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The Kv2 family of voltage-gated potassium channel � subunits, comprising Kv2.1 and Kv2.2, mediate the bulk of the neuronal delayed
rectifier K � current in many mammalian central neurons. Kv2.1 exhibits robust expression across many neuron types and is unique in
its conditional role in modulating intrinsic excitability through changes in its phosphorylation state, which affect Kv2.1 expression,
localization, and function. Much less is known of the highly related Kv2.2 subunit, especially in forebrain neurons. Here, through
combined use of cortical layer markers and transgenic mouse lines, we show that Kv2.1 and Kv2.2 are localized to functionally distinct
cortical cell types. Kv2.1 expression is consistently high throughout all cortical layers, especially in layer (L) 5b pyramidal neurons,
whereas Kv2.2 expression is primarily limited to neurons in L2 and L5a. In addition, L4 of primary somatosensory cortex is strikingly
devoid of Kv2.2 immunolabeling. The restricted pattern of Kv2.2 expression persists in Kv2.1-KO mice, suggesting distinct cell- and
layer-specific functions for these two highly related Kv2 subunits. Analyses of endogenous Kv2.2 in cortical neurons in situ and recom-
binant Kv2.2 expressed in heterologous cells reveal that Kv2.2 is largely refractory to stimuli that trigger robust, phosphorylation-
dependent changes in Kv2.1 clustering and function. Immunocytochemistry and voltage-clamp recordings from outside-out
macropatches reveal distinct cellular expression patterns for Kv2.1 and Kv2.2 in intratelencephalic and pyramidal tract neurons of L5,
indicating circuit-specific requirements for these Kv2 paralogs. Together, these results support distinct roles for these two Kv2 channel
family members in mammalian cortex.
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Introduction
Neurons within the neocortex are arranged in a laminar architec-
ture composed broadly of six layers, and they contribute to the
input, processing, or output of sensory and motor signals in a
layer-specific manner (Martin, 2002). Mirroring their differences
in location within a cortical layer, neurons of different layers
express diverse populations of ion channels and thus possess dis-
tinct intrinsic membrane properties that regulate their excitabil-

ity (Mason and Larkman, 1990; Toledo-Rodriguez et al., 2004;
Vacher et al., 2008; Khazen et al., 2012). Understanding ion chan-
nel expression patterns of neurons within different cortical layers
is essential to understanding their intrinsic excitability and how
information is processed within and between layers of the cortex.
In particular, the localization and function of voltage-gated po-
tassium or Kv channels can dramatically influence the excitability
and function of individual neurons (Trimmer, 2015).

Significance Statement

Neurons within the neocortex are arranged in a laminar architecture and contribute to the input, processing, and/or output of sensory
andmotorsignalsinacell-andlayer-specificmanner.Neuronsofdifferentcortical layersexpressdiversepopulationsofionchannelsand
possess distinct intrinsic membrane properties. Here, we show that the Kv2 family members Kv2.1 and Kv2.2 are expressed in distinct
cortical layers and pyramidal cell types associated with specific corticostriatal pathways. We find that Kv2.1 and Kv2.2 exhibit distinct
responses to acute phosphorylation-dependent regulation in brain neurons in situ and in heterologous cells in vitro. These results
identify a molecular mechanism that contributes to heterogeneity in cortical neuron ion channel function and regulation.
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Among Kv channels, the voltage-gated potassium channel
subunit Kv2.1 is unusual in its broad and robust expression in
neurons across mammalian brain (Trimmer, 1991; Hwang et al.,
1993; Du et al., 1998). In neocortex, in situ hybridization (ISH)
analyses and single-cell RT-PCR revealed widespread and rela-
tively homogenous expression of Kv2.1 mRNA across cortical
layers (Drewe et al., 1992; Hwang et al., 1992; Guan et al., 2007).
Immunohistochemical analyses of Kv2.1 expression (Trimmer,
1991; Hwang et al., 1993; Maletic-Savatic et al., 1995; Rhodes et
al., 1995; Rhodes et al., 2004; Mandikian et al., 2014) yielded
similar results, although detailed analysis of Kv2.1 cortical ex-
pression has not been performed. Functionally, Kv2.1 underlies
the bulk of the delayed-rectifier potassium current (IK) in diverse
types of neurons, making it a key regulator of intrinsic excitability
(Murakoshi and Trimmer, 1999; Du et al., 2000; Malin and Ner-
bonne, 2002; Liu and Bean, 2014). High levels of neuronal activ-
ity lead to dephosphorylation of Kv2.1 and corresponding
changes in its subcellular localization and voltage-dependent gat-
ing, which have been linked to homeostatic suppression of neu-
ronal excitability (Misonou et al., 2005; Mohapatra et al., 2009).
Conversely, in conditions of normal activity, Kv2.1 facilitates
high-frequency firing (Guan et al., 2013; Liu and Bean, 2014),
suggesting that Kv2.1 can either decrease or increase neuronal
activity depending on a cell’s firing history.

In general, less is known about Kv2.2. ISH and single-cell
RT-PCR analyses show a more restricted localization relative to
Kv2.1 (Hwang et al., 1992; Guan et al., 2007). Initial immunohis-
tochemistry studies demonstrated striking differences in cellular
and subcellular patterns of Kv2.1 and Kv2.2 expression (Hwang
et al., 1993; Maletic-Savatic et al., 1995); however, a recent study
revealed that these results were confounded by the use of Abs
generated against a variant sequence of Kv2.2 the biological rele-
vance of which is unclear (Kihira et al., 2010). Kv2.2 exhibits a
subcellular localization remarkably similar to that of Kv2.1, being
present in large clusters on the soma and proximal dendrites
(Kihira et al., 2010). This study also noted that Kv2.1 and Kv2.2
expression are not uniform across cortical neurons; however, the
specific neuronal populations that express these Kv2 paralogs
were not investigated. Functionally, Kv2.2 facilitates high-
frequency firing in auditory neurons (Johnston et al., 2008), as
well as activity of GABAergic interneurons in the basal forebrain
(Hermanstyne et al., 2010) and KO of Kv2.2 leads to disrupted
sleep–wake cycles (Hermanstyne et al., 2013). Whether Kv2.2 is
subjected to dynamic, activity-dependent regulation through
changes in phosphorylation, as is Kv2.1, has not been addressed.

Here, we use a set of recently generated, KO-validated Abs and
a strategic battery of immunohistochemical markers and trans-
genic mouse lines to define the cell- and layer-specific expres-
sion of Kv2.1 and Kv2.2 in mammalian neocortex. We also

investigate whether Kv2.2 is regulated by stimuli that lead to
dephosphorylation-dependent changes in Kv2.1 localization and
function in both cortical neurons in situ and in heterologous cells
expressing recombinant Kv2.2. Finally, we show that the expres-
sion of Kv2.1 and Kv2.2 is associated with distinct efferent path-
ways. Together, these results suggest independent roles for these
highly related Kv2 channel paralogs in cortical function and
plasticity.

Materials and Methods
Antibodies. See Table 1 for detailed descriptions of Abs used in this study.

Animals. All animal use procedures were performed in strict accor-
dance with the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health (NIH) and were approved by the University
of California–Davis (UC-Davis) and the University of Tennessee Health
Science Center Institutional Animal Care and Use Committees. Mice and
rats were maintained under standard light– dark cycles and allowed to
feed and drink ad libitum. Kv2.1-KO mice (RRID:IMSR_MGI:3806050)
have been described previously (Jacobson et al., 2007; Speca et al., 2014)
and were generated from breeding of Kv2.1�/� mice that had been back-
crossed on the C57BL/6J background (RRID:IMSR_JAX:000664) such
that all experiments with Kv2.1-KO mice used WT littermates as con-
trols. Kv2.2-KO mice (Hermanstyne et al., 2010; Hermanstyne et al.,
2013) were obtained from Drs. Tracey Hermanstyne and Jeanne Ner-
bonne. All Kv2.2-KO mice used here were obtained from homozygotic
crosses. Both male and female mice were used, all �10 weeks old.
Sprague Dawley rats (female 200 –300 g, Charles River Laboratories)
were all �15 weeks old. We also studied layer 5 (L5) neurons from two
BAC lines of mice (Swiss Webster background), which were originally
obtained from the Mutant Mouse Regional Resource Centers of the
GENSAT project. The first line was Tg(Etvl-EGFP)BZ192Gsat/Mmucd
(Etv1) and the second line was Tg(Glt25d2-EGFP)BN20Gsat/Mmnc
(Glt). We have previously characterized the laminar location and firing
properties of these mouse lines (Guan et al., 2015). For the original
characterization of these BAC lines, see Gong et al. (2007) and Doyle et al.
(2008). A more detailed characterization is found in Groh et al. (2010).
Slice recordings were performed on juvenile mice from 2 to 4 weeks of
age, a time when Kv2.1 and Kv2.2 expression are mostly established
(Trimmer, 1993; Maletic-Savatic et al., 1995).

Tracer injections. Adult male C57/B6J mice (10 –12 weeks old) were
anesthetized with isoflurane and a small craniotomy was stereotaxically
placed above primary somatosensory cortex. A small injection (500 nL)
of 10% biotinylated dextran amine (BDA) (3000 MW; Thermo Fisher)
dissolved in 0.1 M PBS, pH 7.4, or a modified rabies virus (SAD�G-
EGFP) expressing GFP instead of a glycoprotein essential for replication
(Wickersham et al., 2007; Osakada and Callaway, 2013) was made uni-
laterally into the dorsolateral striatum using a glass micropipette (�40
�m tip). Five to 7 d after the BDA or 3 d after the rabies injection, mice
were transcardially perfused and brains were processed for immunola-
beling (see below).

Preparation of brain sections. Mice were briefly anesthetized with 60
mg/kg sodium pentobarbital and then subjected to CO2 inhalation for 2
min in a closed chamber connected to a CO2 gas cylinder to induce
ischemic stress in vivo (Misonou et al., 2005). Control mice were anes-
thetized by pentobarbital (60 mg/kg) without CO2 exposure. Mice were
then perfused with 4% formaldehyde (FA) for immunohistochemistry
(see below). We have previously shown that CO2 inhalation and global
decapitation ischemia exhibit a similar extent of Kv2.1 modulation in
vivo (Misonou et al., 2005).

For preparation of brain sections, rats and mice were deeply anesthe-
tized with 60 mg/kg sodium pentobarbital and transcardially perfused
with �5 ml PBS (150 mM NaCl, 10 mM Na-phosphate buffer, pH 7.4)
containing 10 U/ml heparin, followed by �30 ml ice-cold 4% FA (freshly
prepared from PFA) in 0.1 M sodium phosphate buffer, pH 7.4 (0.1 M

PB). The brains were removed and cryoprotected for 24 h in 10% sucrose
and then for 24 – 48 h in 30% sucrose in 0.1 M PB. Perfusion-fixed and
cryoprotected ferret brains were gifts from the laboratory of our late
colleague, Dr. Barbara Chapman. Fresh-frozen macaque samples were a
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gift from the laboratory of our late colleague, Dr. Edward G. Jones. Fresh-
frozen human brain samples (49.5-year-old Caucasian male, 5 h post-
mortem interval) were obtained from the Eunice Kennedy Shriver
National Institute of Child Health and Human Development Brain
and Tissue Bank for Developmental Disorders (NICHD contract
HHSN275200900011C, reference NO1-HD-9-0011). Samples from the
visual cortex of human and macaque were thawed in 4% FA, freshly
prepared from PFA, in 0.1 M PB, pH 7.4, fixed for 45 min at 4°C, and
cryoprotected for 24 h in 10% sucrose and then for 48 h in 30% sucrose.
After cryoprotection, all samples were frozen and cut into 30 �m sections
on a freezing stage sliding microtome. Sections were collected in 0.1 M PB
and processed for immunohistochemistry.

Multiplex immunofluorescence labeling. Multiplex immunofluores-
cence labeling was performed essentially as described previously (Man-
ning et al., 2012). In brief, free-floating sections were incubated in 10%
goat serum in 0.1 M PB containing 0.3% Triton X-100 (TX-100, vehicle)
for 1 h and then incubated 3 h at room temperature (RT) in vehicle
containing different combinations of primary Abs. After incubation, sec-
tions were washed 3� for 10 min each in 0.1 M PB and incubated for 1 h
in vehicle containing affinity-purified species and/or mouse IgG-
subclass-specific goat secondary Abs conjugated to Alexa Fluor (Thermo
Fisher). Sections were labeled with the DNA-specific dye Hoechst 33258
during the secondary Ab step. Sections were washed 3� for 10 min each
in 0.1 M PB, mounted and dried onto gelatin-coated slides, treated with
0.05% Sudan black (EM Sciences) in 70% ethanol for 5 min (Schnell et
al., 1999), extensively washed in water, and mounted with Prolong Gold
(Thermo Fisher).

Low-magnification images were acquired on Zeiss AxioObserver
Z1 microscope using a 10�/0.5 numerical aperture (NA) Fluar
objective and an AxioCam MRm digital camera and reconstruc-
ted as tiled mosaics using Axiovision 4.0 (Carl Zeiss, RRID:
S-ciRes_000111). High-magnification images were acquired on a
Zeiss AxioImager M2 microscope using a 40�/0.8 NA plan-
Apochromat oil-immersion objective or a 63�/1.40 NA plan-
Apochromat oil-immersion objective and an AxioCam MRm digital
camera. Optical sections were acquired using an ApoTome 2 struc-
tured illumination system (Carl Zeiss). Imaging and postprocessing
was performed in Axiovision (Carl Zeiss), ImageJ, and MATLAB (The
MathWorks). Super-resolution light microscopy was performed on a
Zeiss Elyra system (SR-SIM) using a 100�/1.4 NA plan-Apochromat
oil-immersion objective, and Z-stacks were reconstructed with Zen
software (Carl Zeiss). Linear adjustments to contrast and brightness
were performed using Photoshop (Adobe Systems) or ImageJ. All

panels in a given figure were imaged and treated identically unless
otherwise noted.

Immunogold labeling and electron microscopy. Adult mice were anes-
thetized with sodium pentobarbital and transcardially perfused with
60 – 80 ml of ice-cold 4% FA (freshly prepared from PFA) with 0.05%
glutaraldehyde (Ted Pella) in 0.1 M PB, pH 7.4. Brains were removed and
sectioned to 50 �m using a vibratome. Sections were then cryoprotected
by sequential incubation in 10% and 20% (w/v) sucrose in 0.1 M PB for 30
min each and finally 25% sucrose/30% glycerol for 1 h. After cryoprotec-
tion, sections were freeze-thawed in liquid nitrogen for �30 s each and
then blocked with 10% goat serum and 0.025% TX-100 in 50 mM TBS at
4°C for 1 h. Free-floating sections were probed with anti-Kv2.2 IgG1 Ab
(N372C/51; 1 �g/ml) diluted in vehicle (2% goat serum/50 mM TBS) for
48 h. After Ab incubation, sections were washed with 50 mM TBS 3� for
20 min each and then incubated with 1.4 nm gold-conjugated secondary
Abs (Nanoprobes) diluted in vehicle for 12 h at 4°C. Sections were
washed at RT 3� for 10 min each with 50 mM TBS, followed by 25 mM

PBS. Sections were then postfixed with 1% glutaraldehyde/25 mM PBS
for 10 min and washed with Milli-Q water (Millipore) 3� for 5 min each.
Silver enhancement was then performed using the HQ silver (Nano-
probes) EM intensification kit. After washing with water 3� for 5 min
each and with 0.1 M PB 2� for 10 min each, osmification was performed
by treatment with 1% OsO4/PB for 40 min. After the sections were
washed with water 3� for 10 min each, sections were counterstained
using 1% uranyl acetate for 35 min. Sections were then dehydrated with
50%, 70%, 90%, 95%, and 100% ethanol, followed by 100% propylene
oxide. Dehydrated sections were infiltrated with Durcupan resin over-
night and cured on glass slides at 60°C for 12–24 h. Regions of interest
(ROIs) were excised and re-embedded in Durcupan blocks to be sec-
tioned at 70 nm using an ultramicrotome (Leica). Ultrathin sections were
mounted on single-slot copper grids using Pioloform support film and
imaged using a CCD camera connected to a Philips CM120 TEM. For
immunogold particle counts, intracellular gold particles found within 40
nm of the plasma membrane were considered to be plasma membrane
associated. Plasma membrane lengths were measured using ImageJ.

Preparation of cortical and crude brain homogenates. For immunoblot
analyses of Kv2.1 and Kv2.2 expression levels, mice were decapitated
without anesthesia, brains removed, and neocortices dissected and ho-
mogenized in ice-cold homogenization buffer containing the following:
5 mM PB, pH 7.4, 320 mM sucrose, 100 mM NaF, 500 �M PMSF, and a
protease inhibitor mixture (2 �g/ml aprotinin, 2 �g/ml antipain, 1
�g/ml leupeptin, and 10 �g/ml benzamidine). Because the extended
postmortem period associated with cortical dissections could affect

Table 1. Antibody information

Antigen and antibody name Species/isotype/immunogen Manufacturer information Concentration used

Kv2.1 (L61C/30) Mouse IgG1 mAb binds within aa 595– 616 In-house (Trimmer laboratory), RRID:AB_2532100 1:5 tissue culture supernatant
Kv2.1 (K89/34R) Mouse IgG2a mAb binds within aa 837– 853 In-house (Trimmer laboratory), recombinant mouse

monoclonal antibody expressed in HEK cells
RRID: AB_2315768

1:2 tissue culture supernatant

Kv2.1 (K89/34) Mouse IgG1 mAb binds within aa 837– 853 NeuroMab catalog #73-014 RRID:AB_10672253 10 �g/ml purified
Kv2.1 (L80/21) Mouse IgG3 mAb binds within aa 837– 853 NeuroMab catalog #73-315, RRID:AB_2315862 1:2 tissue culture supernatant
Kv2.2 (N372B/1) Mouse IgG1 mAb binds within aa 764 –907

Species reactivity with mouse, rat, ferret,
macaque and human

NeuroMab catalog #73-369, RRID:AB_2315869 1:5 tissue culture supernatant

Kv2.2 (N372C/51) Mouse IgG1 mAb binds within aa 717–763 NeuroMab catalog #73-358, RRID:AB_2315865 10 �g/ml (LM)
1 �g/ml (EM) purified

Kv2.2 (N372B/60) Mouse IgG2b mAb binds within aa 764 –907
species reactivity with mouse and rat

NeuroMab catalog #73-360, RRID:AB_2315867 1:5 tissue culture supernatant

Mortalin/Grp 75 (N52A/42) Mouse IgG1 mAb NeuroMab catalog #73-127, RRID:AB_10674108 1:20 tissue culture supernatant
GFP (N86/38) Mouse IgG2a mAb binds within aa 1–238 (full-length) NeuroMab catalog #73-131, RRID:AB_2313651 1:5 tissue culture supernatant
vGlut2 (N29/29) Mouse IgG1 mAb binds within aa 501–582 NeuroMab catalog #75-067, RRID:AB_2239153 1:5 tissue culture supernatant
Cux1 Rabbit pAb, binds within aa 1111–1332 Santa Cruz Biotechnology catalog #sc-13024,

RRID:AB_2261231
0.4 �g/ml purified

Ctip2 Rat IgG2a mAb, binds within aa 1–150 Abcam catalog #ab18465, RRID:AB_2064130 0.5 �g/ml purified
Satb2 Mouse IgG1 mAb, binds within C-terminus Abcam catalog #ab51502, RRID:AB_882455 0.1 �g/ml purified
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phosphorylation state, as demonstrated for other phosphoproteins
(Gärtner et al., 1998; Oka et al., 2011; Gündisch et al., 2013) including
Kv2.1 (Misonou et al., 2005), for analyses of phosphorylation state, we
prepared samples from whole mouse brains that were removed and ho-
mogenized within a 1 min postmortem period. Whole-brain crude ho-
mogenates or crude membrane fractions were prepared from mice that
were either briefly anesthetized with sodium pentobarbital (60 mg/kg to
match perfused immunohistochemistry samples, procedure described
above) and decapitated, or decapitated without anesthesia, respectively.
For crude mouse brain membrane preparations, homogenates were cen-
trifuged twice at 750 � g for 10 min at 4°C. The resulting supernatants
were mixed and centrifuged at 38,000 � g for 90 min at 4°C and the
resulting pellet rehomogenized in homogenization buffer. Homogenates
and membranes were then incubated with or without calf intestinal al-
kaline phosphatase (AP; 100 U/ml; Roche) for 2 h at 37°C and diluted in
1� reducing sample buffer to a concentration of 1 mg/ml.

Immunoblots. Samples (30 �g of protein/lane) were separated on a
7.5% SDS-PAGE gel and transferred to a nitrocellulose membrane. Lau-
ryl sulfate (L-5750, Sigma-Aldrich) was the form of SDS used in all gel
solutions (Shi et al., 1994). Immunoblots were blocked in 4% nonfat dry
milk/0.1% Tween 20/TBS (TBS: 20 mM Tris/150 mM NaCl pH 8.0) and
probed for Kv2.1 (K89/34), Kv2.2 (N372B/60) and Grp75/Mortalin
(N52A/42) using mAbs (clone number in parentheses) obtained from
the UC-Davis/NIH NeuroMab Facility (http://neuromab.ucdavis.edu/),
a not-for profit supplier of monoclonal antibodies administered through
the University of California. Alexa Fluor-conjugated fluorescent second-
ary Abs (Thermo Fisher) were used to detect bound primary Abs and
imaged using a FluorChem Q imager (ProteinSimple). Immunoblots
were analyzed using FluorChem software and statistical analysis was per-
formed using StatPlus.

Cell culture and plasmids. Recombinant rat Kv2.2 in the RBG4 vector
(Kihira et al., 2010) was used to generate a serine-to-alanine mutation at
the serine 605 site following standard molecular biology methods as
described previously (Scannevin et al., 1996; Lim et al., 2000). HEK293T
cells, a generous gift from Dr. Vladimir Yarov-Yarovoy, UC-Davis, and
originally obtained from Cell Genesis (Eaholtz et al., 1994) were grown
on poly-L-lysine-coated coverslips or tissue culture-treated cell culture
dishes at 37°C and 5% CO2 in DMEM high glucose medium (Thermo
Fisher) supplemented with 10% fetal bovine serum. Cells were tran-
siently transfected with Kv2.1/RBG4 (Shi et al., 1994), Kv2.2/RBG4 (Ki-
hira et al., 2010), Kv2.1-S586A/RBG4 (Lim et al., 2000), Kv2.2-S605A/
RBG4 (see above), and empty RBG4 plasmids using Lipofectamine 2000
(Thermo Fisher) according to the manufacturer’s instructions. Cells
were seeded at 10% confluence, transfected 24 h later (incubated with
lipofectamine-containing transfection mixture for 5 h in serum/
antibiotic-free culture media, after which the cells were incubated in the
serum/antibiotic-containing medium), and left for an additional 36 – 48
h after transfection before fixation or lysis.

For ionomycin (Inm) treatments, transfected HEK293T cells were
washed once with HBSS containing Ca 2�/Mg 2� at 37°C, followed by a
15 min incubation in HBSS Ca 2�/Mg 2� either with (treated) or without
(control) 1 �M Inm at 37°C. For fixed cells, HBSS was removed and cells
were fixed in DPBS containing freshly prepared 3% FA plus 4% sucrose
for 30 min at 4°C. After 3 washes with DPBS, nonspecific protein binding
sites were blocked with Blotto (TBS with 4% w/v nonfat dry milk plus
0.1% TX-100) for 1 h at RT and then incubated with primary Abs for 1 h
at RT. After washing 3 times with Blotto, cells were incubated with
affinity-purified species and/or mouse IgG-subclass-specific goat sec-
ondary Abs conjugated to Alexa Fluor (Thermo Fisher) for 1 h at RT,
washed 3� with DPBS, and mounted in ProLong Gold (Thermo Fisher).
Cells were labeled with dyes (Hoechst 33258; phalloidin; Thermo Fisher)
during the secondary Ab step. To prepare detergent lysates, cells were
washed once with ice-cold DPBS and then lysed with ice-cold 1% TX-
100-containing buffer and centrifuged at 12,000 � g and the resulting
supernatant used as the cell lysate. Aliquots of cell lysates were incubated
with and without AP (100 U/ml; Roche) in the presence of 0.1% SDS for
2 h at 37°C.

HEK293 electrophysiology. HEK293 cells were cultured at 37°C and 5%
CO2 in MEM supplemented with 10% fetal bovine serum, 1% penicillin–

streptomycin, and 1% nonessential amino acids. HEK293 cells (70%
confluent) were transiently transfected with 50 ng of either Kv2.1/RBG4
or Kv2.2/RBG4 and 0.5 �g of GFP (as a transfected cell marker) accord-
ing to the standard Lipofectamine 2000 (Thermo Fisher) protocol. Six-
teen to 24 h after transfection, cells were trypsinized, replated, and used
for electrophysiological analysis within 5 h.

Whole-cell current recordings were obtained at room temperature
(22–23°C) using an Axopatch-200B amplifier (Molecular Devices) con-
nected to a Digidata 1440 data-acquisition system (Molecular Devices).
Current recordings were low-pass filtered, sampled at 1–10 kHz, and
command voltages were controlled with the pClamp10 software (Molec-
ular Devices). Patch pipettes were pulled with a laser puller P2000 (Sutter
Instruments) from 1.2 mm borosilicate glass (World Precision Instru-
ments), heat polished, and filled with an intracellular solution containing
the following (in mM): 110 KCl, 5 K4BAPTA, 5 K2ATP, 1 MgCl2, and 10
HEPES, pH 7.2 adjusted with KOH. Cells were continuously superfused
with an extracellular solution containing the following (in mM): 145
NaCl, 4 KCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose, pH 7.35
adjusted with NaOH. Series resistances were compensated (80%) and
cells were excluded from analysis if voltage errors exceeded 5 mV.

Inm treatments were performed by replacing the bath solution of the
recording chamber with 1 �M Inm (Thermo Fisher) dissolved in HBSS
with Ca 2�/Mg 2� after the whole-cell configuration was obtained. After
10 min, the bath solution was exchanged to the extracellular recording
solution and current recordings after Inm treatment were obtained. AP
treatments were performed by dissolving 10 U/ml rAPID AP (Roche) in
the pipette solution and current recordings after AP treatment were ob-
tained 15–20 min after patch disruption.

Glt and Etv1 brain slices. Mice were anesthetized with isoflurane until
they were areflexive. Briefly, the mouse was placed into a sealed plastic
container into which gauze soaked with isoflurane was placed under a
fiberglass screen floor. After anesthesia with isoflurane, the mouse was
decapitated and the brain was removed and dropped into ice-cold cut-
ting solution bubbled with O2 for 30 – 60 s. This solution contained the
following (in mM): 250 sucrose, 2.5 KCl, 1 NaH2PO4, 11 glucose, 4
MgSO4, 0.1 CaCl2, 0.4 ascorbate, 0.6 sodium pyruvate, and 15 HEPES,
pH 7.3–7.4; 300 mOsm/L. The brain was then sliced into 300-�m-thick
coronal sections using a vibrating tissue slicer (Vibroslice; Campden
Instruments).

Slice recordings. Slices were placed in a recording chamber on the stage
of an Olympus BX50WI upright microscope. Slices were bathed in aCSF
bubbled with 95% O2/5% CO2 delivered at 2 ml/min and heated with an
in-line heater (Warner Instruments) to 33 � 1°C (measured with a
thermistor in the bath adjacent to the slice). The aCSF contained the
following (in mM): 125 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 26
NaHCO3, and 20 glucose, pH 7.4, 310 mOsm. Pharmacological agents
were added directly to the aCSF. TTX (0.5 �M) was added to the bath to
block Na � channels. In some experiments, we added 200 �M Cd 2� to
block Ca 2� channels. Guangxitoxin-1E (GxTX; Alomone Laboratories)
was dissolved directly into aCSF containing 0.25% BSA.

Pyramidal neurons in L5 were visualized with infrared/differential
interference contrast (IR/DIC) video microscopy (Dodt and Zieglgäns-
berger, 1990; Stuart et al., 1993) using a 40� (0.8 NA) Olympus water-
immersion objective and an IR-sensitive camera (Olympus OLY-150 or
DAGE-MTI). Etv1 or Glt pyramidal cells were visually identified by the
presence of EGFP epifluorescence using an FITC filter. Recordings
were directed within the main band of EGFP� cells in L5 in each slice.
We switched between IR/DIC and epifluorescence to determine cell type
and to obtain a G	 seal. Electrode position was controlled with
Luigs–Neumann manipulators and controller. Whole-cell patch-clamp
recordings were acquired using an Axon Multiclamp 700A amplifier
(Molecular Devices) and PClamp 9 software. For voltage-clamp record-
ings, the data were digitized at 10 –50 kHz and filtered at 4 –10 kHz. We
recorded with borosilicate electrodes (Warner G150F: 1.5–3 M	 in the
bath) produced with a horizontal electrode puller (Flaming-Brown P-87;
Sutter Instruments). For outside-out voltage-clamp recordings, elec-
trodes were filled with an internal solution containing the following (in
mM): 130.5 KMeSO4, 10 KCl, 7.5 NaCl, 2 MgCl2, 10 HEPES, 2 ATP, and
0.2 GTP; 5 mM EGTA was added to the intracellular solution to prevent
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activation of Ca 2�-dependent conductances. Data were collected only
from cells forming a 1 G	 or tighter seal. All reported voltages were
corrected by subtracting the measured liquid junction potential (8 mV).

The slice preparation allowed us to record from cell types identified by
EGFP but space clamp is a serious issue for whole-cell recordings from
dendritic neurons such as pyramidal cells. To allow accurate biophysical
measurements of outward K � currents, we used outside-out macro-
patches that were formed after break in to whole-cell mode by withdraw-
ing the pipette without additional suction. The patch capacitance was
typically 2– 4 pF and the Rseries was 5–9 M	.

For the Ab perfusion experiments, the same patch was compared before
and after exposure to Ab by replacing the pipette solution using a home-
made device based upon principles outlined in Tipparaju and Bhatnagar
(2007). Outside-out patches are very sensitive to negative pressure, so we
used light positive pressure to drive the drug solution out from the perfusion
line (�1.5 mmHg: 20 mm water height, derived from a water-filled u-tube).
The recording pipette was filled with the standard internal solution to �1/7
of its volume to secure good contact for the Ag-AgCl electrode. During the
formation of outside-out patches from cells, we closed the internal solution
off from the room air with a three-way valve. After formation of outside-out
patches, the valve is opened, allowing communication with room air pres-
sure. The perfusion line has two valves, either of which can control the drug
flow. The perfusion tip is placed close to the pipette tip (in the internal).
When perfusion starts (added pressure from a syringe), the drug solution
moves into the patch and mixes with the original internal solution until most
of the empty space in the pipette is filled. When the pipette is removed from
the headstage, �4/7 to 5/7 of its volume is occupied by the combination of
the original and new solution, meaning there is an �3:1 to 4:1 drug solution
relative to the original internal. The perfusion process usually takes �0.5 to
1.5 min, depending on the positive pressure used. For perfusion, we used
Teflon tubing with inner diameter (ID) 0.3 mm and outer diameter (OD) 0.6
mm. The front end of the perfusion line is made of quartz microcapillary
with OD of �0.36 mm and ID 0.03 to 0.08 mm. The quartz microcapillary
was fire polished as in Tipparaju and Bhatnagar (2007).

For Ab-induced blockade of Kv2.1, we used pAb Anti-Kv2.1 at 1:100
(Alomone Laboratories; catalog #APC-012, RRID:AB_2040162) in inter-
nal solution containing 1% BSA. For Ab-induced blockade of Kv2.2, we
used mAb N372B/60 at 10 �g/ml or �100 nM, again with 1% BSA. As a
control, both Abs were heated to 65°C for 3 h to inactivate them.

For measurements of voltage dependence and kinetics of GxTX-
sensitive currents from outside-out macropatches, all recording solu-
tions were as in previous voltage-clamp experiments (33 � 1°C). Data
were obtained at 10 kHz and filtered at 4 kHz. To determine steady-state
voltage dependence, a family of 200 ms voltage steps was made from a
holding potential of �75 mV to voltages between �50 and �50 mV in 20
mV increments (20 s between sweeps). This protocol was run in control
solution without GxTX and repeated after application of 100 nM GxTX.
Both solutions contained 0.5 �M TTX. The GxTX-sensitive current was
obtained by subtracting traces in GxTX from control traces. Current at
200 ms was converted to conductance by dividing current by driving
force (E � EK

�; EK
� was calculated as �102 mV from the internal and

external K � concentrations). Conductances were normalized by the
maximum conductance and the normalized conductance was plotted as
a function of test voltage. These data were fit with a single Boltzmann
relationship as follows:

G �
Gm

1 � exp �V50 � V

Vslope
� (1)

where G is the calculated conductance and V is the step potential. Data
from both cell types (Etv1 and Glt) were well fit by a single Boltzmann
equation.

To compare activation and inactivation kinetics between cell types, we
fit the rising phase and decay phase of currents, each with a single expo-
nential (Eq. 2). A 500 ms step from �75 to 0 mV was used (20 s between
steps). GxTX-sensitive currents without a readily observable A-current
component (identified as a fast peak in the first 2 ms after step onset in a

few recordings) were used to fit the following activation-inactivation
equation:

I
t� � I0 � 1 � exp � �
t

�0
�� exp � �

t

�1
� (2)

where I(t) represents the GxTX-sensitive current, �0 is the activation time
constant, and �1 is the inactivation time constant.

Statistics. Prism (GraphPad) software was used to perform statistical
tests on the data obtained from the pyramidal neurons and HEK293 cells.
For CV measurements, a one-way randomized block ANOVA (experi-
ments were treated as matched sets to account for experiment-to-
experiment variability) with post hoc Tukey’s multiple-comparison test
was used to determine which individual CV means differed and sum-
mary data are presented as across-replicate means � SEM. For Etv1 and
Glt data, a Student’s t test was used to compare sample population data
between Etv1 and Glt cells and summary data are presented as means �
SEM unless noted otherwise. Paired t tests were used to compare control
(Ctl) versus drug effects. We used a one-way ANOVA to compare mul-
tiple experimental groups (Etv1, Glt), with post hoc Tukey’s multiple-
comparison tests to determine which individual means differed. For all
tests, p values �0.05 were considered significantly different. Sample pop-
ulation data are represented as histograms of mean � SEM or scatter
plots. Unless otherwise stated, all values are expressed as mean � SEM.

Results
Highly related Kv2 paralogs show distinct patterns of cortical
expression corresponding to neocortical lamina-specific
cell types
Recent results suggest that Kv2.1 and Kv2.2 are expressed in par-
tially overlapping patterns in pyramidal neurons of rat neocortex
(Kihira et al., 2010). To address comprehensively the overall pat-
terns of expression and localization of Kv2.1 and Kv2.2 in cortical
neurons, we used a set of KO-validated Abs, including mAbs with
nonoverlapping binding sites on the same target protein, to per-
form multiplex immunofluorescence labeling of brain sections
from adult mammals.

As shown in Figure 1, we first examined labeling for Kv2.1
(green) and Kv2.2 (red) in conjunction with Hoechst 33258 nu-
clear labeling (blue) in mouse and rat brain sagittal sections (note
that in all subsequent examples of Kv2.1 and Kv2.2 double label-
ing, unless noted otherwise, we use green for Kv2.1 and red for
Kv2.2). Kv2.1 and Kv2.2 showed distinct patterns of immunola-
beling, as shown by the nonuniformity of the green and red
signals (Fig. 1A). These patterns of Kv2.1 and Kv2.2 immunola-
beling in cortex correspond to specific cortical layers because they
are present in horizontal bands parallel to the pial surface
throughout the anterior–posterior axis of the cortex. An espe-
cially robust band of Kv2.2 immunolabeling is seen just below the
granular layer 4 (L4) granule cells, as marked by the prominent
labeling for the blue nuclear dye. A strong band of Kv2.1 immu-
nolabeling is seen just beneath this prominent Kv2.2-positive
band. Lamina-specific differences in Kv2 immunolabeling varied
across cortical regions. For example, in somatosensory cortex, L4
is markedly devoid of Kv2.2 signal, especially in rat (Fig. 1A,
region between arrowheads). Equivalent patterns of immunola-
beling for both Kv2.1 and Kv2.2 were also obtained in single
labeling experiments showing that the distinct patterns of immu-
nolabeling seen in Figure 1A and throughout the other experi-
ments in this study were not due to interference of binding
between Kv Abs (data not shown). Moreover similar results were
obtained using two different sets of Kv2.1 and Kv2.2 Abs deter-
mined to recognize distinct, nonoverlapping epitopes on their
respective target proteins (see Materials and Methods for detailed
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Figure 1. Kv2.1 and Kv2.2 exhibit specific and unique expression patterns in mammalian cortex. A, Mouse and rat sagittal brain sections immunolabeled for Kv2.1 (green) and Kv2.2 (red), with
Hoechst (blue) to label nuclei. Arrowheads denote S1, in which L4 is relatively devoid of Kv2.2 immunoreactivity. Scale bars, 500 �m. B, Mouse coronal section of S1 barrel cortex immunolabeled
for Kv2.1 (green), Kv2.2 (red), and vGlut2 (blue). Arrow denotes septum between barrels. Scale bar, 100 �m. C, Mouse and rat sagittal sections from S1 immunolabeled for Kv2.1 (green), Kv2.2
(red/orange), Satb2 (L2-6, blue), and Ctip2 (L5b-6, cyan/pink). Line plots depict depth profile of average fluorescence intensity calculated for the region within the rectangle across three animals.
Data were smoothed (rolling average, 25 points) and normalized to maximum intensity for each channel in MATLAB. Light, thick lines represent the SD. Note that, whereas Kv2.1 expression is
relatively consistent across all cortical layers, Kv2.2 shows strongest expression in layers 2 and 5a. Arrowhead in rat section denotes additional Kv2.2 expression in cells (Figure legend continues.)
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Ab information), an important consideration for establishing va-
lidity of immunolabeling (Rhodes and Trimmer, 2006).

We next determined whether variations in the distribution of
Kv2.1 and Kv2.2 were related to the functional cytoarchitecture
of the cortex. We used immunolabeling for vGlut2 (blue) to
identify thalamocortical terminals in L4 of mouse brain corre-
sponding to the “barrels” of somatosensory cortex (S1) where
information from whisker stimulation is received (Wimmer et
al., 2010; Fig. 1B). We found that Kv2.1 immunolabeling is rela-
tively high in neurons adjacent to and throughout the barrels.
However, labeling for Kv2.2 was mostly absent from the barrel
cores themselves, but was high in L5a and, to a lesser extent, in L3
surrounding each of the barrels and extending into the septal
regions between the barrels (Fig. 1B, arrows). These results show
that variations in Kv2.1 and Kv2.2 cortical expression are associ-
ated with the functional cytoarchitecture of the cortex.

To refine our understanding of the laminar organization of
Kv2.1 and Kv2.2 in rodent cortex, we next performed multiplex
immunolabeling using well established cortical layer markers.
Mouse and rat sagittal sections were quadruple labeled in various
combinations with Abs against Kv2.1, Kv2.2, and the cortical
layer markers Cux1 (L2-4; Nieto et al., 2004), Satb2 (L2-6; Al-
camo et al., 2008; Leone et al., 2015) and Ctip2 (L5b-6; Alcamo et
al., 2008). As shown in Figure 1C and in the lower-magnification
images in Figure 1A, Kv2.1 immunolabeling (Fig. 1C, green) in S1
was fairly consistent across all layers in mouse (Fig. 1C, top),
whereas in rat (Fig. 1C, bottom) decreased Kv2.1 signal was ob-
served in L5a and enhanced signal in L5b. Kv2.2 immunolabeling
in S1 (Fig. 1C,D, red) was markedly nonuniform across cortical
layers, with prominent peaks of signal in L2 and L5a in both
mouse and rat. Within L5, Kv2.2 immunolabeling displayed a
pattern largely converse to that of Kv2.1 in both mouse and rat,
being high in L5a and low in L5b, with the exception that, in rat,
an additional band of Kv2.2 labeling was seen in lower L5b (Fig.
1C,D, arrowhead). Consistent with Figure 1, A and B, L4 in both
mouse and rat had low levels of Kv2.2 signal.

We next determined whether the distinct laminar pattern of
Kv2.1 and Kv2.2 immunolabeling in rodent cortex is common to
other mammalian species. We chose to focus on striate visual
cortex (V1) because it is more readily identifiable across mam-
malian species. We immunolabeled sections of V1 from mouse,
rat, ferret, macaque, and human for Kv2.1 and Kv2.2 and found
clear differences in laminar patterns (Fig. 1E). Interestingly, the
patterns of immunolabeling with respect to their laminar posi-
tion are distinct across all five species. Macaque and human are
particularly distinct, with macaque showing high expression of
Kv2.2 throughout the deep layers of V1 and both macaque and
human showing lower expression in upper layers 2/3 compared
with rodent and ferret. The layer-specific patterns of Kv2.1 and
Kv2.2 expression in cortex as revealed by these immunolabeling
experiments suggest distinct yet conserved requirements for ex-
pression of these highly related Kv2 paralogs in cortical neurons.

Lack of compensatory Kv2.2 expression in the Kv2.1-KO
suggests independent functions
These distinct and somewhat complementary patterns of Kv2.1
and Kv2.2 expression in cortex raise questions as to possible
mechanisms underlying their observed patterns. One possibility
involves functional interplay between their respective expression
levels, for example, to meet an overall requirement for expression
of one or the other Kv2 channel subunit, a model consistent with
the observed similarities in function between these two highly-
related paralogs when expressed in heterologous cells (Kihira et
al., 2010). To address this possibility, we determined whether
elimination of one Kv2 isoform affected the cellular expression
pattern of the other by performing multiplex immunohisto-
chemistry and immunoblots on brain samples from WT, Kv2.1-
KO, and Kv2.2-KO mice.

Figure 2A shows representative images of somatosensory
cortex from WT (Fig. 2A, left), Kv2.1-KO (Fig. 2A, middle), or
Kv2.2-KO (Fig. 2A, right) mice double labeled for Kv2.1 (Fig.
2A, green) and Kv2.2 (Fig. 2A, red) under identical conditions
and imaged at equal exposure. First, it is important to note
that the Kv2.1 immunolabeling is eliminated in the Kv2.1-KO
and the Kv2.2 labeling in the Kv2.2-KO (note that intense red
labeling around the ventricles is nonspecific secondary Ab
signal because it is also present in the Kv2.2-KO and in con-
trols lacking primary Ab). As is already apparent from the
multicolor panels, but is most evident in the single-label gray-
scale insets (Fig. 2B), there are no obvious changes in the
spatial pattern or the overall intensity of either Kv2.1 or Kv2.2
labeling in response to the elimination of the other paralog.
The distinct laminar pattern of cortical Kv2.2 immunolabeling
seen in WT mice, being highest in L2 and L5a, remained un-
changed in Kv2.1-KO mice. Kv2.1 labeling, already quite
broad in WT mice, was also grossly unchanged in the Kv2.2-
KO. We also used multiplex immunofluorescence immuno-
blots to analyze expression levels of Kv2.1 and Kv2.2 in
samples prepared from dissected neocortices from these mice
(Fig. 2C). Similar to a previous report on whole-brain expres-
sion (Speca et al., 2014), we found that in the neocortex there
were no significant differences in expression of either Kv2.1 or
Kv2.2 between WT mice and the mice in which the expression
of their respective paralog is eliminated (Fig. 2D; Kv2.1, p 
0.89; Kv2.2, p  0.35, independent t test; n  5).

Finally we sought to determine whether the subcellular distri-
bution of Kv2.2 is in any way altered after genetic deletion of
Kv2.1. We first performed high-magnification imaging to visual-
ize details of Kv2.1 and Kv2.2 clusters. As seen in Figure 2, E and
F, L5a pyramidal neurons from Kv2.1-KO mice show brighter,
more punctate clusters of Kv2.2 than L5a cells of WT mice. To
determine whether the distinct morphology of these Kv2.2 clus-
ters still represented plasma membrane-associated Kv2.2, we per-
formed pre-embedding immunogold electron microscopy.
Kv2.2 immunogold particles can be seen primarily in the plasma
membrane of L5/6 cortical pyramidal cells in both WT (Fig. 2G)
and Kv2.1-KO (Fig. 2H) tissues. Specifically, 74% and 72% of
immunogold particles counted across 10 cells per mouse were
associated with the plasma membrane in WT and Kv2.1-KO,
respectively (WT: 323/435 particles associated with the plasma
membrane, average 63.3 � 7.9 immunogold particles/�m 2;
Kv2.1-KO: 378/528 particles, average 62.6 � 6.7 immunogold
particles/�m 2), which were not significantly different (p 
0.644, independent t test, n  10 cells). In addition, the clustered
localization of plasma membrane-associated Kv2.2 immunogold
particles (Fig. 2G,H, arrows) is observed in the tissue obtained

4

(Figure legend continued.) of lower L5. Scale bars, 100 �m. D, Mouse and rat sagittal sections
from S1 immunolabeled for Kv2.2 (red/orange), Cux1 (L2-4, green), Satb2 (L2-6, blue), and
Ctip2 (L5b-6, cyan/pink). Line plots are constructed as in C. Arrowhead highlights the portion of
rat L5b exhibiting high Kv2.2 expression. Scale bars, 100 �m. E, Sections of striate visual cortex
from mouse, rat, ferret, macaque, and human immunolabeled for Kv2.1 (green) and Kv2.2 (red)
and with Hoechst (blue) to label nuclei. Lines demarcate layer boundaries, which are labeled to
the right. Scale bar, 200 �m.
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from both WT and Kv2.1-KO mice. Similar to previous analyses
of the ultrastructural localization of Kv2.1 (Du et al., 1998;
Mandikian et al., 2014), plasma-membrane-associated Kv2.2 im-
munogold particles can also be seen in close proximity to subsur-

face cisternae (Fig. 2H, bottom left). Therefore, the overall
subcellular localization of Kv2.2 is similar to Kv2.1, and as it is
retained in the Kv2.1-KO mouse, is not dependent on the pres-
ence of Kv2.1.

Figure 2. Kv2.2 expression and subcellular localization is maintained in Kv2.1 KO mice. A, WT (left), Kv2.1-KO (Kv2.1 �/�, center), and Kv2.2-KO (Kv2.2 �/�, right) sagittal sections immuno-
labeled for Kv2.1 (green) and Kv2.2 (red) and with Hoechst (blue) to label nuclei and imaged at equal exposures. Rectangles outline regions shown in B. Scale bar, 500 �m. B, Grayscale insets from
images in A, again at equal exposures (2.2 �/�  Kv2.2-KO; 2.1 �/�  Kv2.1-KO). Note that Kv2.2 expression is maintained in L2 and L5a in the Kv2.1-KO. Scale bar, 200 �m. C, Example
immunoblot of crude neocortical homogenates from WT, Kv2.1-KO (2.1 �/�), and Kv2.2-KO (2.2 �/�) mice probed for Kv2.1 (top green band), Kv2.2 (red) and Grp75 (bottom green band) as a
loading control. Numbers on the left indicate the mobility of molecular weight standards in kilodaltons. Lower grayscale panels show the individual Kv2.2 and Kv2.1 signals extracted from the color
immunoblot. D, Summary graph of differences in Kv2.1 and Kv2.2 protein levels in cortex between WT and KO mice. Fluorescence intensity values were background subtracted and normalized to the
loading control (Grp75) and then expressed as percentage of total WT signal. Error bars represent the SEM and symbols represent each independent measurement (n5 mice per group). Differences
in Kv2 expression between WT and KO samples were not statistically significant as evaluated by independent t test (Kv2.1, p  0.89; Kv2.2, p  0.35). E, F, High-magnification images of L5a
pyramidal neurons from WT (E) and Kv2.1-KO (2.1 �/�) mice (F) immunolabeled for Kv2.2. Note that, whereas Kv2.2 clusters in WT mice are plaque like, Kv2.2 clusters in the Kv2.1-KO are more
punctate. Scale bars, 10 �m. G, H, Immunogold electron microscopy of Kv2.2 in WT (G) and Kv2.1-KO (H) tissue. Kv2.2 immunogold particles can be seen as discrete clusters (arrows) in the large
caliber dendrite (G, left) and the somatic plasma membrane (G, right). The clustered localization of Kv2.2 is not altered in tissue obtained from Kv2.1-KO mice (H). Kv2.2 immunogold particles are
seen as clusters (arrows) in the plasma membrane of the proximal dendrite and soma. Immunogold particles can also be seen in close proximity (arrowheads in H, left) to subsurface cisternae (SSC).
t, Axon terminal; c, cytoplasm; d, dendrite; n, nucleus; ssc, subsurface cisternae. Scale bars, 500 nm.
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Kv2.2 phosphorylation and localization
is less responsive to acute hypoxia in
vivo than Kv2.1
Mass-spectrometry-based phosphopro-
teomics analyses of mammalian brain
samples suggest that Kv2.2 is less exten-
sively modified by in vivo phosphoryla-
tion than is Kv2.1 (for review, see
Trimmer and Misonou, 2015). We exper-
imentally addressed the overall level of
phosphorylation of Kv2.2 in mouse brain
relative to Kv2.1 by performing immuno-
blots on samples of mouse brain crude
membrane preparations that were treated
with AP and then fractionated on SDS gels
under conditions that amplify electro-
phoretic mobility shifts upon changes in
phosphorylation state (Shi et al., 1994).
These analyses revealed a relatively small
shift in relative electrophoretic mobility
(Mr) of Kv2.2 after dephosphorylation
with AP compared with the large shift
seen for Kv2.1 (Fig. 3A). Specifically,
whereas the Mr of Kv2.1 shifts �30 kDa
(�125 kDa to �95 kDa), that of Kv2.2
shifts �10 kDa (�140 kDa to �130 kDa).
Because the degree of AP-induced shifts in
Mr can be correlated with extent of phos-
phorylation (Wegener and Jones, 1984),
these results suggest that, in mammalian
brain, Kv2.2 is not phosphorylated to the
same extent as Kv2.1.

Figure 3. Kv2.2 exhibits a less robust response to hypoxia than Kv2.1 in situ. A, Example immunoblot of a crude WT mouse brain
membrane fraction treated either with (�AP) or without (�AP) AP and probed for Kv2.1 (green) and Kv2.2 (red). Numbers on the
left indicate the mobility of molecular weight standards in kilodaltons. The arrows indicate the phosphorylated form (Kv2.1 Mr

4

�125 kDa; Kv2.2 Mr �140 kDa) and the arrowheads point to
the dephosphorylated form (Kv2.1 Mr �95 kDa; Kv2.2 Mr

�130 kDa). Bottom grayscale panels show the individual
Kv2.1 and Kv2.2 signals extracted from the color immunoblot.
B, Example immunoblot of crude whole brain homogenates
prepared from brains of WT and Kv2.1-KO mice either without
(control) or with CO2 treatment before killing. Samples were
then incubated with AP (�AP), and proteins were analyzed by
immunoblotting for Kv2.1 (green, upper band), Kv2.2 (red)
and Grp75 (green, bottom band) as a loading control. Bottom
grayscale panel depicts enlarged individual Kv2.2 and Kv2.1
signals from WT samples (left six lanes) of the color immuno-
blot. C, D, Mouse brain sections prepared from control and
CO2-treated mice were double immunolabeled for Kv2.1
(green) and Kv2.2 (red) and cells in L5a (C) and L5b (D) imaged
at equal exposure. Inset numbers refer to CV measurements
for the depicted cell. Scale bar, 10 �m. E, Summary graph of
CV measurements of L5a cells from WT and Kv2.1-KO mice that
were either nontreated (control, orange symbols) or CO2

treated (blue symbols). Error bars represent the SEM and sym-
bols represent each experiment (n  4 mice per group). Dif-
ferences in CV measurements between control and CO2 were
evaluated by one-way randomized block ANOVA followed by
Tukey’s multiple-comparison test. Note that the y-axis origin
begins at 0.5. F, Summary graph of CV measurements of L5b
cells from WT and Kv2.1-KO mice. Note that L5b cells contain-
ing only Kv2.1 have significantly lower CV measurements both
without and with CO2 exposure (left most orange and blue
symbols). Data are represented same as in E. Note that the
y-axis origin begins at 0.5. #p � 0.06; *p � 0.05; **p � 0.01.
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We next determined whether acute hypoxia, induced by ex-
posing mice to CO2, would result in dephosphorylation of Kv2.2,
as occurs for Kv2.1 (Misonou et al., 2005, 2006; Ito et al., 2010).
We prepared mouse whole-brain crude homogenates from mice
anesthetized with sodium pentobarbital and then exposed to ei-
ther air or CO2 for 2 or 3 min. Figure 3B is a representative blot
showing that both Kv2.1 and Kv2.2 undergo shifts in Mr in sam-
ples prepared from mice subjected to CO2 treatment, although
neither shifts to the same extent seen upon AP treatment. The
samples from control and CO2-treated mice were then treated
with AP to confirm that the Mr shifts resulting from hypoxia were
due to differences in phosphorylation state rather than another
form of posttranslational modification (e.g., proteolysis). As
shown in Figure 3B, AP treatment eliminates the differences seen
in the Mr of both Kv2.1 and Kv2.2 in samples from control versus
CO2-treated mice. In addition, the shift in Mr of Kv2.2 after CO2

treatment was similar in magnitude between WT and Kv2.1-KO
samples, suggesting that the presence or absence of Kv2.1 does
not affect the change in Kv2.2 phosphorylation after CO2 expo-
sure. These results indicate that, like Kv2.1, Kv2.2 in brain neu-
rons is at least partially dephosphorylated after exposure of mice
to CO2.

We next sought to determine whether Kv2.2 undergoes acute,
phosphorylation-dependent changes in localization as is seen for
Kv2.1. We first examined the effect of CO2 exposure on the level
of clustering of both Kv2 family members. The left panels of
Figure 3, C and D, show representative high-magnification im-
ages of L5a and L5b, respectively, from mice without (Fig. 3C,D,
top row) and with (Fig. 3C,D, bottom row) exposure to CO2 and
immunolabeled for Kv2.1 (Fig. 3C,D, green) and Kv2.2 (Fig.
3C,D, red). To quantify levels of clustering, we calculated the
coefficient of variation or CV (SD/mean) of pixel intensity mea-
surements of cells in L5a and L5b using ImageJ. The CV describes
the dispersion of pixel intensity values from a 2D ROI around the
mean pixel intensity such that cells with highly clustered Kv2
channels will have high CV values, whereas cells with more uni-
formly localized channels will have low CV values. Briefly, we
defined ROIs comprising the cell body and the proximal apical
dendrite by tracing the edge of each cell and then reducing the
ROI by 0.5 �m to eliminate edge effects produced from the max-
imum projection. All images that were used for quantification
were optically sectioned z-stacks taken at equal exposure and
projected to include only one face of the cell.

Consistent with previous studies (Misonou et al., 2005, 2006),
after short (2 min) CO2 exposure, Kv2.1 exhibited pronounced
declustering, as seen in the images (Fig. 3C,D, insets) and in the
CV measurements (L5a, p  0.002; L5b expressing both Kv2s,
p  0.008; Fig. 3E,F) of tissue from CO2-exposed WT mice.
However, clustering of Kv2.2 in L5a and L5b neurons in WT mice
was largely unaltered upon CO2 exposure (L5a, p  0.956; L5b
expressing both Kv2s, p  0.999; Fig. 3E,F). Similarly, Kv2.2
expressed in L5a and L5b pyramidal neurons in Kv2.1-KO mice
also showed no significant changes in clustering, as seen in the
images (Fig. 3C,D) and quantified by the CV measurements (L5a,
p  0.978; L5b p  0.998; Fig. 3E,F). Kv2.1 present in L5b cells
that expressed both Kv2 paralogs was slightly more clustered than
L5b cells expressing Kv2.1 alone in both control (p  0.579; Fig.
3F) and CO2-exposed tissue (p  0.017; Fig. 3F). These results
suggest that, unlike Kv2.1, Kv2.2 does not decluster to the same
extent after CO2 exposure and Kv2.2 may prevent declustering of
Kv2.1 in cells expressing both subunits.

Recombinant Kv2.2 expressed in heterologous cells exhibits a
less robust response to acute stimulation than Kv2.1
Although these results suggest that Kv2.2 is less phosphorylated
than Kv2.1 and is more resistant to declustering via CO2 treat-
ment in vivo, it is possible that these differences are primarily due
to differences in cell backgrounds, due to their somewhat distinct
patterns of cellular expression, and not intrinsic differences in the
Kv2 paralogs themselves. To investigate whether these Kv2 sub-
units exhibit intrinsic differences in phosphorylation-dependent
regulation, we expressed recombinant Kv2.1 and Kv2.2 in heter-
ologous HEK293T cells. We first tested the extent to which Inm
treatment, which leads to increased [Ca 2�]i and calcineurin ac-
tivation, affects subcellular localization of Kv2.2 vs Kv2.1. As
shown in Figure 4, A and B, untreated HEK293T cells expressing
Kv2.1 exhibit robust, plasma-membrane-associated clusters that
yield high CV values (i.e., a high degree of nonuniformity; Fig. 4E,
Kv2.1, green symbols). When treated with Inm, however, a dra-
matic loss of Kv2.1 clustering is observed, as evidenced by a sig-
nificant reduction in CV (p � 0.0001; Fig. 4E, Kv2.1, orange
symbols), consistent with previous observations (Mohapatra and
Trimmer, 2006). Inm treatment leads to a relatively uniform pat-
tern of Kv2.1 expression, similar to that observed for the Kv2.1
S568A point mutant, which is constitutively nonclustered (con-
trol vs S586A mutant, p � 0.0001; Fig. 4A,B; Fig. 4E, Kv2.1, blue
symbols). As shown in Figure 4A, Kv2.2 expressed in HEK293T
cells also exhibits robust plasma membrane associated clusters
that yield high CV values (Fig. 4E, Kv2.2, green symbols). How-
ever, unlike Kv2.1, Inm treatment does not significantly affect
Kv2.2 clustering (p  0.732; Fig. 4A,B; Fig. 4E, Kv2.2, orange
symbols). Importantly, a point mutation in Kv2.2 (S605A) at a
site analogous to the Kv2.1 S586A mutation eliminates Kv2.2
clustering, as seen in Figure 4, A and B, and in the significant
decrease in CV value versus WT Kv2.2 (p � 0.0001; Fig. 4E,
Kv2.2, blue symbols).

We next coexpressed Kv2.1 and Kv2.2, which has been re-
ported to lead to the formation of heteromeric channels (Kihira
et al., 2010), to determine the impact of Inm treatment relative to
the distinct responses seen in cells expressing Kv2.1 and Kv2.2
alone. Interestingly, whereas Kv2.2 in coexpressing cells re-
mained largely unresponsive to treatment with Inm (p  0.543;
Fig. 4C–E, Kv2.2-Co, green symbols vs orange symbols), coex-
pression led to reduced declustering on the part of Kv2.1 such
that Kv2.1 CV values with or without treatment were no longer
significantly different (p  0.413; Fig. 4C–E, Kv2.1-Co green
symbols vs orange symbols).

The results above suggest that, in coexpressing cells, at least
a fraction of the expressed Kv2.1 and Kv2.2 may exist in dis-
tinct populations. To examine this possibility, we performed
structured illumination superresolution imaging in coex-
pressing HEK293T cells treated with Inm. Figure 4F is an ex-
ample of a cell showing robust declustering of Kv2.1 (Fig. 4,
green) and relatively minor declustering of Kv2.2 (Fig. 4, red)
in response to Inm. We noticed that the bulk of the immuno-
fluorescence signal present in the image appeared either green
or red, rather than yellow, which suggests that the two signals
are not overlapping as may be expected for heteromeric chan-
nels. To determine the extent of colocalization, we used Im-
ageJ to measure the Manders’ colocalization coefficient
(MCC), which measures the co-occurrence of two signals re-
gardless of their respective intensities (Dunn et al., 2011).
MCC was measured for ROIs from outside (upper ROI; Fig.
4G, top) and within (lower ROI; Fig. 4G, bottom) the region of
extensive clustering from 12 cells treated with Inm and imaged
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at superresolution. We found that clustered and unclustered
regions contained both green and red signals that were mutu-
ally exclusive and that the degree of colocalization was signif-
icantly higher in the clustered region than in the unclustered
region for both Kv2 channels. On average, 85% of Kv2.1 colo-
calized with Kv2.2 in the clustered region versus 61% in the

unclustered region ( p  0.002), whereas 81% of Kv2.2 co-
occurred with Kv2.1 in the clustered region versus 71% in the
unclustered region ( p  0.004; Fig. 4H ). These measure-
ments, together with the distinct responses to Inm, suggest the
presence of distinct populations of Kv2.1 and Kv2.2 channels
in coexpressing cells.

Figure 4. Acute regulation after Inm treatment of recombinant Kv2.2 in heterologous cells is distinct from that of Kv2.1. A, High-magnification images of HEK293T cells expressing Kv2.1 (green,
top) or Kv2.2 (red, bottom) and either treated with vehicle (left) or Inm (middle) for 15 min before fixation. Right panels depict cells expressing the respective clustering mutants Kv2.1-S586A (top
right) and Kv2.2-S605A (bottom right). Inset numbers refer to CV measurements of the entire cell marked by the squares. Nuclei (blue) were labeled with Hoechst. Scale bars, 10 �m. B, Grayscale
insets of immunolabeling from within the squares in A. C, High-magnification images of HEK293T cells coexpressing Kv2.1 (green) and Kv2.2 (red) either treated with vehicle (control, left) or Inm
(�Inm, right). Again, inset numbers refer to CV measurements of the entire cell marked by the squares. Scale bars, 10 �m. D, Grayscale insets of labeling from within the squares in C. E, Summary
graph of CV measurements of transfected HEK293T cells that were either nontreated (Ctrl, green symbols) or Inm-treated (�Inm, orange symbols). Blue symbols represent CV measurements of cells
expressing Kv2.1 and Kv2.2 clustering mutants. Error bars represent the SEM across all experiments and symbols represent measurements from each experiment (n  6 replicates, 25– 40 cells per
group). Note that the y-axis origin begins at 0.2. Differences in CV measurements between treatments were evaluated by one-way randomized block ANOVA followed by Tukey’s multiple-
comparison test. ***p � 0.0001. F, High-magnification image of an HEK293T cell after Inm treatment captured with a Zeiss Elyra SIM microscope and immunolabeled for Kv2.1 (green) and Kv2.2
(red). Scale bar, 5 �m. G, Insets of unclustered region from the top box in F and clustered region from the bottom box in F. Numbers in inset refer to the MCC calculated for the entire inset, which
measures the co-occurrence of two signals independent of signal proportionality. H, Summary graph of MCC values measured for Kv2.1 (green) and Kv2.2 (red) in clustered and unclustered regions
of the same cell (n  12 cells). Error bars denote mean and SEM for each group. Differences in MCC values were determined by randomized block ANOVA followed by Tukey’s multiple-comparison
test. **p � 0.01. I, High-magnification images of COS-1 cells expressing Kv2.1 (top) and Kv2.2 (bottom). Scale bars, 10 �m.
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Given that Kv2.2 clustering in cortical neurons and HEK293T
cells appears to be distinct from that of Kv2.1, we next investigated its
subcellular localization in COS-1 cells, which lack clustering of Kv2.1
(Shi et al., 1994; Scannevin et al., 1996), presumably due to a lower

level of Kv2.1 phosphorylation in this cell background (Mohapatra
and Trimmer, 2006; Park et al., 2007). COS-1 cells showed robust
Kv2.2 clustering in the plasma membrane (Fig. 4I, bottom) that was
distinct from the diffuse localization of Kv2.1 (Fig. 4I, top). To-
gether, these results suggest that Kv2.1 and Kv2.2 exhibit intrinsic
differences in phosphorylation-dependent subcellular localization
and its regulation.

Dephosphorylation of Kv2.1 expressed in HEK293 cells, as
occurs upon Inm treatment or in vivo dialysis of AP through the
patch pipette, leads to changes in its voltage-dependent gating
characteristics (Mohapatra and Trimmer, 2006; Bocksteins et al.,
2009; Mandikian et al., 2014). Given the lack of a response of
Kv2.2 to Inm-induced declustering, we next determined the ex-
tent of modulation of Kv2.2 currents. Currents in HEK293 cells
expressing either Kv2.1 or Kv2.2 were analyzed by whole-cell
patch clamp under control conditions and after treatment with
Inm and AP. As shown in Figure 5 and Table 2, although these
treatments yielded the expected effect on Kv2.1 (i.e., 10 mV shift
toward hyperpolarized potentials in the voltage dependence of
activation), they did not result in any significant differences in
any of the macroscopic parameters of the voltage-dependent ac-
tivation of Kv2.2 (Fig. 5A, Table 2). Similar to Kv2.1 (Bocksteins
et al., 2009; Mandikian et al., 2014), these treatments also did not
affect Kv2.2 inactivation or deactivation kinetics (Fig. 5B,C, Ta-
ble 2). These results show that, unlike Kv2.1, Kv2.2 does not
undergo acute modulation of its voltage-dependent gating
characteristics.

Kv2 paralogs delineate cortical cell-type-specific circuits
If acute regulation of Kv2.2 is distinct from that of Kv2.1, then
their differential expression in cortical neurons from distinct
laminae could have a profound impact on individual cortical
circuits. To address whether differential Kv2 expression delin-
eates specific cortical circuits, we first quantified the number of
Ctip2-positive and Satb2-positive cells that were also positive for
Kv2.1 and Kv2.2 in L5 of rat and mouse S1. Satb2 is expressed
across cortical layers 2– 6 in cells that send interhemispheric ax-
ons across the midline via either the corpus callosum or the an-
terior commissure (Nieto et al., 2004; Alcamo et al., 2008). Ctip2
is expressed in deep layers 5b and 6 in cells that send their axons
to subcortical targets (Arlotta et al., 2005; Chen et al., 2008).
Specifically within L5, Satb2-positive cells are described as

Figure 5. Biophysical properties of Kv2.2 before and after treatment with AP and Inm. A,
Voltage dependence of activation of Kv2.2 (triangles) expressed in HEK293 cells in the absence
(black) and presence of AP (green) and Inm (orange). The voltage dependence of activation was
determined by plotting the normalized tail current amplitude (at �35 mV) as a function of the
prepulse potential (ranging from 60 mV to �60 mV in 10 mV steps). For comparison, the
voltage dependence of activation of Kv2.1 (circles) expressed in HEK293 cells before (black) and
after AP (green) and Inm (orange) are also represented. Solid and dotted lines represent the
Boltzmann fits. B, Voltage dependence of Kv2.2 inactivation in the absence (black) and pres-
ence of AP (green) and Inm (orange). The voltage dependence of inactivation was determined
by plotting the normalized test pulse amplitude (at �60 mV) as a function of the 5 s prepulse
potential (ranging from �80 to 20 mV in 10 mV increments). Solid lines represent the Boltz-
mann fits. C, Activation and deactivation kinetics of Kv2.2 before (black) and after AP (green)
and Inm (orange). Activation kinetics (filled symbols) are obtained by a single exponential
function fit to the 500 ms current traces ranging from 60 to 0 mV in 10 mV steps. Deactivation
kinetics (open symbols) are derived from a double exponential function fit to the 1 s tail currents
(ranging from �10 mV to �80 mV in 10 mV steps) obtained after a 250 ms prepulse to 60 mV
resulting in a slow (top points) and fast (bottom points) time constant. Note that the biophysical
properties of Kv2.2 are not changed upon AP or Inm treatment, whereas these treatments did
affect the Kv2.1 voltage dependence of activation significantly, as demonstrated previously.

Table 2. Biophysical properties of Kv2s with AP and Inm treatment

Control �AP �Inm

Kv2.1 activation
V1/2 (mV) 1.1 � 0.8 �9.4 � 2.8 �9.6 � 2.0
k 9.8 � 0.9 6.6 � 0.4 8.0 � 0.9
n 5 7 6

Kv2.2 activation
V1/2 (mV) �6.1 � 2.4 �6.9 � 3.5 �6.1 � 3.8
k 7.4 � 1.5 7.5 � 0.9 8.1 � 0.5
tau (� 60 mV) (ms) 17.4 � 1.6 19.5 � 0.8 14.7 � 1.0
n 6 7 6

Kv2.2 inactivation
V1/2 (mV) �30.8 � 5.2 �29.7 � 2.2 �29.3 � 3.8
k 6.0 � 0.4 6.1 � 1.5 5.7 � 0.3
n 6 5 6

Kv2.2 deactivation
tau1 (�30 mV) (ms) 28.3 � 2.2 27.3 � 2.0 26.6 � 0.8
tau2 (�30 mV) (ms) 117.1 � 10.2 118.6 � 14.4 134.7 � 7.0
n 5 5 6

Values in bold are significantly different from control values.
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intratelencephalic-type (IT) pyramidal neurons associated with
colossally projecting axons, whereas Ctip2-positive cells are con-
sidered pyramidal tract-type (PT) neurons with axons that re-
main ipsilateral projecting to pons and spinal cord (Reiner et al.,
2003; Shepherd, 2013). Figure 6, A and B, shows representative
high-magnification images from rat S1 of L5a and L5b immuno-
labeled for Kv2.1, Kv2.2, Satb2 (Fig. 6A), and Ctip2 (Fig. 6B).
Arrows indicate neurons that were considered positive for Kv2.1
alone and arrowheads indicate cells considered positive for both
Kv2s. Figure 6C summarizes quantitative data from these cell
populations. We found that most Satb2-positive cells in L5 (i.e.,
IT neurons) were positive for both Kv2.1 and Kv2.2 (Rat:
Satb2�/Kv2.1�, 1068/1186 cells, 89.7%; Satb2�/Kv2.2�, 881/
1186, 72.5%. Mouse: Satb2�/Kv2.1�, 1527/1647 cells, 91.9%;
Satb2�/Kv2.2�, 1400/1647, 83.9%; 3 animals each), whereas
Ctip2-positive cells found in L5b (i.e., PT neurons) were much
more heterogeneous in their Kv2 expression. Although almost all
Ctip2-positive cells were found to express Kv2.1, Kv2.2 expres-
sion was evident in 46% and 40% of cells in rat and mouse,
respectively (Rat: Ctip2�/Kv2.1�, 720/870 cells 82.8%; Ctip2�/
Kv2.2�, 400/870, 46.0%. Mouse: Ctip2�/Kv2.1�, 1044/1200

cells 87.0%; Ctip2�/Kv2.2�, 481/1200, 40.1%; 3 animals each).
Moreover, the Ctip2-positive (PT) neurons that did express
Kv2.2 exhibited low levels of expression relative to Satb2-positive
(IT) neurons (Fig. 6B, insets).

Long-range cortical projection targets are often used to
classify neurons within L5, and several studies have observed
differences in electrophysiological properties between cells
projecting to distinct regions (Hattox and Nelson, 2007; Le Bé
et al., 2007; Brown and Hestrin, 2009; Dembrow et al., 2010;
Sheets et al., 2011; Suter et al., 2013). In particular, IT neurons
have been classically identified on the basis of their contralat-
eral projections to striatum (Wilson, 1987; Cowan and Wil-
son, 1994; Reiner et al., 2010; Shepherd, 2013). To confirm
that IT neurons strongly express both Kv2.1 and Kv2.2, we
injected retrograde tracers into dorsolateral striatum of adult
mice to label corticostriatal projection neurons. Figure 6D
shows a low-magnification image that depicts the site of injec-
tion and Figure 6E a high-magnification image of labeled cells
within L5. The majority of labeled neurons were highly posi-
tive for both Kv2.1 and Kv2.2, with 100% of tracer-labeled
cells in both hemispheres expressing Kv2.1 and �94% ex-

Figure 6. Differences in Kv2 expression correspond to different cell types. A, B, Rat sagittal sections of S1 were immunolabeled for Kv2.1 (green), Kv2.2 (red), Satb2 (blue), and Ctip2 (cyan, B only).
Boxed regions refer to higher-magnification images (right) of L5a (A) and L5b (B). Cells expressing Kv2.1 and Kv2.2 (arrowheads) or only Kv2.1 (arrows) are indicated. Scale bar, 20 �m. C, Cell counts
of Satb2� and Ctip2� cells labeled for Kv2.1 and Kv2.2 in both rat and mouse. Error bars represent SEM for counts across three animals. D–E, Immunolabeling for Kv2s in retrogradely labeled
striatal projection neurons. SAD�G-EGFP rabies virus was stereotaxically injected into the dorsolateral striatum of WT mice. D, Low-magnification image of a sagittal section counterstained with
Hoechst 33258 (white) showing the site of injection (green). Scale bar, 500 �m. E, Low-magnification image of retrogradely labeled L5 cells ipsilateral to the injection site and immunolabeled for
Kv2.1 (green) and Kv2.2 (red), with EGFP signal pseudocolored white. For the inset image, EGFP is pseudocolored blue. Scale bar, 20 �m.
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pressing detectable levels of Kv2.2 (contralateral  95.7%,
246/257 cells; ipsilateral  93.7%, 312/333 cells). Moreover,
the vast (�80%) majority of contralateral tracer-labeled cells
were strongly positive for Kv2.2, similar to the values obtained
for L5 Satb2 positive neurons as detailed above. These results
confirm that contralaterally projecting IT neurons express
high levels of both Kv2 paralogs, which, taken together with
those from experiments using molecular makers, strongly sug-

gests that Kv2.1 and Kv2.2 are differentially expressed in func-
tionally distinct cortical neurons.

Functional differences in Kv2 subunit expression in a subset
of L5a and L5b neurons
We next used two GENSAT mouse lines that express EGFP in
specific subpopulations of L5 pyramidal neurons across the cor-
tex under the control of either the Etv1 or Glt promoters (Gong et

Figure 7. Immunohistochemistry and slice electrophysiology confirm differences in Kv2 subunit expression in a subset of L5a and L5b pyramidal neurons. A, B, Mouse sagittal sections from
transgenic mice expressing EGFP either in a subset of L5a (Etv1, blue, A) or L5b (Glt, blue, B) neurons were immunolabeled for Kv2.1 (green) or Kv2.2 (red). Low-magnification images of S1 cortex
(A, B, left) confirm the localization of Etv1- and Glt-expressing cells (pseudocolored in blue) as belonging to L5a and 5b, respectively . Scale bar, 200 �m. Right panels depict higher-magnification
images (40�) of each cell type, again with EGFP pseudocolored in blue. Scale bar, 20 �m. Note that L5b cells with high expression of Kv2.2 (arrowheads, B) are negative for Glt. C, Cell counts of Etv1
and Glt cells labeled for Kv2.1 (Etv cells, 259/259 cells, 100%; Glt cells, 395/395 cells, 100%) and Kv2.2 (Etv cells, 259/259 cells, 100%; Glt cells, 153/395 cells, 38.7%). Cell counts were performed on
sections made from four mice per genotype. Error bars represent SEM. D–F, Kv2-mediated current in Etv1 and Glt pyramidal neurons. Note different scale bars in D and E. D, In Etv1 neurons, the
control current (Ctl; black line) in outside-out macropatches averaged 111 � 22 pA at 200 ms (mean � SEM; n  15 patches). The gray trace indicates current after application of 100 nM GxTX and
the orange trace is the GxTX-sensitive current obtained by subtraction of current in GxTX from control current. This patch was from an Etv1 neuron from a P15 mouse. The voltage protocol is shown
below. E, In Glt neurons, the control current (Ctl; black line) in outside-out macropatches averaged 139 � 47 pA at 200 ms (mean � SEM; n  8 patches). The gray trace indicates current after
application of 100 nM GxTX and the orange trace is the GxTX-sensitive current obtained by subtraction of current in GxTX from control current. The voltage protocol is shown below. This patch was
from a Glt neuron from a P17 mouse. F, Scatter plots showing percent block by 100 nM GxTX in patches from Etv1 (n  15) versus Glt (n  8) cells. Error bars represent SEM. *Significant difference
from Glt ( p  0.00047, unpaired t test).
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al., 2007; Doyle et al., 2008; Groh et al., 2010; Guan et al., 2015) to
estimate the contribution of these Kv2 channel paralogs to neu-
ronal physiology. Etv1 mice have EGFP expression in slender-
tufted, type I pyramidal neurons found primarily in L5a, which
project across the corpus callosum and to ipsilateral and con-
tralateral striatum, but not to pons or thalamus, identifying them
as IT-type projection neurons (Groh et al., 2010). In contrast, Glt
mice express EGFP in thick-tufted, type II pyramidal neurons
found in L5b that project to ipsilateral pons and thalamus, but
not to contralateral striatum, identifying them as a subset of PT-

type cells. Etv1-EGFP- and Glt-EGFP-positive cells (i.e., Etv1 and
Glt cells) each account for just over half (�55%) of the cells in
L5a and L5b, respectively (Groh et al., 2010).

As shown previously (Groh et al., 2010; Guan et al., 2015),
Etv1 cells were found primarily in L5a, whereas Glt cells were
localized to L5b (Fig. 7A,B, left). As summarized in the graphs in
Figure 7C, we found that 100% of Etv1 cells were positive for both
Kv2.1 and Kv2.2. Among Glt cells, 100% were Kv2.1-positive,
whereas 38.7% were Kv2.2-positive. L5b cells that were strongly
positive for Kv2.2 were almost always negative for Glt (Fig. 7B,

Figure 8. Effects of internal pipette perfusion of antibodies against Kv2.1 or Kv2.2 in patches from Etv1 cells. A, Representative traces for an outside-out patch from an Etv1 neuron (P20 mouse).
Black, Control (Ctl) trace during initial baseline period; gray, trace after several minutes perfusion of the pipette and patch contents with Kv2.1 Ab (anti-Kv2.1); orange, anti-Kv2.1 sensitive current
(obtained by subtraction). B, Different patch from an Etv1 cell before and after perfusion of anti-Kv2.2 (P13 mouse). The color of the traces are the same as in A. C, Plot of current (I) versus time for
patch shown in A, including before and after perfusion with the Kv2.1 Ab. D, Plot of current (I) versus time for patch shown in B before and after perfusion with the Kv2.2 Ab. E, Percentage block by
anti-Kv2.1 and additional block by subsequent application of 100 nM GxTX. Error bars indicate SEM. F, Percentage block by anti-Kv2.2 and additional block by subsequent application of 100 nM GxTX.
Bars represent mean and � SEM. *p  0.0001 for the difference between Kv2.2 AB and GxTX.
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arrowheads; 13.8%, or 20/145 strongly Kv2.2-positive cells were
positive for Glt; n  4 mice). Therefore, whereas Kv2.1 is highly
expressed in 100% of Etv1 and Glt cells, Kv2.2 shows high expres-
sion in all Etv1 cells, but is present in only �40% of Glt cells,
where it is expressed at relatively low levels.

Given our immunohistochemical results that Etv1 and Glt
cells express different levels of Kv2.1 and Kv2.2, we next sought to
confirm these differences electrophysiologically. To do so, we
recorded from Etv1 and Glt cells in acute cortical slices from 2- to
4-week-old mice. To isolate Kv2 currents, we first used the largely
Kv2-specific toxin GxTX. Although GxTX is not completely spe-
cific for Kv2 channels, because high concentrations can also in-
hibit Kv4.3, it blocks Kv2.1 and Kv2.2 with an �8-fold higher
potency than Kv4.3 (Herrington et al., 2006; Herrington, 2007;
Liu and Bean, 2014), thus largely isolating Kv2-mediated cur-
rents at the lower concentrations (100 nM) used here. Figure 7, D
and E, shows records from outside-out macropatches from Etv1
and Glt cells before and after application of 100 nM GxTX.
Whereas GxTX blocked current in both cell types, Glt cells exhib-
ited significantly greater GxTX-sensitive current than Etv1 cells,

both in terms of absolute current at 200 ms (Glt  85 � 31 pA,
n  8; Etv1  31 � 6.8 pA, n  16) and in terms of percentage
blocked (Glt  62.2 � 6.9%; n  8; Etv1  29.7 � 4.4%, n  15;
p � 0.05; Fig. 7F).

Because GxTX inhibits both Kv2.1 and Kv2.2 (Herrington et
al., 2006), we next used Kv2.1- and Kv2.2-specific blocking Abs to
isolate each respective current in outside-out macropatches from
Etv1 and Glt cells by recording currents both before and after
exposure to these Abs (Murakoshi and Trimmer, 1999; Guan et
al., 2007). Figure 8, A and B, shows representative traces for ex-
posure of Etv1 macropatches to anti-Kv2.1 (Fig. 8A) and anti-
Kv2.2 (Fig. 8B) Abs. Figure 8, C and D, shows the time course of
Ab block in Etv1 macropatches using the Kv2.1 (Fig. 8C) or the
Kv2.2 (Fig. 8D) Ab. After 2–3 min of control recordings, the
pipette solution was replaced with a solution containing the Abs.
Subsequent current block occurred relatively rapidly, indicating
that the effect was not simply a function of run-down. In addi-
tion, we recorded with either anti-Kv2.1 or anti-Kv2.2 Abs that
were heat inactivated for 3 h at 65°C before perfusion and saw no
effect on current amplitude (n  2 cells per AB; data not shown).

Figure 9. Effects of internal pipette perfusion of antibodies against Kv2.1 or Kv2.2 in patches from Glt cells. A, Representative traces for an outside-out patch from a Glt neuron (P24 mouse). Black,
Control (Ctl) trace during initial baseline period; gray, trace after several minutes perfusion of the pipette and patch contents with Kv2.1 Ab (anti-Kv2.1); orange, anti-Kv2.1 sensitive current
(obtained by subtraction). The Kv2.1 Ab blocks nearly all of the current. B, Different patch from a Glt cell before and after perfusion with anti-Kv2.2 (P18 mouse). There was no block by anti-Kv2.2
in this patch. C, Scatter plots showing population data for percentage block by anti-Kv2.1 and additional block by subsequent application of 100 nM GxTX. Also shown is population data for block by
anti-Kv2.2 (and subsequent GxTX application). Error bars represent SEM. #Significant difference between percentage block by anti-Kv2.1 and anti-Kv2.2 (and their associated application of GxTX).
#p  0.0000001; ##p  0.00001. D, Scatter plots of population data for percent block by anti-Kv2.1 and anti-Kv2.2 in patches from Etv1 and Glt cells. Anti-Kv2.1 blocked a significantly higher
percentage of current in patches from Glt cells versus Etv1 cells. Anti-Kv2.2 blocked significantly more current in patches from Etv1 cells versus Glt cells. Error bars indicate SEM. *p  0.035; **p 
0.00002 for the difference between Etv1 and Glt cells for the data indicated by brackets.

Bishop et al. • Kv2 Channel Subtypes in Mammalian Cerebral Cortex J. Neurosci., November 4, 2015 • 35(44):14922–14942 • 14937



In Etv1 cells, anti-Kv2.1 blocked �35% of total current (34.9 �
7.5%, n  10), whereas anti-Kv2.2 blocked �45% of the total
current (44.7 � 5.3%, n  16). In 5 cells, the anti-Kv2.1 blocked
34.4 � 11.9% of the current and subsequent application of GxTX
blocked an additional 11.3 � 6.2% current. In 11 cells, anti-Kv2.2
blocked 37.5 � 6.4% of the current and further application of
GxTX blocked an additional 10.0 � 5.2% current (Fig. 8E,F).
Finally, to confirm that Ab block is in fact specific to Kv2s, we also
recorded from Etv1 patches in which GxTX was applied first,
followed by subsequent application of anti-Kv2.1. Under these
conditions, we obtained similar results, with GxTX first blocking
�28% of total current (27.7 � 4.5%, n  5) and the anti-Kv2.1
blocking only an additional 7% (7.0 � 4.9%; data not shown).
Given the similar levels of block with both Abs and after subse-
quent GxTX application, we interpret these data to mean that, in
Etv1 cells, Kv2.1 and Kv2.2 contribute approximately equally to
whole-cell Kv2 current.

In Glt macropatches, we found that the anti-Kv2.1 blocked
significantly more current than in Etv1 patches, achieving �55%
block of total current (55.0 � 4.3%, n  12), with subsequent
GxTX application blocking an additional �10% (10.2 � 3.4%,
n  7; Fig. 9A,C,D). Interestingly, anti-Kv2.2 yielded little to no
block of total current in macropatches from Glt cells (0.2 � 2.9%,
n  7), whereas subsequent application of GxTX blocked �50%

of current (49.3 � 4.2%, n  7; Fig. 9B,C,D), a significantly
greater proportion of total current than was blocked in Etv1
patches (Fig. 8F, 9C,D). In agreement with our immunohisto-
chemical data, these results suggest that Kv2.1 is more prevalent
in Glt neurons and that any Kv2.2 that is present in these cells
contributes a small fraction of the Kv2 current.

Finally, to better characterize the GxTX-sensitive currents in
Etv1 and Glt cells, we examined their voltage dependence and
kinetics from outside-out macropatches. Figure 10A shows
steady-state voltage dependence averaged data from all cells of
each type. The half-activation voltage (V1/2) of the GxTX-
sensitive current was significantly more negative in Etv1 cells
(�23.7 � 2.7 mV, n  9) than Glt cells (�13.4 � 1.3 mV, n  7;
p � 0.01; Fig. 10B), whereas there was no difference in slope
between the two cell types (Fig. 10C). Given the high expression
levels of Kv2.2 in Etv1 cells and its near absence in Glt cells, as well
as the biophysical differences observed between Kv2.1 and Kv2.2
currents expressed in transfected HEK cells, these data suggest
that it is the presence of Kv2.2 subunits that underlies the more
negative activation range of Kv2 current in Etv1 cells.

To compare activation and inactivation kinetics between cell
types, we fit the rising phase and decay phase of currents, each
with a single exponential (see Materials and Methods for details).
The activation time constant was marginally significantly differ-

Figure 10. Biophysical properties of GxTX-sensitive current from Etv1 and Glt cells of L5. A, Average normalized steady-state activation curves for somatic outside-out macropatch recordings of
GxTX-sensitive current from Etv1 (n  9) and Glt cells (n  7). For Etv1, the V1/2 was significantly more negative (�23.7 � 2.7 mV) than for Glt cells (�13.4 � 1.3 mV) by unpaired t test. B, Scatter
plot of V1/2 for the individual cells contributing to activation curves in A. Horizontal line represents the mean. *Significant difference from Etv1 ( p � 0.01). C, Scatter plot for Boltzmann slope for
individual cells contributing to activation curves in A. The horizontal line represents the mean. The mean slope did not differ significantly between Etv1 and Glt cells by unpaired t test. D, Scatter plot
of activation tau at 0 mV for Etv1 and Glt cells. The activation time constant was marginally significantly different ( p � 0.051) between Etv1 cells (4.6 � 0.7 ms; n  10) and Glt cells (2.4 � 0.4
ms; n  5) by unpaired t test. E, Scatter plot of inactivation tau for Etv1 and Glt cells. Our 500 ms steps were not long enough for precise estimate of the slow inactivation time constants for the
GxTX-sensitive current, but the estimated inactivation tau at 0 mV did not differ between Etv1 cells (957 � 261 ms; n  11 cells) and Glt cells (822 � 262 ms; n  7 cells).
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ent (p � 0.051) between Etv1 cells (4.6 � 0.7 ms; n  10) and Glt
cells (2.4 � 0.4 ms; n  5; Fig. 10D). There was no significant
difference in time-to-peak current of the GxTX-sensitive current
in Etv1 (18.9 � 3.1 ms; n  10) and Glt cells (9.3 � 3.1 ms; n  5;
p � 0.063). Our 500 ms steps were not long enough for precise
estimation of the slow inactivation time constants for the GxTX-
sensitive current, but the estimated inactivation tau at 0 mV did
not differ between Etv1 cells (957 � 261 ms; n  11 cells) and Glt
cells (822 � 262 ms; n  7 cells; Fig. 10E).

Discussion
Understanding how information is processed within and be-
tween layers of the cortex requires a thorough characterization of
the abundance, distribution, and function of voltage-gated ion
channels. Establishing the role of Kv2 channels is of particular
interest given their robust expression and the unusually dynamic
nature of their function. To this end, our results reveal previously
uncharacterized differences in Kv2.1 and Kv2.2 expression, func-
tion, and acute regulation and suggest distinct roles for these
highly related Kv channels.

Previous studies demonstrated that, whereas Kv2.1 is present
in most mammalian brain neurons (Frech et al., 1989; Trimmer,
1991; Hwang et al., 1993; Du et al., 1998), Kv2.2 is less broadly
expressed, with expression primarily in olfactory bulb, basal fore-
brain, pons, superior colliculus, MNTB, and a subset of cells in
the cortex (Hwang et al., 1992; Guan et al., 2007; Johnston et al.,
2008; Hermanstyne et al., 2010; Kihira et al., 2010). Consistent
with these earlier observations, we found Kv2.1 expression across
all cortical layers, whereas Kv2.2 expression was found primarily
in L2 and L5a. Furthermore, distinct but specific patterns of
laminar expression are seen across diverse mammalian species
including mouse, rat, ferret, macaque, and human. These con-
served differences in cellular expression suggest distinct roles for
Kv2.1 and Kv2.2 in mammalian cortex.

Kv2.1 and Kv2.2 also differ in phosphorylation-dependent
regulation, suggesting distinct roles in plasticity. Kv2.1 and Kv2.2
expressed endogenously in cortical neurons and exogenously in

HEK293 cells both exhibit a highly clus-
tered subcellular localization. However,
whereas Kv2.1 clusters significantly dis-
perse in cortical neurons after CO2 hyp-
oxia and in HEK293 cells after Inm
treatment, in both cases, Kv2.2 is more
resistant to declustering. Although Kv2.1
and Kv2.2 are highly similar upstream of
the motif that directs Kv2.1 clustering
(Lim et al., 2000), the so-called PRC do-
main (81% aa identity over the first 600
aa), they diverge substantially (only 29%
identity) downstream from the PRC do-
main. A previous analysis of chimeric
Kv2.1/Kv1.5 subunits suggested the exis-
tence of a Kv2.1 domain necessary for
acute phosphorylation-dependent regula-
tion of clustering located in the distal C
terminus of Kv2.1 beyond the PRC do-
main (Mohapatra and Trimmer, 2006).
The extreme divergence of Kv2.2 from
Kv2.1 in this region may explain why
Kv2.2 in cortical neurons and HEK293
cells is somewhat refractory to acute
phosphorylation-dependent regulation of
clustering compared with Kv2.1.

Dephosphorylation of Kv2.1 is associ-
ated with loss of clustering, and previous mass-spectrometry-
based analyses and the immunoblot data we present here suggest
that Kv2.2 has an overall lower level of phosphorylation com-
pared with Kv2.1 (34 phosphosites on brain Kv2.1 vs 11 on Kv2.2;
for review, see Cerda and Trimmer, 2011; Trimmer and Mis-
onou, 2015). It is intriguing that Kv2.2 clustering in cortical neu-
rons and HEK293 cells is refractory to acute phosphorylation-
dependent regulation and that Kv2.2 expressed in COS-1 cells is
clustered, whereas Kv2.1 expressed in COS-1 cells is hypophos-
phorylated and diffuse. This suggests that, whereas the overall
level of phosphorylation of Kv2.2 is lower than that of Kv2.1, the
key residues regulating phosphorylation-dependent clustering
may be constitutively phosphorylated in Kv2.2. Alternatively,
phosphorylation-independent mechanisms distinct from those
that regulate the conditional, phosphorylation-dependent clus-
tering of Kv2.1 may underlie the constitutive clustering of Kv2.2.
Although the exact role of Kv2 channel clustering and dispersal
remains unclear, intriguing data suggest that clustered Kv2.1
channels are nonconducting, which has led to the proposal that
Kv2.1 may have functions unrelated to ion conductance
(O’Connell et al., 2010; Fox et al., 2013). In agreement are recent
data suggesting that Kv2.1 clusters, which preferentially localize
to plasma membrane:endoplasmic reticulum (PM:ER) mem-
brane contact sites (Du et al., 1998; Antonucci et al., 2001;
Mandikian et al., 2014; Fox et al., 2015), function to stabilize
these junctions in both HEK cells and cultured hippocampal neu-
rons, where both store-operated and voltage-gated calcium chan-
nels are localized (Fox et al., 2015), as well as intracellular calcium
release channels (Antonucci et al., 2001; King et al., 2014;
Mandikian et al., 2014). Future studies will be necessary to deter-
mine whether Kv2.2 clusters, which are refractory to regulation,
are also involved in establishing and/or maintaining more stable
PM:ER membrane contact sites.

Our findings reveal layer-specific patterning of Kv2 subunits
throughout cortex, which likely reflect molecular-cell-type dif-
ferences in Kv2 subunit expression. A model for cell-type speci-

Figure 11. Model for cellular specificity of Kv2 paralog expression in L5 pyramidal neurons of cerebral cortex. L5a IT pyramidal
projection neurons are negative for Ctip2 but positive for Etv1-EGFP and a contralaterally placed tracer in striatum and express high
levels of both Kv2.1 and Kv2.2. In contrast, L5b PT pyramidal projection neurons are positive for Ctip2 and Glt-EGFP but negative for
a contralaterally placed tracer in striatum and express high levels of Kv2.1 but low levels of, to no, Kv2.2. MSN, Striatal medium
spiny neuron. Levels of Kv2.1 and Kv2.2 in the different pyramidal cell classes are a simplified representation meant to convey the
overall differences in Kv2.1 and Kv2.2 expression levels across the population of IT and PT neurons studied here and do not account
for variations within the population of IT and PT cells.
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ficity of Kv2.1 and Kv2.2 expression in L5 pyramidal neurons is
shown in Figure 11. Most L5 cells expressing Satb2 and all cells
expressing Etv1-EGFP were positive for both Kv2 subunits. Both
Satb2- and Etv1-positive cortical cells are associated with IT neu-
rons, which project callosally to contralateral cortex and to ipsi-
lateral (and contralateral) striatum, but not to pons, or spinal
cord (Wilson, 1987; Cowan and Wilson, 1994; Alcamo et al.,
2008; Groh et al., 2010; Reiner et al., 2010; Shepherd, 2013).
Consistent with this, the majority of cells labeled via retrograde
tracer to the contralateral striatum expressed high levels of both
Kv2 channel subunits. Together, these results suggest that IT-
type projection neurons express both Kv2.1 and Kv2.2 (Fig. 11).
In contrast, cells of L5b are more heterogeneous in their Kv2
expression profiles. Specifically, whereas most Ctip2-positive
neurons and all Glt neurons express Kv2.1, only half of either
group is positive for Kv2.2 and the majority of these positive cells
are only weakly Kv2.2 positive. Ctip2 is found in L5b-6 (Arlotta et
al., 2005; for review, see Greig et al., 2013) and those within L5 are
considered to be PT neurons that project to subcortical targets.
Similarly, Glt-positive cells, found primarily in L5b, represent a
subset of PT neurons that project to ipsilateral thalamus and
pons, but not to contralateral striatum (Groh et al., 2010). There-
fore, whereas almost all IT-type cells express high levels of both
Kv2.1 and Kv2.2, most PT-type neurons express Kv2.1 in the
absence of detectable Kv2.2, and less than half express low levels
of Kv2.2 (Fig. 11). It will be interesting to determine whether this
differential Kv2 expression remains associated with these cell
types in experimental models, including mutant mice, where
laminar patterning and/or connectivity is altered.

Kv2s appear to play a major role in regulating neuronal excit-
ability during periods of high-frequency firing (Du et al., 2000;
Johnston et al., 2008; Guan et al., 2013; Liu and Bean, 2014). Both
Kv2 subunits have been shown to facilitate high-frequency firing
in cortical and CA1 pyramidal neurons, as well as neurons of the
superior cervical ganglion and MNTB (Johnston et al., 2008;
Guan et al., 2013; Liu and Bean, 2014). In addition, Kv2 channel
function is dependent upon phosphorylation state. Substantial
increases in neuronal activity leading to dephosphorylation of
Kv2.1 yield graded changes in its voltage-dependent activation,
leading to channels that activate at more hyperpolarized mem-
brane potentials and homeostatically suppress neuronal excit-
ability (Misonou et al., 2004; Misonou et al., 2005; Misonou et al.,
2006; Mohapatra et al., 2009). That Kv2.2 has far fewer phos-
phorylation sites than Kv2.1 is consistent with the patch-clamp
data from HEK293 cells presented here, which show that,
whereas activation of Kv2.1 exhibits a significant hyperpolarizing
shift after stimulation with Inm or AP, Kv2.2 does not. Moreover,
the Kv2.2 voltage-dependent activation curve is already hyperpo-
larized relative to Kv2.1 under control conditions, such that
Kv2.2 acts as if it were a constitutively dephosphorylated version
of Kv2.1 (Mohapatra et al., 2008; Bocksteins et al., 2009;
Mandikian et al., 2014). This could yield higher levels of consti-
tutive Kv2 channel activity in cells expressing more Kv2.2 (e.g.,
cortical neurons in L2 and L5a) and more conditional,
phosphorylation-dependent Kv2 channel activity in cells ex-
pressing more Kv2.1 (e.g., L5b). Although it is difficult to predict
how these subunits would function as part of heteromeric chan-
nels, these results suggest that cells expressing Kv2.2 may have
lower intrinsic excitability under control conditions.

In addition to the relatively hyperpolarized activation of Kv2.2
in HEK293 cells, we also found that the GxTX-sensitive Kv2 cur-
rent in Etv1 cells, which have high expression of Kv2.2, activates
at significantly more negative potentials than the GxTX-sensitive

Kv2 current in Glt cells, which express little to no Kv2.2. As
suggested above, if Kv2.2 behaves like dephosphorylated Kv2.1
(Misonou et al., 2004; Misonou et al., 2005; Misonou et al., 2006),
then Kv2.2 currents would activate closer to threshold, thus sup-
pressing excitability in response to small stimuli. In contrast, one
would predict that the more depolarized activation range of Kv2
currents in Glt cells would not modulate excitability for smaller
inputs, but would be expected to play an important role in per-
mitting high-frequency firing (Du et al., 1998; Johnston et al.,
2008; Guan et al., 2013; Liu and Bean, 2014). Consistent with
these predictions, Etv1 cells were found to have higher rheobase
and to fire at lower rates and with lower gain in response to DC
inputs compared with Glt cells (Guan et al., 2013, 2015). These
results lay the groundwork for future studies to address how
Kv2.1 and Kv2.2 contribute differentially to the function of L5a
versus L5b cortical pyramidal neurons.
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