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Abstract The inwardly rectifying K* channel K;,4.1 is broadly expressed by CNS glia and deficits
in K;;4.1 lead to seizures and myelin vacuolization. However, the role of oligodendrocyte K;.4.1
channels in controlling myelination and K* clearance in white matter has not been defined. Here,
we show that selective deletion of K;;4.1 from oligodendrocyte progenitors (OPCs) or mature
oligodendrocytes did not impair their development or disrupt the structure of myelin. However,
mice lacking oligodendrocyte K;4.1 channels exhibited profound functional impairments, including
slower clearance of extracellular K and delayed recovery of axons from repetitive stimulation in
white matter, as well as spontaneous seizures, a lower seizure threshold, and activity-dependent
motor deficits. These results indicate that K; 4.1 channels in oligodendrocytes play an important
role in extracellular K homeostasis in white matter, and that selective loss of this channel from
oligodendrocytes is sufficient to impair K* clearance and promote seizures.

DOI: https://doi.org/10.7554/eLife.34829.001

Introduction

Action potentials lead to increases in extracellular K* that if left unchecked can impair membrane
repolarization, induce tonic firing and trigger seizures. The redistribution of extracellular K* following
neuronal activity is mediated through diffusion and uptake into cells (K* buffering), particularly glial
cells which maintain a high resting conductance to K* and a highly negative resting potential
(Kofuji and Newman, 2004). In gray matter, astrocytes have been shown to participate in K™ buffer-
ing, but much less is known about the mechanisms that enable K* clearance in white matter, where
astrocyte access to axons is limited to nodes of Ranvier and the majority of axonal K™ channels are
located beneath the myelin sheath (Rash et al., 2016; Wang et al., 1993). Oligodendrocytes have
extended contact with axons and exhibit a high resting conductance to K*, but their contribution to
K" clearance in white matter and the impact of this K* redistribution on neuronal activity has not
been determined.

K™ entry into glial cells is facilitated, in part, by inwardly rectifying K™ channels (K;. channels) that
promote unidirectional movement of K* across membranes. K;;4.1 is the most abundant K* channel
expressed by astrocytes and oligodendroglia (Zhang et al., 2014) and has been shown to help
establish their resting membrane potential (Djukic et al., 2007; Neusch et al., 2006) and to redis-
tribute extracellular K* in gray matter following neuronal activity (Chever et al., 2010; Haj-
Yasein et al., 2011; Neusch et al., 2006). The importance of K;4.1 in K" homeostasis is underscored
by the severe neurological phenotype of K;4.1 knockout mice, which exhibit ataxia, seizures,
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deafness, widespread myelin pathology, and early death (Djukic et al., 2007, Neusch et al., 2001).
Many of these features are also observed in human patients with SeSAME/EAST syndrome, a rare
genetic disease caused by loss-of-function mutations in K;4.1 (Bockenhauer et al., 2009,
Scholl et al., 2009). Polymorphisms in the K;4.1 gene are associated with idiopathic epilepsy
(Buono et al., 2004; Heuser et al., 2010; Lenzen et al., 2005) and autism spectrum disorder with
seizures (Sicca et al., 2011; 2016), futher supporting a close functional link between Kir4.1 dysfunc-
tion and neuronal hyperexcitability. Ki4.1 expression levels are reduced in a vast array of CNS
pathologies (for review, see Nwaobi et al., 2016), and restoration of astrocyte K;4.1 levels in the
striatum of Huntington's disease model mice enhanced neuronal suvival and ameliorated motor defi-
cits (Tong et al., 2014), suggesting that impaired K* buffering may contribute to both genetic and
aquired neurological disease.

Although the pathological sequelae arising from K;;4.1 dysfunction are commonly attributed to
astrocytes, oligodendrocyte precursor cells (OPCs) and mature oligodendrocytes have also been
shown to express K;4.1, by immunohistochemistry (Kalsi et al., 2004; Poopalasundaram et al.,
2000), reporter gene expression (Tang et al., 2009), RNA-Seq (Tasic et al., 2016; Zhang et al.,
2014) and recordings of Ki-mediated currents (Battefeld et al., 2016, Maldonado et al., 2013).
OPCs that lack K;4.1 fail to fully mature into oligodendrocytes in vitro (Neusch et al., 2001), and
white matter tracts in glial-specific K; 4.1 knockout mice exhibit extensive vacuolization (Djukic et al.,
2007), suggesting that this K* channel performs diverse roles in oligodendroglia. Functional studies
indicate that selective depolarization of oligodendrocytes in white matter alters the conduction
speed of action potentials, an effect that is abolished by application of a K;. channel blocker
(Yamazaki et al., 2007; 2014), suggesting that oligodendrocyte K; 4.1 channels can shape neuronal
activity on a rapid time scale. However, the relative contribution of oligodendroglial K;4.1 has been
difficult to assess in vivo, as pharmacological manipulations and genetic deletion studies, performed
in either global knockouts (Neusch et al., 2001) or early progenitor cells that give rise to both astro-
cytes and oligodendroglia (Djukic et al., 2007), do not distinguish the contributions of these two
cell types. As a result, the role of K;4.1 channels in regulating oligodendrocyte development and
function remains poorly understood.

Here, we used conditional genetic strategies to define the role of K;4.1 channels in shaping oligo-
dendrocyte development and maintaining myelin, and the participation of oligodendrocytes in con-
trolling K* clearance and neuronal activity within white matter. Although selective deletion of K;4.1
from OPCs raised their membrane potential and membrane resistance, it did not alter their survival,
proliferation or their ability to form oligodendrocytes in vivo. Selective deletion of this channel from
mature oligodendrocytes was similarly benign, as it had no effect on their survival or ability to form
myelin. However, despite the appearance of normal myelin in the absence of oligodendrocyte K;4.1,
these mice exhibited spontaneous seizures, increased chemoconvulsant sensitivity, and activity-
dependent deficits in motor behavior. Physiological studies in the corpus callosum and optic nerve
revealed that K* clearance rates in white matter of these mice were markedly slowed and axons
were impaired in their ability to sustain repetitive firing. Together, these findings indicate that oligo-
dendrocytes play a crucial role in controlling K™ homeostasis and that disruption of K;,4.1 expression
in oligodendrocytes is sufficient to promote neuronal hyperexcitability and seizures.

Results

CNS deletion of K;,4.1 alters the structure but not the development of
oligodendrocytes

Constitutive deletion of K;4.1 from glia (Gfa2-Cre;Kcnj10ﬂ/ﬁ mice) leads to dramatic changes in the
structure of myelin and in vitro studies of oligodendrocytes lacking K;;4.1 suggest that this channel is
required for both their maturation and survival (Djukic et al., 2007, Neusch et al., 2001). However,
the role of K;4.1 in shaping the development of oligodendroglia in vivo remains largely unexplored.
We deleted K;4.1 from the nervous system by crossing Kenj10" mice (Djukic et al., 2007) with
Nes-Cre mice, which express Cre recombinase in neural progenitor cells (Tronche et al., 1999).
These nervous-system-specific K;4.1 conditional knockout mice (termed nK;4.1cKO) exhibited
retarded growth, ataxia, tremor, and early mortality, with most mice dying by postnatal day (P) 25
(Figure 1A-B; Figure 1—video 1), similar to the phenotype of K;4.1 global knockout and glia-
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Figure 1. The fate of oligodendroglia following constitutive deletion of K;4.1 from the CNS. (A) A P24 Nes—Cre,‘KcanOﬁ/ﬂ (nK;;4.1cKO) mouse and a
Nes—Cre;KcnﬂOﬂ/* (control) littermate. (B) nK;,4.1cKO mice display ataxic gate (see Figure 1—video 1). (C) Coronal brain sections from control (left) and
nK;4.1cKO (right) mice at P24, immunostained with antibody against K;4.1. (D) Coronal brain sections from control (left) and nK;4.1cKO (right) mice at
P24, immunostained with antibody against Myelin Basic Protein (MBP). (E-F) Higher magpnification images of cortex (E) and corpus callosum (F) in

Figure 1 continued on next page
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Figure 1 continued

control and nK;4.1cKO mice, immunostained for MBP. Images of additional brain regions are included in Figure 1—figure supplement 1. (G)
Immunostaining for aspartoacylase (ASPA, a marker of mature oligodendrocytes) in corpus callosum of control (left) and nK;4.1cKO (right) mice. (H)
Quantification of ASPA™ cells per mm? in control (n = 4) and nK;4.1cKO (n = 4) mice. No significant difference in oligodendrocyte density was observed
(p=0.60; Student’s t-test). (I) Immunostaining for PDGFRa (green) and Ki67 (red) in hippocampus of control (top row) and nK;4.1cKO (bottom row) mice.
Insets show PDGFRo. and Kié7 double-immunoreactive cells. (J) Quantification of PDGFRo."™ cells per mm? in hippocampus of control (n = 3) and
nK;4.1cKO (n = 3) mice. No significant difference in OPC density was observed (p=0.52; Student's t-test). (K) Quantification of the proportion of
PDGFRa." cells that were Ki67* in hippocampus of control (n = 3) and nK;4.1cKO (n = 3) mice. Significantly fewer OPCs were Ki67" in nK;,4.1cKO mice
(p=0.002; Student's t-test). (L) Layer 1 oligodendrocytes in cortex (flat-mount) from Mobp-EGFP (control, top) and nK;4.1cKO;Mobp-EGFP (bottom)
mice. Scale bar = 20 um. White arrowheads indicate large myelin vacuoles. (M) Resting membrane potential and membrane resistance of corpus
callosum oligodendrocytes recorded in acute slices from control (Nes-Cre;Mobp-EGFP, n = 5 cells) and nK;4.1cKO (Nes-Cre,‘Kcnj7OWﬁ;Mobp—EGFP,

n =4 cells) mice at P21. nK;;4.1cKO oligodendrocytes had a depolarized membrane potential compared to controls (p=7.6 x 107; Student's t-test), but
no significant difference was observed in membrane resistance (p=0.62; Student's t-test). (N) |-V curves of control (gray) and nK;4.1cKO (orange) corpus
callosum oligodendrocytes. nK;4.1cKO cells were depolarized, but maintained a linear I-V curve.

DOI: https://doi.org/10.7554/eLife.34829.002

The following video and figure supplement are available for figure 1:

Figure supplement 1. Immunostaining for MBP in layer 1 of cortex (flat mount preparation) (A), striatum (B), cerebellum (C), and spinal cord dorsal
column (D) of control and nK;4.1cKO mice.

DOI: https://doi.org/10.7554/eLife.34829.003

Figure 1—video 1. Nes-Cre;Kenj10"" (nK;,4.1cKO) mouse at P24 displays an ataxic gait.

DOI: https://doi.org/10.7554/eLife.34829.004

specific K;;4.1 knockout mice (Djukic et al., 2007; Neusch et al., 2001). K;4.1 immunoreactivity was
no longer observed in the brains of these mice (Figure 1C), demonstrating effective deletion of this
channel from the CNS. Immunostaining for myelin basic protein (MBP) revealed dense myelinated
tracts in the corpus callosum and striatum, indicating that oligodendrocytes were formed; however,
these regions exhibited widespread vacuolization of myelin, with swellings visible along most intern-
odes (Figure 1D-F; Figure 1—figure supplement 1). Despite these striking morphological changes,
the density of oligodendrocytes in nK;4.1cKO mice at P24, measured by immunostaining for the oli-
godendrocyte protein aspartoacylase (ASPA), was comparable to control mice (Nes-Cre;Kcnj10%*)
(Figure 1G,H), indicating that oligodendrocytes are generated and mature in the absence of K;4.1.

Oligodendrocytes are maintained by resident OPCs, which proliferate to replace those that trans-
form into new oligodendrocytes (Hughes et al., 2013). Because of this robust homeostatic response,
oligodendrocyte density can be maintained despite profound loss (Kang et al., 2010), which could
mask underlying oligodendrocyte death. To assess whether there is accelerated turnover of oligo-
dendrocytes in nK;4.1cKO mice, we examined the proportion of OPCs that were immunoreactive to
the cell division marker Ki67 (Figure 1I). This analysis revealed that OPC density was unchanged
(Figure 1J) in nK;4.1cKO mice, and their proliferation was reduced, rather than increased
(Figure 1K), suggesting that oligodendrocyte turnover is not increased.

To assess the physiological properties of oligodendrocytes when K;4.1 is absent from the CNS,
we crossed nK;4.1cKO mice with Mobp-EGFP mice (Gong et al., 2003), allowing oligodendrocytes
to be visualized for targeted recording in acute slices (Figure 1L). EGFP* oligodendrocytes in the
corpus callosum of these mice at P21 were significantly depolarized compared to controls (Nes-Cre;
Mobp-EGFP) (control: =77 £ 2 mV, n = 5; cKO: =31 + 1 mV, n = 4; p=7.6 x 107) (Figure 1M), but
maintained the membrane resistance and linear current-voltage response characteristic of WT oligo-
dendrocytes (Figure TM,N). Together these results indicate that deletion of K;4.1 from the CNS
leads to profound changes in the structure of myelin and depolarization of oligodendrocytes but
does not impair their maturation or accelerate their degeneration during development.

K;4.1 channels contribute to the resting membrane potential and
membrane resistance of OPCs

Ki4.1 is the most abundant K channel expressed by OPCs (Larson et al., 2016), and upregulation
of these channels, as assessed by the appearance of Ba’"-sensitive K currents, correlates with
development of a more negative OPC membrane potential and acquisition of a linear |-V curve pro-
file over the course of postnatal development (Maldonado et al., 2013), suggesting that K;,4.1 plays
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a key role in establishing the membrane properties of these progenitors. To determine if K;;4.1 chan-
nels influence the physiological properties of OPCs and their developmental progression in vivo, we
selectively deleted these channels in OPCs by crossing Pdgfra-CreER mice (Kang et al., 2010) with
Kenj10"" mice. A sensitive Cre-dependent EGFP reporter transgene (ROSA26-CAG-EGFP (RCE))
(Sousa et al., 2009) was included to mark cells in which Cre activity was induced and recombination
was initiated at P21 with 4-hydroxytamoxifen (4-HT). EGFP™ OPCs in the corpus callosum, hippocam-
pus, and cortex of these conditional knock-out mice (termed pK;4.1cKO) were targeted for whole
cell recording in acute slices and compared to OPCs in control mice (Pdgfra-CreER;RCE)
(Figure 2A). OPCs were readily distinguished from oligodendrocytes generated in the intervening 2
weeks by their radial morphology (Figure 2B) and presence of a depolarization-induced sodium cur-
rent (Figure 2C) (Bergles et al., 2000; De Biase et al., 2010; Ong and Levine, 1999). OPCs in con-
trol mice exhibited prominent outward and inward currents in response to current injection,
resulting in a near linear current-voltage (I-V) relationship (Figure 2D,F; Figure 2—figure supple-
ment 1A). Application of a low concentration of BaCl, (100 puM), which inhibits K;4.1 channels,
blocked the hyperpolarization-induced inward current (Figure 2D,F; Figure 2—figure supplement
1A,B). In contrast, the majority of OPCs (49/65, 76%) in pK;4.1cKO mice exhibited greatly reduced
inward currents in response to hyperpolarization, and BaCl, (100 uM) did not alter their I-V relation-
ship, indicating that K;4.1 was no longer expressed (Figure 2E,G; Figure 2—figure supplement
2B). The remaining 24% of EGFP* OPCs in pK;4.1cKO mice exhibited a linear |-V profile (Figure 2—
figure supplement 2), suggesting that activation of CreER in these cells did not result in excision of
both floxed K;4.1 alleles over this time period.

OPCs in both gray and white matter that lacked K;4.1 were ~20 mV more depolarized and exhib-
ited a ~ 10 fold higher membrane resistance (measured at -80 mV with a 10 mV depolarization step)
than control OPCs (Figure 2H-I; Figure 2—figure supplement 1C-D). Similar changes were
induced in OPCs of control mice when K;4.1 was inhibited with 100 uM BaCl, (Figure 2H-I; Fig-
ure 2—figure supplement 1C-D), indicating that these changes reflect the direct contribution of
K;:4.1 rather than other compensatory changes induced by deletion of these channels. These results
indicate that K;4.1 channels dominate the resting conductance of OPCs and force these progenitors
to adopt a more hyperpolarized membrane potential.

Deletion of K;,4.1 from OPCs does not affect their survival,
proliferation, or differentiation

Previous in vitro studies have shown that expression of K;4.1 is sufficient to hyperpolarize and cause
G1/Go arrest of glioma cells (Higashimori and Sontheimer, 2007) and flux of K through voltage-
gated K" channels has been shown regulate OPC proliferation and differentiation in vitro
(Gallo et al., 1996; Ghiani et al., 1999, Knutson et al., 1997). To determine how the depolarization
induced by K;4.1 deletion influences OPC behavior, we performed in vivo fate tracing using
pK;4.1cKO mice bred to R26R-EYFP mice (Srinivas et al., 2001). In the RCE reporter line used for
electrophysiological recordings, nearly 100% of OPCs expressed EGFP (Figure 3—figure supple-
ment 1), yet K;4.1 currents were absent in only 76% of OPCs (Figure 2—figure supplement 2).
Therefore, for these studies we used a R26R-EYFP reporter line that exhibits a recombination effi-
ciency (78% of OPCs) comparable to the proportion of OPCs that lack K;4.1 currents in cKO mice
(Figure 3—figure supplement 1). Control (n = 6) and pK;4.1cKO (n = 7) mice received 4-HT at P21
and the density of OPCs in gray and white matter was assessed at P35 by immunostaining for
PDGFRa. to identify all OPCs, and EYFP to identify OPCs that have expressed Cre recombinase and
lack K;;4.1. If OPC proliferation or survival is impaired, a decrease in the relative proportion of EYFP*
OPCs is expected; however, there was no change in the density of OPCs or the proportion of EYFP™
OPCs between control and pK;4.1cKO mice (Figure 3—figure supplement 2).

To assess proliferation more directly, the proportion of dividing OPCs was determined by admin-
istering bromodeoxyuridine (BrdU) twice daily from P28 to P34 (Figure 3A). Although the proportion
of BrdU* OPCs varied by region, from ~45% in hippocampus to ~60% in corpus callosum, no differ-
ences were observed between EYFP™ and EYFP~ populations in either region (Figure 3B-E; Fig-
ure 3—figure supplement 3A-C), indicating comparable rates of proliferation. At this time point,
EYFP* cells consisted of ~75% PDGFRa" OPCs and ~15% CC1* oligodendrocytes in the hippocam-
pus, and ~45% OPCs and ~40% oligodendrocytes in the corpus callosum, with no significant differ-
ences observed between control and K;4.1-deleted OPCs (Figure 3F-H; Figure 3—figure
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Figure 2. Effect of specific K;4.1 deletion on the membrane properties of OPCs. (A) Experimental protocol: 4-hydroxytamoxifen (2 x 1 mg) was
administered to Pdgfra-CreER;RCE (control) and Pdgfra-CreER;RCE;KcnﬂOﬁ/ﬁ (pK;;4.1cKO) mice i.p. at P21, and mice were sacrificed at P35 for whole
cell recording in acute brain slices. (B) Immunostaining in fixed tissue from control mouse showing that EGFP (green) is expressed in OPCs,
immunoreactive to NG2 (red) and PDGFRa (blue). (C) Response of an OPC (black) and an oligodendrocyte (red) to a 70 mV depolarizing step. The OPC
shows a distinct inward deflection after the initial capacitive current, reflecting activation of voltage-gated sodium channels that are only expressed at
the OPC stage. (D) Whole cell recordings from hippocampal OPCs of control mice. Voltage steps (—150 mV to +60 mV, 15 mV intervals) were applied
to each cell in regular ACSF and in ACSF +100 uM BaCl,. (E) The same voltage protocol was applied to hippocampal OPCs in pK;4.1cKO mice. (F)
Plots showing the |-V relationship of control OPCs in corpus callosum (left, n = 18) and hippocampus (right, n = 16), in regular ACSF (gray) and

ACSF +100 uM BaCls, (black). (G) Plots showing the |-V relationship of pK;4.1cKO OPCs in corpus callosum (left, n = 18) and hippocampus (right,

n = 17), in regular ACSF (red) and ACSF +100 uM BaCl; (black). I-V plots for cortical OPCs are included in Figure 2—figure supplement 1. (H)
Quantification of the average resting membrane potential of control OPCs in ACSF (gray, CC: n = 21, Hippocampus: n = 24), control OPCs in 100 uM
BaCl, (black, CC: n =10, Hippocampus: n = 10), and pK;4.1cKO OPCs (red, CC: n = 21, Hippocampus: n = 20). The three groups are significantly
different (CC: F=27.3, p=1.1 x 1078, Hippocampus: F = 19.5, p=5.1 x 107) (one-way ANOVA). Differences between control/ACSF and control/BaCl,
(CC: p=1.3 x 107, Hippocampus: p=1.9 x 10 and between control/ACSF and pK;4.1cKO (CC: p=2.4 x 107, Hippocampus: p=4.0 x 107) are
statistically significant (Bonferroni's test, o. = 0.017). CC = corpus callosum. (I) Quantification of membrane resistance of OPCs in (H). The three groups
are significantly different (CC: F = 13.2, p=2.7 x 10™; Hippocampus: F = 10.8, p=1.2 x 107%) (one-way ANOVA). Differences between control/ACSF and
control/BaCl, (CC: p=0.0019, Hippocampus: p=7.7 x 10~ and between control/ACSF and pK;4.1cKO (CC: p=3.9 x 107, Hippocampus: p=0.0014) are
Figure 2 continued on next page
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Figure 2 continued

statistically significant (Bonferroni's test, o = 0.017). Quantifications of membrane resistance and membrane potential of cortical OPCs are included in
Figure 2—figure supplement 1. The distribution of membrane potential and membrane resistance among control and pK;4.1cKO cells, as well as
example |-V curves of ‘knockout-like’ and ‘wild-type-like’ pK;4.1cKO OPCs, are included in Figure 2—figure supplement 2.

DOI: https://doi.org/10.7554/elife.34829.005

The following figure supplements are available for figure 2:

Figure supplement 1. K; 4.1 deletion from cortical OPCs.

DOI: https://doi.org/10.7554/eLife.34829.006

Figure supplement 2. EGFP" OPCs in pK;4.1cKO animals can be classified in two groups based on membrane currents.
DOI: https://doi.org/10.7554/eLife.34829.007

supplement 3D-F). Thus, although OPCs lacking K;4.1 exhibited markedly higher membrane resis-
tance and more depolarized membrane potential, remarkably, these changes did not alter their pro-
liferation or differentiation into oligodendrocytes.

K;.4.1 does not influence the membrane potential or membrane
resistance of oligodendrocytes

Ki4.1 continues to be expressed by oligodendroglia after differentiation (Brasko et al., 2017,
Kalsi et al., 2004; Neusch et al., 2001; Poopalasundaram et al., 2000; Zhang et al., 2014), and
the results above indicate that oligodendrocytes in situ are depolarized when K; 4.1 is removed from
the entire CNS (Figure 1), raising the possibility that cell autonomous alterations in their physiologi-
cal properties induce the malformation of myelin observed in these animals. To test this hypothesis,
we crossed Kecnj10" mice with Mog-iCre mice, which express Cre recombinase specifically in
mature oligodendrocytes (Buch et al., 2005). Unlike nK;4.1cKO mice, which have severe neurologi-
cal symptoms and drastically shortened lifespan (Figure 1), these oligodendrocyte-specific Kir4.1
knockout mice (oK;4.1cKO) were grossly normal phenotypically and survived to adulthood.

To enable analysis of both oligodendrocytes and astrocytes, and thereby verify the specificity of
K;4.1 deletion, oK;4.1cKO mice were crossed to two other lines: the RCE reporter line, to express
EGFP in recombined oligodendrocytes, and a Slc1a2-EGFP line (Regan et al., 2007), in which astro-
cytes constitutively express EGFP. EGFP* oligodendrocytes and astrocytes from the two lines were
isolated using fluorescence-activated cell sorting (FACS) from 10-week-old control and oK;4.1cKO
mice. Levels of K;4.1 mRNA were quantified by reverse transcription and quantitative real-time PCR
(Figure 4—figure supplement 1). As expected, oligodendrocytes (n = 6 mice) expressed high levels
of mRNA for myelin proteins, while astrocytes (n = 5 mice) expressed higher levels of mRNA for glial
fibrillary acidic protein (GFAP) (Figure 4—figure supplement 1A-B). K;4.1 mRNA levels were >10
fold lower in oK;4.1cKO oligodendrocytes (n = 3) than in control oligodendrocytes (n = 3)
(RQ = 0.063, 95% Cl = 0.035-0.112) (Figure 4—figure supplement 1C), while oK;4.1cKO (n = 3)
and control (n = 2) astrocytes showed no difference in K;4.1 mRNA levels (RQ = 1.52, 95%
Cl = 0.32-7.10) (Figure 4—figure supplement 1D).

To assess the role of K;;4.1 in cell-autonomously regulating the membrane properties of oligoden-
drocytes, EGFP* cells were targeted for whole cell recording in the corpus callosum of 5 to 6-week-
old control;RCE and oK;4.1cKO;RCE mice. In contrast to nK;4.1cKO mice (Figure 1), no significant
changes in resting membrane potential (RMP) (Control: =70 + 1 mV (n = 17) vs. oK;4.1cKO: —68 + 1
mV (n = 26), p=0.25), membrane resistance (R,,) (Control: 33 = 3 MQ vs. oK;4.1cKO: 40 + 4 MQ,
p=0.22), or |-V response of EGFP* oligodendrocytes were observed following selective deletion of
Ki4.1 (Figure 4A-B). In an independent group of oligodendrocytes recorded in the alveus of the
hippocampus, there was similarly no change in R,, after K;4.1 deletion (Control: 27 + 2 MQ, n = 16
vs. oK;4.1cKO: 28 + 3 MQ, n = 18; p=0.86) (data not shown). These findings indicate that K;4.1
does not influence the membrane properties of mature oligodendrocytes, indicating that other K*
conductances dominate at this stage.

To investigate the role of other barium-sensitive K* channels in maintaining the membrane con-
ductance of control and oK;4.1cKO oligodendrocytes, membrane resistance was measured before
and after application of BaCl, (100 uM). Application of BaCl, increased the membrane resistance of
control and oK;4.1cKO oligodendrocytes to a similar degree (AR, control: 15.2 £ 3.2 MQ, n = 25 vs.
oK;;4.1cKO: 19.9 + 3.5 MQ, n = 32; p=0.33) (Figure 4—figure supplement 2). These results indicate
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Figure 3. Deletion of Kird.1 from OPCs does not affect their proliferation or differentiation. (A) Experimental protocol: 4-hydroxytamoxifen (2 x 1 mg)
was administered to Pdgfra-CreER;R2R-EYFP (control) and Pdgfra—CreER;RZéR—EYFP;Kcnj7OH/H (PKir4.1cKO) mice i.p. at P21. BrdU (2 x 50 mg/kg i.p. +1
mg/mL in drinking water) was administered daily from P28-P34, and mice were sacrificed at P35. (B) Immunostaining for EYFP (green), PDGFRa (red),
and BrdU (cyan), showing a BrdU™ OPC in the hippocampus of a control mouse. Orthogonal views show colocalization of the signals in the z plane. (C-
D) Immunostaining for EYFP (green), PDGFRa (red), and BrdU (cyan) in the corpus callosum of a control (C) and pK;4.1cKO (D) mouse. Top insets show
EYFP* PDGFRo* BrdU* OPCs, bottom insets show EYFP~ PDGFRa." BrdU* OPCs. (E) Quantification of the proportions of EYFP* and EYFP~ PDGFRa.*
cells that incorporated BrdU in the corpus callosum of control (n = 6) and pK;4.1cKO (n = 7) mice. There is no significant interaction between genotype
and EYFP expression (Finteraction = 9.9 X 1075, p=0.99) (two-way ANOVA). All pairwise comparisons between groups are not statistically significant
(p>0.008; Bonferroni’s test). (F-G), Immunostaining for EYFP (green), PDGFRa (red), and CC1 (cyan) in the corpus callosum of a control (F) and
pK;4.1cKO (G) mouse. Top insets show EYFP* PDGFRa.™ CC1" oligodendrocytes, bottom insets show EYFP™ PDGFRo." CC1~ OPCs. (H) Quantification
of the proportions of EYFP™ cells expressing PDGFRa." (red), CC1" (blue), or neither (gray) in corpus callosum of control (n = 6) and pK;4.1cKO (n = 7)
mice. All pairwise comparisons are not statistically significant (p>0.017; Bonferroni’s test). Recombination efficiencies of the Rosa-CAG-EGFP and R26R-
EYFP reporter lines are compared in Figure 3—figure supplement 1. OPC densities in control and pK;4.1cKO mice are quantified in Figure 3—figure
supplement 2. Analysis of OPC proliferation and differentiation in hippocampus is included in Figure 3—figure supplement 3.

DOI: https://doi.org/10.7554/eLife.34829.008

The following figure supplements are available for figure 3:

Figure supplement 1. Recombination efficiencies of ROSA26-CAG-EGFP and R26R-EYFP reporter lines.
DOI: https://doi.org/10.7554/eLife.34829.009

Figure supplement 2. Deletion of K;,4.1 from OPCs does not affect their density.

DOI: https://doi.org/10.7554/eLife.34829.010

Figure supplement 3. OPC proliferation and differentiation in hippocampus.

DOI: https://doi.org/10.7554/eLife.34829.011
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Figure 4. Oligodendrocyte membrane properties and myelin are preserved following selective K 4.1 deletion. (A) Membrane resistance of corpus
callosum oligodendrocytes recorded in acute slices from control (Mog-iCre,RCE, n = 17 cells) and oK;4.1cKO (Mog-iCre;RCE;Kcnj10"’”’, n = 26 cells)
mice at 5 to 6 weeks of age. No significant difference was observed in membrane resistance (p=0.22; Student's t-test). (B) Resting membrane potential
of corpus callosum oligodendrocytes recorded in acute slices from control and oK;4.1cKO mice at 5 to 6 weeks of age. No significant difference was

Figure 4 continued on next page
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Figure 4 continued

observed in resting membrane potential (p=0.25; Student’s t-test). (C) |-V curves of control (n = 14) and oK;4.1cKO (n = 18) corpus callosum
oligodendrocytes at 5 to 6 weeks of age. K;;4.1 deletion did not significantly affect the current-voltage relationship. (D) Quantification of average
conduction velocity of myelinated (M) and unmyelinated (UM) axons, measured via extracellular field recordings of compound action potentials in the
corpus callosum of control (gray, n = 5 slices from two mice) and oK;4.1cKO (blue, n = 5 slices from two mice) animals. No significant differences in
conduction velocity were observed (M: p=0.42, UM: p=0.37; Student's t-test). (E) Tissue sections from a 10-week-old control animal immunostained for
MBP (left to right: whole brain (coronal), thoracic spinal cord (transverse), cerebellum (sagittal), layer 1 of cortex (flat mount), optic nerve (longitudinal)).
(F) Tissue sections from a 10-week-old oK;4.1cKO animal immunostained for MBP. Same regions as in (E). (G) Immunostaining for EGFP in corpus
callosum of 10-week-old control (left) and oK;,4.1cKO (right) mice. (H) Quantification of the density of EGFP* oligodendrocytes in the corpus callosum
of control (n = 6) and oK;;4.1cKO (n = 6) mice. No significant difference was observed (p=0.997; Student's t-test). (I) Transmission electron micrographs
showing myelinated axons in the corpus callosum of 10-week-old control and oK;4.1cKO mice. (J) Higher-magnification micrographs showing compact
myelin in control and oK;4.1cKO mice. (K) Scatterplot of the relationship between axon diameter (X-axis) and myelin g-ratio (diameter of axon/diameter
of axon + myelin) (Y-axis). 1103 axons from three control animals (gray) and 692 axons from 3 oK;4.1cKO animals (blue) were analyzed. Solid

line = linear regression of control data, R? = 0.4831. Dashed line = linear regression of oK;4.1cKO data, R? = 0.4033. (L) Average g-ratio of corpus
callosum axons from control (n = 3) and oK;4.1cKO (n = 3) animals. No significant difference was observed (p=0.38; Student's t-test). (M) Average value
of the slope of the linear regression (axon diameter vs. g-ratio) from control (n = 3) and oK;4.1cKO (n = 3) animals. No significant difference was
observed (p=0.81; Student’s t-test). Quantitative RT-PCR demonstrating reduced K;4.1 expression in oK;4.1cKO oligodendrocytes is included in
Figure 4—figure supplement 1. The effect of application of BaCl, to control and oK;4.1cKO oligodendrocytes is shown in Figure 4—figure
supplement 2. Example traces from extracellular field recordings measuring corpus callosum axon conduction velocity are included in Figure 4—
figure supplement 3. Immunostaining for SMI32 and GFAP in oK;4.1cKO mice is included in Figure 4—figure supplement 4.

DOI: https://doi.org/10.7554/eLife.34829.012

The following figure supplements are available for figure 4:

Figure supplement 1. Genetic deletion of K;,4.1 specifically from oligodendrocytes.

DOI: https://doi.org/10.7554/eLife.34829.013

Figure supplement 2. Effect of barium on oligodendrocyte membrane resistance.

DOI: https://doi.org/10.7554/elife.34829.014

Figure supplement 3. Example of extracellular field recordings in corpus callosum.

DOI: https://doi.org/10.7554/eLife.34829.015

Figure supplement 4. K; 4.1 deletion from oligodendrocytes does not lead to axon degeneration.
DOI: https://doi.org/10.7554/elife.34829.016

that the change in membrane resistance produced by BaCl, is due to a non-cell-autonomous effect,
such as inhibition of astrocyte K;4.1, or that other K* channels in addition to K;;4.1 are inhibited by
BaCIz.

Specific deletion of K;.4.1 from mature oligodendrocytes does not
disrupt myelination

It has been widely hypothesized that K;;4.1 plays an important role in myelination, as the most strik-
ing histological feature of K;4.1 global knockout and glia-specific knockout mice is severe spongi-
form vacuolation of the white matter (Djukic et al., 2007; Menichella et al., 2006; Neusch et al.,
2001) (Figure 1). However, due to the broad expression of this channel, it is unclear whether this
pathology is due to defects in oligodendrocytes or a consequence of astrocyte or OPC dysfunction.
To determine the role of oligodendrocyte K; 4.1 in myelination, we examined the white matter of oli-
godendrocyte-specific K;4.1 knockout mice. To assess whether axons are functionally preserved in
the absence of oligodendrocyte K; 4.1, compound action potentials (CAPs) reflecting conduction
along myelinated and unmyelinated axons were recorded in the corpus callosum (Figure 4—figure
supplement 3A,B). No difference in conduction velocity was observed for myelinated or unmyelin-
ated axon populations between control and oK;,4.1cKO mice (Figure 4D).

In contrast to the striking white matter pathology exhibited by nK;4.1cKO mice, the brain and
spinal cord of 10-week-old 0oK;4.1cKO animals exhibited grossly normal white matter with ample
myelin and no apparent vacuolation (Figure 4E-F). Moreover, there was no change in the density of
EGFP™* oligodendrocytes (Figure 4G-H), indicating that oligodendrocyte survival was not impaired.

To examine the structure of myelin at higher resolution, transmission electron microscopy (TEM)
was performed on control and oK;4.1cKO mice. Electron micrographs containing cross-sections of
corpus callosum from 10-week-old mice demonstrated a complete absence of vacuoles or aberrant
myelin in oK;4.1cKO animals (Figure 4I-J). Furthermore, the pattern of myelination, estimated by
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calculating g-ratios (diameter of axon/diameter of axon + myelin) (Figure 4K) revealed that there
was no difference in g-ratio across all axons (Control: 0.743 + 0.010 (n = 3 mice), oK;4.1cKO:
0.752 £ 0.001 (n = 3 mice), p=0.38) (Figure 4L), or in the relationship between axon diameter and g-
ratio (Control: 0.16 + 0.02 (n = 3 mice), oK;4.1cKO: 0.15 + 0.01 (n = 3 mice), p=0.81) (Figure 4M). In
addition, swollen or degenerating axons were completely absent from corpus callosum of
oK;;4.1cKO mice (Figure 4I) and immunostaining for SMI32 (non-phosphorylated neurofilament),
which is upregulated in degenerating axons (Lee et al., 2012), revealed no axonal pathology in the
corpus callosum of control or oK;4.1cKO animals (n = 6 for both genotypes) (Figure 4—figure sup-
plement 4A-B). Brain sections were also immunostained for GFAP, as astrocytes become reactive
and upregulate GFAP in response to neuronal degeneration (Lee et al., 2012). No difference in
GFAP expression was observed between control and oK;4.1cKO animals (Figure 4—figure supple-
ment 4C-D). These findings indicate that myelin and myelinated axons are not structurally altered as
result of the selective removal of K;4.1channels from oligodendrocytes.

Reduced seizure threshold in oligodendrocyte-specific K;4.1 knockout
mice

Although oK;4.1cKO mice did not exhibit alterations in the structure of myelin or progressive dis-
ability, these animals died much earlier than control littermates (Figure 5A). K;4.1 is a risk factor
gene for epilepsy (Bockenhauer et al., 2009; Dai et al., 2015; Inyushin et al., 2010; Lenzen et al.,
2005; Scholl et al., 2009), raising the possibility that K;4.1 dysfunction in oligodendrocytes is suffi-
cient to increase seizure susceptibility and induce death. Consistent with this hypothesis, oK;4.1cKO
mice exhibited occasional seizures and mice that had died were often discovered with limbs
extended, suggesting that they had suffered a catastrophic seizure.

To assess whether seizure susceptibility is enhanced by removal of K;4.1 from oligodendrocytes,
we compared the response of oK;4.1cKO and control mice to the chemoconvulsant pentylenetetra-
zol (PTZ). A stark difference was observed between groups. Nearly all (11/12) oK;4.1cKO mice
exhibited tonic-clonic seizures with full hindlimb extension after being injected with PTZ, while only
1/17 control mice exhibited this level of seizure severity (Figure 5B; Figure 5—video 1). Moreover,
8/12 oK;4.1cKO mice and only 1/17 control mice experienced fatal seizures, and oK;4.1cKO mice
had a faster seizure onset (Figure 5C-D), indicating that deletion of this K* channel from oligoden-
drocytes enhances neuronal excitability and increases seizure susceptibility.

K* buffering in white matter is impaired following K; 4.1 deletion from
oligodendrocytes

Previous studies have shown that K;4.1 is involved in buffering extracellular K* in both gray and
white matter (Bay and Butt, 2012; Chever et al., 2010; Haj-Yasein et al., 2011; Neusch et al.,
2006; Sibille et al., 2014), as extracellular K* levels are slower to recover following neuronal stimula-
tion in glia-specific K;4.1 knockout mice (Chever et al., 2010). However, the relative contribution of
astrocytes and oligodendrocytes to K* clearance, particularly in white matter where there is exten-
sive association between axons and oligodendrocytes, has not been assessed. To investigate the
role of oligodendrocyte K;4.1 in K* buffering, we recorded the response of oligodendrocytes from
control and oK;4.1cKO mice to repetitive axonal stimulation (100 Hz for 1 s) in two white matter
tracts, the corpus callosum and the alveus of the hippocampus (Figure 6A; Figure 6—figure supple-
ment 1A).

In accordance with previous studies (Battefeld et al., 2016; Yamazaki et al., 2007; 2014), oligo-
dendrocytes were progressively depolarized during the stimulus train due to K* release from active
axons and gradually returned to baseline after cessation of the stimulus (Figure 6B-C; Figure 6—fig-
ure supplement 1B-C) following the gradual decline in extracellular K* levels (Battefeld et al.,
2016). Oligodendrocyte depolarization occurred more slowly in oK;4.1cKO mice, and the decay of
membrane potential following cessation of stimulation was markedly prolonged relative to controls
(Figure 6B-D; Figure 6—figure supplement 1B-D) (corpus callosum: 11.6 = 1.6 s (n = 15) vs.
5.9 £ 0.7 s (n = 15), p=0.0036; alveus: 9.3 £ 0.6 s (n = 16) vs. 6.3 £ 0.4 s (n = 14), p=0.0017), which
was also reflected in the area under the curve (Figure 6E; Figure 6—figure supplement 1E). Thus,
while oligodendrocytes lacking K;4.1 still depolarize in response to axonal activity, presumably due
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Figure 5. K; 4.1 deletion from oligodendrocytes results in early mortality and reduced seizure threshold. (A)
Kaplan-Meier curve showing the probability of survival of control (black) vs. oK;4.1cKO (blue) mice from birth to
one year of age. Dashed lines represent the 95% confidence interval. oK;;4.1cKO mice have significantly shorter
survival than controls (p=6.8 x 107; log-rank test). Mice sacrificed for experimental use were censored on the date
of sacrifice. Analysis is based on a total of 113 control and 129 oK;4.1cKO mice. (B) Maximum seizure score
achieved by control (n = 17) and oK;4.1cKO (n = 12) mice 30 min following PTZ (40 mg/kg) injection. oK;;4.1cKO
mice reached significantly higher seizure scores than controls (U = —4.36, p=3.6 x 107°; Mann Whitney test). (C)
Kaplan-Meier curve showing probability of (score >3) seizure-free survival between PTZ injection and 30 minutes
post-injection. Dashed lines represent the 95% confidence interval. oK;4.1cKO mice (n = 12) had significantly
shorter seizure-free survival than controls (n = 17) (p=1.2 x 1075 log-rank test). (D) Mean latency to maximal
seizure among mice reaching a seizure score of 3 and above (n = 13 control, n = 12 oK;,4.1cKO). oK;4.1cKO mice
had significantly shorter latency to seizure (p=0.006, Student's t-test).

DOI: https://doi.org/10.7554/eLife.34829.017

The following video is available for figure 5:

Figure 5—video 1. Control and oK;4.1cKO mice undergoing PTZ-induced seizures.

DOI: https://doi.org/10.7554/eLife.34829.018

to the presence of other pathways for K* redistribution (Rash et al., 2016), their recovery from the
stimulus train was slower, suggesting that extracellular K* clearance is slowed.

To provide an independent assessment of extracellular K¥ dynamics, we recorded the response
of astrocytes in the corpus callosum and alveus of oK;4.1cKO mice (crossed to Slc1a2-EGFP mice to
allow astrocyte visualization) (Figure 6F; Figure 6—figure supplement 1F). Astrocyte membrane
potential follows the concentration of extracellular K* closely, due to the high permeability of their
membranes to K* (Chever et al., 2010; Meeks and Mennerick, 2007; Orkand et al., 1966). Using
the same stimulation paradigm, astrocytes were observed to depolarize with a similar time course to
oligodendrocytes (Figure 6G-H; Figure 6—figure supplement 1G-H). However, despite the pres-
ence of normal K;;4.1 expression by astrocytes, a significant slowing of their decay following the end
of the stimulus was observed in oK;4.1cKO mice, comparable to that observed in oligodendrocytes
(Figure 6G-J; Figure 6—figure supplement 1G-J). These findings suggest that oligodendrocyte
Ki4.1 channels contribute substantially to the removal of axonally released K* in white matter.
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Figure 6. K" clearance after high-frequency stimulation of corpus callosum axons is impaired following deletion of K;4.1 from oligodendrocytes. (A)
Recording set-up: EGFP™ oligodendrocytes in the corpus callosum were targeted for whole cell recording in control; RCE and oK;4.1cKO;RCE mice.
Axons were stimulated at 100 Hz for 1 s with a bipolar electrode at a distance of ~200 um. (B) Membrane potential changes of oligodendrocytes
recorded in current clamp mode during and after 100 Hz stimulation. Shown are averaged responses of cells from control mice (black, n = 15),
0K;4.1cKO mice (blue, n = 15), and control mice in the presence of 1 UM TTX (red, n = 7). Dashed line represents baseline RMP. (C) Average responses
of control and 0oK;4.1cKO oligodendrocytes in (B) shown on an expanded time scale to highlight membrane potential changes during and immediately
after stimulation. Response amplitudes are scaled to the same value at the end of stimulation to facilitate comparison of response kinetics. Stimulation
Figure 6 continued on next page
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artifacts have been eliminated for clarity. (D) Quantification of the average decay time, defined as the time from the end of stimulation until the
membrane potential first crosses its initial baseline value. This value is independent of response amplitude. oK;4.1cKO oligodendrocytes (n = 15) had
significantly longer decay times than control oligodendrocytes (n = 15, p=0.0017; Student’s t-test). (E) Quantification of the average normalized integral,
defined as the area under the curve from the end of stimulation until the membrane potential first crosses the baseline, divided by the peak amplitude.
oK;4.1cKO oligodendrocytes had significantly greater normalized integral than control oligodendrocytes (p=0.0022; Student's t-test). (F) EGFP*
astrocytes in the corpus callosum were targeted for whole cell recording in control;Slc1a2-EGFP and oK;4.1cKO;Slc1a2-EGFP mice. Same protocol as in
(A). (G) Membrane potential changes of astrocytes recorded in current clamp mode during and after 100 Hz stimulation. Shown are averaged responses
of cells from control mice (black, n = 7), oK;;4.1cKO mice (green, n = 5), and control mice in the presence of 1 uM TTX (red, n = 6). Dashed line
represents baseline RMP. (H) Average responses of control and oK;4.1cKO astrocytes shown in (G), on an expanded time scale. Response amplitudes
were scaled to the same value at the end of stimulation, to facilitate comparison of response kinetics. Stimulation artifacts have been eliminated for
clarity. (I) Quantification of the average decay time. oK;4.1cKO astrocytes (n = 5) had significantly longer decay times than control astrocytes (n =7,
p=0.026; Student's t-test). (J) Quantification of the normalized integral. oK;;4.1cKO astrocytes had significantly greater normalized integral than control
astrocytes (p=0.0049; Student'’s t-test). Similar recordings from oligodendrocytes and astrocytes in the alveus of the hippocampus are shown in

Figure 6—figure supplement 1.

DOI: https://doi.org/10.7554/eLife.34829.019
The following figure supplement is available for figure 6:

Figure supplement 1. K* clearance after high-frequency stimulation of alveus is impaired following deletion of K;,4.1 from oligodendrocytes.
DOI: https://doi.org/10.7554/eLife.34829.020

Deletion of K;.4.1 from oligodendrocytes affects conduction of action
potentials through white matter

To assess the functional impact of oligodendrocyte-specific K;;4.1 deletion on axonal activity in white
matter, CAPs were recorded from isolated optic nerves from 10-week-old animals using suction elec-
trodes (Stys et al., 1991) (Figure 7A). Consistent with the behavior of axons in the corpus callosum
(Figure 4D), K;4.1 deletion from oligodendrocytes did not affect the mode (i.e. peak of the CAP) or
median baseline conduction velocity of the nerves (n = 5 nerves from three mice for each genotype)
(Figure 7B-C).

It is established that high-frequency stimulation of the optic nerve results in an increase in extra-
cellular K* levels and a decay of the CAP waveform (Bay and Butt, 2012; Ransom et al., 2000). In
young K;4.1 KO optic nerves, there is a slower restoration of the extracellular K* concentration after
stimulation (Bay and Butt, 2012), suggesting that K;4.1 plays an important role in K* clearance in
this tissue. To assess the contribution of oligodendrocyte K;;4.1 to K* clearance, optic nerves from
control and oK;4.1cKO mice were stimulated at high frequency (100 Hz), which caused the CAP
waveform to progressively broaden and decrease in amplitude (Figure 7D). After cessation of stimu-
lation, the CAP waveform gradually returned to its previous form (Figure 7E). Although oK;4.1cKO
nerves exhibited a similar reduction in peak amplitude during stimulation, the CAP waveform in
these nerves took significantly longer to recover after stimulation ended (Figure 7E-F). The CAP
integral, representing total activity in the nerve, and the median axon conduction latency also recov-
ered more slowly in 0K;4.1cKO mice (Figure 7—figure supplement 1). When the same experiments
were repeated using lower frequency stimulation (20 Hz), the recovery of oK;4.1cKO CAPs was also
delayed (Figure 7G, Figure 7—figure supplement 1). These findings suggest that oligodendrocyte-
specific K;;4.1 deletion alters action potential conduction in both physiological and pathophysiologi-
cal activity regimes.

Deletion of K;,4.1 from oligodendrocytes results in activity-dependent
motor deficits

To determine whether removal of K;4.1 selectively from oligodendrocytes influences normal behav-
ior, we examined the motor function of oK;4.1cKO mice. When placed in an open field chamber,
there was no difference in total locomotion or in rearing behavior of oK;4.1cKO mice (Figure 8A).
However, when challenged by placement on an accelerating rotarod, oK;4.1cKO mice had signifi-
cantly shorter latency to fall (Figure 8B). Moreover, when given free access to a running wheel over
multiple days, control mice increased their running activity over time, eventually running 10-15 km
per 24 hr period (Figure 8C), while oK;4.1cKO mice were unable to achieve the same performance
level, and typically did not exceed 5 km per 24 hr. As a result, the cumulative distance run over 7
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Figure 7. Recovery of axonal firing patterns after high frequency activity is slowed following deletion of K;4.1 from
oligodendrocytes. (A) Schematic diagram of optic nerve recording set-up. Nerve is inserted into suction
electrodes, stimulated at the retinal end, and recorded at the chiasmatic end. A reference electrode is placed next
to the recording electrode, and the signals are subtracted to reduce the stimulus artifact. (B) Quantification of the
peak (mode) conduction velocities of optic nerve axons from control (n = 5 nerves) and oK;4.1cKO (n = 5 nerves)
mice. No significant difference was observed (p=0.51; Student’s t-test). (C) Quantification of the median
conduction velocities of optic nerve axons from control (n = 5 nerves) and oK;;4.1cKO (n = 5 nerves) mice. Median
was calculated over 6 ms following stimulus artifact. No significant difference was observed (p=0.11; Student’s
t-test). (D) CAPs recorded from a control (top) and oK;4.1cKO (bottom) optic nerve during 30 s of 100 Hz
stimulation. The bold black trace is the first sweep, and the bold red trace is the last sweep. (E) CAPs recorded at
0.1 Hz from a control (top) and oK;4.1cKO (bottom) optic nerve during 5 min of recovery from stimulation. The
bold black trace is the first sweep, and the bold red trace is the last sweep. Insets: higher resolution views of the
CAP peaks during recovery, showing slower recovery of the oK;4.1cKO nerve. (F) Peak CAP amplitude, as a
fraction of the baseline value, of control and oK;4.1cKO nerves during 100 Hz stimulation and recovery. oK;4.1cKO
Figure 7 continued on next page
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Figure 7 continued

nerves recovered significantly more slowly than control nerves (Finieraction = 5.14, p=8.5 x 1074 two-way ANOVA)
(*=p < 0.05; simple effects post-test). (G) Peak CAP amplitude, as a fraction of the baseline value, of control and
oK;;4.1cKO nerves during 20 Hz stimulation and recovery. oK;4.1cKO nerves recovered significantly more slowly
than control nerves (Fineraction = 1.82, p=0.027; two-way ANOVA) (*=p < 0.05; simple effects post-test). Plots of the
normalized CAP integral and median conduction latency during stimulation and recovery are included in

Figure 7—figure supplement 1.

DOI: https://doi.org/10.7554/eLife.34829.021

The following figure supplement is available for figure 7:

Figure supplement 1. Recovery of CAP integral and median conduction latency are slowed following deletion of
Ki4.1 from oligodendrocytes.

DOI: https://doi.org/10.7554/elife.34829.022

days was significantly less, as was the average speed during active running periods (Figure 8D-E).
These results suggest that, under physiologically relevant behavioral conditions, oligodendrocyte
Ki4.1 channels play a vital role in facilitating neuronal activity.
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Figure 8. Deletion of K;4.1 from oligodendrocytes results in activity-dependent motor deficits. (A) Quantification
of total beam breaks and rears per minute during 30 min in an open field chamber. No significant difference was
observed between control (n = 13) and oK;;4.1cKO (n = 11) mice in total activity (p=0.71; Student'’s t-test) or
rearing (p=0.56; Student's t-test). (B) Latency to fall on the accelerating rotarod. Initial speed was 5 rpm, with
acceleration of 1 rpm every 5 s. There was a significant relationship between genotype and performance which
was independent of trial day (Fgenotype = 20.38, p=2.7 x 107, Finteraction = 0.007, p=0.99; two-way ANOVA)

(*=p < 0.05, **=p < 0.01; simple effects post-test). (C) Distance run on a freely available running wheel per 24 hr
period over 7 days of exposure. There was a significant interaction between genotype and trial day

(Finteraction = 3.09, p=0.008, two-way ANOVA). oKi4.1cKO mice (n = 8) had significantly less daily distance than
control mice (n = 10) on days 5-7 (**=p < 0.01, ***=p < 0.001; simple effects post-test). (D) Cumulative distance
run on a freely-available running wheel over 7 days of exposure. oK;4.1cKO mice ran significantly less distance
than control mice (p=0.0057; Student's t-test). (E) Average running speed during intervals where running occurred.
0K;4.1cKO mice had lower average speed than control mice (p=0.021; Student’s t-test).

DOI: https://doi.org/10.7554/eLife.34829.023
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Discussion

Oligodendrocytes play a critical role in the mammalian CNS by forming myelin sheaths around axons
that enable action potentials to be propagated rapidly with minimal energy expenditure. Although
they were once assumed to be merely passive insulators, recent studies indicate that oligodendro-
cytes also provide metabolic support to axons in the form of lactate (Fiinfschilling et al., 2012,
Lee et al., 2012) and contribute to a larger glial network by coupling to astrocytes through gap
junctions (Kamasawa et al., 2005; Mugnaini, 1986, Orthmann-Murphy et al., 2007, Rash et al.,
1997, 2001). Removal of oligodendrocytes by exposure to the oligotoxin cuprizone, or through
genetic ablation in animal models, enhances neuronal excitability (Hamada and Kole, 2015) that can
lead to tremor and death (Traka et al., 2010). Moreover, oligodendrocyte loss contributes to neuro-
logical disability in diseases such as multiple sclerosis, highlighting the importance of defining the
mechanisms that control their form and function. To determine the cell-autonomous role of the
inwardly rectifying K* channel K;4.1, which has been linked to K* clearance, neuronal hyperexcitabil-
ity and myelin disruption, we selectively deleted this abundant channel from OPCs and mature oligo-
dendrocytes in vivo. Despite high expression of this channel by oligodendroglia, genetic removal of
K;4.1 did not alter the developmental trajectory of OPCs or the ability of oligodendrocytes to form
and maintain myelin. Nevertheless, mice in which K;4.1 was selectively deleted from oligodendro-
cytes exhibited profound motor deficits that emerged with increasing activity, as well as spontane-
ous seizures that were often fatal. Recordings from both oligodendrocytes and astrocytes revealed
that activity-induced K* clearance in white matter was impaired in these mice, and axons recovered
more slowly from repetitive stimulation. Together, these findings indicate that oligodendrocyte
Ki4.1 channels are prominent contributors to K™ homeostasis in white matter, and that selective loss
of this channel from oligodendrocytes is sufficient to reduce motor performance, enhance neuronal
hyperactivity and induce seizures.

Myelin pathology in the absence of K;4.1

Global removal of K;4.1 leads to the formation of prominent vacuoles in myelin sheaths, failure of
myelin compaction, and ultimately axonal degeneration (Djukic et al., 2007; Menichella et al.,
2006; Neusch et al., 2001) (Figure 1E-F; Figure 1—figure supplement 1). Several explanations for
this dramatic pathology have been proposed to link K;4.1-deficient oligodendroglia to the abnormal
formation and maintenance of myelin. Loss of this channel from OPCs may compromise their viabil-
ity, impair their ability to generate oligodendrocytes or cause abnormalities in oligodendrocytes that
are produced. This hypothesis is supported by the observation that OPCs (‘complex glia’) were
rarely encountered in hippocampal recordings from glial-specific K;4.1 knockout mice, in which
Ki4.1 was deleted from both astrocytes and oligodendroglia (Djukic et al., 2007). However, our
studies show that OPC and oligodendrocyte densities were normal in global CNS K;4.1 knockout
(nK;,4.1cKO) mice (Figure 1I-K), despite the presence of widespread myelin vacuolization; the prolif-
eration rate of OPCs also was not increased, as would be expected if these progenitors were mobi-
lized to replace dying OPCs and oligodendrocytes. Moreover, when K; 4.1 was specifically deleted
from OPCs during the period of rapid oligodendrogenesis (P21), the survival, proliferation, and dif-
ferentiation of these progenitors was unaffected (Figure 3; Figure 3—figure supplements 2-3), indi-
cating that removal of K;4.1 specifically from OPCs does not contribute to this white matter
pathology.

Oligodendrocytes in mixed glial cultures from Kcnj10™/~ mice are significantly depolarized and
fail to mature fully (Neusch et al., 2001). We found that they were similarly depolarized in
nK;;4.1cKO mice in situ (Figure 1M), raising the possibility that physiological changes in oligoden-
drocytes impair their ability to generate or maintain myelin sheaths. However, selective deletion of
K;4.1 from oligodendrocytes did not alter their membrane properties, the structure of myelin (Fig-
ure 4), or the baseline conduction velocity of action potentials in white matter (Figure 4D;
Figure 7B-C). Notably, recent studies also found that the membrane properties of satellite oligo-
dendrocytes (oligodendrocytes located next to neuronal cell bodies) in the cerebral cortex were
unaffected in PIp1—CreER;Kcnj10ﬂ/ﬂ mice (Battefeld et al., 2016). Oligodendrocytes express a vari-
ety of K* leak channels that may compensate for the loss of K;4.1, including Kzp channels and the
inward-rectifying channel K;2.1 (Gipson and Bordey, 2002; Hawkins and Butt, 2013, Pérez-
Samartin et al., 2017, Stonehouse et al., 1999, Zhang et al., 2014). However, the pronounced
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depolarization of oligodendrocytes in Kenj10~~ and nK;,4.1cKO mice (Figure 1M) indicates that this
potential compensation is insufficient in the context of widespread K;4.1 deletion, suggesting that
non-cell autonomous effects are crucial contributors to oligodendrocyte depolarization and myelin
disruption.

Astrocytes in Kcnj10™/~ mice are also severely depolarized, and their ability to remove extracellu-
lar K* is impaired (Djukic et al., 2007), consistent with their high expression of this channel. These
dramatic changes in membrane potential could decrease their ability to provide metabolic support
to surrounding cells (Morrison et al., 2013; Rinholm et al., 2011; Sanchez-Abarca et al., 2001),
reduce the production of factors that promote oligodendrocyte development and myelination (for
review, see Kiray et al., 2016), and disrupt ion and water balance leading to vacuolization
(Menichella et al., 2006; Rash, 2010). As oligodendrocytes form gap junctions with astrocytes, they
may be particularly sensitive to these changes in astrocyte physiology. In support of this hypothesis,
deletion of gap junction proteins that link astrocytes and oligodendrocytes produces myelin pathol-
ogy comparable to what occurs in Kcnj10_/_ mice (Magnotti et al., 2011; Menichella et al., 2003),
and heterozygote analysis indicates that there is a close genetic interaction between these connexin
genes and K;4.1 in producing myelin vacuolization (Menichella et al., 2006). The presence of a glial
syncytium may help to maintain normal oligodendrocyte membrane potentials when K; 4.1 is specifi-
cally deleted from these cells and may exacerbate oligodendrocyte depolarization when K; 4.1 is
deleted globally, as astrocytes have the ability to maintain a highly stable membrane potential
through extensive electric and ionic coupling between cells (Ma et al., 2016). Our results emphasize
that both the structure and function of oligodendrocytes is critically dependent on astrocytes, and
that reactive changes in astrocytes associated with reduced K; 4.1 expression (Hinterkeuser et al.,
2000; Kaiser et al., 2006; MacFarlane and Sontheimer, 1997, Pivonkova et al., 2010; Tong et al.,
2014) may in turn precipitate pathological changes in myelin.

Regulation of OPC behavior

OPCs are unigue among macroglia in that they continue to proliferate throughout life, engaging in a
homeostatic response to replace cells lost through differentiation and death (Hughes et al., 2013;
Robins et al., 2013). The mechanisms that guide this remarkable behavior are not well understood,
but have important consequences for myelin repair, trauma-induced gliosis and brain cancer. Mem-
brane potential fluctuates predictably during the cell cycle in many cell types (Blackiston et al.,
2009; Sundelacruz et al., 2009), and previous studies indicate that K" channels play an important
role in regulating cell cycle progression in OPCs. Pharmacological inhibition of delayed rectifier K*
channels in cultured OPC-like O-2A cells and OPCs in cerebellar slice cultures inhibits their prolifera-
tion and differentiation by inducing G; arrest (Gallo et al., 1996; Ghiani et al., 1999,
Knutson et al., 1997). Subsequent studies showed that OPCs upregulate K,1.3 during G4 phase of
the cell cycle, and blockade of this channel prevents G;/S transition (Chittajallu et al., 2002,
Tegla et al., 2011), while overexpression of certain K,1 isoforms promotes their proliferation, sug-
gesting that OPC homeostasis is critically regulated by their membrane potential and potassium
conductance. Although the effect of K;;4.1 channels on OPC proliferation and lineage progression
had not been evaluated, studies from developing astrocytes and glioma cells suggest that this chan-
nel is also involved in cell cycle regulation. Expression of K;4.1 channels during astrocyte develop-
ment correlates with a negative shift in RMP, cessation of cell proliferation, and increased
differentiation (Bordey and Sontheimer, 1997, MacFarlane and Sontheimer, 2000), and astrocytes
that become proliferative after injury have lower K;, current density than non-proliferating astrocytes
near the injury site (MacFarlane and Sontheimer, 1997). In addition, heterologous expression of
Ki4.1 in glioma cells induces hyperpolarization and G4 arrest, an effect nullified if cells are treated
with BaCl, to block K;4.1 or artificially depolarized by high K* (Higashimori and Sontheimer, 2007).
Thus, it is remarkable that removal of K;4.1 from OPCs in vivo, which led to a profound shift in their
RMP and increase in their membrane resistance, had no discernable effect on their proliferation,
density or their ability to differentiate into oligodendrocytes (Figure 3; Figure 3—figure supple-
ments 2-3). It is possible that OPCs overcome the depolarization induced by K;4.1 loss by tran-
siently increasing K* channel expression during certain phases of the cell cycle or by reducing the
activity of other channels normally recruited through depolarization, such as voltage-gated calcium
channels (Paez et al., 2007). These findings highlight both the extreme behavioral flexibility of
OPCs in vivo and the powerful drive to sustain their numbers in the adult CNS. However, our studies

Larson et al. eLife 2018;7:e34829. DOI: https://doi.org/10.7554/eLife.34829 18 of 33


https://doi.org/10.7554/eLife.34829

LI F E Research article Neuroscience

also indicate that OPCs are profoundly influenced by their environment, as complete removal of
Ki4.1 from the CNS profoundly reduced their proliferation by the third postnatal week (Figure 1K).
This phenomenon occurred in the context of widespread depolarization and dysfunction of astro-
cytes (Djukic et al., 2007) and vacuolization of myelin, suggesting that astrocytes play a crucial role
in maintaining a favorable environment for, and perhaps directly facilitating, OPC proliferation and
development.

Although OPC proliferation and differentiation is unchanged following K;4.1 deletion, it remains
to be seen whether other functions of OPCs are altered in these mice. OPCs receive synaptic input
from neurons (Bergles et al., 2000), and the strength of these inputs is likely to be altered by
changes in OPC membrane potential and membrane resistance. It has been shown that OPCs are
able to regulate glutamatergic neurotransmission by shedding of cleaved NG2 ectodomains
(Sakry et al., 2014), so even subtle alterations in OPC behavior have the potential to affect synaptic
communication in the brain.

K" uptake in white matter

Axonal K,1 channels that control repolarization and limit re-excitation by distal nodes are abundant
underneath the myelin sheath, particularly in juxtaparanodal regions that are isolated from nodes of
Ranvier by septate/septate-like junctions (Einheber et al., 1997; Poliak et al., 2003; Rash et al.,
2016; Wang et al., 1993). Although a single action potential can increase the local extracellular K*
concentration in unmyelinated tissue by as much as 1 mM from a resting level of 3-3.5 mM
(Baylor and Nicholls, 1969; Frankenhaeuser and Hodgkin, 1956), and extracellular K* levels can
rise up to 10 mM during pathological conditions such as seizures (Moody et al., 1974), the potential
for accumulation of K™ underneath myelin sheaths may be even greater due to the small peri-inter-
nodal volume and the barriers to diffusion presumed to be created by the paranodal septate junc-
tions (Bellinger et al., 2008) (but see Hirano and Dembitzer, 1969, Hirano and Dembitzer, 1982,
Rash et al., 2016). However, the mechanisms that enable clearance of extracellular K* from these
spaces have not been defined. Pharmacological studies of K* buffering mechanisms suggest that K;,
channels and the Na™/K* ATPase pump have distinct roles in overall K" clearance. Analysis of K*
dynamics arising from neuronal activity in gray matter suggest that the Na*/K* ATPase predomi-
nates in lower activity regimes, but at higher frequencies and in situations of localized K* release,
Ki4.1 plays a more prominent role in limiting extracellular K* accumulation (Chever et al., 2010;
Larsen et al., 2014, Sibille et al., 2015).

Ki4.1 is concentrated within the fine processes of astrocytes that surround synapses, as well as to
astrocyte endfeet that contact blood vessels (Higashi et al., 2001), making it ideally situated to par-
ticipate in K* buffering. Indeed, astrocytes appear to dominate this process in gray matter, as dele-
tion of K;4.1 from oligodendrocytes did not alter local K* accumulation in the cortex after neuronal
activity (Battefeld et al., 2016). However, the access of astrocytes to axons in white matter is limited
to nodes of Ranvier, and the processes of these fibrous astrocytes are less ramified and display less
Ki/4.1 immunoreactivity than protoplasmic astrocytes in gray matter (Higashi et al., 2001,
Poopalasundaram et al., 2000), which may place a greater burden on oligodendrocytes for K*
redistribution. Our recordings in white matter revealed that deletion of K;4.1 channels from oligo-
dendrocytes slowed both their depolarization in response to repetitive stimulation and their repolari-
zation after the stimulus train ended (Figure 6; Figure 6—figure supplement 1), suggesting that
these channels normally limit extracellular K* transients induced by neuronal activity. These changes
were not restricted to the protected space beneath myelin, as the membrane potential of astrocytes,
which closely follow the extracellular K* concentration (Chever et al., 2010; Meeks and Mennerick,
2007; Orkand et al., 1966), exhibited similarly delayed response kinetics in white matter (Figure 6;
Figure 6—figure supplement 1). These findings indicate that oligodendrocyte K; 4.1 is an important
mediator of white matter extracellular K* clearance.

It is noteworthy that these changes in extracellular K* homeostasis occurred without changes in
oligodendrocyte membrane conductance recorded at the cell soma. As discussed above, somatic
membrane conductance may be maintained by expression of other K channels, such as Kyp or other
Kir channels, which are present at baseline and may be upregulated in the setting of K;4.1 knockout,
or by the presence of gap junction-mediated connections with astrocytes. If the conductance is dom-
inated by gap junctions (Orthmann-Murphy et al., 2008), it would explain the dissociation between
membrane conductance and K* buffering, as these intercellular channels do not allow direct flux of
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K" to and from the extracellular space. It is also possible that K;4.1 is the dominant K* channel
within the intermodal membrane and that these regions are electrically isolated from the soma. Loss
of K;;4.1 could then slow K* clearance from the peri-axonal space and impair the ability of myelin-
ated axons to conduct action potentials. K;,4.1 immunoreactivity has been observed at oligodendro-
cyte cell bodies and proximal processes (Brasko et al., 2017, Kalsi et al., 2004,
Poopalasundaram et al., 2000), but it has not yet been detected within paranodal loops or inter-
node segments of myelin. Future studies using immunogold and freeze-fracture immunolabeling in
white matter may help to better define the spatial relationship between oligodendrocyte K;4.1 chan-
nels and axonal K, channels. In these domains, K;4.1 may be the primary conduit of K* uptake or
may work synergistically with other modes of K* clearance that have been proposed, such as the
direct movement of K" from axons into myelin through paired Kv.1:connexin 29 channels
(Rash et al., 2016). Although removal of K;4.1 did not alter the resting membrane potential of oli-
godendrocytes, it is also possible that this manipulation indirectly altered other K* clearance mecha-
nisms, such as uptake by the Na*/K* ATPase.

Oligodendrocyte regulation of neuronal activity

Mice in which K;4.1 was removed from oligodendrocytes exhibited rare, but often fatal seizures,
and a dramatic reduction in PTZ-induced seizure threshold (Figure 5). There is extensive evidence
that K;4.1 is a key regulator of neuronal excitability, but the involvement of oligodendrocytes in this
process has not been demonstrated. Several spontaneously arising rodent models of epilepsy were
found to have altered K;4.1 levels (Harada et al., 2013; Nagao et al., 2013), and a single-nucleo-
tide polymorphism in the K; 4.1 gene (kcnj10) was found to be responsible for differences in seizure
susceptibility between C57BL6 and DBA/2 mice (Ferraro et al., 2004; Inyushin et al., 2010). In
addition, polymorphisms in KCNJ10 are risk factors for epilepsy in humans (Buono et al., 2004;
Dai et al., 2015; Guo et al., 2015; Lenzen et al., 2005), and seizures are a prominent component
of the human disorder SeSAME/EAST syndrome, which results from loss-of-function mutations in
KCNJ10 (Bockenhauer et al., 2009; Scholl et al., 2009). It has been assumed that the seizures are
primarily caused by astrocyte abnormalities and downstream sequelae. However, our findings indi-
cate that even in the absence of any structural changes to myelin, deletion of K;4.1 from oligoden-
drocytes alone is sufficient to dramatically lower seizure threshold and induce spontaneous seizures.
These findings suggest that functional changes in oligodendrocytes, which would not be detected
through analysis of myelination patterns, g-ratios or myelin protein expression, may contribute to
epilepsy susceptibility or pathogenesis.

Our studies have focused primarily on K* clearance in white matter, which is important for the
spread of activity from an initial seizure focus. The increased severity of seizures after PTZ adminis-
tration in oK;4.1cKO mice (Figure 5B), as well as the rapidity with which seizures reached maximum
severity after onset (see Figure 5—video 1), are consistent with more rapid spread through white
matter tracts in these mice. Gray matter oligodendrocytes, particularly those that myelinate near the
axon initial segment, that also lack K;4.1 in these mice may contribute to seizure initiation. However,
recent studies indicate that removal of K;4.1 from oligodendrocytes does not alter the excitability of
cortical pyramidal neurons (Battefeld et al., 2016), perhaps due to the local abundance of astrocyte
processes. Additional studies in gray matter will help elucidate the mechanisms of seizure initiation
in these mice.

Oligodendrocyte K;;4.1 knockout mice also displayed significant impairments in motor behaviors
(Figure 8), despite normal myelination and the absence of obvious neuronal pathology or neurode-
generation (Figure 4—figure supplement 4). These deficits only became apparent during high-
intensity activity, consistent with an activity-dependent, rather than a neurodegenerative mechanism.
Although we cannot rule out the possibility that these motor impairments result from subtle changes
in neuronal health or circuit function that arise secondary to chronically altered K* homeostasis or
occasional seizures, the intense, coordinated neuronal activity required for high-speed running may
be particularly dependent on effective K* homeostasis. Synchronous neuronal activity is also promi-
nent in brain states associated with diverse behaviors such as learning and sleep, raising the possibil-
ity that changes in oligodendrocyte K;4.1 expression due to aging or disease could impair
higher order brain function.
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PMID:21092857

RRID:IMSR_JAX:018280

Genetic reagent
(M. musculus)

STOCK Gt(ROSA)26
Sortm1.1(CAG-EGFP)Fsh/Mmjax

G. Fishell, NYU.
Sousa et al., 2009.
PMID:19363146

RRID:MGI:4412377

Genetic reagent
(M. musculus)

B6.129 x 1-Gt
(ROSA)26Sortm1(EYFP)Cos/J

Jackson Laboratory

RRID:IMSR_JAX:006148

Genetic reagent
(M. musculus)

STOCK Tg(Mobp-EGFP)
IN1Gsat/Mmucd

MMRRC

RRID:MMRRC_030483-UCD

Genetic reagent
(M. musculus)

Slc1a2-EGFP (BAC-transgenic)

J. Rothstein, Johns
Hopkins University.
Regan et al. (2007).
PMID:17581948

NA

Antibody Anti-ASPA (rabbit polyclonal) Genetex Cat# GTX113389; (1:1500)
RRID:AB_2036283
Antibody Anti-BrdU (rat monoclonal) BioRad Cat# OBT0030G; (1:500); Clone BU1/75
RRID:AB_609567
Antibody Anti-APC (CC1) EMD Millipore Cat# OP80; (1:50)
(mouse monoclonal) (Calbiochem) RRID:AB_2057371
Antibody Anti-GFAP (rabbit polyclonal) Dako Cat# Z0334; (1:500)
RRID:AB_10013382
Antibody Anti-GFP (chicken polyclonal) Aves Labs Cat# GFP-1020; (1:4000)
RRID:AB_ 10000240
Antibody Anti-GFP (goat polyclonal) SICGEN Cat# AB0020-200; (1:5000)
RRID:AB_2333099
Antibody Anti-Ki67 (rabbit polyclonal) Abcam Cat# Ab15580; (1:1000)
RRID:AB_443209
Antibody Anti-Kird.1 (rabbit polyclonal) Alomone Labs Cat# APC-035; (1:2000)
RRID:AB_2040120
Antibody Anti-MBP (chicken polyclonal) Aves Labs Cat# MBP; (1:500)
RRID:AB_2313550
Antibody Anti-MBP (mouse monoclonal) BioLegend Cat# 808401; (1:500)
RRID:AB_2564741
Antibody Anti-NG2 (guinea pig polyclonal) Bergles Lab, NA (1:10000)
Johns Hopkins
University.
Kang et al., 2013.
PMID:23542689
Antibody Anti-PDGFRa (rabbit polyclonal) W. Stallcup, Burnham Institute. NA (1:500)

Nishiyama et al., 1996.
PMID:8714520

Continued on next page
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Reagent type (species)

Neuroscience

or resource Designation Source or reference Identifiers Additional information
Antibody Anti-PDGFRa (rabbit polyclonal) Cell Signaling Technology Cat# 3174S; (1:500)
RRID:AB_2162345
Antibody Anti-Neurofilament-H (SMI32) BioLegend Cat# 801702; (1:1000)
(mouse monoclonal) RRID:AB_2715852
Antibody Donkey anti-chicken Alexa 488 Jackson Immunoresearch Cat# 703-546-155; (1:2000)
RRID:AB_2340376
Antibody Donkey anti-goat Alexa 488 Jackson Immunoresearch Cat# 705-546-147; (1:2000)
RRID:AB_2340430
Antibody Donkey anti-rabbit Alexa 488 Jackson Immunoresearch Cat# 711-546-152; (1:2000)
RRID:AB_2340619
Antibody Donkey anti-chicken Cy3 Jackson Immunoresearch Cat# 703-165-155; (1:2000)
RRID:AB_2340363
Antibody Donkey anti-guinea pig Cy3 Jackson Immunoresearch Cat# 706-166-148; (1:2000)
RRID:AB_2340467
Antibody Donkey anti-mouse Cy3 Jackson Immunoresearch Cat# 715-166-151; (1:2000)
RRID:AB_2340817
Antibody Donkey anti-rabbit Cy3 Jackson Immunoresearch Cat# 711-166-152; (1:2000)
RRID:AB 2313568
Antibody Donkey anti-chicken Alexa 647 Jackson Immunoresearch Cat# 703-605-155; (1:2000)
RRID:AB_2340376
Antibody Donkey anti-mouse DyLight 650 Thermo Fisher Scientific Cat# SA5-10169; (1:2000)
RRID:AB_2556749
Antibody Donkey anti-rabbit DyLight 650 Thermo Fisher Scientific Cat# SA5-10041; (1:2000)
RRID:AB_2556621
Antibody Donkey anti-rat Cy5 Jackson Immunoresearch Cat# 712-175-153; (1:2000)
RRID:AB 2340672
Sequence-based reagent Cnp primers: MGH PrimerBank PrimerBank
TTTACCCGCAAAAGCCACACA (f); ID:6753476a1
CACCGTGTCCTCATCTTGAAG (r)
Sequence-based Mobp primers: MGH PrimerBank PrimerBank
reagent AGTACAGCATCTGCAAGAGCG (f); ID:678910a1
TCCTCAATCTAGTCTTCTGGCA (r)
Sequence-based Gfap primers: CGGAGACGCATCA  MGH PrimerBank PrimerBank
reagent CCTCTG (f); ID:6678910a1
TGGAGGAGTCATTCGAGACAA (r)
Sequence-based Kenj10 primers: MGH PrimerBank PrimerBank
reagent GTCGGTCGCTAAGGTCTATTACA (f); ID:34328498a1
GGCCGTCTTTCGTGAGGAC (1)
Sequence-based Gapdh primers: Rhinn et al. (2008). NA

reagent AAGATGGTGATGGGCTTCCCG (f), PMID: 18611280
TGGCAAAGTGGAGATTGTTGCC ()

Neural Tissue Dissociation

Commercial assay Miltenyi Biotec Cat# 130-092-628

or kit Kit (P)

Commercial assay FastLane Cell cDNA Kit Qiagen Cat# 215011

or kit

Commercial assay QuantiTect SYBR Green PCR Kit Qiagen Cat# 204143

or kit

Chemical compound, (2)—4-Hydroxytamoxifen (4-HT) Sigma-Aldrich Cat# H7904;
drug CAS:68392-35-8
Chemical compound, 5-Bromo-2'-deoxyuridine (BrdU) Sigma-Aldrich Cat# B5002;
drug CAS:59-14-3
Chemical compound, Pentylenetetrazol Sigma-Aldrich Cat# P6500;

drug CAS:54-95-5
Continued on next page
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Reagent type (species)

Neuroscience

or resource Designation Source or reference Identifiers Additional information
Chemical compound, Tetrodotoxin citrate Abcam Cat# Ab120055;

drug CAS:18660-81-6

Software, algorithm Adobe lllustrator CSé6 Adobe RRID:SCR_014198

Software, algorithm Fiji http://fiji.sc RRID:SCR_002285

Software, algorithm ImagelJ https://imagej.nih.gov/ij/ RRID:SCR_003070

Software, algorithm Origin 8.0 OriginLab Corp. RRID:SCR_014212

Software, algorithm
Software, algorithm

Software, algorithm

pClamp10, pClamp9.2
Python programming language

StepOne software

Molecular Devices RRID:SCR_011323
RRID:SCR_008394

RRID:SCR_014281

https://www.python.org/
Applied Biosystems

Software, algorithm

Zen Blue

Zeiss RRID:SCR_013672

All animal experiments were carried out in a strict compliance with protocols approved by the Ani-
mal Care and Use Committee at the Johns Hopkins University School of Medicine.

Transgenic mice

The following transgenic mouse lines were used in this study: Nes-Cre mice (Tronche et al., 1999)
were crossed with Kcnj10%f mice (Djukic et al., 2007) to generate a CNS-specific knockout mouse
(termed nK;4.1cKO), in which K;;4.1 is deleted from the entire central nervous system. Pdgfra-CreER
mice (Kang et al., 2010) were crossed with Kcnj10"" mice to generate an inducible oligodendrocyte
progenitor cell-specific knockout mouse (termed pK;4.1cKO), in which K;4.1 is deleted from oligo-
dendrocyte progenitors upon exposure to 4-hydroxytamoxifen (4-HT). Mog-iCre mice (Buch et al.,
2005) were crossed with Kcnj10"" mice to generate an oligodendrocyte-specific knockout mouse
(termed oK;4.1cKO), in which K;4.1 is deleted from mature oligodendrocytes. In some experiments,
these knockout lines were crossed to fluorescent reporter mouse lines, Rosa-CAG-EGFP (RCE)
(Sousa et al., 2009) and R26R-EYFP mice (Srinivas et al., 2001), to allow expression of EGFP or
EYFP, respectively, in cells that express Cre. For some experiments, knockout mice were crossed to
constitutive fluorescent reporter mice, Mobp-EGFP mice (Gong et al., 2003), in which EGFP is
expressed in mature oligodendrocytes, and Slc1a2-EGFP mice (Regan et al., 2007), in which EGFP
is expressed in astrocytes.

Cre activity induction and cell proliferation analysis

4-hydroxytamoxifen (4-HT, Sigma-Aldrich, St. Louis, MO) was dissolved in sunflower seed oil (Sigma)
and administered to Pdgfra-CreER;Rosa-CAG-EGFP (RCE) and Pdgfra-CreER;R26R-EYFP mice (with
or without KcanOﬂ/ﬂ) at P21 by two intraperitoneal (i.p.) injections of 1 mg, >8 hr apart. Mice were
given BrdU (Sigma) in their drinking water (1 mg/mL, plus 1% sucrose to increase palatability), in
addition to i.p. BrdU injections (50 mg/kg of body weight, dissolved in 0.9% saline) twice daily >8 hr
apart for 7 days (P28-P34). Ki67 immunolabeling rather than BrdU incorporation was used for prolif-
eration analysis nK;4.1cKO mice to avoid additional manipulation due to their fragile state.

Acute brain slice preparation

P21, P35, or P35-P42 mice were deeply anesthetized with isoflurane and decapitated; brains were
dissected into an ice-cold N-methyl-D-glucamine (NMDG)-based solution containing the following
(in mM): 135 NMDG, 1 KCI, 1.2 KH,POy4, 1.5 MgCl,, 0.5 CaCl,, 20 choline bicarbonate, and 13 glu-
cose (pH 7.4, 310 mOsm). Coronal forebrain slices (250 um thick for whole cell recordings; 450 um
thick for extracellular CAP recordings) were prepared in ice-cold NMDG-based cutting solution using
a vibratome (Leica VT1000S, Leica Microsystems, Wetzlar, Germany) equipped with a sapphire
blade. After sectioning, slices were transferred to artificial cerebral spinal fluid (ACSF) containing the
following (in mM): 119 NaCl, 2.5 KCI, 2.5 CaCl2, 1.3 MgClI2, 1 NaH,PQy,, 26.2 NaHCO3, and 11 glu-
cose (292 mOsm), maintained at 37°C for 20 min and at room temperature thereafter. Solutions
were bubbled continuously with 95% O,/5% CO.,.
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Acute slice electrophysiology and analysis

EGFP* OPCs, oligodendrocytes, and astrocytes were visualized with an upright microscope (Zeiss
Axioskop 2 FS plus) equipped with differential interference contrast (DIC) optics and a filter set for
GFP (Brightline, GFP-A-Basic-ZHE; Semrock, Rochester, NY). Cells were visualized using a 40x water-
immersion objective (Zeiss Achroplan 40x; Carl Zeiss, Oberkochen, Germany) using DIC and GFP
fluorescence signals as a guide. For whole cell recordings, the electrode solution consisted of the fol-
lowing (in mM): 120 CH3SO3H (methansulfonic acid, MeS), 10 K-EGTA, 20 HEPES, 1 MgCl,, 2
Na, ATP, and 0.2 Na-GTP (pH 7.3, 290 mOsm). For extracellular recordings, the electrode was filled
with ACSF. Pipette resistance was 3.0-4.5 MQ for whole cell recordings and 1.5-2.5 MQ for extracel-
lular recordings. Recordings were made without series resistance compensation. Unless otherwise
noted, the holding potential was —-80 mV. Whole cell recordings were performed at room tempera-
ture, and extracellular CAP recordings were performed at 37°C (in-line heater TC-324B, Warner
Instruments, Hamden, CT). Resting membrane potential was measured in current clamp mode within
30 s of establishing the whole cell recording, and membrane resistance were calculated from a 10
mV depolarizing step in voltage clamp mode. To identify OPCs and exclude differentiated cells in
Pdgfra-CreER;RCE mice, a 70 mV depolarizing step was applied to detect the presence of a Na, cur-
rent (De Biase et al., 2010). The following agents were applied by addition to the superfusing
ACSF: BaCl, (100 uM, Sigma); tetrodotoxin (TTX, 1 uM; Abcam, Cambridge, UK). Drugs were
allowed to wash in for >10 min before additional recordings were made. The corpus callosum and
alveus were stimulated using a bipolar stainless steel electrode (Frederick Haer Co., Bowdoin, ME;
tip separation, 150 mm) connected to a constant current isolated stimulator unit (Digitimer, Ltd, Wel-
wyn Garden City, UK) controlled by a Master-8 pulse stimulator (A.M.P.l., Jerusalem, Israel) and
pClamp10 software (Molecular Devices, Sunnyvale, CA). For whole cell recordings, stimuli were 200
MA and 50 ps in duration; for extracellular recordings, stimuli varied from 100 to 300 pA. During
extracellular corpus callosum CAP recordings, 1 uM TTX was applied at the end of each recording,
and the resulting trace was subtracted from the CAP trace to reduce the stimulus artifact and
increase clarity of the CAP.

Responses were recorded using an Axopatch 200B amplifier (Axon Instruments, Union City, CA),
filtered at 1 kHz, digitized at 50 kHz (for episodic recordings) or 5 kHz (for gap-free recordings) using
a Digidata 1322A digitizer (Axon Instruments), and recorded to disk using pClamp10 software
(Molecular Devices). Data were analyzed offline using Clampfit (Molecular Devices) and Origin (Ori-
ginLab, Northampton, MA) software. For whole cell recordings, each recorded cell was considered a
biological replicate. For extracellular CAP recordings, each brain slice was considered a biological
replicate.

Tissue fixation and immunohistochemistry

P24, P35, or P70 mice were deeply anesthetized with pentobarbital and transcardially perfused with
4% paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer (pH 7.4). Brains, spinal cords, and
optic nerves were isolated and post-fixed in 4% PFA for 15-20 hr at 4°C. Tissue was cryoprotected
in a solution containing 30% sucrose and 0.1% sodium azide in phosphate-buffered saline (PBS).
After >3 days of cryoprotection, brains were embedded in OCT compound (Sakura Finetek USA,
Torrance, CA), frozen at —20°C, and sectioned using a cryostat (HM 550; Microm International
GmbH, Walldorf, Germany). 35-40 um thick brain and spinal cord sections were stored free-floating
in PBS with 0.1% sodium azide. 14 um thick optic nerve sections were slide-mounted and stored at
—20°C until further processing.

Sections were permeabilized with 0.3% Triton X-100 in PBS for 10 min at room temperature, then
transferred to 0.3% Triton X-100% and 5% normal donkey serum in PBS (blocking buffer) for 1 hr at
room temperature. Sections were then incubated in primary antibody diluted in blocking buffer for
16-24 hr at 4°C. See Key Resources Table for a full list of antibodies used. For ASPA immunostain-
ing, tissue sections were incubated in LAB solution (Polysciences, Warminster, PA) for 10 min before
the blocking step. For BrdU immunostaining, sections were incubated in 2 N HCI at 37°C for 30 min,
followed by neutralization with 0.1 M sodium borate buffer (pH 8.5) before the blocking step. After
primary antibody incubation, sections were washed in PBS and incubated for 2-3 hr at room temper-
ature in Alexa Fluor 488-, Cy3-, Alexa Fluor 647- or DylLight 650-conjugated secondary antibodies.
Sections were slide-mounted in Aqua-Poly/Mount (Polysciences).
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Image acquisition and analysis

Images were acquired using an epifluorescence microscope (Zeiss Axio-imager M1) or a LSM 510
Meta confocal microscope (Zeiss). Confocal images represent maximum intensity projections of
z-stacks, with step sizes of 0.5-3 um. Whole brain section images were acquired as tiled arrays using
an epifluorescence microscope equipped with a computer-controlled stage (Cell Observer; Zeiss or
BZ-X710; Keyence, Japan), and were aligned using the microscope software (Zen software; Zeiss or
BZ-X software; Keyence). Images were processed with ImageJ.

For Ki67" OPC counting and GFP* oligodendrocyte counting, two forebrain sections were ana-
lyzed for each mouse, and the results averaged. For OPC BrdU and fate tracing studies, two inde-
pendent areas (one from each hemisphere) were analyzed from two brain sections for each mouse,
for a total of four areas, and results were averaged. All cell countings were performed by an experi-
menter blinded to the animal’s genotype.

Fluorescence-activated cell sorting and RT-qPCR

P70 mice were deeply anesthetized with pentobarbital and transcardially perfused with ice-cold
Hank’s Balanced Salt Solution without Ca®* or Mg2+ (HBSS; Gibco Laboratories, Gaithersburg, MD).
Brains were isolated and single-cell suspensions were generated using the Neural Tissue Dissociation
Kit (Miltenyi Biotec, Bergisch Gladbach, Germany), following the manufacturer’s instructions. Myelin
debris was removed using a Percoll gradient, and cells were resuspended in neurobasal media
(Gibco) with 1% BSA for sorting. EGFP™ cells were isolated using the MoFlo MLS high-speed cell
sorter (Beckman Coulter, Brea, CA) at the Johns Hopkins School of Public Health FACS core. RNA
stabilization, genomic DNA elimination, and reverse transcription were performed using the Fast-
Lane Cell cDNA Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions. Real time
gPCR was performed using the QuantiTect SYBR Green PCR Kit (Qiagen), following the manufac-
turer’s instructions, and using a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster
City, CA). Primers for the following genes were identified from the MGH PrimerBank
(Spandidos et al., 2008; 2010; Wang and Seed, 2003; Wang et al., 2012): Cnp (ID: 6753476a1),
Mobp (ID: 6678910a1), Gfap (ID: 196115326 c1), and Kcnj10 (ID: 34328498a1). The following primers
for Gapdh were also used (Rhinn et al., 2008): AAGATGGTGATGGGCTTCCCG (forward),
TGGCAAAGTGGAGATTGTTGCC (reverse). Each reaction was performed in quintuplicate, the high-
est and lowest values were excluded from analysis, and the remaining three technical replicates
were averaged for each animal. Data were analyzed using ExpressionSuite v1.1 software (Applied
Biosystems).

Transmission electron microscopy

P70-P100 mice were deeply anesthetized with pentobarbital and transcardially perfused with 10 mL
0.15 M Sorensen’s Phosphate Buffer (SPB) containing heparin (10 IU/mL, Sigma), then with 60 mL
2.5% glutaraldehyde (Polysciences) in 0.15 M SPB (pH 7.4, 37°C then 4°C). Brains were isolated and
post-fixed in 2.5% glutaraldehyde for 2-3 hr at 4°C, then transferred to 0.1% PFA in 0.15 M SPB until
further processing.

Fixed tissue was dissected at 4°C, and cut into 100 um-thick slices using a refrigerated Lancer
1000 Vibratome (Technical Products International, St. Louis, MO). Corpus callosum was further dis-
sected and post-fixed with 1% OsQy, in SPB, rinsed in dH20, and stained en bloc for 16 hr with 0.5%
aqueous unbuffered uranyl acetate (UAc, pH 4.5). Samples stained with aqueous UAc were dehy-
drated in graded ethanol series. Dehydrated samples were rinsed in 100% acetone, embedded in
plastic resin (10% Epon 812, 20% Araldite 502, 70% dodecenyl acetic anhydride) with 1.25-1.5%
DMP-30 (dimethyl amino phenol) added as catalyst, and polymerized at 70°C for 24 hr (Rash et al.,
1969). Silver and pale gold sections (60-100 nm thick) were cut using a Reichert Ultracut E ultrami-
crotome (Leica), picked up on 200 mesh copper grids, post stained with UAc and lead citrate
(Venable and Coggeshall, 1965), air dried, and examined by transmission electron microscopy. Thin
sections were examined in a JEM1400 TEM (JEOL, Tokyo, Japan), operated at 100 kV. Digital
images were obtained using an 11 MB Orius SC1000 camera (Gatan, Pleasanton, CA). All images
were processed using Adobe Photoshop CS5 (Adobe Systems, San Jose, CA), with ‘levels’ used for
contrast expansion and ‘brightness/contrast’ used to optimize image contrast.
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g-ratio analysis

TEM images from corpus callosum containing large numbers of myelinated axons in cross-section
were selected for g-ratio analysis. g-ratio analysis was performed using ImageJ software. A threshold
was applied to binarize the images and custom software (Larson, 2018) (available at https://github.
com/valerie-ann-larson/Larson-et-al-eLife-2018; copy archived at https://github.com/elifesciences-
publications/Larson-et-al-eLife-2018) was used to identify axons and calculate their cross-sectional
area, from which axon diameters were calculated using the formula for the area of a circle, A = e
An experimenter blinded to genotype then measured the myelin sheath thickness of each axon, and
excluded any improperly detected or obliquely cut axons from analysis. At least three independent
images and at least 100 axons were analyzed from each animal. To compare g-ratios between geno-
types, average g-ratios and g-ratio vs. axon diameter slopes were calculated for each animal and
were treated as single biological replicates.

Seizure threshold measurement

Six- to eight-month-old mice were injected intraperitoneally with pentylenetetrazol (PTZ, 40 mg/kg;
Sigma), and placed in standard mouse cages without bedding for observation. Up to four mice were
placed in each of four cages for simultaneous observation, and their behavior was recorded using a
digital video camera (Canon VIXIA HF R400) for 30 min after injection. Seizure activity was scored by
a blinded observer using a modified Racine scale with the following scoring levels (Mizoguchi et al.,
2011; Schréder et al., 1993): Stage 0 = no response, Stage 1 = ear and facial twitching, Stage
2 = convulsive waves axially through the body, Stage 3 = myoclonic jerks and rearing, Stage 4 = turn-
ing over into the lateral position, Stage 5 = generalized tonic-clonic seizures with hind-limb exten-
sion, Stage 6 = death. For seizure latency calculation, only mice achieving a seizure score of >Stage
3 were included. Surviving mice were euthanized at the end of the experiment.

Optic nerve recordings and analysis

P70-P75 mice were anaesthetized with isoflurane and sacrificed by cervical dislocation followed by
removal of the heart. Optic nerves were then rapidly dissected and incubated at room temperature
in oxygenated ACSF for >30 min. Nerves were then transferred to a recording chamber superfused
with oxygenated ACSF at 37°C (in-line heater TC-324B, Warner Instruments). Using gentle suction,
each end of the nerve was drawn into the tip of a flared pipette electrode. The stimulating electrode
(containing the retinal end of the nerve) was connected to a constant current isolated stimulator unit
(Winston Electronics Co., St. Louis, MO) driven by pClamp9 software (Molecular Devices). CAPs
were elicited by a 1 mA, 50 ps current pulse. The recording electrode (containing the chiasmatic end
of the nerve) was connected to one input channel of a Multiclamp 700A amplifier (Axon Instruments).
A second electrode, placed near the recording electrode but not in contact with the nerve, was con-
nected to the second channel of the amplifier, and the two signals were subtracted on-line by rout-
ing through a differential amplifier (Model 440, Brownlee Precision, Santa Clara, CA), significantly
reducing the stimulus artifact. Signals were filtered at 1 kHz, digitized at 100 kHz using a Digidata
1322A digitizer (Axon Instruments), and recorded to disk using pClamp9 software (Molecular Devi-
ces). Data were analyzed offline using Clampfit (Molecular Devices), Origin (OriginLab), and custom
software (Larson, 2018) (available at https://github.com/valerie-ann-larson/Larson-et-al-eLife-
2018; copy archived at https://github.com/elifesciences-publications/Larson-et-al-eLife-2018). Data
collected from each optic nerve was considered a biological replicate.

Behavioral analysis

Open field and rotarod tests were performed in the Behavior Core at the Johns Hopkins University
School of Medicine. The experimenter was blinded to the genetic background of the animals during
testing. Open-field test was performed using a photobeam activity system (San Diego Instruments,
San Diego, CA). Mice were placed in the chamber for a single 30-min period, and movement and
rearing were automatically recorded as beam breaks. The rotarod test was performed using a Rota-
mex-5 rotarod (Columbus Instruments, Columbus, OH). Starting speed was 5 rpm, with acceleration
of 1 rpm every 5 s. On the first test day, mice were acclimated for 20 min at 5 rpm prior to the first
trial. Five trials were performed per mouse on 3 consecutive days. In order to eliminate performance
outliers in an unbiased fashion (e.g. single instances of failed starts that would disproportionately
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affect average time), the best and worst performances on each day were eliminated, and the remain-
ing three trials were averaged for each mouse. Wheel running behavior was recorded using a low-
profile wireless running wheel system (Med Associates, Inc., Fairfax, VT) in the home cage for 7 days.
Wheel turns were wirelessly recorded in 30 s bins using Wheel Manager software (Med Associates).
Data were analyzed post-hoc using custom software (Robert Cudmore, Johns Hopkins University)
(Cudmore et al., 2017).

Statistics

Statistical analysis was performed using Origin (OriginLab, Northampton, MA) and Excel (Microsoft
Corporation, Redmond, WA) software. Sample sizes were constrained by availability of cohorts of
age-matched transgenic mice and were not determined in advance. Data are expressed as
mean = SEM throughout, except for gPCR RQ data, which are expressed as a mean and 95% confi-
dence interval, and Kaplan-Meier survival curves, in which the dashed lines represent the 95% confi-
dence interval. For maximal seizure score comparison, the non-parametric Mann Whitney test was
used, as data were not normally distributed. To compare Kaplan-Meier survival curves, the log-rank
test was used. For multiple comparisons, one-way or two-way ANOVA with Bonferroni’s post-test
was performed. For optic nerve CAP recordings, rotarod performance, and running wheel perfor-
mance, two-way ANOVA was performed with simple effects post-test at each time point. All other
comparisons were performed using the unpaired student’s t-test, with results considered significant
at p<0.05.

Acknowledgements

We thank Dr. M Pucak and N Ye for technical assistance, Dr. R Cudmore for assistance with wheel
running experiments and analysis, Dr. P Schrager for technical advice with the optic nerve record-
ings, Dr. K McCarthy (UNC) for providing Kcnj10" mice, Dr. J Rothstein for providing Slc1a2-EGFP
mice, Dr. D Larson for technical assistance with analysis of myelin g-ratios and optic nerve record-
ings, T Shelly for machining expertise, T Faust for help with the PTZ experiments, H Zhang for techni-
cal assistance with flow cytometry, and members of the Bergles laboratory for discussions. Funding
was provided by grants from the NIH (NS051509, NS050274, NS080153), Target ALS, a Collabora-
tive MS Research Center grant, and the Dr. Miriam and Sheldon G Adelson Medical Research Foun-
dation to DEB.

Additional information

Competing interests
Dwight E Bergles: Reviewing editor, elife. The other authors declare that no competing interests

exist.

Funding

Funder Grant reference number  Author

National Institutes of Health NS080153 John E Rash

Dr. Miriam and Sheldon G. Dwight E Bergles
Adelson Medical Research

Foundation

Target ALS Dwight E Bergles
National Institutes of Health NS050274 Dwight E Bergles
National Institutes of Health NS051509 Dwight E Bergles

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Larson et al. eLife 2018;7:e34829. DOI: https://doi.org/10.7554/eLife.34829 27 of 33


https://doi.org/10.7554/eLife.34829

e LI F E Research article Neuroscience

Author contributions

Valerie A Larson, Conceptualization, Data curation, Formal analysis, Validation, Investigation, Visuali-
zation, Methodology, Writing—original draft, Writing—review and editing; Yevgeniya Mironova, For-
mal analysis, Investigation, Writing—review and editing; Kimberly G Vanderpool, Formal analysis,
Investigation; Ari Waisman, Resources, Writing—review and editing; John E Rash, Formal analysis,
Funding acquisition, Methodology, Writing—review and editing; Amit Agarwal, Conceptualization,
Formal analysis, Supervision, Investigation, Methodology, Writing—review and editing; Dwight E
Bergles, Conceptualization, Resources, Supervision, Methodology, Writing—original draft, Project
administration, Writing—review and editing

Author ORCIDs

Valerie A Larson (i) http://orcid.org/0000-0003-0778-0305
Amit Agarwal @ https://orcid.org/0000-0001-7948-4498
Dwight E Bergles (2 http://orcid.org/0000-0002-7133-7378

Ethics
Animal experimentation: This study was performed in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All of

the animals were handled according to approved institutional animal care and use committee
(IACUC) protocols (#MO14M310) of the Johns Hopkins University.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.34829.026
Author response https://doi.org/10.7554/eLife.34829.027

Additional files

Supplementary files
« Transparent reporting form
DOI: https://doi.org/10.7554/eLife.34829.024

References

Battefeld A, Klooster J, Kole MH. 2016. Myelinating satellite oligodendrocytes are integrated in a glial syncytium
constraining neuronal high-frequency activity. Nature Communications 7:11298. DOI: https://doi.org/10.1038/
ncomms11298, PMID: 27161034

Bay V, Butt AM. 2012. Relationship between glial potassium regulation and axon excitability: a role for glial Kir4.
1 channels. Glia 60:651-660. DOI: https://doi.org/10.1002/glia.22299, PMID: 22290828

Baylor DA, Nicholls JG. 1969. Changes in extracellular potassium concentration produced by neuronal activity in
the central nervous system of the leech. The Journal of Physiology 203:555-569. DOI: https://doi.org/10.1113/
jphysiol.1969.sp008879, PMID: 5387026

Bellinger SC, Miyazawa G, Steinmetz PN. 2008. Submyelin potassium accumulation may functionally block
subsets of local axons during deep brain stimulation: a modeling study. Journal of Neural Engineering 5:263-
274. DOI: https://doi.org/10.1088/1741-2560/5/3/001, PMID: 18566505

Bergles DE, Roberts JD, Somogyi P, Jahr CE. 2000. Glutamatergic synapses on oligodendrocyte precursor cells
in the hippocampus. Nature 405:187-191. DOI: https://doi.org/10.1038/35012083, PMID: 10821275

Blackiston DJ, McLaughlin KA, Levin M. 2009. Bioelectric controls of cell proliferation: ion channels, membrane
voltage and the cell cycle. Cell Cycle 8:3527-3536. DOI: https://doi.org/10.4161/cc.8.21.9888, PMID: 19823012

Bockenhauer D, Feather S, Stanescu HC, Bandulik S, Zdebik AA, Reichold M, Tobin J, Lieberer E, Sterner C,
Landoure G, Arora R, Sirimanna T, Thompson D, Cross JH, van't Hoff W, Al Masri O, Tullus K, Yeung S,
Anikster Y, Klootwijk E, et al. 2009. Epilepsy, ataxia, sensorineural deafness, tubulopathy, and KCNJ10
mutations. New England Journal of Medicine 360:1960-1970. DOI: https://doi.org/10.1056/NEJM0a0810276,
PMID: 19420365

Bordey A, Sontheimer H. 1997. Postnatal development of ionic currents in rat hippocampal astrocytes in situ.
Journal of Neurophysiology 78:461-477. DOI: https://doi.org/10.1152/jn.1997.78.1.461, PMID: 9242294

Brasko C, Hawkins V, De La Rocha IC, Butt AM. 2017. Expression of Kir4.1 and Kir5.1 inwardly rectifying
potassium channels in oligodendrocytes, the myelinating cells of the CNS. Brain Structure and Function 222:
41-59. DOI: https://doi.org/10.1007/s00429-016-1199-8, PMID: 26879293

Larson et al. eLife 2018;7:e34829. DOI: https://doi.org/10.7554/eLife.34829 28 of 33


http://orcid.org/0000-0003-0778-0305
https://orcid.org/0000-0001-7948-4498
http://orcid.org/0000-0002-7133-7378
https://doi.org/10.7554/eLife.34829.026
https://doi.org/10.7554/eLife.34829.027
https://doi.org/10.7554/eLife.34829.024
https://doi.org/10.1038/ncomms11298
https://doi.org/10.1038/ncomms11298
http://www.ncbi.nlm.nih.gov/pubmed/27161034
https://doi.org/10.1002/glia.22299
http://www.ncbi.nlm.nih.gov/pubmed/22290828
https://doi.org/10.1113/jphysiol.1969.sp008879
https://doi.org/10.1113/jphysiol.1969.sp008879
http://www.ncbi.nlm.nih.gov/pubmed/5387026
https://doi.org/10.1088/1741-2560/5/3/001
http://www.ncbi.nlm.nih.gov/pubmed/18566505
https://doi.org/10.1038/35012083
http://www.ncbi.nlm.nih.gov/pubmed/10821275
https://doi.org/10.4161/cc.8.21.9888
http://www.ncbi.nlm.nih.gov/pubmed/19823012
https://doi.org/10.1056/NEJMoa0810276
http://www.ncbi.nlm.nih.gov/pubmed/19420365
https://doi.org/10.1152/jn.1997.78.1.461
http://www.ncbi.nlm.nih.gov/pubmed/9242294
https://doi.org/10.1007/s00429-016-1199-8
http://www.ncbi.nlm.nih.gov/pubmed/26879293
https://doi.org/10.7554/eLife.34829

LI F E Research article Neuroscience

Buch T, Heppner FL, Tertilt C, Heinen TJ, Kremer M, Wunderlich FT, Jung S, Waisman A. 2005. A Cre-inducible
diphtheria toxin receptor mediates cell lineage ablation after toxin administration. Nature Methods 2:419-426.
DOI: https://doi.org/10.1038/nmeth762, PMID: 15908920

Buono RJ, Lohoff FW, Sander T, Sperling MR, O’Connor MJ, Dlugos DJ, Ryan SG, Golden GT, Zhao H,
Scattergood TM, Berrettini WH, Ferraro TN. 2004. Association between variation in the human KCNJ10
potassium ion channel gene and seizure susceptibility. Epilepsy Research 58:175-183. DOI: https://doi.org/10.
1016/j.eplepsyres.2004.02.003, PMID: 15120748

Chever O, Djukic B, McCarthy KD, Amzica F. 2010. Implication of Kir4.1 channel in excess potassium clearance:
an in vivo study on anesthetized glial-conditional Kir4.1 knock-out mice. Journal of Neuroscience 30:15769-
15777. DOI: https://doi.org/10.1523/JNEUROSCI.2078-10.2010, PMID: 21106816

Chittajallu R, Chen Y, Wang H, Yuan X, Ghiani CA, Heckman T, McBain CJ, Gallo V. 2002. Regulation of Kv1
subunit expression in oligodendrocyte progenitor cells and their role in G1/S phase progression of the cell
cycle. PNAS 99:2350-2355. DOI: https://doi.org/10.1073/pnas.042698399, PMID: 11854528

Cudmore RH, Dougherty SE, Linden DJ. 2017. Cerebral vascular structure in the motor cortex of adult mice is
stable and is not altered by voluntary exercise. Journal of Cerebral Blood Flow & Metabolism 37:3725-3743.
DOI: https://doi.org/10.1177/0271678X16682508, PMID: 28059584

Dai Al, Akcali A, Koska S, Oztuzcu S, Cengiz B, Demirytirek AT. 2015. Contribution of KCNJ10 gene
polymorphisms in childhood epilepsy. Journal of Child Neurology 30:296-300. DOI: https://doi.org/10.1177/
0883073814539560, PMID: 25008907

De Biase LM, Nishiyama A, Bergles DE. 2010. Excitability and synaptic communication within the
oligodendrocyte lineage. Journal of Neuroscience 30:3600-3611. DOI: https://doi.org/10.1523/JNEUROSCI.
6000-09.2010, PMID: 20219994

Djukic B, Casper KB, Philpot BD, Chin LS, McCarthy KD. 2007. Conditional knock-out of Kir4.1 leads to glial
membrane depolarization, inhibition of potassium and glutamate uptake, and enhanced short-term synaptic
potentiation. Journal of Neuroscience 27:11354-11365. DOI: https://doi.org/10.1523/JNEUROSCI.0723-07.
2007, PMID: 17942730

Einheber S, Zanazzi G, Ching W, Scherer S, Milner TA, Peles E, Salzer JL. 1997. The axonal membrane protein
Caspr, a homologue of neurexin IV, is a component of the septate-like paranodal junctions that assemble
during myelination. The Journal of Cell Biology 139:1495-1506. DOI: https://doi.org/10.1083/jcb.139.6.1495,
PMID: 9396755

Ferraro TN, Golden GT, Smith GG, Martin JF, Lohoff FW, Gieringer TA, Zamboni D, Schwebel CL, Press DM,
Kratzer SO, Zhao H, Berrettini WH, Buono RJ. 2004. Fine mapping of a seizure susceptibility locus on mouse
Chromosome 1: nomination of Kenj10 as a causative gene. Mammalian genome : official journal of the
International Mammalian Genome Society 15:239-251. DOI: https://doi.org/10.1007/s00335-003-2270-3,
PMID: 15112102

Frankenhaeuser B, Hodgkin AL. 1956. The after-effects of impulses in the giant nerve fibres of Loligo. The
Journal of Physiology 131:341-376. PMID: 13320339

Fiinfschilling U, Supplie LM, Mahad D, Boretius S, Saab AS, Edgar J, Brinkmann BG, Kassmann CM, Tzvetanova
ID, Mébius W, Diaz F, Meijer D, Suter U, Hamprecht B, Sereda MW, Moraes CT, Frahm J, Goebbels S, Nave
KA. 2012. Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity. Nature 485:517-521.
DOI: https://doi.org/10.1038/nature 11007, PMID: 22622581

Gallo V, Zhou JM, McBain CJ, Wright P, Knutson PL, Armstrong RC. 1996. Oligodendrocyte progenitor cell
proliferation and lineage progression are regulated by glutamate receptor-mediated K+ channel block.
International Journal of Developmental Neuroscience 16:67-2670. DOI: https://doi.org/10.1016/0736-5748(96)
80263-2, PMID: 8786442

Ghiani CA, Yuan X, Eisen AM, Knutson PL, DePinho RA, McBain CJ, Gallo V. 1999. Voltage-activated K+ channels
and membrane depolarization regulate accumulation of the cyclin-dependent kinase inhibitors p27(Kip1) and
p21(CIP1) in glial progenitor cells. Journal of Neuroscience 19:5380-5392. PMID: 10377348

Gipson K, Bordey A. 2002. Analysis of the K+ current profile of mature rat oligodendrocytes in situ. Journal of
Membrane Biology 189:201-212. DOI: https://doi.org/10.1007/500232-002-1014-8, PMID: 12395285

Gong S, Zheng C, Doughty ML, Losos K, Didkovsky N, Schambra UB, Nowak NJ, Joyner A, Leblanc G, Hatten
ME, Heintz N. 2003. A gene expression atlas of the central nervous system based on bacterial artificial
chromosomes. Nature 425:917-925. DOI: https://doi.org/10.1038/nature02033, PMID: 14586460

Guo Y, Yan KP, Qu Q, Qu J, Chen ZG, Song T, Luo XY, Sun ZY, Bi CL, Liu JF. 2015. Common variants of KCNJ10
are associated with susceptibility and anti-epileptic drug resistance in Chinese genetic generalized epilepsies.
PLoS One 10:e0124896. DOI: https://doi.org/10.1371/journal.pone.0124896, PMID: 25874548

Haj-Yasein NN, Jensen V, Vindedal GF, Gundersen GA, Klungland A, Ottersen OP, Hvalby O, Nagelhus EA.
2011. Evidence that compromised K+ spatial buffering contributes to the epileptogenic effect of mutations in
the human Kir4.1 gene (KCNJ10). Glia §9:1635-1642. DOI: https://doi.org/10.1002/glia.21205, PMID: 2174
8805

Hamada MS, Kole MH. 2015. Myelin loss and axonal ion channel adaptations associated with gray matter
neuronal hyperexcitability. Journal of Neuroscience 35:7272-7286. DOI: https://doi.org/10.1523/JNEUROSCI.
4747-14.2015, PMID: 25948275

Harada Y, Nagao Y, Shimizu S, Serikawa T, Terada R, Fujimoto M, Okuda A, Mukai T, Sasa M, Kurachi Y, Ohno Y.
2013. Expressional analysis of inwardly rectifying Kird.1 channels in Noda epileptic rat (NER). Brain Research
1517:141-149. DOI: https://doi.org/10.1016/j.brainres.2013.04.009, PMID: 23603404

Larson et al. eLife 2018;7:e34829. DOI: https://doi.org/10.7554/eLife.34829 29 of 33


https://doi.org/10.1038/nmeth762
http://www.ncbi.nlm.nih.gov/pubmed/15908920
https://doi.org/10.1016/j.eplepsyres.2004.02.003
https://doi.org/10.1016/j.eplepsyres.2004.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15120748
https://doi.org/10.1523/JNEUROSCI.2078-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21106816
https://doi.org/10.1073/pnas.042698399
http://www.ncbi.nlm.nih.gov/pubmed/11854528
https://doi.org/10.1177/0271678X16682508
http://www.ncbi.nlm.nih.gov/pubmed/28059584
https://doi.org/10.1177/0883073814539560
https://doi.org/10.1177/0883073814539560
http://www.ncbi.nlm.nih.gov/pubmed/25008907
https://doi.org/10.1523/JNEUROSCI.6000-09.2010
https://doi.org/10.1523/JNEUROSCI.6000-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20219994
https://doi.org/10.1523/JNEUROSCI.0723-07.2007
https://doi.org/10.1523/JNEUROSCI.0723-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17942730
https://doi.org/10.1083/jcb.139.6.1495
http://www.ncbi.nlm.nih.gov/pubmed/9396755
https://doi.org/10.1007/s00335-003-2270-3
http://www.ncbi.nlm.nih.gov/pubmed/15112102
http://www.ncbi.nlm.nih.gov/pubmed/13320339
https://doi.org/10.1038/nature11007
http://www.ncbi.nlm.nih.gov/pubmed/22622581
https://doi.org/10.1016/0736-5748(96)80263-2
https://doi.org/10.1016/0736-5748(96)80263-2
http://www.ncbi.nlm.nih.gov/pubmed/8786442
http://www.ncbi.nlm.nih.gov/pubmed/10377348
https://doi.org/10.1007/s00232-002-1014-8
http://www.ncbi.nlm.nih.gov/pubmed/12395285
https://doi.org/10.1038/nature02033
http://www.ncbi.nlm.nih.gov/pubmed/14586460
https://doi.org/10.1371/journal.pone.0124896
http://www.ncbi.nlm.nih.gov/pubmed/25874548
https://doi.org/10.1002/glia.21205
http://www.ncbi.nlm.nih.gov/pubmed/21748805
http://www.ncbi.nlm.nih.gov/pubmed/21748805
https://doi.org/10.1523/JNEUROSCI.4747-14.2015
https://doi.org/10.1523/JNEUROSCI.4747-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25948275
https://doi.org/10.1016/j.brainres.2013.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23603404
https://doi.org/10.7554/eLife.34829

e LI FE Research article

Neuroscience

Hawkins V, Butt A. 2013. TASK-1 channels in oligodendrocytes: a role in ischemia mediated disruption.
Neurobiology of Disease 55:87-94. DOI: https://doi.org/10.1016/].nbd.2013.03.016, PMID: 23567653

Heuser K, Nagelhus EA, Taubgll E, Indahl U, Berg PR, Lien S, Nakken S, Gjerstad L, Ottersen OP. 2010. Variants
of the genes encoding AQP4 and Kir4.1 are associated with subgroups of patients with temporal lobe epilepsy.
Epilepsy Research 88:55-64. DOI: https://doi.org/10.1016/j.eplepsyres.2009.09.023, PMID: 19864112

Higashi K, Fujita A, Inanobe A, Tanemoto M, Doi K, Kubo T, Kurachi Y. 2001. An inwardly rectifying K(+) channel,
Kird.1, expressed in astrocytes surrounds synapses and blood vessels in brain. American Journal of Physiology-
Cell Physiology 281:C922-C931. DOI: https://doi.org/10.1152/ajpcell.2001.281.3.C922, PMID: 11502569

Higashimori H, Sontheimer H. 2007. Role of Kir4.1 channels in growth control of glia. Glia 55:1668-1679.
DOI: https://doi.org/10.1002/glia.20574, PMID: 17876807

Hinterkeuser S, Schroder W, Hager G, Seifert G, Blumcke |, Elger CE, Schramm J, Steinh&user C. 2000.
Astrocytes in the hippocampus of patients with temporal lobe epilepsy display changes in potassium
conductances. European Journal of Neuroscience 12:2087-2096. DOI: https://doi.org/10.1046/].1460-9568.
2000.00104.x, PMID: 10886348

Hirano A, Dembitzer HM. 1969. The transverse bands as a means of access to the periaxonal space of the central
myelinated nerve fiber. Journal of Ultrastructure Research 28:141-149. DOI: https://doi.org/10.1016/50022-
5320(69)90012-4, PMID: 5791690

Hirano A, Dembitzer HM. 1982. Further studies on the transverse bands. Journal of Neurocytology 11:861-866.
DOI: https://doi.org/10.1007/BF01148304, PMID: 6185646

Hughes EG, Kang SH, Fukaya M, Bergles DE. 2013. Oligodendrocyte progenitors balance growth with self-
repulsion to achieve homeostasis in the adult brain. Nature Neuroscience 16:668-676. DOI: https://doi.org/10.
1038/nn.3390, PMID: 23624515

Inyushin M, Kucheryavykh LY, Kucheryavykh YV, Nichols CG, Buono RJ, Ferraro TN, Skatchkov SN, Eaton MJ.
2010. Potassium channel activity and glutamate uptake are impaired in astrocytes of seizure-susceptible DBA/2
mice. Epilepsia 51:1707-1713. DOI: https://doi.org/10.1111/].1528-1167.2010.02592.x, PMID: 20831751

Kaiser M, Maletzki |, Hilsmann S, Holtmann B, Schulz-Schaeffer W, Kirchhoff F, Bahr M, Neusch C. 2006.
Progressive loss of a glial potassium channel (KCNJ10) in the spinal cord of the SOD1 (G93A) transgenic mouse
model of amyotrophic lateral sclerosis. Journal of Neurochemistry 99:900-912. DOI: https://doi.org/10.1111/j.
1471-4159.2006.04131.x, PMID: 16925593

Kalsi AS, Greenwood K, Wilkin G, Butt AM. 2004. Kir4.1 expression by astrocytes and oligodendrocytes in CNS
white matter: a developmental study in the rat optic nerve. Journal of Anatomy 204:475-485. DOI: https://doi.
org/10.1111/j.0021-8782.2004.00288.x, PMID: 15198689

Kamasawa N, Sik A, Morita M, Yasumura T, Davidson KG , Nagy JI, Rash JE. 2005. Connexin-47 and connexin-32
in gap junctions of oligodendrocyte somata, myelin sheaths, paranodal loops and Schmidt-Lanterman incisures:
implications for ionic homeostasis and potassium siphoning. Neuroscience 136:65-86. DOI: https://doi.org/10.
1016/j.neuroscience.2005.08.027, PMID: 16203097

Kang SH, Fukaya M, Yang JK, Rothstein JD, Bergles DE. 2010. NG2+ CNS glial progenitors remain committed to
the oligodendrocyte lineage in postnatal life and following neurodegeneration. Neuron 68:668-681.
DOI: https://doi.org/10.1016/j.neuron.2010.09.009, PMID: 21092857

Kang SH, Li Y, Fukaya M, Lorenzini |, Cleveland DW, Ostrow LW, Rothstein JD, Bergles DE. 2013. Degeneration
and impaired regeneration of gray matter oligodendrocytes in amyotrophic lateral sclerosis. Nature
Neuroscience 16:571-579. DOI: https://doi.org/10.1038/nn.3357, PMID: 23542689

Knutson P, Ghiani CA, Zhou JM, Gallo V, McBain CJ. Kang et al., 20131997. K+ channel expression and cell
proliferation are regulated by intracellular sodium and membrane depolarization in oligodendrocyte progenitor
cells. Journal of Neuroscience 17:2669-2682. PMID: 9092588

Kofuji P, Newman EA. 2004. Potassium buffering in the central nervous system. Neuroscience 129:1043-1054.
DOI: https://doi.org/10.1016/j.neuroscience.2004.06.008, PMID: 15561419

Kiray H, Lindsay SL, Hosseinzadeh S, Barnett SC. 2016. The multifaceted role of astrocytes in regulating
myelination. Experimental Neurology 283:541-549. DOI: https://doi.org/10.1016/j.expneurol.2016.03.009,
PMID: 26988764

Larsen BR, Assentoft M, Cotrina ML, Hua SZ, Nedergaard M, Kaila K, Voipio J, MacAulay N. 2014. Contributions
of the Na*/K*-ATPase, NKCC1, and Kir4.1 to hippocampal K* clearance and volume responses. Glia 62:608—
622. DOI: https://doi.org/10.1002/glia.22629, PMID: 24482245

Larson VA, Zhang Y, Bergles DE. 2016. Electrophysiological properties of NG2(+) cells: Matching physiological
studies with gene expression profiles. Brain Research 1638:138-160. DOI: https://doi.org/10.1016/j.brainres.
2015.09.010, PMID: 26385417

Larson VA. 2018. Larson-et-al-eLife-2018. GitHub. https://github.com/valerie-ann-larson/Larson-et-al-eLife-2018

Lee Y, Morrison BM, Li Y, Lengacher S, Farah MH, Hoffman PN, Liu Y, Tsingalia A, Jin L, Zhang PW, Pellerin L,
Magistretti PJ, Rothstein JD. 2012. Oligodendroglia metabolically support axons and contribute to
neurodegeneration. Nature 487:443-448. DOI: https://doi.org/10.1038/nature 11314, PMID: 22801498

Lenzen KP, Heils A, Lorenz S, Hempelmann A, Héfels S, Lohoff FW, Schmitz B, Sander T. 2005. Supportive
evidence for an allelic association of the human KCNJ10 potassium channel gene with idiopathic generalized
epilepsy. Epilepsy Research 63:113-118. DOI: https://doi.org/10.1016/j.eplepsyres.2005.01.002, PMID: 157253
93

Ma B, Buckalew R, Du Y, Kiyoshi CM, Alford CC, Wang W, McTigue DM, Enyeart JJ, Terman D, Zhou M. 2016.
Gap junction coupling confers isopotentiality on astrocyte syncytium. Glia 64:214-226. DOI: https://doi.org/10.
1002/glia.22924, PMID: 26435164

Larson et al. eLife 2018;7:e34829. DOI: https://doi.org/10.7554/eLife.34829 30 of 33


https://doi.org/10.1016/j.nbd.2013.03.016
http://www.ncbi.nlm.nih.gov/pubmed/23567653
https://doi.org/10.1016/j.eplepsyres.2009.09.023
http://www.ncbi.nlm.nih.gov/pubmed/19864112
https://doi.org/10.1152/ajpcell.2001.281.3.C922
http://www.ncbi.nlm.nih.gov/pubmed/11502569
https://doi.org/10.1002/glia.20574
http://www.ncbi.nlm.nih.gov/pubmed/17876807
https://doi.org/10.1046/j.1460-9568.2000.00104.x
https://doi.org/10.1046/j.1460-9568.2000.00104.x
http://www.ncbi.nlm.nih.gov/pubmed/10886348
https://doi.org/10.1016/S0022-5320(69)90012-4
https://doi.org/10.1016/S0022-5320(69)90012-4
http://www.ncbi.nlm.nih.gov/pubmed/5791690
https://doi.org/10.1007/BF01148304
http://www.ncbi.nlm.nih.gov/pubmed/6185646
https://doi.org/10.1038/nn.3390
https://doi.org/10.1038/nn.3390
http://www.ncbi.nlm.nih.gov/pubmed/23624515
https://doi.org/10.1111/j.1528-1167.2010.02592.x
http://www.ncbi.nlm.nih.gov/pubmed/20831751
https://doi.org/10.1111/j.1471-4159.2006.04131.x
https://doi.org/10.1111/j.1471-4159.2006.04131.x
http://www.ncbi.nlm.nih.gov/pubmed/16925593
https://doi.org/10.1111/j.0021-8782.2004.00288.x
https://doi.org/10.1111/j.0021-8782.2004.00288.x
http://www.ncbi.nlm.nih.gov/pubmed/15198689
https://doi.org/10.1016/j.neuroscience.2005.08.027
https://doi.org/10.1016/j.neuroscience.2005.08.027
http://www.ncbi.nlm.nih.gov/pubmed/16203097
https://doi.org/10.1016/j.neuron.2010.09.009
http://www.ncbi.nlm.nih.gov/pubmed/21092857
https://doi.org/10.1038/nn.3357
http://www.ncbi.nlm.nih.gov/pubmed/23542689
http://www.ncbi.nlm.nih.gov/pubmed/9092588
https://doi.org/10.1016/j.neuroscience.2004.06.008
http://www.ncbi.nlm.nih.gov/pubmed/15561419
https://doi.org/10.1016/j.expneurol.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/26988764
https://doi.org/10.1002/glia.22629
http://www.ncbi.nlm.nih.gov/pubmed/24482245
https://doi.org/10.1016/j.brainres.2015.09.010
https://doi.org/10.1016/j.brainres.2015.09.010
http://www.ncbi.nlm.nih.gov/pubmed/26385417
https://github.com/valerie-ann-larson/Larson-et-al-eLife-2018
https://doi.org/10.1038/nature11314
http://www.ncbi.nlm.nih.gov/pubmed/22801498
https://doi.org/10.1016/j.eplepsyres.2005.01.002
http://www.ncbi.nlm.nih.gov/pubmed/15725393
http://www.ncbi.nlm.nih.gov/pubmed/15725393
https://doi.org/10.1002/glia.22924
https://doi.org/10.1002/glia.22924
http://www.ncbi.nlm.nih.gov/pubmed/26435164
https://doi.org/10.7554/eLife.34829

e LI FE Research article

Neuroscience

MacFarlane SN, Sontheimer H. 1997. Electrophysiological changes that accompany reactive gliosis in vitro.
Journal of Neuroscience 17:7316-7329. PMID: 9295378

MacFarlane SN, Sontheimer H. 2000. Changes in ion channel expression accompany cell cycle progression of
spinal cord astrocytes. Glia 30:39-48. DOI: https://doi.org/10.1002/(SICI)1098-1136(200003)30:1<39::AlD-
GLIA5>3.0.CO;2-S, PMID: 10696143

Magnotti LM, Goodenough DA, Paul DL. 2011. Deletion of oligodendrocyte Cx32 and astrocyte Cx43 causes
white matter vacuolation, astrocyte loss and early mortality. Glia 5§9:1064-1074. DOI: https://doi.org/10.1002/
glia.21179, PMID: 21538560

Maldonado PP, Vélez-Fort M, Levavasseur F, Angulo MC. 2013. Oligodendrocyte precursor cells are accurate
sensors of local K+ in mature gray matter. Journal of Neuroscience 33:2432-2442. DOI: https://doi.org/10.
1523/JNEUROSCI.1961-12.2013, PMID: 23392672

Meeks JP, Mennerick S. 2007. Astrocyte membrane responses and potassium accumulation during neuronal
activity. Hippocampus 17:1100-1108. DOI: https://doi.org/10.1002/hipo.20344, PMID: 17853441

Menichella DM, Goodenough DA, Sirkowski E, Scherer SS, Paul DL. 2003. Connexins are critical for normal
myelination in the CNS. Journal of Neuroscience 23:5963-5973. PMID: 12843301

Menichella DM, Majdan M, Awatramani R, Goodenough DA, Sirkowski E, Scherer SS, Paul DL. 2006. Genetic and
physiological evidence that oligodendrocyte gap junctions contribute to spatial buffering of potassium released
during neuronal activity. Journal of Neuroscience 26:10984-10991. DOI: https://doi.org/10.1523/JNEUROSCI.
0304-06.2006, PMID: 17065440

Mizoguchi H, Nakade J, Tachibana M, Ibi D, Someya E, Koike H, Kamei H, Nabeshima T, Itohara S, Takuma K,
Sawada M, Sato J, Yamada K. 2011. Matrix metalloproteinase-9 contributes to kindled seizure development in
pentylenetetrazole-treated mice by converting pro-BDNF to mature BDNF in the hippocampus. Journal of
Neuroscience 31:12963-12971. DOI: https://doi.org/10.1523/JNEUROSCI.3118-11.2011, PMID: 21900575

Moody WJ, Futamachi KJ, Prince DA. 1974. Extracellular potassium activity during epileptogenesis. Experimental
Neurology 42:248-263. DOI: https://doi.org/10.1016/0014-4886(74)90023-5, PMID: 4824976

Morrison BM, Lee Y, Rothstein JD. 2013. Oligodendroglia: metabolic supporters of axons. Trends in Cell Biology
23:644-651. DOI: https://doi.org/10.1016/j.tcb.2013.07.007, PMID: 23988427

Mugnaini E. 1986. Cell junctions of astrocytes, ependyma, and related cells in the mammalian central nervous
system, with emphasis on the hypothesis of a generalized functional syncytium of supporting cells. In: Fedoroff
S, Vernadakis A (Eds). Astrocytes. | New York: Academic Press. p. 329-371.

Nagao Y, Harada Y, Mukai T, Shimizu S, Okuda A, Fujimoto M, Ono A, Sakagami Y, Ohno Y. 2013. Expressional
analysis of the astrocytic Kird.1 channel in a pilocarpine-induced temporal lobe epilepsy model. Frontiers in
Cellular Neuroscience 7:1-10. DOI: https://doi.org/10.3389/fncel.2013.00104

Neusch C, Papadopoulos N, Miller M, Maletzki |, Winter SM, Hirrlinger J, Handschuh M, Béhr M, Richter DW,
Kirchhoff F, Halsmann S. 2006. Lack of the Kir4.1 channel subunit abolishes K+ buffering properties of
astrocytes in the ventral respiratory group: impact on extracellular K+ regulation. Journal of Neurophysiology
95:1843-1852. DOI: https://doi.org/10.1152/jn.00996.2005, PMID: 16306174

Neusch C, Rozengurt N, Jacobs RE, Lester HA, Kofuji P. 2001. Kir4.1 potassium channel subunit is crucial for
oligodendrocyte development and in vivo myelination. Journal of Neuroscience 21:5429-5438.

PMID: 11466414

Nishiyama A, Lin XH, Giese N, Heldin CH, Stallcup WB. 1996. Co-localization of NG2 proteoglycan and PDGF
alpha-receptor on O2A progenitor cells in the developing rat brain. Journal of Neuroscience Research 43:299-
314. DOI: https://doi.org/10.1002/(SICI)1097-4547(19960201)43:3<299::AID-JNR5>3.0.CO;2-E, PMID: 8714519

Nwaobi SE, Cuddapah VA, Patterson KC, Randolph AC, Olsen ML. 2016. The role of glial-specific Kir4.1 in
normal and pathological states of the CNS. Acta Neuropathologica 132:1-21. DOI: https://doi.org/10.1007/
s00401-016-1553-1, PMID: 26961251

Ong WY, Levine JM. 1999. A light and electron microscopic study of NG2 chondroitin sulfate proteoglycan-
positive oligodendrocyte precursor cells in the normal and kainate-lesioned rat hippocampus. Neuroscience 92:
83-95. DOI: https://doi.org/10.1016/50306-4522(98)00751-9, PMID: 10392832

Orkand RK, Nicholls JG, Kuffler SW. 1966. Effect of nerve impulses on the membrane potential of glial cells in
the central nervous system of amphibia. Journal of Neurophysiology 29:788-806. DOI: https://doi.org/10.1152/
jn.1966.29.4.788, PMID: 5966435

Orthmann-Murphy JL, Abrams CK, Scherer SS. 2008. Gap junctions couple astrocytes and oligodendrocytes.
Journal of Molecular Neuroscience 35:101-116. DOI: https://doi.org/10.1007/512031-007-9027-5, PMID: 1
8236012

Orthmann-Murphy JL, Freidin M, Fischer E, Scherer SS, Abrams CK. 2007. Two distinct heterotypic channels
mediate gap junction coupling between astrocyte and oligodendrocyte connexins. Journal of Neuroscience 27:
13949-13957. DOI: https://doi.org/10.1523/JNEUROSCI.3395-07.2007, PMID: 18094232

Paez PM, Spreuer V, Handley V, Feng JM, Campagnoni C, Campagnoni AT. 2007. Increased expression of golli
myelin basic proteins enhances calcium influx into oligodendroglial cells. Journal of Neuroscience 27:12690-
12699. DOI: https://doi.org/10.1523/JNEUROSCI.2381-07.2007, PMID: 18003849

Pivonkova H, Benesova J, Butenko O, Chvatal A, Anderova M. 2010. Impact of global cerebral ischemia on K+
channel expression and membrane properties of glial cells in the rat hippocampus. Neurochemistry
International 57:783-794. DOI: https://doi.org/10.1016/j.neuint.2010.08.016, PMID: 20833221

Poliak S, Salomon D, Elhanany H, Sabanay H, Kiernan B, Pevny L, Stewart CL, Xu X, Chiu SY, Shrager P, Furley
AJ, Peles E. 2003. Juxtaparanodal clustering of Shaker-like K+ channels in myelinated axons depends on

Larson et al. eLife 2018;7:e34829. DOI: https://doi.org/10.7554/eLife.34829 31 of 33


http://www.ncbi.nlm.nih.gov/pubmed/9295378
https://doi.org/10.1002/(SICI)1098-1136(200003)30:1%3C39::AID-GLIA5%3E3.0.CO;2-S
https://doi.org/10.1002/(SICI)1098-1136(200003)30:1%3C39::AID-GLIA5%3E3.0.CO;2-S
http://www.ncbi.nlm.nih.gov/pubmed/10696143
https://doi.org/10.1002/glia.21179
https://doi.org/10.1002/glia.21179
http://www.ncbi.nlm.nih.gov/pubmed/21538560
https://doi.org/10.1523/JNEUROSCI.1961-12.2013
https://doi.org/10.1523/JNEUROSCI.1961-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23392672
https://doi.org/10.1002/hipo.20344
http://www.ncbi.nlm.nih.gov/pubmed/17853441
http://www.ncbi.nlm.nih.gov/pubmed/12843301
https://doi.org/10.1523/JNEUROSCI.0304-06.2006
https://doi.org/10.1523/JNEUROSCI.0304-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17065440
https://doi.org/10.1523/JNEUROSCI.3118-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21900575
https://doi.org/10.1016/0014-4886(74)90023-5
http://www.ncbi.nlm.nih.gov/pubmed/4824976
https://doi.org/10.1016/j.tcb.2013.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23988427
https://doi.org/10.3389/fncel.2013.00104
https://doi.org/10.1152/jn.00996.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306174
http://www.ncbi.nlm.nih.gov/pubmed/11466414
https://doi.org/10.1002/(SICI)1097-4547(19960201)43:3%3C299::AID-JNR5%3E3.0.CO;2-E
http://www.ncbi.nlm.nih.gov/pubmed/8714519
https://doi.org/10.1007/s00401-016-1553-1
https://doi.org/10.1007/s00401-016-1553-1
http://www.ncbi.nlm.nih.gov/pubmed/26961251
https://doi.org/10.1016/S0306-4522(98)00751-9
http://www.ncbi.nlm.nih.gov/pubmed/10392832
https://doi.org/10.1152/jn.1966.29.4.788
https://doi.org/10.1152/jn.1966.29.4.788
http://www.ncbi.nlm.nih.gov/pubmed/5966435
https://doi.org/10.1007/s12031-007-9027-5
http://www.ncbi.nlm.nih.gov/pubmed/18236012
http://www.ncbi.nlm.nih.gov/pubmed/18236012
https://doi.org/10.1523/JNEUROSCI.3395-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18094232
https://doi.org/10.1523/JNEUROSCI.2381-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18003849
https://doi.org/10.1016/j.neuint.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20833221
https://doi.org/10.7554/eLife.34829

e LI FE Research article

Neuroscience

Caspr2 and TAG-1. The Journal of Cell Biology 162:1149-1160. DOI: https://doi.org/10.1083/jcb.200305018,
PMID: 12963709

Poopalasundaram S, Knott C, Shamotienko OG, Foran PG, Dolly JO, Ghiani CA, Gallo V, Wilkin GP. 2000. Glial
heterogeneity in expression of the inwardly rectifying K(+) channel, Kir4.1, in adult rat CNS. Glia 30:362-372.
DOI: https://doi.org/10.1002/(SICI)1098-1136(200006)30:4<362::AID-GLIA50>3.0.CO;2-4, PMID: 10797616

Pérez-Samartin A, Garay E, Moctezuma JPH, Cisneros-Mejorado A, Sanchez-Gémez MV, Martel-Gallegos G,
Robles-Martinez L, Canedo-Antelo M, Matute C, Arellano RO. 2017. Inwardly rectifying K*currents in cultured
oligodendrocytes from rat optic nerve are insensitive to pH. Neurochemical Research 42:2443-2455.
DOI: https://doi.org/10.1007/s11064-017-2242-8, PMID: 28345117

Ransom CB, Ransom BR, Sontheimer H. 2000. Activity-dependent extracellular K+ accumulation in rat optic nerve:
the role of glial and axonal Na+ pumps. The Journal of Physiology 522:427-442. DOI: https://doi.org/10.1111/].
1469-7793.2000.00427 .x, PMID: 10713967

Rash JE, Duffy HS, Dudek FE, Bilhartz BL, Whalen LR, Yasumura T. 1997. Grid-mapped freeze-fracture analysis of
gap junctions in gray and white matter of adult rat central nervous system, with evidence for a "panglial
syncytium" that is not coupled to neurons. The Journal of Comparative Neurology 388:265-292. DOI: https://
doi.org/10.1002/(SICI)1096-9861(19971117)388:2<265::AID-CNE6>3.0.CO; 2-#, PMID: 9368841

Rash JE, Shay JW, Biesele JJ. 1969. Cilia in cardiac differentiation. Journal of Ultrastructure Research 29:470-
484. DOI: https://doi.org/10.1016/50022-5320(69)90067-7, PMID: 5365371

Rash JE, Vanderpool KG, Yasumura T, Hickman J, Beatty JT, Nagy JI. 2016. KV1 channels identified in rodent
myelinated axons, linked to Cx29 in innermost myelin: support for electrically active myelin in mammalian
saltatory conduction. Journal of Neurophysiology 115:1836-1859. DOI: https://doi.org/10.1152/jn.01077.2015,
PMID: 26763782

Rash JE, Yasumura T, Davidson KG, Furman CS, Dudek FE, Nagy JI. 2001. Identification of cells expressing Cx43,
Cx30, Cx26, Cx32 and Cx36 in gap junctions of rat brain and spinal cord. Cell Communication & Adhesion 8:
315-320. DOI: https://doi.org/10.3109/15419060109080745, PMID: 12064610

Rash JE. 2010. Molecular disruptions of the panglial syncytium block potassium siphoning and axonal saltatory
conduction: pertinence to neuromyelitis optica and other demyelinating diseases of the central nervous system.
Neuroscience 168:982-1008. DOI: https://doi.org/10.1016/j.neuroscience.2009.10.028, PMID: 19850107

Regan MR, Huang YH, Kim YS, Dykes-Hoberg MlI, Jin L, Watkins AM, Bergles DE, Rothstein JD. 2007. Variations
in promoter activity reveal a differential expression and physiology of glutamate transporters by glia in the
developing and mature CNS. Journal of Neuroscience 27:6607-6619. DOI: https://doi.org/10.1523/
JNEUROSCI.0790-07.2007, PMID: 17581948

Rhinn H, Marchand-Leroux C, Croci N, Plotkine M, Scherman D, Escriou V. 2008. Housekeeping while brain’s
storming Validation of normalizing factors for gene expression studies in a murine model of traumatic brain
injury. BMC Molecular Biology 9:62. DOI: https://doi.org/10.1186/1471-2199-9-62, PMID: 18611280

Rinholm JE, Hamilton NB, Kessaris N, Richardson WD, Bergersen LH, Attwell D. 2011. Regulation of
oligodendrocyte development and myelination by glucose and lactate. Journal of Neuroscience 31:538-548.
DOI: https://doi.org/10.1523/JNEUROSCI.3516-10.2011, PMID: 21228163

Robins SC, Villemain A, Liu X, Djogo T, Kryzskaya D, Storch KF, Kokoeva MV . 2013. Extensive regenerative
plasticity among adult NG2-glia populations is exclusively based on self-renewal. Glia 61:1735-1747.
DOI: https://doi.org/10.1002/glia.22554, PMID: 23918524

Sakry D, Neitz A, Singh J, Frischknecht R, Marongiu D, Binamé F, Perera SS, Endres K, Lutz B, Radyushkin K,
Trotter J, Mittmann T. 2014. Oligodendrocyte precursor cells modulate the neuronal network by activity-
dependent ectodomain cleavage of glial NG2. PLoS Biology 12:€1001993. DOI: https://doi.org/10.1371/
journal.pbio.1001993, PMID: 25387269

Scholl Ul, Choi M, Liu T, Ramaekers VT, Hausler MG, Grimmer J, Tobe SW, Farhi A, Nelson-Williams C, Lifton RP.
2009. Seizures, sensorineural deafness, ataxia, mental retardation, and electrolyte imbalance (SeSAME
syndrome) caused by mutations in KCNJ10. PNAS 106:5842-5847. DOI: https://doi.org/10.1073/pnas.
0901749106, PMID: 19289823

Schréder H, Becker A, Léssner B. 1993. Glutamate binding to brain membranes is increased in
pentylenetetrazole-kindled rats. Journal of Neurochemistry 60:1007-1011. DOI: https://doi.org/10.1111/].1471-
4159.1993.tb03248.x, PMID: 8094739

Sibille J, Dao Duc K, Holcman D, Rouach N. 2015. The neuroglial potassium cycle during neurotransmission: role
of Kird.1 channels. PLOS Computational Biology 11:€1004137. DOI: https://doi.org/10.1371/journal.pcbi.
1004137, PMID: 25826753

Sibille J, Pannasch U, Rouach N. 2014. Astroglial potassium clearance contributes to short-term plasticity of
synaptically evoked currents at the tripartite synapse. The Journal of Physiology 592:87-102. DOI: https://doi.
org/10.1113/jphysiol.2013.261735, PMID: 24081156

Sicca F, Ambrosini E, Marchese M, Sforna L, Servettini |, Valvo G, Brignone MS, Lanciotti A, Moro F, Grottesi A,
Catacuzzeno L, Baldini S, Hasan S, D'Adamo MC, Franciolini F, Molinari P, Santorelli FM, Pessia M. 2016. Gain-
of-function defects of astrocytic Kir4.1 channels in children with autism spectrum disorders and epilepsy.
Scientific Reports 6:34325. DOI: https://doi.org/10.1038/srep34325, PMID: 27677466

Sicca F, Imbrici P, D’Adamo MC, Moro F, Bonatti F, Brovedani P, Grottesi A, Guerrini R, Masi G, Santorelli FM,
Pessia M. 2011. Autism with seizures and intellectual disability: possible causative role of gain-of-function of the
inwardly-rectifying K+ channel Kird.1. Neurobiology of Disease 43:239-247. DOI: https://doi.org/10.1016/j.
nbd.2011.03.016, PMID: 21458570

Larson et al. eLife 2018;7:e34829. DOI: https://doi.org/10.7554/eLife.34829 32 0f 33


https://doi.org/10.1083/jcb.200305018
http://www.ncbi.nlm.nih.gov/pubmed/12963709
https://doi.org/10.1002/(SICI)1098-1136(200006)30:4%3C362::AID-GLIA50%3E3.0.CO;2-4
http://www.ncbi.nlm.nih.gov/pubmed/10797616
https://doi.org/10.1007/s11064-017-2242-8
http://www.ncbi.nlm.nih.gov/pubmed/28345117
https://doi.org/10.1111/j.1469-7793.2000.00427.x
https://doi.org/10.1111/j.1469-7793.2000.00427.x
http://www.ncbi.nlm.nih.gov/pubmed/10713967
https://doi.org/10.1002/(SICI)1096-9861(19971117)388:2%3C265::AID-CNE6%3E3.0.CO;2-#
https://doi.org/10.1002/(SICI)1096-9861(19971117)388:2%3C265::AID-CNE6%3E3.0.CO;2-#
http://www.ncbi.nlm.nih.gov/pubmed/9368841
https://doi.org/10.1016/S0022-5320(69)90067-7
http://www.ncbi.nlm.nih.gov/pubmed/5365371
https://doi.org/10.1152/jn.01077.2015
http://www.ncbi.nlm.nih.gov/pubmed/26763782
https://doi.org/10.3109/15419060109080745
http://www.ncbi.nlm.nih.gov/pubmed/12064610
https://doi.org/10.1016/j.neuroscience.2009.10.028
http://www.ncbi.nlm.nih.gov/pubmed/19850107
https://doi.org/10.1523/JNEUROSCI.0790-07.2007
https://doi.org/10.1523/JNEUROSCI.0790-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17581948
https://doi.org/10.1186/1471-2199-9-62
http://www.ncbi.nlm.nih.gov/pubmed/18611280
https://doi.org/10.1523/JNEUROSCI.3516-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21228163
https://doi.org/10.1002/glia.22554
http://www.ncbi.nlm.nih.gov/pubmed/23918524
https://doi.org/10.1371/journal.pbio.1001993
https://doi.org/10.1371/journal.pbio.1001993
http://www.ncbi.nlm.nih.gov/pubmed/25387269
https://doi.org/10.1073/pnas.0901749106
https://doi.org/10.1073/pnas.0901749106
http://www.ncbi.nlm.nih.gov/pubmed/19289823
https://doi.org/10.1111/j.1471-4159.1993.tb03248.x
https://doi.org/10.1111/j.1471-4159.1993.tb03248.x
http://www.ncbi.nlm.nih.gov/pubmed/8094739
https://doi.org/10.1371/journal.pcbi.1004137
https://doi.org/10.1371/journal.pcbi.1004137
http://www.ncbi.nlm.nih.gov/pubmed/25826753
https://doi.org/10.1113/jphysiol.2013.261735
https://doi.org/10.1113/jphysiol.2013.261735
http://www.ncbi.nlm.nih.gov/pubmed/24081156
https://doi.org/10.1038/srep34325
http://www.ncbi.nlm.nih.gov/pubmed/27677466
https://doi.org/10.1016/j.nbd.2011.03.016
https://doi.org/10.1016/j.nbd.2011.03.016
http://www.ncbi.nlm.nih.gov/pubmed/21458570
https://doi.org/10.7554/eLife.34829

e LI FE Research article

Neuroscience

Sousa VH, Miyoshi G, Hjerling-Leffler J, Karayannis T, Fishell G. 2009. Characterization of Nkx6-2-derived
neocortical interneuron lineages. Cerebral Cortex 19:i1-i10. DOI: https://doi.org/10.1093/cercor/bhp038,
PMID: 19363146

Spandidos A, Wang X, Wang H, Dragnev S, Thurber T, Seed B. 2008. A comprehensive collection of
experimentally validated primers for Polymerase Chain Reaction quantitation of murine transcript abundance.
BMC Genomics 9:633. DOI: https://doi.org/10.1186/1471-2164-9-633, PMID: 19108745

Spandidos A, Wang X, Wang H, Seed B. 2010. PrimerBank: a resource of human and mouse PCR primer pairs for
gene expression detection and quantification. Nucleic Acids Research 38:D792-D799. DOI: https://doi.org/10.
1093/nar/gkp1005, PMID: 19906719

Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, Jessell TM, Costantini F. 2001. Cre reporter strains
produced by targeted insertion of EYFP and ECFP into the ROSA26 locus. BMC Developmental Biology 1:4.
DOI: https://doi.org/10.1186/1471-213X-1-4, PMID: 11299042

Stonehouse AH, Pringle JH, Norman RI, Stanfield PR, Conley EC, Brammar WJ. 1999. Characterisation of Kir2.0
proteins in the rat cerebellum and hippocampus by polyclonal antibodies. Histochemistry and Cell Biology 112:
457-465. DOI: https://doi.org/10.1007/s004180050429, PMID: 10651097

Stys PK, Ransom BR, Waxman SG. 1991. Compound action potential of nerve recorded by suction electrode: a
theoretical and experimental analysis. Brain Research 546:18-32. DOI: https://doi.org/10.1016/0006-8993(91)
91154-S, PMID: 1855148

Sundelacruz S, Levin M, Kaplan DL. 2009. Role of membrane potential in the regulation of cell proliferation and
differentiation. Stem Cell Reviews and Reports 5:231-246. DOI: https://doi.org/10.1007/s12015-009-9080-2,
PMID: 19562527

Sanchez-Abarca LI, Tabernero A, Medina JM. 2001. Oligodendrocytes use lactate as a source of energy and as a
precursor of lipids. Glia 36:321-329. DOI: https://doi.org/10.1002/glia. 1119, PMID: 11746769

Tang X, Taniguchi K, Kofuji P. 2009. Heterogeneity of Kir4.1 channel expression in glia revealed by mouse
transgenesis. Glia 57:1706-1715. DOI: https://doi.org/10.1002/glia.20882, PMID: 19382212

Tasic B, Menon V, Nguyen TN, Kim TK, Jarsky T, Yao Z, Levi B, Gray LT, Sorensen SA, Dolbeare T, Bertagnolli D,
Goldy J, Shapovalova N, Parry S, Lee C, Smith K, Bernard A, Madisen L, Sunkin SM, Hawrylycz M, et al. 2016.
Adult mouse cortical cell taxonomy revealed by single cell transcriptomics. Nature Neuroscience 19:335-346.
DOI: https://doi.org/10.1038/nn.4216, PMID: 26727548

Tegla CA, Cudrici C, Rozycka M, Soloviova K, Ito T, Singh AK, Khan A, Azimzadeh P, Andrian-Albescu M, Khan A,
Niculescu F, Rus V, Judge SI, Rus H. 2011. C5b-9-activated, K(v)1.3 channels mediate oligodendrocyte cell cycle
activation and dedifferentiation. Experimental and Molecular Pathology 91:335-345. DOI: https://doi.org/10.
1016/j.yexmp.2011.04.006, PMID: 21540025

Tong X, Ao Y, Faas GC, Nwaobi SE, Xu J, Haustein MD, Anderson MA, Mody |, Olsen ML, Sofroniew MV, Khakh
BS. 2014. Astrocyte Kird.1 ion channel deficits contribute to neuronal dysfunction in Huntington's disease
model mice. Nature Neuroscience 17:694-703. DOI: https://doi.org/10.1038/nn.3691, PMID: 24686787

Traka M, Arasi K, Avila RL, Podojil JR, Christakos A, Miller SD, Soliven B, Popko B. 2010. A genetic mouse model
of adult-onset, pervasive central nervous system demyelination with robust remyelination. Brain 133:3017-
3029. DOI: https://doi.org/10.1093/brain/awq247, PMID: 20851998

Tronche F, Kellendonk C, Kretz O, Gass P, Anlag K, Orban PC, Bock R, Klein R, Schutz G. 1999. Disruption of the
glucocorticoid receptor gene in the nervous system results in reduced anxiety. Nature Genetics 23:99-103.
DOI: https://doi.org/10.1038/12703, PMID: 10471508

Venable JH, Coggeshall R. 1965. A Simplified lead citrate stain for use in electron microscopy. The Journal of
Cell Biology 25:407-408. DOI: https://doi.org/10.1083/jcb.25.2.407, PMID: 14287192

Wang H, Kunkel DD, Martin TM, Schwartzkroin PA, Tempel BL. 1993. Heteromultimeric K+ channels in terminal
and juxtaparanodal regions of neurons. Nature 365:75-79. DOI: https://doi.org/10.1038/365075a0, PMID:
8361541

Wang X, Seed B. 2003. A PCR primer bank for quantitative gene expression analysis. Nucleic Acids Research 31:
e154-154. DOI: https://doi.org/10.1093/nar/gng154, PMID: 14654707

Wang X, Spandidos A, Wang H, Seed B. 2012. PrimerBank: a PCR primer database for quantitative gene
expression analysis, 2012 update. Nucleic Acids Research 40:D1144-D1149. DOI: https://doi.org/10.1093/nar/
gkr1013, PMID: 22086960

Yamazaki Y, Fujiwara H, Kaneko K, Hozumi Y, Xu M, lkenaka K, Fuijii S, Tanaka KF. 2014. Short- and long-term
functional plasticity of white matter induced by oligodendrocyte depolarization in the hippocampus. Glia 62:
1299-1312. DOI: https://doi.org/10.1002/glia.22681, PMID: 24756966

Yamazaki Y, Hozumi Y, Kaneko K, Sugihara T, Fujii S, Goto K, Kato H. 2007. Modulatory effects of
oligodendrocytes on the conduction velocity of action potentials along axons in the alveus of the rat
hippocampal CA1 region. Neuron Glia Biology 3:325-334. DOI: https://doi.org/10.1017/51740925X08000070,
PMID: 18634564

Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S, Phatnani HP, Guarnieri P, Caneda C, Ruderisch
N, Deng S, Liddelow SA, Zhang C, Daneman R, Maniatis T, Barres BA, Wu JQ. 2014. An RNA-sequencing
transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex. Journal of
Neuroscience 34:11929-11947. DOI: https://doi.org/10.1523/JNEUROSCI.1860-14.2014, PMID: 25186741

Larson et al. eLife 2018;7:e34829. DOI: https://doi.org/10.7554/eLife.34829 330f 33


https://doi.org/10.1093/cercor/bhp038
http://www.ncbi.nlm.nih.gov/pubmed/19363146
https://doi.org/10.1186/1471-2164-9-633
http://www.ncbi.nlm.nih.gov/pubmed/19108745
https://doi.org/10.1093/nar/gkp1005
https://doi.org/10.1093/nar/gkp1005
http://www.ncbi.nlm.nih.gov/pubmed/19906719
https://doi.org/10.1186/1471-213X-1-4
http://www.ncbi.nlm.nih.gov/pubmed/11299042
https://doi.org/10.1007/s004180050429
http://www.ncbi.nlm.nih.gov/pubmed/10651097
https://doi.org/10.1016/0006-8993(91)91154-S
https://doi.org/10.1016/0006-8993(91)91154-S
http://www.ncbi.nlm.nih.gov/pubmed/1855148
https://doi.org/10.1007/s12015-009-9080-2
http://www.ncbi.nlm.nih.gov/pubmed/19562527
https://doi.org/10.1002/glia.1119
http://www.ncbi.nlm.nih.gov/pubmed/11746769
https://doi.org/10.1002/glia.20882
http://www.ncbi.nlm.nih.gov/pubmed/19382212
https://doi.org/10.1038/nn.4216
http://www.ncbi.nlm.nih.gov/pubmed/26727548
https://doi.org/10.1016/j.yexmp.2011.04.006
https://doi.org/10.1016/j.yexmp.2011.04.006
http://www.ncbi.nlm.nih.gov/pubmed/21540025
https://doi.org/10.1038/nn.3691
http://www.ncbi.nlm.nih.gov/pubmed/24686787
https://doi.org/10.1093/brain/awq247
http://www.ncbi.nlm.nih.gov/pubmed/20851998
https://doi.org/10.1038/12703
http://www.ncbi.nlm.nih.gov/pubmed/10471508
https://doi.org/10.1083/jcb.25.2.407
http://www.ncbi.nlm.nih.gov/pubmed/14287192
https://doi.org/10.1038/365075a0
http://www.ncbi.nlm.nih.gov/pubmed/8361541
https://doi.org/10.1093/nar/gng154
http://www.ncbi.nlm.nih.gov/pubmed/14654707
https://doi.org/10.1093/nar/gkr1013
https://doi.org/10.1093/nar/gkr1013
http://www.ncbi.nlm.nih.gov/pubmed/22086960
https://doi.org/10.1002/glia.22681
http://www.ncbi.nlm.nih.gov/pubmed/24756966
https://doi.org/10.1017/S1740925X08000070
http://www.ncbi.nlm.nih.gov/pubmed/18634564
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25186741
https://doi.org/10.7554/eLife.34829

