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SUMMARY

Oligodendrocyte precursor cells (OPCs) generate myelinating oligodendrocytes and are the main prolifera-
tive cells in the adult central nervous system. OPCs are a heterogeneous population, with proliferation and
differentiation capacity varying with brain region and age. We demonstrate that during early postnatal matu-
ration, cortical, but not callosal, OPCs begin to show altered passive bioelectrical properties, particularly
increased inward potassium (K*) conductance, which correlates with G1 cell cycle stage and affects their
proliferation potential. Neuronal activity-evoked transient K™ currents in OPCs with high inward K* conduc-
tance potentially release OPCs from cell cycle arrest. Eventually, OPCs in all regions acquire high inward K*
conductance, the magnitude of which may underlie differences in OPC proliferation between regions, with
cells being pushed into a dormant state as they acquire high inward K* conductance and released from
dormancy by synchronous neuronal activity. Age-related accumulation of OPCs with high inward K™ conduc-

tance might contribute to differentiation failure.

INTRODUCTION

Myelination is a protracted process whereby oligodendrocyte
precursor cells (OPCs) differentiate into myelin-forming oligo-
dendrocytes. Myelin is essential for fast signal transmission, syn-
chronization of neuronal signals,’ and metabolic support to
axons.” Growing evidence shows that myelin plays a role in
learning and memory and that neuronal activity is a regulatory
signal for myelination and remyelination in young adults.’*”"
Learning and memory, myelin maintenance, and regeneration
decline with age,®® " and white matter lesions accumulate.'®
Conceivably, this is in part due to reduced potential for OPCs
to proliferate, differentiate, and maintain and regenerate
myelin.>!

Unlike other neural precursors, OPCs remain as the main pro-
liferative cell in the adult brain, evenly distributed throughout the
central nervous system (CNS)."® This abundance and distribu-
tion have driven the presumption that OPCs have other functions
beyond differentiating into oligodendrocytes. This is reinforced
by accumulating evidence that OPCs are heterogeneous.
OPCs respond differently to growth factors'* and cytokines'®
and have different transcriptional profiles.'® Depending on the
region, OPCs differ in their capability to proliferate and differen-

tiate into myelinating oligodendrocytes.'”2° Active bioelectrical
properties (e.g., voltage-gated ion channels and neurotrans-
mitter receptor densities) reportedly differ between gray and
white matter OPCs,”"**? although this is disputed.”®>** These
contrasting findings may be explained by differences in the
ages observed, as OPCs begin as a homogeneous population
that becomes heterogeneous with age and region, reflecting dif-
ferences in their capability to sense and respond to neuronal
activity.”’ However, it is not yet clear whether this heterogeneity
indicates different dynamic cell states® or terminal maturation
into distinct functional OPC subgroups,'® akin to the develop-
ment of discrete GABAergic interneuron subtypes.”®

One critical mechanism of neuronal plasticity is modulation of
passive bioelectrical properties of neurons (i.e., potential, resis-
tance, and passive conductance [e.g., inward potassium (K*)
conductance] of the cell membrane at rest). Changes in passive
bioelectrical properties regulate how neurons sense or respond
to incoming signals by modifying the driving force of ions across
ionotropic receptors, adjusting the likelihood of summation of in-
puts, and altering the action potential threshold. The main fea-
tures of passive bioelectrical properties are driven by a passive
membrane K* conductance,?’° mainly through inward recti-
fying K* (Kir) channels. Although Kir channels in mature
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oligodendrocytes are well described,*° their function in OPCs is
more enigmatic. A distinct feature of some adult OPCs in the
CNS gray matter is a large passive inward K* conductance,””>°
thought to be mediated by Kir channels, such as Kir4.1, Kir5.1,
and Kir2.1.°"*° Yet, oligodendrocyte lineage-specific Kir4.1-
knockout studies have failed to detect any major differences in
myelination,***® although regional differences in OPC prolifera-
tion rate seem to be diminished.®” It has been proposed that
OPCs in the adult brain, particularly those with high inward K*
conductance, have a function other than being a precursor to
myelinating oligodendrocytes.® Reinforcing this idea, adult
gray matter OPCs can modulate neuronal network activity by
altering neuronal synaptic function,®® and the observed increase
in inward K* conductance in adult OPCs affects neuron-OPC
communication.”® OPCs in the mouse gray matter’>?® and in
high-density neuronal areas in the zebrafish'® differ in prolifera-
tion and differentiation capacities from OPCs in the white matter
or low-density neuronal areas. Cumulatively, these observations
have supported the conclusion that adult OPCs may have
become functionally different cell types.

An alternative conclusion may be that gray matter OPCs are
in a different cell state, as ion channel expression differs
throughout the cell cycle.?’?>*° Importantly, cell cycle progres-
sion is, for example, regulated by different K* channels. For
instance, voltage-gated K* channels promote proliferation,*®
and this seems to be the case also for OPCs,*>*" whereas Kir
channels regulate the length of G1 phase or the timing of G1/S
phase transition®’; however, their role in OPCs is unclear.

We therefore asked whether passive bioelectrical properties
mediated by inward K* conductance mark a distinct subtype
of OPCs or an adaptable cell state, given that increased K*
conductance is known to regulate cell cycle time and cell
fate.®® We used single-cell electrophysiological recordings in
heterozygous NG2-EYFP knockin mice, allowing for unbiased
sampling of this population. We report that OPCs start out as a
homogeneous population, but develop differences in passive
bioelectrical properties, such as inward K* conductance, varying
both within and between brain regions and with age. Neuronal
activity and the local environment around individual OPCs
seem to bidirectionally modulate their inward K* conductance.
Conversely, inward K* conductance in OPCs determines their
sensitivity to neuronal activity and inversely correlates with their
proliferation potential by keeping them in the G1 stage of the
cell cycle.

RESULTS

Passive bioelectrical properties of cortical, but not

callosal, OPCs diverge during early CNS maturation

To investigate passive bioelectrical properties (i.e., resting mem-
brane potential [RMP], membrane resistance [Rm], and passive
membrane conductance [e.g., inward K* conductance]) of
OPCs from development to middle age, we voltage-clamped
OPCs in the cortex (CTX; Figure 1A) and corpus callosum (CC;
Figure 1C) in NG2-EYFP-knockin heterozygous mice (NG2-
EYFP). In these mice, all parenchymal EYFP-positive cells are
Olig2 and NG2 positive throughout life, and EYFP expression
tightly follows the expression of the NG2 protein.** Passive
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bioelectrical properties are indistinguishable between OPCs in
white and gray matter during the first postnatal week, prior to
the onset of myelination in the corpus callosum, like other
OPCs’ bioelectrical properties®’ (Figures 1B-1D, 1E, and ST,
left column). However, after postnatal day (P) 9, when myelination
begins in the corpus callosum, the passive bioelectrical proper-
ties begin to steeply change in cortical but not callosal OPCs
(Figures 1B-1D and 1F). Accordingly, RMP, Rm, and passive
membrane conductance (determined as the slope of the inward
current; see STAR Methods) change steadily during the first
month of life in cortical OPCs (Figures 1J-1L), whereas they
remain stable in callosal OPCs (Figures 1M-10). These passive
bioelectrical properties diverge at a similar time compared to
other bioelectrical properties of OPCs.?" The passive bioelec-
trical properties of OPCs in the cortex and corpus callosum
remain different for the first few weeks of life, but when myelina-
tion in the corpus callosum reaches steady state,*>** callosal
OPCs begin to exhibit an increase in inward conductance and
corresponding changes in RMP and Rm (Figures 1M-10). By
P100, the inward conductance in callosal OPCs becomes more
like that of OPCs in the cortex (Figures 11 and S1, right column).
After this age-dependent shift, the inward conductance remains
relatively stable. These data show that gray matter OPCs become
more hyperpolarized prior to the onset of myelination, with lower
Rm and higher inward conductance, compared to white matter
OPCs. However, this hyperpolarized state is not a unique feature
of cortical OPCs, as subventricular zone (Figure S2) and corpus
callosum OPCs enter this stage eventually; callosal OPCs do so
when the myelination rate reaches a steady state. The timing of
the onset of high inward conductance could in part explain the
reduced proliferation and differentiation potential of cortical
OPCs inyoung adults, and aged OPCs in general, given that pas-
sive bioelectrical properties modulate how cells respond to
different environmental signals.

OPCs with high inward conductance reside in areas with
high neuronal density

While the overall picture is that cortical OPCs diverge from cal-
losal OPCs during early development, a more detailed analysis
of the variance of inward conductance reveals that cortical
OPCs are not homogeneous (Figures 1L, S3A, and S3B). The
variance of inward conductance recorded in cortical OPCs in-
creases sharply after P9 and by the end of the first month re-
mains relatively constant at higher levels (Figure S3A). To
establish whether this change in variance implies that there is
more than one population of cells in the cortex, we plotted a
population curve of the inward conductance and applied a
Gaussian fit, where the sum of two Gaussians fits the data bet-
ter than a single Gaussian (p = 5.3 x 10~%; Figure 2A). This re-
veals two clear populations of OPCs, one with low and one with
high inward conductance. At the 90th percentile of the
Gaussian fit of both Gaussian curves they merge to an equal
conductance (2.35 nS), a value that divides the two popula-
tions, one with high and one with low inward conductance
(Figures 2A and S3B). The relative distribution of OPCs with
high inward conductance increases with age in both the cortex
and the corpus callosum, although their proportions differ be-
tween regions (Figures S3C and S3D).



Cell Reports ¢? CellP’ress

OPEN ACCESS

Cortex D Corpus callosum
P6-9 P6-9
P10-22 P10-22
-+ P25-34 750 Pos 34 7504 (PA)
= ~P70 —= P25-
-~ P100-120 -+ ~P70 SOO-H
-~ P180-210 —— P100-120 0_5!
94 = 134 -94 ——
14 ~—54 14 26
-250 -2504 V(mV)
-500- -500-
-750- -750-
E |
I(pA) P100-120 (PA)
600
134 94
o—0—3 o—o0—0 - - 26 14" 26
-200 v E - - V(mV) 20071 V(mV)
-e~ cortex
-600
o Calfosum %
J -~ 4.6x101° K 3.7x10° L 7x1015
E 1.3x107n.s. n.s. n.s. n.s. 2.6x10°n.s. n.s. n.s. n.s. 2.7x10°1x10° n.s. n.s. n.s.
£ -80+ T Y ) | S e — PR T e B R |
E é 60004 g
c [ 204
S .60 S 8
2 5 5
ﬁ o 3 » 4000+ G 154
O 5 ° G 10
€ c o
S 0 & 2000 3 ° + I
5 £ g 5 xe
£ [} 2 - = "5:
3 = = e o BN e g
Y 9 AF  ab o0 S A8 T 62,02 A 510 IS A8 Tood W B o1 aS X
12 O, 0 " 5 §; ", QO b K 5 SRR 5, ‘
PN X PR X e PR KA e
M 1.1x10% N 8.2x10"! o 7.8x10°
> n.s. ns. n.s. 3.6x10° n.s. n.s. n.s. ns. 0.02 n.s. n.s. 0.02
£ -80q T I I i 1 & f I 1 1 1 254 T T T T 1
= 60004 m
£ 2 = g20
5 & -60 3 8
g o KN c c
= o £ 4000 £ 15+
=] - ) g 104
g5 Lo (=] S 2000 sl , et
8 E 201 = | £ = & 5 s
> £ f -‘ g .
£ 0] 2 c 7
z = B B384 lood sge oLledhe sin d [T
© o2 o o 1 A o2 o o o1 A o2 o o 1 A
< ?:\% ?qfs P4 ?;\QQ‘ 4 ?»\% ?ff.) P4 ?‘\“W < ?:\Q ?rfa P4 ?,\QV

Figure 1. Cortical, but not callosal, OPCs develop inward conductance during early CNS maturation

(A and C) Cells were selected by their EYFP expression (NG2-EYFP-knockin mice) in the cortex (CTX; A) and corpus callosum (CC; C). During whole-cell patch-
clamp recording, OPCs were dye-filled with Lucifer yellow (LY; green) and post hoc labeled for NG2 (red).

(B and D) Current/voltage (I/V) curves of steady-state currents in response to 20 mV steps from —134 to +26 mV in OPCs between P6 and P210 in CTX
(B) and CC (D).

(E-l) Comparison of I/V curves between CTX and CC OPCs at different ages.

(J-L) In cortical OPCs, the resting membrane potential, membrane resistance, and inward conductance (see STAR Methods) change significantly at P10-P22
compared to P6-P9. These parameters then stay constant until P180-P210 except for the inward conductance, which further increases at P25-P34.

(M-0) In callosal OPCs, the resting membrane potential, membrane resistance, and inward conductance change substantially only at P100-P120.

Dots on bar graphs represent individual recorded cells. The p values are from two-way ANOVA with Sidak’s multiple comparisons test (E-I), with *p < 0.05,
**p < 0.01, **p < 0.001, and ****p < 0.0001, or from one-way ANOVA or Welch’s ANOVA (J-O; top) with post hoc Holm-Bonferroni tests (J-O; bottom). Data are
shown as the mean + SEM. See also Figure S1.
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Figure 2. Cortical OPCs have different
properties in areas of high neuronal density
(A) Gaussian fit of the logqo-transformed inward
conductance (nS) in cortical OPCs (n = 264), where
the sum of two Gaussians, R? value of 0.96, fits the
data better than a single Gaussian. The red
dashed line indicates the 90th percentile of the two
Gaussian curves (equal to 2.35 nS).

(B) Delineation (white circle) of an area occupied
by a recorded NG2* OPC (red) and dye filled with
LY (green). Neuronal somata were labeled with
anti-NeuN antibody (white).

(C) The number of NeuN* cells, or neuronal den-
sity, around OPCs with high inward conductance
(high S; blue dots) was significantly higher
compared to OPCs with a low inward conduc-
tance (low S; orange dots).

(D and E) OPCs surrounded by a high number of
NeuN* cells were significantly more hyper-
polarized (D) and had lower membrane resistance
(E) compared to OPCs with a low number of
NeuN* cells in their surroundings.
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(F) The inward conductance was higher in OPCs with a high number of NeuN* cells around compared to OPCs with a low number of NeuN* cells in their sur-

roundings.

(G) The inward conductance was higher in OPCs co-cultured with a high density of neurons compared to OPCs cultured alone.
Orange, blue, and gray dots represent individual recorded cells. The p values for (C)-(G) are from unpaired two-tailed t tests or t tests with Welch’s correction.

Data are shown as the mean + SEM. See also Figure S3.

Zebrafish studies have indicated that OPC physiology differs
between gray matter areas of high neuronal density and of low
neuronal density but with high axonal density.'® Thus, we inves-
tigated the cellular environment of recorded cortical OPCs by
dye-filling them via the recording pipette and quantifying the
density of neurons (NeuN* somata) around them. We marked
the area occupied by an OPC by enlarging a circle from the
soma to the extremities of its processes and then quantified
the number of NeuN" somata and blood vessels within that
area. The average circle diameter of a cortical OPC was 80 =
2.7 um, similar to previous findings*® (Figure 2B). We found
that OPCs with low inward conductance, resembling early post-
natal OPCs, were on average in a lower neuronal density area
within the cortex compared to OPCs with high inward conduc-
tance (Figure 2C), whereas the density of blood vessels did not
correlate with high or low inward conductance (p = 0.86; low in-
ward conductance, 0.7 + 0.15 blood vessels; high inward
conductance, 0.7 = 0.11 blood vessels; two-tailed unpaired
t test). We further investigated whether passive bioelectrical
properties differed depending on whether cortical OPCs were
in high or low neuronal density areas. OPCs in high neuronal den-
sity areas (defined from data in Figure 2C as having more than 5
NeuN™ cells in their vicinity) have hyperpolarized RMP (Fig-
ure 2D), a larger membrane capacitance (p = 0.02; low neuronal
density, 26 + 5.9 pF [n = 6]; high neuronal density, 42.1 + 2.9 pF
[n = 25]; two-tailed unpaired t test), lower Rm (Figure 2E), and
higher inward conductance (Figure 2F) compared to OPCs in
low neuronal density areas. To test whether this is a general
phenotype of OPCs around a high density of neurons, we
cultured OPCs with a high density of cortical neurons and found
that they have a larger inward conductance than OPCs cultured
alone (Figure 2G). OPCs in a low neuronal density area within the
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cortex have passive bioelectrical properties more similar to
those of age-matched OPCs in the corpus callosum, which is
devoid of NeuN* neuronal somata (Figures S3E, S3F, and
S3G), or to OPCs cultured alone (Figures S3H and S3I). From
this, it seems that a subgroup of cortical OPCs in high
neuronal density areas acquires a higher inward conductance,
which is known to affect excitability, amplitude, temporal resolu-
tion of synaptic input detection, and temporal window for sum-
mation of inputs.“® Conceivably, these changes could alter the
way this subgroup of OPCs senses and responds to neuronal
activity.

Cortical OPCs with high inward conductance respond to
neuronal activity with transient inward currents

To test if the changes observed in cortical OPC passive bioelec-
trical properties affect how they sense neuronal activity, we
augmented neuronal activity in acute brain slices by omitting
Mg?* from the artificial cerebrospinal fluid (aCSF), as this causes
an overall increase in spontaneous activity in cortical neurons.*’
We observed transient inward currents in a subset of cortical
OPCs (Figure 3A). These spontaneous long inward currents
(SLICs) have a low frequency (0.09 + 0.02 Hz, n = 15) with an
amplitude of 34.7 + 4.8 pA (n = 53), and they evoke a small depo-
larization (2.53 + 0.97 mV; n = 4). The frequency of these events
mirrors synaptic input frequency detected in OPCs voltage-
clamped in a similar environment,”’ but their amplitude and
duration more closely resemble the K*-driven inputs evoked by
high-frequency neuronal stimulation previously detected in
cortical OPCs in adult animals.?® To determine whether SLICs
in OPCs are dependent on neuronal activity, we blocked
neuronal activity with 1 uM tetrodotoxin (TTX), which completely
blocked the currents (Figures 3B and 4H). To further investigate
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this relationship, we simultaneously current clamped cortical
neurons in layer 2/3 or 5 and voltage clamped nearby OPCs (Fig-
ure 3C). When recording in 0 Mg?* aCSF solution, we found that
neurons fired spontaneous bursts of action potentials that syn-
chronized with SLICs recorded in nearby voltage-clamped
OPCs, indicating that SLICs are phase locked to the action po-
tentials (Figure 3D). In simultaneous dual voltage-clamp record-
ings from neurons and paired OPCs, we found that the SLICs in
OPCs synchronized with large synaptic events recorded in the
neurons (Figure 3E). However, as with the synaptic-like inputs
in OPCs, the inputs recorded in the neurons slightly preceded
the SLICs detected in the OPCs (Figure 3E’). These large synap-
tic inputs resemble events that are evoked by multiple synchro-
nized inputs, presumably due to increased activity in the slice. To
determine whether SLICs in OPCs are present only during high
neuronal activity, we lowered neuronal activity by increasing
Mg?* in the aCSF. The synchronized large synaptic inputs de-
tected in neurons in low Mg?* disappear in high Mg?*, but smaller
synaptic events remain, whereas SLICs in OPCs are abolished
(Figure 3F). We further investigated whether SLICs are detected
in all OPCs in the cortex. We predominantly detected SLICs in
OPCs around a high density of neuronal somata (Figure 3G).
OPCs in which SLICs were detected had more negative RMP,
lower Rm, and high inward conductance (Figures 3H-3K). These
results indicate that SLICs are detected in a subset of cortical
OPCs and are evoked by synchronized neuronal firing, presum-
ably due to an increased K* release accompanying large, syn-
chronized network events.

SLIC amplitude is dependent on the inward K*
conductance in OPCs

To further investigate the relationship between SLICs, neuronal
activity, and activity-induced changes in extracellular K* con-
centration ([K*]), we simultaneously recorded OPCs in
voltage-clamp mode together with extracellular field potentials
(FPs), to assess neuronal activity, and K*-ion-selective micro-
electrodes (K*-ISMs), to record changes in [K*].. The electrode
used for FP recording and the K*-ISMs were placed 50-
100 pum deep into the acute brain slice, with under 10 um differ-
ence in distance. OPCs were whole-cell patched within a 200 pm
radius including the field and K*-ISMs (the distance of individual
OPC somata from the K*-ISMs was 30-180 um), and all three
electrodes were always placed in the same cortical layer, either
2/3 or 5 (Figure 4A). Neuronal activity recorded as FPs slightly
preceded the peaks of SLICs, which themselves coincided
with the peaks of [K*], (Figure 4B). We next sought to determine
the relationship between the SLIC amplitude and the [K*].. K*-
ISM measurements of [K*], reflect the density of active neurons
and the intensity of firing within the measured area,”® and
neuronal activity recorded in disinhibited conditions is similar
within a cortical layer.””*° Therefore, as all electrodes were
placed in one layer and as the events detected by all the elec-
trodes were synchronized, we assume that all three electrodes
were measuring events related to the activity of the same
neuronal population and that the amount of K* released around
the patched OPCs and the K*-ISMs was similar. We found that
[K*]e between 0.14 and 1.32 mM evoked detectable SLICs in
cortical OPCs. However, the amplitude of SLICs in OPCs did
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not correlate with [K*] (Figure 4C) but with Rm and the inward
conductance of individual OPCs (Figures 4D and S4A). This is
in contrast to previous ideas of high-K*-conducting cortical
OPCs being accurate sensors of local [K*].%®°° Thus, we tested
whether OPCs’ inward conductance follows [K*]s according to
the Nernst equation (see STAR Methods), which it predictably
did (Figures S4B and S4C). This shows that OPCs are not excel-
lent sensors of [K*]e per se, as the SLICs do not correlate to [K*],,
but that each cell with low Rm and high inward K* conductance
is affected by [K*]. in a predictable manner determined by its Rm
and inward conductance.

To test whether SLICs are specific to a subset of cortical OPCs
or a generic property of OPCs around a high density of neuronal
somata, we recorded from OPCs in another area with high
neuronal density. OPCs in the hippocampal stratum radiatum
had passive bioelectrical properties similar to those of
cortical OPCs located around a high density of neurons (e.g.,
Rm: stratum radiatum 161.02 + 29.23 MQ, n = 11; cortical
OPCs in a high neuronal density area 393.62 + 157.85 MQ,
n = 22; p = 0.16, two-tailed unpaired t test with Welch’s correc-
tion; inward conductance: stratum radiatum 10.07 + 1.39 nS,
n = 11; cortical OPCs in a high neuronal density area 7.67 +
1.1 nS, n=22; p = 0.19, two-tailed unpaired t test). To determine
if stratum radiatum OPCs also sense neuronal activity via K*
signaling, we used previously described protocols to pharmaco-
logically increase neuronal activity in acute hippocampal slices
(P18-P22 mice).”' This increased neuronal activity and evoked
SLICs in hippocampal OPCs with similar amplitude (23.93 +
10.8 pA, n = 4, p = 0.55, two-tailed unpaired t test) and depolar-
ization (3.47 + 2.33 mV, n = 3, p = 0.94, two-tailed unpaired t test)
compared to cortical OPCs. However, unlike cortical OPCs,
SLICs and depolarizations in hippocampal OPCs were longer
and had a slower temporal pattern (0.03 + 0.006 Hz, n = 4; Fig-
ure S5A). Perhaps this contrast between areas results from the
difference in firing patterns of hippocampal and cortical neurons.
To test this, we simultaneously recorded from OPCs in voltage-
clamp mode together with recording extracellular FPs to assess
neuronal activity and found that SLICs in hippocampal OPCs fol-
lowed neuronal firing but were temporally distinct from those in
the cortex (Figures 4B and S5A). The SLICs in OPCs followed
closely the temporal rises in [K*]e, which oscillates in the cortex
with a faster form of K* release (Figure 4B) compared to the
slower sustained release in the hippocampus (Figure S5A), re-
flecting the pattern of neuronal activity. These data suggest
that individual OPCs respond to subtle changes in [K*], and
that the actual sensitivity of an individual OPC to changes in
[K*]e is set by its passive bioelectrical properties, which are pre-
dominantly determined by the membrane density of Kir
channels.

SLICs in OPCs are mediated by Kir channels

To assess if SLICs are mediated by K* channels, we simulta-
neously recorded OPCs in voltage-clamp mode, FPs to assess
neuronal activity, and changes in [K*]. in the presence of K*
channel blockers. First, we tested whether 200 uM Ba®*, a
non-specific blocker of K* channels, affected SLICs without
altering network activity or [K*], elevation around OPCs. Ba®*
at 200 uM reversibly inhibited SLICs in OPCs, but did not affect
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Figure 3. Neuronal activity induces spontaneous long inward currents in cortical OPCs
(A) Increasing neuronal firing by omitting Mg?* in the aCSF evokes spontaneous long inward currents (SLICs) in OPCs, detected both in voltage-clamp and in

current-clamp mode.

(B) SLICs are reversibly blocked by tetrodotoxin (TTX), suggesting that they are dependent on neuronal activity.

(C) OPCs and neurons were simultaneously patch clamped and dye-filled with Lucifer yellow (LY). OPCs were labeled for NG2 (red).

(D) Dual patch-clamp recordings from a neuron in current-clamp and an OPC in voltage-clamp mode. Neurons in disinhibited slices (0 Mg®* aCSF) fire spon-
taneous action potentials, which slightly precede SLICs in OPCs, highlighted by a gray box.

(E and F) Dual voltage-clamp recordings from a neuron and an OPC show that adding 2 mM Mg?* to the aCSF reduces the amplitude of synaptic inputs in neurons
and the detection of SLICs in OPCs. Synaptic inputs to neurons slightly precede SLICs in OPCs, highlighted by a gray box and zoomed in (E').

(G) OPCs showing SLICs have a higher number of NeuN"* cells in their surroundings.

(H) OPCs with SLICs show higher inward conductance compared to OPCs without SLICs.

(I-K) OPCs with SLICs are more hyperpolarized and have lower membrane resistance and higher inward conductance than OPCs without SLICs.

Dots represent individual recorded cells. The p values are from two-way ANOVA with Sidak’s multiple comparisons test (H), with *o < 0.05 and **p < 0.01, or
unpaired two-tailed t tests or t tests with Welch’s correction (G and |I-K). Results are given as the mean + SEM. See also Figures S4 and S5.

neuronal activity nor activity-dependent changes in [K*]e
(Figures 4E-4H). Furthermore, simultaneous voltage clamping
of a neuron and a nearby OPC showed that 200 uM Ba2* blocked
SLICs in OPCs without affecting neuronal activity-dependent
synaptic inputs (Figure 4F) or synaptic inputs from neurons to
OPCs (Figure S5B), which were blocked by glutamate receptor
antagonists (Figure S5C). These results show that Ba?* does
not block neuronal activity, nor does it affect [K*]e, but it blocks
K* channels that mediate SLICs in OPCs and particularly affects
inward K* conductance (Figures S6A-S6E). Next we tested
nortriptyline, a generic Kir channel antagonist,” as previously
Kir channels have been described as the main contributors to

6 Cell Reports 43, 114873, November 26, 2024

passive inward conductance in OPCs.?® Nortriptyline (300 pM)
blocked SLICs (Figures 4G and 4H) and the inward current de-
tected in the subset of cortical OPCs with high inward conduc-
tance (Figures 41 and S6F-S6J). This indicates that age-related
inward currents in cortical OPCs and SLICs are mediated by
Kir channels. To determine which Kir channels, we first blocked
the weakly rectifying channel Kir4.1, known to be expressed in
oligodendrocyte-lineage cells,****°® with a specific Kir4.1 chan-
nel blocker, VU0134992 (VU).>®* However, a highly saturating
dose of VU did not fully block SLICs nor the inward conductance
in OPCs (Figures S6K-S60, S6U, and S6V). Therefore, we tested
whether the addition of ML133 hydrochloride (ML),>* a specific
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Figure 4. SLICs are mediated by inward rectifying K* channels

(A) Differential interference contrast image of the mouse cortex depicting the simultaneous triple recording from an OPC using patch clamp, extracellular field
potentials (FPs) recording to assess neuronal activity, and K*-selective microelectrodes (K*-ISM) to record changes in extracellular K* concentration ([K*]e).
(B) Bath perfusion with 0 Mg?* aCSF leads to spontaneous neuronal activity in mouse cortical slices as shown by FP recording accompanied by a release of K*
ions from neurons into the extracellular space recorded by K*-ISM and SLICs in OPCs. Representative traces are shown.

(C) The amplitude of SLICs does not correlate with [K*]e.
(D) SLICs occur mostly in OPCs with low membrane resistance.

(E and F) Adding Ba®* blocks SLICs in OPCs but does not affect neuronal activity nor the release of K* ions from active neurons.
(G) Dual patch-clamp recordings from a neuron and an OPC in voltage-clamp mode showing that addition of nortriptyline blocks SLICs in OPCs but neuronal

depolarizations are preserved.

(H) Quantification of the percentage of SLICs blocked by TTX, Ba?* (non-specific K* channel blocker), nortriptyline (NT; inward rectifying K* channel blocker), and
a combination of 30 pM VU0134992 (VU) + 30 uM ML133 (ML) hydrochloride (specific Kir4.1 and Kir2.1 channel blockers, respectively).

(1) Both nortriptyline and the combination of VU + ML block the inward currents in OPCs almost entirely (Welch’s ANOVA, p = 3.4 x 107°).

The numbers of recorded cells are indicated in the bars (H), while dots represent individual recorded cells (C, D, and ). The p values are from linear regression
(C and D) or from Welch’s ANOVA followed by Holm-Bonferroni post hoc tests (l). Data are presented as the mean + SEM. See also Figure S6.

antagonist for the strong rectifying channel Kir2.1, would block
the remainder of the current. A combination of VU and ML fully
blocked both SLICs and inward conductance and consequently
other passive bioelectrical properties to a similar level compared
to nortriptyline (Figures 4H, 41, and S6P-S6V). This indicates that
age-related inward currents in cortical OPCs and SLICs are
mediated by both Kir4.1 and Kir2.1 channels, linking the appear-
ance of SLICs to the age-related increase in inward K* conduc-
tance in gray matter OPCs.

OPCs with high inward K* conductance restin the G1/G0
phase of the cell cycle

We next sought to determine the functional role of SLICs in
OPCs. We found that SLICs are detected only in OPCs with
high inward K* conductance during periods of synchronized
neuronal activity. They are reminiscent of spontaneous slow in-
ward currents (SICs) recorded in proliferative glioma cells in
the cortex, particularly during periods of high neuronal activ-
ity.>>°® Indeed, neuronal activity has been shown to augment
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OPC proliferation.®’ Moreover, as cell proliferation, in general,
seems to correlate with inward K* conductance,® we sought
to test if high inward K* conductance is related to OPC prolifer-
ation. To assess the differences in inward K* conductance in
cycling and non-cycling OPCs, we crossed NG2-EYFP mice
with Fucci2a mice,”’ in which different phases of the cell cycle
are distinguished by the expression of mCherry in the G1/G0
phase and mVenus in the G2/M phase (Figure 5A). We found
that cortical OPCs (between P7 and P105) in the G1/GO
phase, non-cycling cells, had lower Rm and a larger inward
conductance compared to cycling OPCs in the G2/M phase
(Figures 5B-5F). These findings are consistent with proliferating
cells having low inward K* conductance®’ and with the known
role of membrane K* conductance in cycling cells.*®

Increasing inward K* conductance diminishes
proliferation of OPCs

To determine the impact of increased inward K* conductance on
OPC proliferation, we overexpressed Kir channels specifically in
developing OPCs. The main Kir channels in OPCs are Kir4.1,
Kir2.1, and Kir5.1,>"*> where Kir5.1 is a non-functional channel.
Our data show that both Kir4.1 and Kir2.1 mediate age-related
changes in passive bioelectrical properties in OPCs, and these
are also known to form functional heteromeric Kir4.1/2.1 channels
in oligodendrocyte-lineage cells.**® From our previous work, we
find that gene expression for most Kir channels increases in OPCs
with age, but the most prominent change is in Kir2.1,?" which is a
strong inward rectifier.>° Now, we have shown that Kir2.1 function-
ally contributes to the age-related increase in inward K* conduc-
tance in OPCs (Figures 41 and S6P-S6V). Thus, to mimic the in-
crease in inward conductance seen in OPCs with age, without
affecting the voltage-gated outward conductance, we overex-
pressed Kir2.1 channels in OPCs by crossing PDGFRo-CreER™
mice with STOPV"-Kir2.1-mCherry mice® (resulting offspring
are referred to as Kir2.1 mice) or STOP™-tdTomato mice®' as
controls. To initiate Cre-mediated recombination, tamoxifen was

8 Cell Reports 43, 114873, November 26, 2024

15+

(B and C) Membrane currents evoked by stepping

the membrane potential of recorded cells from —134
0.01 to +26 mV in 20 mV voltage steps in the NG2-

. EYFP:Fucci2a mouse cortex either in green

. (cycling) or in red (non-cycling) OPCs.

(D) The resting membrane potential did not differ

between the cycling (green) and the non-cycling

(red) OPCs in the mouse cortex.

(E and F) The membrane resistance of non-cycling

(red) OPCs was significantly lower (E) and the inward

conductance (F) was significantly higher compared

to cycling (green) OPCs.

Green or red dots indicate individual recorded cells.

The p values were calculated by unpaired two-tailed

Cycling  Non-cycling  t test. Data are shown as the mean = SEM.

given to pups for 3 consecutive days and experiments were per-
formed 3-10 days later. First, we voltage clamped Kir2.1-
mCherry* or tdTomato* (control) OPCs in the corpus callosum,
as at this age callosal OPCs do not have large endogenous inward
K* currents (Figures 1E and 10). OPCs overexpressing Kir2.1
channels were more hyperpolarized and had lower Rm and a
higher inward K* conductance (Figures 6A-6C and 6E-6G), remi-
niscent of aged OPCs (Figures 1 and S1) and the subpopulation of
OPCs located around a high density of neuronal somata and
where SLICs are detected in the cortex of young adult animals
(Figures 2, 3, and 4). At the age at which we detect increased in-
ward K* conductance in cortical OPCs (Figures 1B and 1L), the
passive bioelectrical properties of cortical OPCs overexpressing
Kir2.1 were similar to same-age wild-type OPCs (Figures S7A-
S7C). These data show that there is not an excessive overexpres-
sion and indicate that the Kir2.1 overexpression in early postnatal
OPCs faithfully mimics the physiological changes in passive
bioelectrical properties seen in aged OPCs and the subpopulation
of OPCs around a high density of neurons. Similar changes in pas-
sive bioelectrical properties were detected when we overex-
pressed Kird.1 channels in cultured OPCs (Figures 6D-6H)
(RMP, control OPC cultures, —74.3 + 1.6 mV; Kir4.1-transfected
OPC cultures, —94.5 + 0.5 mV; p = 2.9 x 10~'% Rm, control
OPC cultures, 1,549.4 + 479.1 MQ; Kird.1-transfected OPC cul-
tures, 29.9 + 5.3 MQ; p = 6.1 x 1075, two-tailed unpaired t test).
To test the functional effect of increased inward K* conductance
on proliferation, we gave a single 5-ethynyl-2’-deoxyuridine
(EdU) injection to Kir2.1 mice at P13 (25 mg/kg intraperitoneally
[i.p.]) and analyzed proliferation 24 h later. Both cortical and cal-
losal NG2*/Kir2.1-mCherry* cells proliferated less compared to
NG2*/mCherry~ cells in Kir2.1 mice or NG2* cells in their wild-
type littermates (Figures 61 and 6J). Likewise, overexpressing
Kir4.1 channels in cultured OPCs reduced their proliferation ca-
pacity (Figure 6K). These data indicate that increasing inward K*
conductance, as will eventually occur in OPCs with age, dimin-
ishes their capacity to proliferate.
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The time of onset of increased inward K* conductance differs
between regions, potentially explaining the reported heteroge-
neity in OPC proliferation capacity between gray and white mat-
ter. To test this, we examined OPC proliferation at different post-
natal ages in both gray and white matter. Before the onset of high
inward K* conductance in the cortex, cortical and callosal OPCs
proliferated at similar rates (Figures 6L, S6W, and S6X). At this
time, both cortical and callosal OPCs lacked inward K* conduc-
tance and had indistinguishable passive bioelectrical properties.
Once OPCs in the corpus callosum and cortex differed in inward
K* conductance, there was a significant difference in their prolif-
eration capacity (Figure 6L). Likewise, when we cultured OPCs
with a high density of neurons, which increased inward K*
conductance (Figure 2G), proliferation was significantly reduced
compared to OPCs cultured alone (Figure 6M). Similarly, when
callosal OPCs began to exhibit increased inward K* conduc-
tance and their passive bioelectrical properties again became
near indistinguishable from those of cortical OPCs (after P70;
Figure S1), their proliferation rates became similar (Figures 6L
and 6N). When Kir2.1 channels were overexpressed in young
OPCs, artificially making gray and white matter OPCs’ passive
bioelectrical properties similar (Figures S7D-S7F), the difference
in proliferation between the corpus callosum and the cortex dis-
appeared (Figure 6N). This suggests that the reported OPC het-
erogeneity between white and gray matter, or areas of high and
low neuronal density, is due to temporal differences in their
bioelectrical properties and not different fates and that signals
that alter passive bioelectrical properties in OPCs modulate their
proliferative capacity.

Stimulation of neuronal activity in vivo leads to a
decrease in the inward K* conductance in OPCs and an
increase in proliferation

We find that in the young adult cortex, a subset of OPCs have a
high inward K* conductance and seem to be in the G1/G0 phase
of the cell cycle, but at the same time are also capable of sensing

Cell Reports

changes in [K*]e evoked by high neuronal firing. As increased
neuronal activity in the young adult has been shown to increase
cortical OPC proliferation and myelination,” we asked if
increased inward K* conductance keeps OPCs in the G1/G0O
phase until activity is sufficient to evoke SLICs. To increase
neuronal activity in vivo, we expressed the hM3Dg DREADD
(designer receptor exclusively activated by designer drugs) in
neurons, which causes their depolarization in response to activa-
tion by the synthetic ligand clozapine-N-oxide (CNO)® or its
metabolite clozapine.®®> We stereotaxically bilaterally injected
adult NG2-EYFP mice in the lateral somatosensory cortex with
pPAAV8-hSyn-hM3D(Gq)-mCherry (Gq) or pAAV8-hSyn-mCherry
(control) viruses and allowed at least 3 weeks for transgene
expression (Figures 7A-7F and 7G). We administered CNO in
the drinking water (25 mg/L) for 7-9 days to increase overall ac-
tivity. This approach has been shown to increase neuronal activ-
ity by depolarizing the membrane potential in Gg-expressing
neurons.®® We found over 2.5-fold increase in cFos activation
in animals transfected with Gq compared to controls following
CNO administration (Figures 7B and 7C) and increased fre-
quency of synchronous neuronal activity events in the cortex
that evoke SLICs in the subset of OPCs with high inward K*
conductance (Figure 4) during acute CNO administration on
brain slices (Figures 7D and 7E). After 7-9 days of increased
neuronal activity, OPCs were whole-cell patched in the cortical
areas close to transfected neurons expressing either Gq or con-
trol virus identified by high mCherry protein expression (Fig-
ure 7G). We found that OPCs located in areas where we
increased the firing rate of neurons had an RMP similar to that
of controls (Figure 7H) but higher Rm (Figure 71) and reduced in-
ward K* conductance (Figure 7J). These data indicate that in-
ward K* conductance in OPCs might be regulated by neuronal
activity and that cortical OPCs reduce their inward K* conduc-
tance when exposed to increased neuronal activity. Importantly,
these changes in neuronal activity and, subsequently, passive
bioelectrical properties led to a clear increase in OPC

Figure 6. Increasing inward K* conductance in OPCs diminishes their proliferation

(A and B) Membrane currents evoked by stepping the membrane potential from —134 to +26 mV in 20 mV voltage steps in OPCs recorded in the corpus callosum
of PDGFRa-CreER™:Kir2.1-mCherry mice or PDGFRa-CreER":tdTomato reporter mice.

(C) I-V curve of steady-state currents in response to 20 mV steps between —134 and +36 mV in Kir2.1 and tdTom mice. Kir2.1 channel overexpression in OPCs

increases predominantly inward K* currents.

(D) I-V curve of steady-state currents in response to 20 mV steps between —134 and +36 mV in Kir4.1 channel-overexpressing and control cultured OPCs. Kir4.1

channel overexpression in OPCs produces passive (ohmic) K* currents.

(E-G) mCherry* OPCs in Kir2.1 mice have significantly lower membrane potential, lower membrane resistance, and higher inward conductance compared to

tdTom™ control OPCs.

(H) Cultured OPCs overexpressing Kir4.1 channels have higher inward conductance compared to control cultured OPCs.
(I) Quantification of OPC proliferation in Kir2.1 mice and their WT littermates in brain slices stained with DAPI (blue), EAU (green), mCherry (red), and NG2 (white).
mCherry*/EdU~ OPCs are indicated with yellow arrowheads and mCherry /EdU* OPCs are indicated with white arrowheads.

(J) Proliferation is reduced in Kir2.1-mCherry* OPCs compared to controls.

(K) Proliferation is reduced in Kir4.1 channel-overexpressing cultured OPCs compared to controls.
(L) Proliferating OPCs in NG2-EYFP mice were immunolabeled with Ki67 at different ages. At P2, before the onset of high inward conductance, OPCs in the cortex
and corpus callosum proliferate at similar rates. After the onset of high inward conductance in cortical OPCs, callosal OPCs proliferate more compared to cortical

OPCs. At P80, the proliferation rates in both areas become similarly low.

(M) OPCs co-cultured with neurons proliferate significantly less compared to OPCs cultured alone.
(N) The rate of proliferation is comparable between young cortical and adult callosal OPCs, as well as between P10-P22 cortical and callosal OPCs over-

expressing Kir2.1 channels.

Individual dots indicate individual recorded cells (E-H), average in an animal (J, L, and N), or average on a coverslip (K and M). The number of animals was 5-6 per
group. The p values are from two-way ANOVA with Sidak’s multiple comparisons test (C and D), with *p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001,
unpaired two-tailed t tests (E-H, K, M, and N) or mixed-effects analysis (J and L). Results are given as the mean + SEM. See also Figures S6 and S7.
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Figure 7. Increased neuronal activity leads to a decrease in inward K* conductance and an increase in proliferation in OPCs

(A) Adult NG2-EYFP mice were stereotaxically injected into the somatosensory cortices with either pAAV8-hSyn-hM3D(Gq)-mCherry (Gq) or pAAV8-hSyn-
mCherry (control) viruses.

(B) Representative images of cFos (green) and NeuN (white) staining in control and Gq mice. Yellow arrowheads point to NeuN*/cFos™* cells.

(C) The number of cFos™ cells was higher in Gg animals compared to controls.

(D) Representative traces from cortical extracellular field potential recording in acute brain slices from Gq mice superfused either with aCSF or with aCSF
containing 10 uM CNO.

(E) The frequency of neuronal firing was increased by 10 uM CNO in brain slices from Gq mice.

(F) Timeline of the experiment.

(G) EYFP* OPCs (left, green; right, white) surrounding mCherry* transduced neurons (red) were whole-cell patch clamped and dye-filled with Lucifer yellow (LY;
green).

(H-J) The resting membrane potential in OPCs was not different between Gq and control mice. However, increasing neuronal activity increased membrane
resistance and decreased the inward K* conductance in OPCs.

(K) Timeline of the experiment in Kir2.1 mice.

(L-N) The resting membrane potential and inward conductance in OPCs overexpressing Kir2.1 channels were not affected by increased neuronal activity.
However, the membrane resistance in OPCs overexpressing Kir2.1 channels slightly increased in Gg mice compared to controls.

(O and P) Timeline of EdU experiments in NG2-EYFP mice and Kir2.1-overexpressing mice with chemogenetically increased neuronal activity.

(Q) To examine OPC proliferation following neuronal activity, slices were stained with DAPI (blue), EJU (white), and EYFP (green). Areas with mCherry* neurons
(red) were imaged. Arrowheads indicate EdU™ proliferating OPCs.

(R) To examine OPC proliferation following neuronal activity in Kir2.1 mice, slices were stained with EJU (green), mCherry to label OPCs overexpressing Kir2.1
channels, and NG2 (white). Arrowheads indicate EJU* proliferating mCherry~ and mCherry* OPCs.

(S) Proliferation was increased in OPCs of NG2-EYFP-Gqg mice, but not in Kir2.1-Gqg mice.

Gray dots represent individual recorded cells (H-J and L-N) or animals (C and S) or brain slices (E). The p values are from unpaired two-tailed t tests
(C, H-J, and L-N), paired t test (E), or one-way ANOVA (S; top) with Holm-Bonferroni post hoc tests (S; bottom). Data are shown as the mean + SEM.
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proliferation (Figures 70, 7Q, and 7S). Overexpressing Kir2.1
channels in OPCs counteracted the activity-induced change in
passive bioelectrical properties (Figures 7K-7N) and prevented
the activity-evoked increase in OPC proliferation (Figures 7P,
7R, and 7S). The increased inward K* conductance may there-
fore be a mechanism to ensure that OPCs within the cortex
respond only to high neuronal activity that is sufficient to evoke
SLICs, which release them from the arrested G1/GO state by
reducing their inward K* conductance.

DISCUSSION

We have identified that the inward K* conductance in OPCs in-
creases with age, with time of onset differing between brain
regions. Similar to other ion channels,?’ OPCs start out with
indistinguishable passive bioelectrical properties such as RMP,
Rm, and inward K* conductance and remain homogeneous for
the first postnatal week, after which they begin to diverge. The
time at which OPCs acquire functional Kir channels differs
greatly between regions, generating a heterogeneity in passive
bioelectrical properties. This heterogeneity represents a differ-
ence in OPC cell cycle state, with high-K*-conducting OPCs pre-
sumably being arrested in the G1 phase but with the potential for
increased neuronal activity to release them back into the cell cy-
cle. These changes in bioelectrical properties can therefore
significantly affect how OPCs sense and respond to their
environment.

OPCs in areas of high neuronal density can sense submillimo-
lar extracellular K* release from active neurons, which coincides
with synaptic inputs likely coming from these same neurons. The
extracellular K* oscillations follow the pattern of neuronal activity
and mediate the temporal pattern of SLICs in OPCs. OPCs’
sensitivity to these K* oscillations is mediated via Kir channels,
and the amplitude of SLICs reflects the passive bioelectrical
properties of the OPCs more than the [K*],, in contrast to previ-
ous suggestions.”®*° It is unlikely that Kir channels in OPCs
syphon extracellular K* around active neurons, like they do in as-
trocytes, as OPCs are small cells and are not gap-junction
coupled, nor are OPCs with high inward K* conductance partic-
ularly close to blood vessels, and thus they have no means of
releasing K* into the bloodstream.

It is more likely that the passive bioelectrical properties serve
to regulate how OPCs respond to neuronal activity and their
environment. As the increased inward K* conductance lowers
OPC RMP and resistance, this will work as a filter altering the
temporal resolution and summation of synaptic inputs to the
OPCs®"“® and reduce the response to neuronal activity. Indeed,
when Kir4.1 is knocked out of hippocampal OPCs®’ or pharma-
cologically blocked,*® synaptic inputs are longer and lead to
greater depolarization. However, during periods of high neuronal
firing rate, the [K*], rises high enough to evoke SLICs in OPCs
with high inward K* conductance, causing a significantly pro-
longed depolarization (Figure 3A).%® Kir channel expression in
OPCs in effect alters the threshold and activity pattern for depo-
larization. Moreover, increased inward K* conductance hyper-
polarizes the cell membrane and increases the driving force of
positive ions likely to lead to increased calcium entry into
OPCs during high neuronal activity. Consistent with our findings,
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OPCs in neuron-rich areas in the zebrafish have transient cal-
cium oscillations'® with kinetics similar to those found in glioma
cells (presumably derived from OPCs) in the mouse cortex,
showing SLIC-like currents driven by K*.°*°® These glioma
SLIC-like events follow synaptic inputs similar to SLICs in
OPCs and lead to increased intracellular calcium in response
to high neuronal activity (or when neuronal activity is increased
pharmacologically in acute brain slices) with spontaneous fre-
quencies similar to those we recorded for SLICs in the same
brain region.55 Hence, it seems that increased Kir channel mem-
brane expression polarizes OPCs to respond preferentially to
high synchronous neuronal activity.

The functional change mediated by high inward K* conduc-
tance early in cortical development has led to speculation that
OPCs in neuronal-soma-rich areas have acquired a different
cell identity.?® Like previous studies, we found that inward K*
conductance in cortical OPCs is prominent by the end of the first
month.?® However, while the onset of increased inward K*
conductance occurred first in OPCs in areas of high neuronal
density, eventually OPCs in all areas tested acquired these chan-
nels, with the age of onset varying between regions. This implies
an environmental factor regulating channel densities. We find
that altering the environment, either by culturing OPCs with a
high density of neurons or by increasing neuronal firing rate
in vivo, can lead to changes in inward K* conductance in
OPCs. Consistent with this, cortical OPCs, when activated in
response to a lesion, reduce their inward conductance, as pre-
sumably they have reentered the cell cycle.>® There are likely
to be multiple mechanisms that can induce such passive
bioelectrical changes, and these may differ with age and brain
region. Overall, the differences in passive bioelectrical properties
suggest dynamic cell states rather than a fixed new cell identity.

Itis striking that the divergence in passive bioelectrical proper-
ties coincides with the start of myelination in the corpus cal-
losum, particularly given that axons of cortical neurons begin
to myelinate in the corpus callosum but remain unmyelinated in
the cortex for some time. This staggered myelination of the
same axons has led to the suggestion that there must be a signal
that negatively regulates OPC lineage progression in the cor-
tex.®® One such signal could be augmentation of Kir channel
expression in cortical OPCs that minimizes their response to
neuronal activity and keeps them in an extended G1 state or
dormant state. This is consistent with the observation that
increased inward K* conductance in OPCs®® reduces their
response to positive oligodendrocyte lineage fate regula-
tors.®®” The existence of two populations of cortical OPCs in
young adults, with low and high inward K* conductance depend-
ing on the environment they are in, is reminiscent of the hypoth-
esized two types of cortical OPCs, where one is a silent OPC
kept in an undifferentiated and low proliferative state.®® Extrapo-
lating from our data, it is conceivable that any signal or channel,
for example, G-protein-gated inwardly rectifying K* channels,
that augments inward K* conductance in OPCs could affect their
cell cycle regulation and fate.

In newly born animals, both cortical and callosal OPCs have a
high proliferation rate and lack Kir channel conductance, like
OPCs in which Kir channels have been knocked out.®> Once
OPCs acquire inward K* conductance, their proliferation rate is
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reduced. This occurs first in high-density neuronal areas such as
the cortex and later in other brain regions at different ages. In line
with our data, previous studies have shown that OPCs proliferate
less in the cortex than in the corpus callosum of young adult an-
imals®® and in areas rich in neuronal cell bodies compared to
axonal-rich areas in the zebrafish gray matter.'® Our description
of the expression of inward K* channels in OPCs correlates with
the reported proliferation difference between white and gray
matter and aged OPCs,"”""® and a similar correlation has been
found in hippocampal OPCs, where an increase in inward K*
conductance correlated with a decrease in proliferation with
age.”” Indeed, we find that OPCs in G1/GO have higher mem-
brane K* conductance and lower Rm, like astrocyte progenitors
in the G1/GO phase of the cell cycle,®® and when we genetically
increase Kir channel expression in OPCs, proliferation is
reduced. This is consistent with inward K* conductance regu-
lating the length of the G1 phase or cell cycle exit in astro-
cytes’®”" and other proliferative progenitor populations.®*"? In
line with this, knocking out Kir4.1 channels in OPCs leads to pre-
cocious cell cycle exit and earlier differentiation into myelinating
oligodendrocytes.® Although no clear difference in proliferation
is reported when Kir4.1 is deleted from OPCs,*” a subtle regional
difference in proliferation rate seems to be lost.®” The differences
in the observed effect of knocking out Kir4.1 in OPCs may be
dependent on age and brain region studied, given the differ-
ences in expression with these channels. A recent study on the
role of calcium-impermeable AMPA receptors highlights the
importance of understanding endogenous expression profile
changes with age when selecting time points for intervention.”®

In summary, our data show that OPCs start with homoge-
neous passive bioelectrical properties but become functionally
heterogeneous both between and within brain regions. How-
ever, by middle age, their passive bioelectrical properties
become more homogeneous again. Our findings suggest
that the functional heterogeneity is plastic, and although it
may impact OPC interaction with neuronal network function,
it seems not to indicate that OPCs have become different
cell types or alternatives to oligodendrocyte precursors nor
that the changes in channel membrane density are irrevers-
ible. Our data support environmental regulation turning on,
or accelerating, Kir channel expression in OPCs, and environ-
mental changes such as those arising from increased neuronal
activity are sufficient to alter OPCs’ passive bioelectrical prop-
erties and push them back into the cell cycle. This heterogene-
ity in bioelectrical properties underlies differences in prolifera-
tion potential and indicates a state of OPCs that are in an
extended G1/GO phase of the cell cycle, from which they
can be released. Understanding further how OPCs’ bioelec-
trical properties are regulated and how these in turn modulate
cell cycle and differentiation may enable us to find ways to
manipulate OPC cell states to promote myelin maintenance
and regeneration with age.

Limitations of the study

We used a combination of endogenous expression and over-
expression of Kir channels to understand the role of inward K*
conductance in OPCs. We find that inward K* conductance
strongly correlates with cell cycle arrest and proliferation
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rate. OPCs vary in their expression of Kir channels at different
ages and within brain regions. Although cells with high inward
K* conductance proliferate less than cells with low conduc-
tance, the relationship between the magnitude of inward K*
conductance and cell cycle length remains undefined. Exper-
imental tools that enable dynamic genetic regulation of both
Kir2.1 and Kir4.1 expression in OPCs would allow us to
directly address this question and distinguish between envi-
ronmental signals and Kir channel function at any given age
or region.

One outstanding question is how neuronal activity regulates
Kir channel expression in OPCs. We found that increasing ac-
tivity seemed to release OPCs from cell cycle arrest by
reducing inward K* conductance, but the mechanism is still
unclear. More sophisticated experimental tools are required
to track Kir channel function in single cells through cell cycle
progression and to determine how Kir channel expression is
regulated either by neuronal activity or during the cell cycle
in OPCs. Our finding that basic bioelectrical properties
may underlie functional OPC heterogeneity raises an inter-
esting avenue for further studies to determine how these
properties affect OPC differentiation, myelination, and
perhaps remyelination.
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Rabbit anti-Ki67 [SP6] Abcam Cat#ab16667; RRID: AB_302459
Goat Anti-Chicken IgY H&L (Alexa Fluor 488) Abcam Cat#ab150169; RRID:AB_2636803
Goat Anti-Chicken IgY H&L (Alexa Fluor 568) Abcam Cat#ab175477; RRID: AB_3076392

Invitrogen Goat anti-Chicken IgY (H+L)

Secondary Antibody, Alexa Fluor 647

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 555

Goat anti Mouse 1gG (H+L) Highly Cross Adsorbed
Secondary Antibody, Alexa Fluor 647

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 568

Invitrogen Goat anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody,

Alexa Fluor 647

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

Cat#A-21449; RRID: AB_2535866

Cat# A-21424; RRID:AB_141780

Cat#A21236; RRID:AB_2535805

Cat#A11008; RRID:AB_143165

Cat#A-11036; RRID:AB_10563566

Cat# A-21245; RRID:AB_2535813

Bacterial and virus strains

p-AAV8-hSyn-hM3D(Gq)-mCherry Bryan Roth Addgene
50474-AAV8
pAAV8-hSyn-mCherry Karl Deisseroth Addgene
114472-AAV8
pAAV5-SYN1-HA-hM3D(Ga) Galvan et al.”* Addgene
121539-AAV5
pPAAV5-hSyn-EGFP Bryan Roth Addgene
50465-AAV5
Chemicals, peptides, and recombinant proteins
NaCl Sigma-Aldrich Cat#S7653
KCI Sigma-Aldrich Cat#P3911
NaHCO3 Sigma-Aldrich Cat#S5761
NaH,PO, Fisher Scientific Cat#S/3760/53
CaCl, VWR Cat#21114
MgCl, Fisher Scientific Cat#15656060
D-glucose Sigma-Aldrich Cat#G7528
Kynurenic acid Sigma-Aldrich Cat#K3375
HEPES Sigma-Aldrich Cat#H3375
NaOH Sigma-Aldrich Cat#06203
K-gluconate Sigma Cat#G-4500
D-gluconic acid Sigma-Aldrich Cat#G1951
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
CsOH Sigma-Aldrich Cat#516988
MgATP Sigma-Aldrich Cat#A9187
Na,GTP Sigma-Aldrich Cat#G8877
K-Lucifer Yellow Sigma-Aldrich Cat#L0144
KOH Sigma-Aldrich Cat#P5958
BaCl, Sigma-Aldrich Cat#B0750
BAPTA Sigma-Aldrich Cat#A4926
Tetrodotoxin Hello Bio Cat#HB1035
Nortriptyline Sigma-Aldrich Cat#N7261
VU 013992 Tocris Cat#6877/10
ML 133 hydrochloride Tocris Cat#4549
Gabazine Hello Bio Cat#HB0901
Potassium ionophore | (Cocktail A) Sigma-Aldrich Cat#99311
N,N-Dimethyltrimethylsilylamine Sigma-Aldrich Cat# 226289
Paraformaldehyde Fisher Scientific Cat#P/0840/53
Goat serum Sigma-Aldrich Cat#G9023
Triton X 100 Sigma-Aldrich Cat#T9284
EdU (5-ethynyl-2'-deoxyuridine) Life Technologies Cat#E10187
Alexa Fluor 555 Azide, Triethylammonium Salt ThermoFisher Scientific Cat#A20012
Alexa Fluor 647 Azide, Triethylammonium Salt ThermoFisher Scientific Cat#A10277
DAPI (4’,6-Diamidino-2-phenylidole dihydrochloride) Sigma-Aldrich Cat#D9542
Fluoromount-G SouthernBiotech Cat#0100-01
TrypLE ThermoFisher Scientific Cat#12604013
Papain from papaya latex,buffered aqueous Sigma-Aldrich Cat#P3125
suspension, 2x Crystallized,

16-40 units/mg protein

L-cysteine Sigma-Aldrich Cat#C7352
Trypsin inhibitor from Glycine max (soybean) Sigma-Aldrich Cat#T9003
Bovine Serum Albumin Sigma-Aldrich Cat#A4919
Deoxyribonuclease | from bovine pancreas,Type IV Sigma-Aldrich Cat#D5025
Poly-D-Lysine ThermoFisher Scientific Cat#A3890401
Matrigel BD Bioscience Cat#354230
Neurobasal medium Gibco Cat#21103049
DMEM Invitrogen Cat#41966029
B27 supplement Gibco Cat#17504001
Penicillin/Streptomycin Sigma Cat#P0781
Fetal bovine serum Sigma Cat#F7524
AraC Sigma Cat#C6645
N2 supplement Made in house N/A
Recombinant human Insulin-zinc Gibco Cat#12585-014
apo-Transferrin Sigma-Aldrich Cat#T1147
SOS Cell Guidance Systems Cat#M09-50
BDNF Qkine Cat#QK050
bFGF PeproTech Cat#100-18B
PDGF-AA PeproTech Cat#100-13A
Clozapine N-oxide(CNO) Hello Bio Cat#HB1807
Tamoxifen Sigma Cat#T5648

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Critical commercial assays

A2B5 MicroBead Kit, human, mouse, rat

Miltenyi Biotec

Cat#130-093-392

Click-iT Cell Reaction Buffer Kit ThermoFisher Scientific Cat#C10269
Lipofectamine 3000 Transfection Reagent ThermoFisher Scientific Cat#L.3000001
Experimental models: Organisms/strains
Mouse: NG2-EYFP Jacqueline Trotter; N/A

Karram et al.*?
Mouse: Pdgfra-CreER™ William D. Richardson; N/A

Rivers et al.”®
Mouse: R26/ir2-1-mCherry Guillermina Lépez-Bendito; N/A

Mouse: Rosa26-tdTomato
Mouse: Fucci2a

Rat: Sox10-DsRed

Rat: Crl:CD(SD)

Moreno-Juan et al.?°

Madisen et al.®’

Mort et al.”®
Chenetal.””

Charles River Laboratories

JAX Cat#007909; RRID:IMSR_JAX:007909

IMSR Cat# RBRC06511; RRID:IMSR_RBRC06511
N/A

RRID:RGD_734476

Recombinant DNA

Plasmid: Kcnj10 (NM_001039484)
Mouse Tagged ORF Clone

Plasmid: pMAX-GFP

OriGene

Lonza

Cat#MG227234

N/A

Software and algorithms

pClamp

LAS AF/LAS X

FIJI
Matlab

Membrane capacitance and resistance script

GraphPad Prism

Molecular Devices

Leica

NIH

The MathWorks
Spitzer et al.”’
GraphPad Software

https://www.moleculardevices.com/products/
axon-patch-clamp-system/acquisition-and-
analysis-software/pclamp-software-suite;
RRID:SCR_011323

https://www.leica-microsystems.com/products/
microscope-software/details/product/
leica-las-x-Is/; RRID:SCR_016555

https://fiji.sc/ or; RRID:SCR_002285
https://uk.mathworks.com/; RRID:SCR_001622
N/A
https://www.graphpad.com/scientific-software/

prism/; RRID:SCR_002798

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Experiments were performed in accordance with the EU guidelines for the care and use of laboratory animals, and with the guidelines
of the UK Animals (Scientific Procedures) Act 1986 and subsequent amendments. Use of animals in this project was approved by the
Animal Welfare and Ethical Review Body for the University of Cambridge and carried out under the terms of UK Home Office Licenses
PP4353554, POB1FBC4B and 70/7715. All mice were maintained under a 12 h light:12 h dark cycle with food and water supplied ad
libitum. For electrophysiological studies, mice were heterozygous knock-in mice expressing EYFP under the endogenous NG2 pro-
moter (NG2-EYFP mice) bred on a C57BL/6 background allowing for identification of OPCs by EYFP expression.*? The ages of mice
used were from P6 to P210 as stated in the text and figures. To increase the inward K* conductance in OPCs we crossed Cre-depen-
dent R26Kir2.1-mCherry mijce 59 with PDGFRa-CreER™ mice’® to generate PDGFRa-CreER™%:R26K2-1-mChey mice referred to as
Kir2.1 mice. Following tamoxifen administration, OPCs in these mice overexpress Kir2.1 channels and are labelled with mCherry.
Tamoxifen was given by intraperitoneal injection where concentration was matched to the age of the animal: P1-3 (25 mg/kg),
P13 (85 mg/kg) and over P14 (50 mg/kg). Wildtype littermates were used as controls, except for electrophysiological experiments
where we crossed PDGFRa-CreER™ mice with the Cre-dependent reporter line Rosa26-tdTomato®' (Jax mice #007909) and admin-
istered 35 mg/kg-50 mg/kg to pups by intraperitoneal injection, as above, or 150 mg/kg tamoxifen by oral gavage at P21-23. To
assess electrophysiological properties of different cell cycle states in OPCs we crossed fluorescent ubiquitination-based cell-cycle
indicator 2a (Fucci2a, kindly provided by Richard Mort) mice, which express fluorescent indicators for different cell cycle phases
(Figure 5A),”® to the NG2-EYFP mice to generate NG2-EYFP:Fucci2a mouse line. For all mouse lines, both male and female mice
were used.
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METHOD DETAILS

Brain slices preparation

Brain slices were prepared as described previously.?'""° Briefly, acute brain slices (225 um thick) were prepared from the forebrain
(coronally cut) from transgenic mice in ice-cold (~3°C) oxygenated (95% O,-5% CO,) artificial cerebrospinal fluid (aCSF) solution and
kept at room temperature (RT) for a 1h recovery period. aCSF contained (in mM): 126 NaCl, 24 NaHCO3, 1 NaH,PO,, 2.5 KCI, 2.5
CaCl,, 2 MgCl,, 10 D-glucose, pH 7.4. Kynurenic acid (1 mM) was added to block glutamate receptors, which might be activated
during the dissection procedure.

Solutions

Solutions were prepared as described previously.?'”®7° Briefly, acute brain slices were superfused at RT with HEPES-buffered
aCSF, at a rate of 2 ml/min, containing (in mM): 144 NaCl, 2.5 KCI, 10 HEPES, 1 NaH,PO,, 2.5 CaCl,, 10 glucose, pH set to 7.35
with NaOH, continuously bubbled with 100% O,; 2 mM MgCl, was added in some experiments as stated in the text and figures.
OPCs and cortical neurons were whole-cell patch clamped with electrodes containing an intracellular solution comprised (in mM)
of either 130 K-gluconate or 130 Cs-gluconate, 4 NaCl, 0.5 CaCl,, 10 HEPES, 10 BAPTA, 4 MgATP, 0.5 Na,GTP, 2 K-Lucifer yellow,
pH set to 7.3 with KOH (or with CsOH). Final osmolality was ~290 mOsm/kg. HEPES-buffered aCSF solution without Mg?* ions was
used to elicit neuronal activity in the cortex by disinhibiting NMDA receptors.*” Bath applied 200 uM BaCl, was used to block passive
K* conductance, 1 pM TTX was used to block neuronal activity, and 300 pM nortriptyline was used to block Kir channels.®? 30 uM
VU0134992 was used to selectively block Kir4.1 channels®® and 30 M ML133 hydrochloride was used to selectively block Kir2.1
channels.** Gabazine 10 uM together with 0 Mg?* aCSF was used to trigger spontaneous neuronal activity in the hippocampus.®"

Electrophysiology
For whole-cell patch clamp experiments parenchymal EYFP* OPCs were selected in the brain area of interest (EYFP* cells located
close to or on blood vessels were excluded). For OPCs recorded in Kir2.1 mice and tdTomato reporter mice, OPCs were selected
based on their morphology and typical electrophysiological profile.”® When unspecified, cortical OPCs were mainly recorded in
cortical layers 2-5 of the somatosensory cortex, and some in the cingulate and motor cortex, and OPCs in the corpus callosum
were in the anterior corpus callosum. Patched cells were confirmed as OPCs by their post-recording dye-fill morphology, which over-
laid EYFP, and by post-hoc antibody labelling against the proteoglycan NG2 to identify oligodendrocyte precursors (Figures 1A-1C)
or against GFP/EYFP, as described previously.>""® Recording electrodes had a resistance of 2.5-6 MQ and the uncompensated se-
ries resistance was 32 + 1 MQ. Inclusion criteria was based on series resistance, leak current being lower than 500 pA and a stable
baseline. Electrode junction potential (-14 mV) was compensated. A Multiclamp 700B or Axopatch 200 (both Molecular Devices) or
EPC-7 (HEKA) were used for voltage-clamp data acquisition. Data were sampled at 50 kHz and filtered at 10 kHz using pClamp10.3,
10.7, 11.0 or 11.2 (Molecular Devices). Series and membrane resistance together with membrane capacitance were analysed using
custom-written MATLAB scripts (MathWorks), as previously described.”’”® Membrane potential and inward conductance deter-
mined from the best fit of the linear part of the slope of the inward currents analysed between -154 mV and the equilibrium potential,
a measure of inward conductance, were calculated in Excel.

To calculate the current evoked by changing the [K*]. in the aCSF (4/) we used a variation of the Nernst equation, where Rm is
membrane resistance, V}, is holding potential, R is gas constant, T is absolute temperature, F is Faraday constant, [K*]. and [K*];
are external and internal K* concentrations. If the [K*], changes, the difference between the resting and the evoked currents will be:

1 RT [K*], 1 RT  [K*], 1 RT [K*],
s (v ) (- Fer) = g ke

where [K*]'s is the new [K*],.

Fabrication of K*-selective microelectrodes and measurement of extracellular K* concentration

Single-barrelled K*-selective microelectrodes (K*-ISMs) were prepared using thin-walled borosilicate capillaries (GC150T-7.5, Har-
vard Apparatus, MA). The interior walls of the capillaries were silanized by silan vapours using N,N-Dimethyltrimethylsilylamine at
200°C for 60 minutes. The tips (about 2 um in diameter) of K*-ISMs were filled with a small quantity of the liquid ion-exchanger Po-
tassiumionophore | (Cocktail A) using capillary forces, and the above part of the electrode was backfilled with 200 mM KCI. The refer-
ence electrode, which recorded local field potentials, was made of standard patch clamp glass capillaries (GC150F-10, Harvard
Apparatus, MA) and filled with 1M NaCl. Both electrodes were connected by a chlorinated silver wire to the input of the amplifier.
The K*-ISMs were calibrated using solutions containing 1, 2, 10, and 20 mM KCI. K*-ISMs were tested for a Nernstian response
(>50 mV) to a 10-fold increase in [K*], at the beginning and the end of the experiment. Data were acquired using Axopatch 700B
amplifier, sampled at 20 kHz, low pass filtered (2 kHz), digitized (Digidata 1440), and stored and analyzed using pCLAMP 10.7 soft-
ware (all Molecular Devices). The signal from the reference electrode was offline subtracted from the signal at the K*-ISM to obtain a
signal proportional to actual K* concentration. The relationship between the measured voltage and the actual K* concentration was
derived from the log-linear fit function in Excel.
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Immunohistochemistry

Following transcardial perfusion with 4% paraformaldehyde (PFA), 50-100 um thick brain slices were cut using a vibratome. For
immunohistochemistry following patch clamp, brain slices were postfixed in PFA for 1 hour at RT. Antibody labelling was performed
as described previously.?'®° Briefly, slices were incubated in permeabilization and blocking solution (10% goat serum (GS), 0.5%
Triton X-100, in PBS) for 4-6 hours. Slices were incubated with primary antibodies in PBS overnight at RT. After washing, slices
were incubated with secondary antibodies in PBS for 4 hours at RT or overnight at 4°C. Following washing and DAPI staining for
cell nuclei, slices were mounted (Fluoromount) and imaged on a confocal microscope (Leica SP5, SP8 or Stellaris). To quantify
cell proliferation, 0.2 mg/ml 5-ethynyl-2’-deoxyuridine (EdU) was administered in the drinking water or 25 mg/kg EAU was adminis-
tered by intraperitoneal injection. EAU was detected using a Click It kit (Thermofisher) according to the manufacturer’s instructions,
and visualized with Alexa Fluor-conjugated azides. For cell number quantification, at least 2 z-stacks per area were taken in each
brain slice, in at least 2 slices per animal. Quantification was performed manually blinded using FIJI.

For the detection of EYFP we used chicken anti-GFP antibody (1:500 or 1:1000); NG2 Chondroitin Sulfate Proteoglycan was de-
tected using rabbit anti-NG2 antibody (Cat#AB5320, Millipore, 1:300); neuronal cell bodies were visualized by rabbit anti-NeuN
(1:200) or mouse anti-NeuN antibody (1:300); mCherry was detected by rabbit anti-mCherry (1:700) or chicken anti-mCherry antibody
(1:500); proliferating cells were labelled with rabbit anti-Ki67 (1:300).

Increasing neuronal activity by DREADDs

Adult mice (24-26-week-old NG2-EYFP mice, 3-7 mice per group for electrophysiology and 8 mice per group for immunohistochem-
istry; 8-9-week old Kir2.1 mice, 4 mice per group for electrophysiology, 6-7 mice per group for immunohistochemistry) were anes-
thetized with 2% Isoflurane and injected stereotaxically into the somatosensory cortex (antero-posterior at bregma, mediolateral
2.25 mm, dorso-ventral 1.4 mm, 200 nl/min) with 500 nl of pAAV8-hSyn-hM3D(Gq)-mCherry (Gg) and pAAV8-hSyn-mCherry (control)
viruses, or pAAV5-SYN1-HA-hM3D(Gq)’* and pAAV5-hSyn-EGFP (control), (all from Addgene). Meloxicam was given pre-opera-
tively and for 3 days post injection for pain relief. The mice were left at least 3 weeks after the injection to ensure enough gene expres-
sion. To activate Gq and increase neuronal activity, CNO (HelloBio) was administered at 25 mg/L in the drinking water of both Gg and
control mice.

Neuron-OPC co-cultures

To prepare cortical neuron cultures, cortices were dissected from E19-20 CD rat embryos and cells were dissociated with TrypLE.
100K cells were plated on poly-D-lysine coated coverslips in 24-well plates, in neurobasal medium supplemented with B27, 5% fetal
bovine serum, and 1% penicillin/streptomycin. A half-medium change (without fetal bovine serum) was performed on day 4, along
with 1 uM AraC treatment. Following this, half-media changes were performed twice per week, until OPCs were added at 14 days
in vitro (DIV) and the medium was changed to neurobasal supplemented with 0.5X N2 (made in house), 0.5X B27 and 20 ng/m| BDNF.

OPCs were isolated from P0-2 Sox10-DsRed rats’” after tissue digestion by Worthington Papain solution with DNasel, using mag-
netic cell sorting, with microbeads conjugated to anti-A2B5, following the manufacturer’s instructions and as described previously.”®
5-20K OPCs were plated in 50 pl volume on poly-D-lysine coated coverslips in 24-well plates in neurobasal medium supplemented
with 0.5X N2 and 0.5X B27, or plated onto 100K cortical neuron cultures. 20 ng/ml BDNF was added every 2nd day and 10 pg/ml
Insulin-zinc was added daily. OPCs were used for electrophysiological recordings on 4-5 DIV.

To assess proliferation, 400 nM EdU was added to the medium for 24 hours on 4 DIV. For antibody staining, coverslips were fixed in
4% PFA for 10 minutes, and following washes, they were blocked and permeabilized for one hour at RT in 10% GS, 0.1% Triton X 100,
then incubated with rabbit anti-NG2 (Cat#ab275024, Abcam, 1:100) antibody overnight at 4°C. Coverslips were washed thrice in PBS
and incubated with secondary antibody (1:1000) for two hours at RT. Following two PBS washes, coverslips were incubated with
DAPI. EdU was detected using a Click It kit according to the manufacturer’s instructions. Following washing, coverslips were
mounted (Fluoromount) on glass slides and imaged with a Leica TCS SP8 confocal.

Kir4.1 channel overexpression in OPC cultures

Mixed glial cultures were prepared from P0-2 CD rats as previously described.?' Briefly, OPCs were isolated from mixed glial cultures
by modified shake off method of McCarthy and de Vellis.?**® OPCs were resuspended in OPC medium containing DMEM with 1%
penicillin/streptomycin, 5 pg/ml human recombinant Insulin/zinc, 50 pg/ml apo-Transferrin, 2% SOS,%* and supplemented daily with
10 ng/ml human bFGF and 10 ng/ml PDGF-AA. OPCs were plated in OPC medium on PDL-coated 6-well plates (100,000 cells/well)
or on PDL and matrigel coated glass cover slips (22 mm diameter, 50K cells/cover slip). OPCs were transfected with 5 ug Kir4.1-GFP
(OriGene) or GFP control plasmid (Lonza) using Lipofectamine 3000 transfection reagent and used for experiments 24-48hrs after
lipofection.

To assess proliferation, coverslips were fixed in 4% PFA, and following PBS washes, they were blocked and permeabilized for one
hour at RT in 10% GS, 0.5% Triton X100, then incubated with rabbit anti-Ki67 (Abcam, 1:300) overnight at 4°C. Coverslips were
washed thrice in PBS and incubated with secondary antibody (1:500) for one hour at RT. Following three PBS washes, coverslips
were incubated with DAPI, washed and mounted (Fluoromount) on glass slides and imaged with a Leica SP5 confocal.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed in GraphPad Prism, or manually calculated. Data are shown as mean + s.e.m, and the number
of experiments indicated in text or figures, as appropriate. Where relevant, normality of data was assessed using Shapiro-Wilk tests.
Significance in the variance between data set was assessed using F-test or Brown-Forsythe test and to directly test difference in
variance, Levene’s variability test was used. One-way ANOVA, followed by Holm-Bonferroni-corrected post-hoc t-tests were
used to compare multiple groups. Two-way ANOVA with Sidak’s multiple comparisons tests were used to assess the significant dif-
ferences between current/voltage (I/V) curves at different ages. Paired or unpaired two-tailed Student’s t-test was used for compar-
ison of means between two groups. In cases where variances were unequal, Welch’s correction was used for two-tailed t-tests and
one-way ANOVA. Gaussian curve fits were evaluated by extra-sum of squares F-test and Akaike’s information criteria. Differences in
percentages between age groups were analysed by Chi-squared test with Yates correction and distribution test. Correlation between
two parameters was assessed by linear regression analyses.
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