant interaction was found
between condition and distance, post-hoc pairwise comparisons were completed with Tukey’s
method. Data were square root transformed before modeling to improve model assumptions of

linearity, normality and constant variance of residuals,

Data are presented as mean = SEM (i.e. standard error of the mean). The level of statistical
significance was set at p <0.05 for all tests. Significance is represented as numbers of asterisks:

*p <0.05, **p < 0.01, ***p <0.001, ****p < (0.0001 and n.s. indicates no significance.

cDNA synthesis, library preparation and sequencing

mRNA capture, reverse transcription and amplification was achieved using the SMART-Seq
v4 ultra low input RNA Kit (Takara, 634891). This kit improves synthesis of the full-length
cDNA via a template switching mechanism for synthesis of the second strand cDNA. 5ul of
sample was used for hybridization with the 3'smart-seq primer, then poly{T}-primed mRNA
was converted to cDNA by reverse transcriptase and PCR amplification was done, according
to the kit instructions. Full-length cDNA was then processed with a Nextera XT DNA Library
Preparation Kit (Illumina, FC-131-1096). This kit aims to fragment and add adapter sequences
onto template DNA with a single tube Nextera XT tagmentation reaction and so generate mul-

tiplex sequencing libraries. The resulting indexed paired-end libraries were sequenced by next-
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generation sequencing (NGS), using NextSeq500 2x75pb (Illumina NextSeq 500 platform)

(Sup. Fig2A).

RNA-seq data analysis

RNA-Seq data analysis was performed by GenoSplice technology (www.genosplice.com). Se-
quencing, data quality, read distribution (to check for ribosomal contamination for instance),
and insert size estimation were done with FastQC, Picard-Tools, Samtools and rseqc. Reads
were mapped using STARv2.4.0 (Dobin et al. 2013) on the rn6 Rat genome assembly. The
regulation of gene expression was studied as in (Noli et al. 2015). For each gene of the Rat
FAST DB v2016 1 annotations, reads aligning on constitutive regions (not prone to alternative
splicing) were counted. Normalization and differential gene expression was assessed from these
reads using DESeq?2 running on R (v.3.2.5, Love et al. 2014). FastQC was used for quality
control, sequencing quality per base and sequence, per base sequence and GC content, N con-
tent, overrepresented sequences, sequence lengths. Sequence coverage of introns and exons was

used to ensure that the sequences derived from mRNA rather than genomic DNA.

From 64 samples, 21 passed these control quality steps. Others were discarded due to sample
quality (n=32) or contamination detected from marker expression (n=11) based on the follow-

ing GFAP, Aquaporin 4, Slcla2, PDGFRa, MOG, Itgam (Sup. Fig2 B, D, E).

Genes were considered as expressed if their FPKM (i.e. Fragments Per Kilobase Million) value

was greater than 98% of the background FPKM value from intergenic regions (Sup. Fig3).

Clustering and heatmap analyses were performed using dist” and “hclust” functions in R, with

Euclidean distance and Ward agglomeration method.

Genes were considered to be differentially expressed when the uncorrected p-value < 0.05 and

fold-change > 1.5.
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Enriched GO terms were assessed, from the identity of differentially expressed genes, with the
DAVID Functional Annotation Tool (v6.8), (Huang et al. 2007). GO terms were considered
enriched when fold enrichment > 2.0 and uncorrected p-value < 0.05 (1.3 value in GO term

graph matches with a p value of 0.05), and at least 2 regulated genes in the pathway/term.

A Pearson correlation-based approach was used to compare single-cell RNA values with elec-
trophysiological parameters for neurons (Fig. 6). The procedure was restricted to genes ex-
pressed in at least five samples, with coefficients greater than 0.6 and significant p-values

(p<0.05).

RESULTS

Oligodendrocyte secreted factors control the electrophysiological properties of hippocam-

pal GABAergic neurons

We first asked how the presence of glial cells or oligodendrocyte secreted factors af-
fected GABAergic neuron phenotype. Hippocampal neuron cultures were prepared from
VGAT-Venus rat embryos so that GABAergic interneurons could be identified. Spontaneous
activity and active and passive membrane properties were recorded in the current clamp mode
from fluorescent GABAergic neurons (n=36). These properties were compared with those of
unlabeled pyramidal cells (n=11). We further compared the physiology of GABAergic neurons
in control cultures (CTRL) with those in purified cultures lacking glial cells (PUR) and with
those in purified cultures supplemented with oligodendrocyte conditioned medium (OCM)

(Fig. 1A, B).

Spontaneous synaptic events and spiking activity of recorded cells was quantified at
resting potential with no injected current (Fig. 1C-E). In pyramidal cells (PYR), frequencies of

excitatory postsynaptic potentials (EPSP) and action potentials (AP) were low in CTRL cultures
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(PYR CTRL, EPSPs, 7+2 Hz; APs, 0.03+0.01 Hz; n=11). Mean resting potential was -63+3
mV and mean input resistance was 330+66 MQ (Fig. 1F, G; Table 1). EPSP frequency and AP
discharge rate were both higher in GABAergic neurons from the same cultures. Mean EPSP

frequency was 70413 Hz and AP discharge frequency was 0.6+0.5 Hz (GABA CTRL, n=11).

In PUR neuronal cultures, both EPSP frequency and AP discharge by GABAergic
neurons were reduced (GABA PUR, EPSPs, 6+2 Hz, n=10; APs, 0.03+0.03 Hz, n=11). This
despite a more depolarized mean resting membrane potential (GABA PUR, -49+4 mV vs
GABA CTRL, -55+2 mV) and a significantly higher input resistance than in control cultures
(GABA PUR, 144+14 MQ vs GABA CTRL, 7416 MQ). Supplementing PUR cultures with
oligodendrocyte conditioned medium tended to increase EPSP and AP frequencies towards
CTRL levels (GABA OCM, EPSPs, 19+4 Hz, n=13; APs, 0.4+0.03 Hz, n=12). Mean membrane
potential and input resistance also reverted towards values in CTRL mixed cultures (GABA
OCM, -544+2 mV and 110+£29 MQ). These data suggest that oligodendrocyte secreted factors

influence active and passive aspects of the physiological phenotype of GABAergic neurons.

We next asked whether the properties of fluorescent and non-fluorescent cells were con-
sistent with those of GABAergic neurons and pyramidal cells respectively (Pelkey et al. 2017).
In control cultures, the mean resting potential of fluorescent neurons was significantly more
depolarized (GABA CTRL, -55+1 mV vs. PYR CTRL, -63+3 mV; Fig. 1F), and their input
resistance was significantly lower than that of non-fluorescent cells (74+16 MQ vs. 330+66
MQ; Fig. 1G). Comparing neuronal responses to depolarizing and hyperpolarizing step current
injections (Sup. Fig. 1, Fig. 2) revealed significant differences in the membrane time constant
tau (Fig. 2C, GABA CTRL, 1243 ms vs. PYR CTRL, 31+5 ms), sag ratio, which is linked to
the presence of an h-current, (Fig. 2D, 1.274+0.03 vs 1.1040.03), rheobase current (Fig. 2E,
427+86 pA vs 121£25 pA) and firing rate induced by a 200 pA step current injection (Fig. 2F,

342 Hz vs 26+6 Hz). Input-output plots of the number of APs against the injected current had
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amean initial slope of 99+15 Hz/pA in fluorescent cells, significantly lower than 224+45 Hz/pA
for non-fluorescent cells (Fig. 2G). Action potential width in fluorescent neurons was short,
0.50+0.06 ms (Fig. 2I), as is characteristic of some interneurons, compared to an AP width of
1.51£0.25 ms in non-fluorescent neurons. AP thresholds were similar: -32.2+1.1 mV in fluo-
rescent cells (Fig. 2H) and -30.5+0.1 mV in non-fluorescent cells. AP rising amplitude (Fig.
2K) was 61£3 mV in fluorescent cells, significantly lower than a value of 7842 mV in non-
fluorescent cells. Maximum depolarization and repolarization rates were 294+21 V/s and -
164425 V/s respectively in fluorescent cells, compared to 325+64 V/s (Fig. 2L) and -61+8 V/s
(Fig. 2M) in non-fluorescent neurons. Action potential after hyper-polarizations (AHP) were
larger in fluorescent cells at -28+1 mV compared to -19+1 mV (Fig. 2J). The latency to the first
AP at rheobase was significantly shorter, 167+52 ms compared to 349+76 ms (Fig. 2N). Overall
these data confirm that fluorescent neurons from VGAT-Venus animals correspond to GA-
BAergic neurons, and non-fluorescent cells to pyramidal cells. Table 1 summarizes these phys-

iological data and provides statistical support for comparisons.

Our next objective was to compare electrophysiological phenotypes for GABAergic
neurons in control conditions (CTRL), in purified cultures (PUR) with no glial cells and in PUR
cultures supplemented with oligodendrocyte conditioned medium (OCM). We found nodal pro-
teins were clustered on GABAergic axons in CTRL but not in PUR cultures (not shown). Add-
ing OCM to PUR cultures induced prenode formation as previously shown (Freeman et al.
2015; Dubessy et al. 2019). We also found some electrophysiological parameters of GABAer-
gic neurons changed when glial cells were absent, and were partially restored by OCM treat-
ment (Fig. 1, 2 and Table 1). The mean resting membrane potential of GABAergic neurons did
not change significantly (Fig. 1F, CTRL, -55+2 mV; PUR, -49+4 mV; OCM, -54£2 mV). Input
resistance increased in PUR cultures (Fig. 1G, PUR, 14414 MQ, GABA CTRL, 74£16 MQ)

and was reduced back towards control values by OCM addition (110+£29 MQ). Tau did not
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change significantly (Fig. 2C, PUR, 1542 ms; OCM, 14+2 ms). Sag ratio decreased signifi-
cantly in PUR (Fig. 2D, PUR, 1.17+0.04; OCM, 1.33£0.05), as did the rheobase current (2E,
PUR, 169+38 pA; OCM, 347477 pA. Mean firing rate induced by 200 pA step current injection
increased in PUR (Fig. 2F, PUR, 21+7 Hz; OCM, 743 Hz). The slope of input-output curves
did not change (Fig. 2G, PUR, 188+44 Hz/pA; OCM, 104+32 Hz/pA). Mean AP threshold (Fig.
2H) was -31.9+1.8 mV in PUR, and -35.3£1.2 mV in OCM. AP width increased in PUR cul-
tures (Fig. 21, PUR, 0.96+0.18 ms; OCM, 0.74+0.13 ms), while AHP amplitude decreased (Fig.
2], PUR, -24+1 mV; OCM, -29+2 mV). AP rising amplitude was significantly higher in OCM
than in PUR cultures (Fig. 2K, PUR, 56+4 mV; OCM, 68+2 mV). Both the AP depolarization
rate (Fig. 2L, PUR, 192+33 V/s; OCM, 327+28 V/s) and maximal repolarization rate were
slower (Fig. 2M, PUR, -91+18 V/s; OCM, -119£14 V/s) in PUR culture compared to CTRL
and OCM cultures. AP onset latency at rheobase was shorter in PUR conditions than in CTRL

(Fig. 2N, PUR, 28+8 ms; OCM, 64+24 ms).

These data show that factors of the OCM have significant effects on the input resistance,
rheobase current, and AP and AHP amplitudes of GABAergic neurons. These effects partially
reverse changes induced by switching from a mixed culture of neurons, oligodendrocytes, and

other glial cells, to a purified neuronal culture.

Impact of OCM on hippocampal GABAergic neuron morphology

We next asked whether factors secreted by oligodendrocyte exert trophic effects on GA-
BAergic neuron anatomy. Biocytin-filled GABAergic neurons from CTRL, PUR, and OCM
cultures were reconstructed and axonal and dendritic lengths were measured (Fig. 3A-C). The
absence of glial cells had no significant effect on total axonal length (CTRL, 1179 + 174 pm,

n=6; PUR, 1929 + 583 um, n=5; Fig. 3B) or total dendritic length (CTRL, 4405 + 401 pm, n=6;
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PUR, 4794 + 725 pm, n=5; Fig. 3C). Scholl analysis of dendritic arbors revealed slight differ-
ences (Fig. 3D). However, in OCM cultures, total axonal length (OCM, 6451 + 1695 pm, n=8)
was significantly increased compared to CTRL (p=0.0148) and mid-dendritic arbors were sig-
nificantly more complex at distances of 260-700 um from the soma compared to CTRL and
PUR (Fig. 3B, D). Thus oligodendrocyte derived factors exert effects on axons and dendrites

of GABAergic neurons, which were not apparent on switching from CTRL to PUR cultures.

Single-cell transcriptomic analysis of electrophysiologically characterized neurons

We used single cell RNA-sequencing (scRNA-seq) of the cytoplasmic contents of GA-
BAergic neurons to pursue the identity of protein targets underlying changes in their phenotype
induced by OCM. When patch-clamp recordings were completed, the same pipette was used to
harvest neuronal cytosolic contents (n=64). Sup. Fig. 2A, B illustrates the experimental work-
flow and bioinformatics pipeline. We noted a strong correlation (R=0.79) between the number
of expressed genes and the number of aligned reads suggesting that increasing reads could im-
prove transcript detection (Fig. 4-1C). RNA-seq data was filtered to exclude samples of poor
RNA quality where fewer than 2000 transcripts were detected. We also excluded samples which
expressed glial cell specific genes, such as Mog or Gfap, as likely contaminated. Samples from

21 neurons passed these two controls.

Principal component analysis (PCA) of transcriptomic profiles captured 22% of ex-
plained variance with the first two principal components, PC1 and PC2 (Fig. 4A). Pyramidal
cells and GABAergic neurons were clearly segregated in this two-dimensional space. GA-
BAergic neurons from PUR cultures were separated from GABAergic neurons in CTRL cul-
tures. Transcriptomes of GABAergic neurons from OCM cultures overlapped with those of

CTRL cultures.
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We investigated transcriptomic differences between hippocampal neuron types and the
transcriptional response to glial factors in GABAergic neurons. The heat map of Fig. 4B shows
in red up-regulated genes and in blue genes that were down-regulated with respect to mean
expression in all three conditions. High, deep sequencing detected up to 5,700 expressed genes
in single neurons. Hierarchical clustering of samples from different cells in the heat map seg-
regated 4 out of 5 pyramidal neurons from GABAergic neurons. GABAergic neurons from
purified cultures (PUR) were also grouped together in the dendrogram while GABAergic neu-

rons sampled in CTRL and OCM cultures overlapped in a large branch (Fig. 4B).

As a step towards validation of these results, we searched for the presence of known
pyramidal and GABAergic neuron markers in genes from different samples. All samples ex-
pressed the neuronal marker Snap25. Only samples from non-fluorescent pyramidal cells ex-
pressed the vesicular glutamate transporterl (vGlutl, Slc/7a7), while the vesicular GABA
transporter (VGAT; Slc32al) and GAD67 (Gadl) were only detected in samples obtained from
fluorescent GABAergic neurons (Fig. 4C). Subclasses of hippocampal GABAergic neurons
express neuropeptides and Ca**-binding proteins. Searching for neuropeptide (Somatostatin
(Sst), Neuropeptide Y (Npy), Cholecystokinin (Cck), Vasoactive intestinal peptide (Vip), Prota-
chykinin (Tacl), Prepronociceptin (Pnoc)) and Ca**-binding protein (Parvalbumin (Pvalb),
Calbindin-1 (Calbl), Calbindin-2 (Calb2) genes revealed a diversity of expression. Most GA-
BAergic neurons expressed Proc (87%), Sst (81%) and Npy (57%). Samples from 56% of cells
expressed both Sst and Npy, or combinations of Sst and Calbl (37%) and/or Sst and Cck (25%)
and/or Sst and Pvalb (19%, Fig. 4D). GABAergic neurons expressing Pnoc, Npy and Sst neu-
ropeptide genes were found in all culture conditions (CTRL, PUR and OCM). Calb-1 was less
frequently expressed in PUR cultures. Genes for other interneuron markers detected in GA-
BAergic neurons included the transcription factors Satb ! and Nkx-2. 1, the post-synaptic protein

Elfnl, the serotonin receptor Htr3a, KCC2 the potassium chloride cotransporter 2, Slcl2a35, the
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kinase Erbb4 and the protease reelin, Re/n. We note that some molecular markers examined
here are not entirely specific to GABAergic neurons, and were also detected in samples from 1
or 2 pyramidal cells (Slc12a5, Calbl, Satbl, Reln, Sst, Npy, Elfnl and Cck.). Furthermore, no

samples from either pyramidal or GABAergic neurons expressed Vip, Calb2 or NosI (Fig. 4D).

Ion channel and transmitter receptor gene expression in single hippocampal neurons

The cellular and synaptic physiology of neurons depends on the expression of genes
coding for ion channels, transporters and neurotransmitter receptors. We examined quantitative
expression of these genes in samples from each neuron in our RNAseq data set (Fig. 5A, B).
Different neurons expressed different levels of Atpla, b genes coding for Na*/K*-transporting
ATPase subunits and Clcn3-7 genes coding for CI/H" exchangers, which contribute to stabilize
membrane potential. The depolarization phase of action potentials is due to opening of voltage-
gated sodium channels, which consist of an a-subunit forming pore (Scnla-9a) and auxiliary
subunits (Scnib-4b). Almost all neurons expressed high levels of Scn2a (encodes Navl.2). In
contrast, only GABAergic neurons in CTRL cultures with glial cells or with oligodendroglial
factors (OCM) expressed Scnla (Navl.1) and few expressed Scn8a (Nav1.6). The Na* channel
modifier 1 (Scnm ), which governs alternative splicing of pre-mRNAs, was detected in samples

from some GABAergic neurons but not from pyramidal cells.

Various potassium channels are crucial for action potential repolarization, generate the
AHP and contribute to maintenance of membrane potential. Voltage-gated K* channels differ
in structure, biophysics and pharmacology from voltage independent, two-pore-domain (K2P)
channels which support leak-type K* conductances. We found that distinct neurons express

specific combinations of K* channel o (Kcna-v) and auxiliary subunits (Kcnabl-2) as well as
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K2P channels (Kcnkl-10). We also examined Ca?" channels, Ca**-activated K* channels and

hyperpolarization-activated, cyclic nucleotide gated, K'/Na" permeable ‘h’ channels (HCN).

Fig. 5B shows genes encoding ionotropic glutamate receptors, expressed at excitatory
synapses, and including AMPA receptors (Grial-4), NMDA receptors (Grinl-3) and kaand k
receptors (Grikl-5). Genes encoding GABAA receptors (Gabra-g), which mediate fast inhibi-
tory neurotransmission and are assembled as heteropentameric chloride channels, are also in-
dicated as are detected genes which code for subunits of nicotinic cholinergic receptors (Chrna-
b), serotonin receptor (Htr3a) and glycine receptor (Glra2). Fig. 5C shows genes coding for G-
protein linked receptors including metabotropic glutamate (Grm2, 5) and GABAg (Gabbri, 2)

receptors.

Correlation-based approach

These scPatch-seq data permit quantitative assays of transcriptomic features. We at-
tempted to relate them to intrinsic neuronal electrophysiology by searching for correlations be-
tween values from transcriptomic samples and different electrophysiological parameters. Fig.
6 plots genes coding for ion channels, transporters and synaptic receptors for which a correla-
tion (p-value <0.05) with electrophysiological parameters was detected. The analysis was based
on all neurons with complete electrical and transcriptomic datasets and on cells from all culture
conditions. Genes were clustered based on their relations with electrophysiological parameters.
One cluster coding for al, 81 and a3 subunits of the Na*, K" -ATPase (Atplal, Atplbl and
Atpla3), was correlated with neuronal input resistance, AtpIbl was also correlated with time
constant, tau and AP width. The Na* channel subunit Scn2a (coding for Nav1.2) was correlated
with the time constant tau and with AP threshold, neuronal input resistance and AP width. A
larger cluster, consisting of several K-channel linked genes (Kcnc2, coding for Kv3.2; Kcnk3,

Task-1; Kcnipl, K* channel modulatory protein), as well as two Zn transporters (Slc30a3,
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ZnT3; Slc30a4, ZnT4) was strongly correlated with the Sag ratio, the AP threshold and the

after-hyperpolarization amplitude (AP AHP).

Transcriptomic patterns across groups of neurons in relation to biological processes

Gene Ontology (GO) analysis let us estimate biological processes underlying differen-
tial expression of groups of genes in different neurons or in different culture conditions. For
instance, 326 genes were differentially expressed in GABAergic neurons and pyramidal neu-
rons in CTRL cultures (Fig. 7A). GO process terms derived from the identity of the genes were
related to synaptic transmission, organization and transmitter transport as well as cortical de-
velopment. Comparing GABAergic neurons in CTRL and PUR cultures we found 219 genes
were differentially expressed, mostly down-regulated in PUR conditions (Fig. 7B). Inversely,
comparing GABAergic neurons in PUR and OCM cultures, 192 genes were differentially ex-
pressed, mostly up-regulated in OCM conditions (Fig. 7C). Many genes were down-regulated
in one comparison and up-regulated in the other. GO process terms identified from their identity
regulate neuronal action potential, synapse assembly, Ca**-dependent exocytosis, protein phos-
phorylation, kinase signaling and cell division (Fig. 7B, C). GO-analysis further suggested that
genes coding for proteins involved in transmembrane transport of K™ were up-regulated by

OCM treatment (Fig. 7C).

Further insights into processes affected by oligodendrocyte factors were obtained by
grouping genes with similar profiles of changes. RNA-seq data from GABAergic neurons in
different culture conditions was normalized with respect to expression of each gene in pyrami-
dal cells (Fig. 8A, B and Sup. Fig4). A total of 241 genes were identified as differentially ex-
pressed between pyramidal and GABAergic neurons in CTRL cultures and were mostly insen-

sitive to PUR or OCM culture conditions (Sup. Fig4).
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We found a significant difference in the group of genes that were reduced in PUR cultures and
restored in OCM cultures. For one group of these genes, expression in GABAergic and pyram-
idal neurons in CTRL conditions were comparable (Fig. 8A; n=137). Another second group of
genes differed in that expression in GABAergic neurons was systematically higher than in py-
ramidal cells in CTRL cultures (Fig. 8B; n=120). GO term analysis of the identities of the first
group of genes (Fig. 8a’) linked them to processes including negative regulation of protein
kinase activity and apoptosis signaling pathways. In contrast, the identities of the second group
of genes (Fig. 8b’) evoked biological processes including the membrane transport of zinc, K*
channels, regulation of membrane potential and action potential and G-protein coupled receptor

signaling pathways.

Finally we present target genes whose expression was affected by the absence of glial cells in
PUR cultures and inversely by OCM and which are linked to GABAergic cell physiology.
These target transcripts code for ion channels, transporters, synaptic markers, vesicle traffick-
ing, cytoskeleton remodeling, cell adhesion molecules, growth factors and signaling (Fig. 8C)
and were mostly up-regulated in CTRL and OCM neurons. They included Na* channels, Scnla
(Navl.1) and Scnib (B1Nav) and K" channels, Kcnal (Kvl.1), Kcnabl (B1Kv), Kenk3 (Task-
1), Kenipl (KChip-1, a K" channel modulatory protein). Genes encoding zinc transporters
(Slc39all, Slc30a4 and Slc30a3), were upregulated by OCM, while a Na*/K*/Ca?* exchanger
(Slc24a2) was one of the few transcripts downregulated by OCM. Among genes coding for
signaling molecules, growth factors and receptors, the kinases Nek7, Pakl and Akt1, and growth
factors Vegfb, Pdfga, Fgf9 and Rara were up-regulated in OCM culture conditions. Only the
protein kinase C binding protein Nell2 and the neuropeptide hormone Proenkephalin (Penk)

were downregulated by OCM.
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DISCUSSION

Data presented here suggests that factors released by oligodendrocytes modulate the transcrip-
tome, electrical phenotype and morphology of GABAergic neurons. The absence of glial cells
from purified neuron cultures reduced synaptic activity and action potential firing of GABAer-
gic neurons and many genes were downregulated. Processes linked to these changes included
synapse assembly, action potential generation and transmembrane ion transport. Our results
should help identify some of the molecular targets by which oligodendrocytes modulate GA-

BAergic neuron excitability and synaptic function.

A hippocampal culture model permits investigation of regulation of interneuron morphol-

ogy, excitability and firing properties by glial factors

This study was based on dissociated hippocampal cell cultures. Recordings were made
from (i) glutamatergic and GABAergic neurons in the presence of glial cells (CTRL), (ii) GA-
BAergic neurons in the absence of glial cells (PUR) and (iii), GABAergic neurons in cultures
without glial cells but with added oligodendroglial conditioned medium (OCM). Our data
showed (Fig. 2) GABAergic neurons in culture conserved properties, including a relatively de-
polarized resting potential, and action potentials of short duration followed by a prominent
AHP, which distinguish them from hippocampal pyramidal cells (Spruston and Johnston 1992;

Fricker et al. 1999; Staff et al. 2000; Hu et al. 2014).

The frequency of excitatory synaptic events impinging on hippocampal GABAergic
neurons was strongly reduced in the absence of glial cells. This is consistent with data showing
that glutamatergic synaptic transmission is enhanced by factors secreted by glia (Turko et al.
2019) including astrocytes (Baldwin and Eroglu 2017). Here we demonstrate for the first time

that oligodendrocytes regulate synaptic excitation of GABAergic interneurons. Adding OCM
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to PUR cultures partly restored EPSC frequencies. The absence of astrocyte related factors from

the conditioned medium may appear to reduce the strength of the oligodendrocyte related effect.

Anatomical analysis revealed that oligodendrocyte secreted factors (OCM) enhanced
the complexity of dendritic arbors, although dendritic length differed little between cultures
that did (CTRL) or did not (PUR) contain glial cells. Novel synapses formed on more complex

dendrites in OCM cultures may contribute to the increased EPSC frequency in these conditions.

We found similar electrophysiological properties for GABAergic neurons grown in
CTRL and OCM cultures, notably a low input resistance and high rheobase. Rheobase was
reduced and AP firing frequency significantly depressed in PUR cultures. The phenotype of
low intrinsic excitability corresponds to mature neurons expressing a large array of voltage
dependent or independent ion channels. Glial factors may operate homeostatically so that neu-

rons adapt to levels of spontaneous firing in cultures with dense synaptic connections.

We did not attempt to identify factors released by oligodendrocytes, and their precursor
cells, which mediated the effects of OCM on GABAergic neurons. Candidate molecules may
include the proteoglycan NG2 (Sakry et al. 2014), FGF2 (Birey et al. 2015), or BDNF (Jang et
al. 2019) which modulate glutamatergic neurotransmission on pyramidal cells but their effects
on GABAergic neurons are not known. Our mass spectrometry analysis has shown that contac-
tin-1, together with RPTP/phosphacan or tenascin R, is present in a previous OCM, and influ-
ences early formation of Na+ channel clusters on axons of GABAergic cells (Dubessy et al.
2019). Cell adhesion molecules and extracellular matrix proteins secreted by oligodendrocytes
form peri-nodal complexes that transmit signals to neurons which could influence their physi-

ology and connectivity (Fawcett, Oohashi and Pizzorusso, 2019).
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Technical points

This work combined patch clamp recordings with single neuron RNA-seq analysis. Rel-
atively few studies have demonstrated strong correlations between single-neuron tran-
scriptomic profiles and electrophysiological phenotypes (Cadwell et al. 2016; Foldy et al. 2016;
Fuzik et al. 2016; Mufioz-Manchado et al. 2018; Scala et al. 2019). We took several steps to
ensure and verify the validity of our results. The duration of patch electrode recordings was
deliberately limited to ~10 min in order to minimize perturbation of the transcriptome (Fuzik
et al. 2016). When possible patch electrodes targeted isolated neuronal somata to reduce possi-

ble mRNA contamination from adjacent cells (Tripathy et al. 2017).

As for previously published single-cell RNAseq datasets, the number of sequenced
reads per cell was found to be positively correlated with detected transcript counts and did not
reach a plateau (Cadwell et al. 2016; Tasic et al. 2016; Tripathy et al. 2017). We attempted to
validate our data by cross-correlating transcripts detected for recorded pyramidal and inhibitory
neurons with expected profiles for these cell types. Most GABAergic neurons expressed mo-
lecular markers, including peptides and Ca-binding proteins, specific to known subclasses of
these cells (Zeisel et al. 2015; Gouwens et al. 2020). Larger numbers of sequenced cells would
have permitted enhanced statistics to assure data quality even if links between specific tran-

scripts and identified cell types tends to support our approach.

Single neuron transcriptomes obtained in this way helped us define a global view of
processes initiated by oligodendrocyte conditioned medium. They showed glial factors modify
the transcriptome of GABAergic neurons to change intrinsic electrophysiological properties,

AP generation, EPSC frequencies and dendritic anatomy.
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Gene expression in hippocampal neuron types

Transcriptomic data are defining the classification of cortical neurons (Zeisel et al. 2015;
Cembrowski et al. 2016; Harris et al. 2018; Sugino et al. 2019; Yuste et al. 2020). A recent
study based on Patch-seq data from several 1000s of cells may offer the best current corre-
spondence between transcriptomic, anatomical and electrophysiological data for GABAergic
mouse cortical neurons (Gouwens et al. 2020). Our data can be interpreted in the light of those
studies. Most GABAergic neurons studied in the hippocampal cultures studied here expressed
Somatostatin (SST) associated with other peptide markers. Several subtypes of hippocampal
inhibitory cells express SST including long-range inhibitory neurons which possess myelinated
axons (and also express Calbindin and Npy), oriens-lacunosum moleculare (O-LM) interneu-
rons (also Elfnl and Pnoc), or oriens-bistratified neurons (also Tacl, Npy, Satbl and Erbb4)
(Somogyi and Klausberger 2005; Jinno 2009; Harris et al. 2018). We found some cells ex-
pressed genes for Ss¢, Pnoc and Pvalb (Jinno and Kosaka 2000; Jinno 2009; Harris et al. 2018).
A minority of GABAergic neurons expressed genes for Reelin and NPY as do neurogliaform

cells (Pelkey et al., 2017).

GABAergic neuron data revealed genes coding for proteins relevant to specific aspects
of inhibitory cell physiology. They included Navl.l (Scnla), Kv3.2 (Kcnc2) and Task-
1(Kcnk3) in neurons with PV and/or SST genes (Chow et al. 1999; Torborg et al. 2006; Lorincz
and Nusser 2008). Kv3 channels with fast kinetics curtail action potentials permitting sustained
firing at high frequencies (Rudy and McBain 2001; Gu et al. 2018; Hu et al. 2018). Task-1
forms K" permeable leak channels which contribute to resting potential and membrane re-
sistance (Okaty et al. 2009). We found high levels of genes for the zinc transporters, ZnT3
(Slc30a3) and ZnT4 (Slc30a4), which are found in SST-containing interneurons (Paul et al.
2017). ZnT3 is a vesicular transporter which may contribute to the co-release of zinc in synaptic

vesicles with GABA (McAllister and Dyck 2017).
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Correlation between gene expression and electrophysiological parameters

We attempted to link expression of genes for ion channels and neurotransmitter recep-
tors with elements of electrophysiological phenotypes using a correlation-based analysis on
data from different cell types and culture conditions. The analysis suggests genes for al, 31 and
a3 subunits of the Na*, K" -ATPase, Atplal, Atp1bl and Atpla3, are linked to neuronal input
resistance. The Na'"/K'-ATPase maintains transmembrane ionic gradients and resting mem-
brane thus affecting neuronal excitability (Larsen et al. 2016). The Na-channel subunit Scn2a
(Nav1.2) was found to be correlated with action potential width, neuronal input resistance, and
the membrane time constant, tau. A cluster including several K* channels (Kcnc2, Kenk3 and
Kcnip-1) and two Zinc transporters (Slc30a3 and Slc30a), was expressed selectively in GA-
BAergic neurons, and correlated with AP threshold, sag ratio and the after-hyperpolarization
amplitude. We should note that these correlations do not imply causality and caution that class-
driven correlations are an important confound in our dataset. Some within-cell-type correlations

may have been missed (Bomkamp et al. 2019).

Biological processes affected by glial cells and oligodendroglial secreted factors

Clustering genes with similar patterns of altered expression revealed GO process terms
regulated by factors in OCM. Processes identified in this way matched quite efficiently with
changes in GABAergic neuron phenotype inferred from electrophysiological and anatomical
observations. Enriched processes included synapse assembly, action potential generation, trans-
membrane transport of ions specifically zinc, and kinase signaling. They derived from differ-
ential expression of K* channel genes, including Kcnal (Kv1.1), Kenabl (Kv B1chain), Kenipl
(KChIP) and Kcnk3 (Task-1), and Na* channel genes, including Scnla (Navl.l) and Scnlb
(Nav B1chain). We found two kinases which were upregulated in OCM. Nek7 is involved in

microtubule polymerization during the formation of PV+ interneuron connections (Hinojosa et
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al. 2018). Aktl, mediates the effects of growth factors to regulate neuronal survival, actin
polymerization, synaptic transmission and to initiate myelination by oligodendrocytes (Wang

et al. 2003; Lai et al. 2006; Goebbels et al. 2017).

In conclusion, our study provides new insights into communication between glial cells and
neurons showing that factors secreted by oligodendrocytes induce transcriptomic changes
which may modulate the physiology and anatomy of GABAergic neurons. Further work, pos-
sibly including single-cell transcriptomics from oligodendrocytes, should focus on the identity
of secreted factors. Studies extended to characterize signaling from oligodendrocytes and their
precursors to pyramidal cells could profitably establish general principles underlying the post-
natal myelination of cortical axons. Understanding these principles may help design therapies

to enhance myelin repair capacity in demyelinating diseases such as multiple sclerosis.
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Figure Legends

Figure 1: Patch clamp recording and cytosol harvesting of hippocampal neurons. (A) Schematic
representation of the culture conditions: neurons from mixed cultures (CTRL), containing hip-
pocampal neurons and glial cells, were compared with those of purified cultures (PUR), which
in some cases were treated with oligodendroglia conditioned medium (OCM). (B) Soma and
proximal dendrites of a green fluorescent GABAergic neuron (VGAT+ cell; left). Patch pipette
sealed to the neuronal membrane for electrical recording (middle). After aspiration of the cyto-
solic content (right). Scale bar: 20 pm (C) Representative voltage recordings of pyramidal and
GABAergic neurons at 17 DIV in different culture conditions. Top, excitatory postsynaptic
potentials (EPSPs), indicated by black lines. Bottom, spontaneous action potential (AP) firing.

(D, E) EPSP (D) and AP (E) frequencies measured from neurons in different conditions. EPSP,
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PYR CTRL vs. GABA CTRL, p<0.0001 (Mann-Whitney test #); GABA CTRL vs. GABA
PUR, p < 0.0001; GABA CTRL vs. GABA OCM, p=0.0123. AP, GABA PUR vs. GABA
OCM, p=0.0126 (Kruskal-Wallis and Dunn’s post hoc *). (F, G) Resting membrane potential
(F) and input resistance (G) of recorded neurons in different conditions. Color symbols show
cells from which sequence data was derived. Mann-Whitney test for PYR CTRL vs. GABA
CTRL significance levels indicated with #, Kruskal-Wallis and Dunn’s post hoc for GABA

CTRL vs. PUR vs. OCM indicated by *. P-values are given in Table 1.

Figure 2: Glial factors affect the electrophysiological properties of GABAergic neurons. (A)
Voltage responses to depolarizing and hyperpolarizing current steps recorded from representa-
tive neurons at 17 DIV in the different conditions. Top, action potentials initiated at rheobase;
bottom, current intensities as shown in insets. (B) Action potential waveforms and phase plots
(Y axis, dV/dt (V/s); X axis, membrane potential (mV). Green line, maximum depolarization
rate; blue line, maximum repolarization rate. (C) to (N), Effects of culture conditions (PYR
CTRL, GABA CRTL, GABA PUR and GABA OCM) on 12 parameters characterizing neu-
ronal intrinsic properties. Each symbol is one neuron. Color symbols correspond to sequenced
cells as in Fig. 1 F, G. Significance levels indicated as in Fig. 1, i.e. # for Mann-Whitney test
and * for Kruskal-Wallis and Dunn’s post hoc test. Parameters measured as shown in Sup. Fig.

1. P-values given in Table 1.

Figure 3: Axo-dendritic morphologies of biocytin filled GABAergic neurons. (A) Reconstruc-
tion of biocytin-filled GABAergic neurons at 17 DIV in different culture conditions. Axons
shown in red, dendrites in black. Scale bar: 100 um. (B) Total axonal and (C) dendritic lengths
of GABAergic neurons in different conditions (Kruskal-Wallis followed by Dunn’s post hoc).

(D) Sholl analysis showing for each condition the number of dendrites intersecting increasing
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radii (20-1000 um from the soma at interval 20 pm). The two segmented lines above the plot
indicate significant differences between GABA OCM and CTRL (blue) and between GABA
OCM and PUR (red). There were no significant differences between GABA CTRL and PUR.
LMM and Type II Wald chi-square tests followed by post-hoc analyses using Tukey’s method.
The mean + SEM of three independent experiments is shown. (*p < 0.05, **p < 0.01, ***p <

0.001, n.s. indicates no significance).

Figure 4: Gene expression analysis of the content of pyramidal or GABAergic neuron cyto-
plasm in the presence or absence of glial factors. (A) Principal component analysis showing
clustering of validated neurons by culture conditions on single-cell data. PC1 and PC2 explain
14.9 % and 6.6 % of the variance, respectively. (B) Heatmap summarizing unsupervised anal-
ysis of mRNAs from validated neurons in different culture conditions. Rows represent genes
and columns different neurons. Colors indicate gene expression (blue, low — red, high) normal-
ized by row. Barplots (below) show the number of genes expressed by each neuron. 5391 genes
(out of 35 152) are represented here and only genes detected in at least 20% of neurons are
included. C) Expression levels for markers for neurons (Snap25), excitatory neurons (Slc17a7)
and GABAergic neurons (Slc32al and Gadl) in different culture conditions. (D) Differential
expression of genes associated with subtypes of GABAergic neuron. Rows represent gene ex-
pression and columns represent different neurons under different culture conditions. Color in-
tensity represents gene expression level. In A-D, data from pyramidal neurons under CTRL
conditions are shown in purple, GABAergic neurons in CTRL conditions in blue, GABAergic
neurons in purified neuron cultures in red and GABAergic neurons in purified cultures treated

with OCM in green.
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Figure 5: Cell-type specific expression of mRNAs coding for ion channel and receptors. (A)
Ion channel, (B) ionotropic transmitter receptor and (C) metabotropic transmitter receptor
mRNAs in different culture conditions. Maximal expression from all samples is indicated.
Number of reads normalized from pyramidal neurons in CTRL conditions is shown in purple,
GABAergic neurons in CTRL conditions in blue, GABAergic neurons in purified cultures in

red and GABAergic neurons in purified cultures treated with OCM in green.

Figure 6: Pearson correlation between scRNASeq data and electrophysiological parameters.
Ion channel and synapse related genes significantly correlated (p<0.05) with at least one pa-
rameter are shown. Color intensity represents correlation coefficient. Blue indicates negative
correlation; expression decreases as the parameter increases. Red indicates positive correlation;
both increase together. Significant positive or negative correlations with coefficient > 0.6 and

p-value <0.05 are marked with a yellow star.

Figure 7: Heatmap of genes expressed differentially between conditions. (A) Differences be-
tween pyramidal and GABAergic neurons in CTRL culture conditions. (B) Differences be-
tween GABAergic neurons in CTRL and PUR cultures. (C) Effects of OCM on GABAergic
neurons in PUR cultures. Rows represent genes and columns represent neurons in different
conditions. Color intensity is mean centered expression. At the right, gene ontology analysis of
biological processes for differentially expressed genes. Differences between pyramidal and
GABAergic neurons in CTRL conditions (upper). Differences between GABAergic neurons in

PUR cultures and CTRL. Effects of OCM on GABAergic neurons in PUR cultures (lower).
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Figure 8: Gene ontology analysis of regulated genes. (A, B) Expression within clusters with a
similar expression pattern in different culture conditions. Gene expression was normalized to
that of pyramidal cells in control conditions. Cluster A and B comprise 137 and 120 genes,
respectively. The continuous black line shows the mean of mRNA expression in different con-
ditions. (a’, b”) Gene ontology analysis of biological processes for genes of clusters A and B.
(C, D) Heatmap of mRNAs expressed differentially in different conditions for different classes
of coded protein. (*p < 0.05, **p < 0.01, ***p <0.001). Color intensity shows the Z-score for

differential expression.

Table 1: Electrophysiological properties of pyramidal and GABAergic neurons. Top, mean va-
lues £ SEM and number of cells for each parameter and culture condition. Bottom, p-values
and significance levels from Mann-Whitney (MW) tests (PYR CTRL vs. GABA CTRL) and
from Kruskal-Wallis (KW) and Dunn’s multiple comparison post hoc test (GABA CTRL vs.

PUR vs. OCM).
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Mean pérpemity. If is made qvaiiaile undesSemCC{BY-NC-NID 4Mdnterhatisanal lidensey Mean SEM N
Resting membrane potential (mV) -6291 2.57 11 -54.55 147 11 4878 3.64 9 -54.08 181 13
Neuronal Input Resistance (MQ) 33007 65.80 11 73.88 15.85 1 14368 1444 10 11032 2882 13
[Tau 1 (ms) 30.76 4.78 11 1167 2.86 11 15.34 2.32 10 13.52 158 12
Sag ratio at ~100mV 1.10 0.03 11 127 0.03 11 117 0.04 10 133 0.05 13
Rheobase current (pA) 12138 2512 11 427.25 85.59 11 16936 38.14 10 34657 76.66 13
Firing rate at 200 pA(Hz) 2648 564 11 341 221 11 2138 7.20 10 6.63 339 13
Input-output slope (Hz/nA) 22463 45.22 11 98.85 14.60 11 18769 43.88 10 103.92 3193 13
AP threshold (mV) -3048 0.99 11 -3222 107 11 -3185 1.81 10 -3529 115 13
AP width (ms) 151 025 11 0.50 0.06 11 0.96 018 10 0.74 013 13
AP AHP (mV) -1946 133 11 -2763 101 11 2381 1.01 10 -2937 2.03 13
AP rise amplitude (mV) 7813 212 11 60.96 2.57 11 56.07 4.17 10 67.73 2.30 13
AP maximum depolarization rate (V/s) 325.21 63.89 11 294.19 20.50 11 192.34 3331 10 326.73 2847 13
AP maximum repolarization rate (V/s) -60.60 843 11 -163.75 24.84 11 9135 17.94 10 -11891 14.19 13
Onset latency at rheobase (ms) 348.76 75.58 11 167.03 5178 11 2822 7.59 10 63.70 2393 13

PYR CTRL vs GABA CTRL | GABA CTRL vs GABAPUR | GABA PURvs GABA CTRL vs
p value (MW) | Significance p value (KW) | Significance pvalue (KW) | Significance p value (KW) Significance

Resting membrane potential (mV) 0.0175 * 0.689%4 ns 0.6360 ns >0.9999 ns
Neuronal Input Resistance (MQ) <0.0001 RERAS 0.0156 * 0.1240 ns >0.9999 ns
Tau 1 (ms) 0.0041 b 0.2966 ns >0.9999 ns 04235 ns
Sag ratio at ~100mV 0.0005 FEH 0.1387 ns 0.0317 * >0.9999 ns
Rheobase current (pA) 0.0019 o 0.0464 * 0.1854 ns >0.9999 ns
Firing rate at 200 pA(Hz) 0.0008 FkH 0.0523 ns 04131 ns 0.9355 ns
Input-output slope (Hz/nA) 0.0336 * 03019 ns 0.1416 ns >0.9999 ns
AP threshold (mV) 0.1932 ns 05216 ns 0.0571 ns 0.9382 ns
AP width (ms) <0.0001 ok 0.1396 ns 0.5170 ns >0.9999 ns
AP AHP (mV) 0.0003 ok 0.1268 ns 0.0075 o >0.9999 ns
AP rise amplitude (mV) <0.0001 s >0.9999 ns 0.0480 * 0.2263 ns
AP maximum depolarization rate (V/s) 0.5290 ns 0.1148 ns 0.0151 * >0.9999 ns
/AP maximum repolarization rate (V/s) 0.0001 ok 0.0815 ns 0.5344 ns >0.9999 ns
Onset latency at rheobase (ms) 0.0281 * 0.1681 ns >0.9999 ns 0.3630 ns

Table 1
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