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Guan D, Pathak D, Foehring RC. Functional roles of Kv1-
mediated currents in genetically identified subtypes of pyramidal
neurons in layer 5 of mouse somatosensory cortex. J Neurophysiol
120: 394–408, 2018. First published April 11, 2018; doi:10.1152/
jn.00691.2017.—We used voltage-clamp recordings from somatic
outside-out macropatches to determine the amplitude and biophysical
properties of putative Kv1-mediated currents in layer 5 pyramidal
neurons (PNs) from mice expressing EGFP under the control of
promoters for etv1 or glt. We then used whole cell current-clamp
recordings and Kv1-specific peptide blockers to test the hypothesis
that Kv1 channels differentially regulate action potential (AP) voltage
threshold, repolarization rate, and width as well as rheobase and
repetitive firing in these two PN types. We found that Kv1-mediated
currents make up a similar percentage of whole cell K� current in
both cell types, and only minor biophysical differences were observed
between PN types or between currents sensitive to different Kv1
blockers. Putative Kv1 currents contributed to AP voltage threshold in
both PN types, but AP width and rate of repolarization were only
affected in etv1 PNs. Kv1 currents regulate rheobase, delay to the first
AP, and firing rate similarly in both cell types, but the frequency-
current slope was much more sensitive to Kv1 block in etv1 PNs. In
both cell types, Kv1 block shifted the current required to elicit an
onset doublet of action potentials to lower currents. Spike frequency
adaptation was also affected differently by Kv1 block in the two PN
types. Thus, despite similar expression levels and minimal differences
in biophysical properties, Kv1 channels differentially regulate APs
and repetitive firing in etv1 and glt PNs. This may reflect differences
in subcellular localization of channel subtypes or differences in the
other K� channels expressed.

NEW & NOTEWORTHY In two types of genetically identified
layer 5 pyramidal neurons, �-dendrotoxin blocked approximately all
of the putative Kv1 current (on average). We used outside-out mac-
ropatches and whole cell recordings at 33°C to show that despite
similar expression levels and minimal differences in biophysical
properties, Kv1 channels differentially regulate action potentials and
repetitive firing in etv1 and glt pyramidal neurons. This may reflect
differences in subcellular localization of channel subtypes or differ-
ences in the other K� channels expressed.

potassium channel; repetitive firing; somatosensory cortex

INTRODUCTION

Pyramidal neurons (PNs) are the most numerous compo-
nents in neocortical circuitry, and there is increasing evidence

that PN properties vary with cortical layer and synaptic targets.
PNs in layer 5 have been classified on the basis of morphology
and laminar position, projection patterns, and firing patterns
(Chagnac-Amitai et al. 1990; Christophe et al. 2005; Dembrow
et al. 2010; Hattox and Nelson 2007; Ivy and Killackey 1982;
Kasper et al. 1994; Larkman and Mason 1990; Le Bé et al.
2007; Mason and Larkman 1990; Tseng and Prince 1993; Wise
and Jones 1977). In somatosensory cortex, there is high con-
cordance of these different schemes: large, thick-tufted PNs in
deep layer 5 project beyond the telencephalon (pyramidal tract
or PT type), and thin-tufted PNs in superficial layer 5 project
within the telencephalon (intratelencephalic or IT type; Reiner
et al. 2003, 2010; Shepherd 2013). PT-type PNs typically have
narrower action potentials (APs), have a greater tendency to
fire in short, high-frequency onset bursts, and fire rapidly with
little spike frequency adaptation (SFA; Brown and Hestrin
2009; Dembrow et al. 2010; Hattox and Nelson 2007; Le Bé et
al. 2007; Sheets et al. 2011; Suter et al. 2013). We studied layer
5 PNs identified by enhanced green fluorescent protein (EGFP)
expression (Bishop et al. 2015; Guan et al. 2015; Pathak et al.
2016) in BAC mice under control of either the etv1 or glt genes
(Gong et al. 2002, 2003, 2007). Etv1 PNs are IT-type PNs and
are located more superficially in layer 5 than glt PNs, which are
a subgroup of PT-type neurons (Bishop et al. 2015; Groh et al.
2010; Guan et al. 2015; Kim et al. 2015; Pathak et al. 2016).
Etv1 and glt PNs also differ in morphology and projection
targets (Groh et al. 2010).

Consistent with etv1 PNs being a subset of IT-type and glt
being a subset of PT-type PNs (Christophe et al. 2005; Dem-
brow et al. 2010; Groh et al. 2010; Hattox and Nelson 2007; Le
Bé et al. 2007; Sheets et al. 2011; Suter et al. 2013), etv1 PNs
have broader APs, fire more slowly and with lower gain to
direct current (DC) inputs, and exhibit more SFA than glt PNs
(Groh et al. 2010; Guan et al. 2015). Etv1 PNs also have higher
rheobase compared with glt (Guan et al. 2015). Different PN
types within layer 5 are likely to have distinct functions,
although our present understanding is limited. For example,
prolonged exposure to anesthesia before brain removal elicits
burst firing in PT-type layer 5 PNs but not in IT-type cells
(Christophe et al. 2005), and IT-type PNs mediate cortical
responses to antidepressants, whereas glt PNs do not (Schmidt
et al. 2012).

Previously, we showed differences in firing rate, gain to DC
input, and SFA between etv1 and glt PNs due to greater
expression of the slow afterhyperpolarization (sAHP) current
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in etv1 PNs. The sAHP current is almost absent from glt PNs,
which in contrast have greater expression of small-conductance
Ca2�-activated K� channel (SK)-mediated medium AHP cur-
rent (Guan et al. 2015). Rodent PNs also express several
voltage-gated K� channels (Kv) that could differentially reg-
ulate firing in different types of PNs. These Kv currents have
both transient and persistent components in PNs (Bekkers
2000a, 2000b; Foehring and Surmeier 1993; Korngreen and
Sakmann 2000; Locke and Nerbonne 1997). The persistent
currents in PNs are mostly due to expression of Kv1, Kv2 (the
largest component), and Kv7 channels (Bekkers and Delaney
2001; Bishop et al. 2015; Guan et al. 2006, 2007a, 2007b,
2011a, 2011b, 2013, 2015; Murakoshi and Trimmer 1999). A
key difference between etv1 and glt PNs is the relative expres-
sion of Kv2-mediated current, which is larger in glt than in etv1
PNs (~62% vs. 30% of whole cell current; Bishop et al. 2015).
Also, etv1 PNs express Kv2.1 and Kv2.2 currents in approxi-
mately equal proportions, whereas glt PNS only express Kv2.1
currents (Bishop et al. 2015). Glt PNs fire faster than etv1 PNs,
consistent with a permissive role for Kv2 channels to support
high-rate repetitive firing (Du et al. 2000; Guan et al. 2013;
Hönigsperger et al. 2017; Johnston et al. 2008; Liu and Bean
2014).

Our previous Kv1 studies in rat layer 2/3 PNs from somato-
sensory cortex indicated that �-dendrotoxin (DTX)-sensitive
Kv1 currents comprised ~20% of the whole cell Kv current,
with persistent Kv1 currents found in all PNs. The DTX-
sensitive current was relatively insensitive to holding potential,
consistent with a half-inactivation voltage of approximately
�50 mV. A subset of layer 2/3 cells also had a rapidly
inactivating Kv1 component (Guan et al. 2006). Single-cell
RT-PCR, immunocytochemistry, and recordings with Kv1-
selective toxins indicated expression of Kv1.1, Kv1.2, Kv1.3,
and Kv1.4, with most cells expressing two or more of these
�-subunits (Guan et al. 2006). In layer 2/3 PNs, Kv1 currents
activated at voltages subthreshold for APs and thus regulated
AP voltage threshold, rheobase, and the rate and gain [frequen-
cy-current (f-I) slope] of repetitive firing (Guan et al. 2007b).
In the present study, we used voltage-clamp recordings from
somatic outside-out macropatches to determine the amplitude
and biophysical properties of Kv1 currents in etv1 and glt PNs.
We then used whole cell current-clamp recordings to test the
hypotheses that Kv1 channels differentially regulate the AP
[voltage threshold, repolarization rate of change of voltage
(dV/dt), and width], rheobase, and repetitive firing in these two
PN types.

METHODS

All procedures were performed in strict accordance 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 Tennessee
Health Science Center Institutional Animal Care and Use Committee.
Mice were maintained under standard light-dark cycles and allowed to
feed and drink ad libitum.

We studied layer 5 PNs from two bacterial artificial chromosome
(BAC) lines of mice, each of which express EGFP in different
subpopulations of layer 5 PNs (Gong et al. 2002, 2003, 2007; Groh et
al. 2010; Guan et al. 2015). In the somatosensory cortex of Tg(Etv1
EGFP)BZ192Gsat/Mmucd (etv1) mice, EGFP is primarily expressed
in PNs from superficial layer 5 (Groh et al. 2010; Guan et al. 2015).
In somatosensory cortex of Tg(Glt25d2-EGFP)BN20Gsat/Mmnc

(Glt) mice, glt-EGFP is primarily expressed in a subset of deep layer
5 PNs (Groh et al. 2010; Guan et al. 2015). We maintain breeding
colonies of these mice (Swiss-Webster background), which were
originally obtained from the Mutant Mouse Regional Resource Cen-
ters of the GENSAT project. For the original description of these BAC
lines, see Gong et al. (2007) and Doyle et al. (2008). A detailed
characterization is found in Groh et al. (2010). We previously char-
acterized the laminar location and firing properties of PNs in these two
mouse lines (Bishop et al. 2015; Guan et al. 2015).

Glt and etv1 brain slices. Recordings were performed on juvenile
male and female mice from 3 to 6 wk of age. Mice were anesthetized
with isoflurane until they were areflexive to tail pinch. 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, the animal was decapitated and the brain was
removed and dropped into ice-cold cutting solution bubbled with O2

for ~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. The
brain was then sliced into 300-�m-thick coronal sections using a
vibrating tissue slicer (Vibroslice; Campden Instruments). We used a
recirculating bath system with a peristaltic pump (Gilson Minipuls 3)
controlling both the inflow and the outflow of carbogenated artificial
cerebrospinal fluid (aCSF).

Current-clamp recordings in brain slices. Slices were placed in a
recording chamber on the stage of an Olympus BX50WI upright
microscope and bathed in aCSF bubbled with 95% O2-5% CO2 at 2
ml/min and heated with an in-line heater (Warner Instruments) to
33 � 1°C. 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. PNs in layer 5 were visualized with infrared differential
interference contrast (IR-DIC) video microscopy (Dodt and Zieglgän-
sberger 1990; Stuart et al. 1993) using a �40 (0.8 numerical aperture)
Olympus water-immersion objective and an IR-sensitive camera
(Olympus OLY-150 or DAGE-MTI). Etv1 or glt PNs were visually
identified by the presence of EGFP epifluorescence using an FITC
filter. Recordings were directed within the main band of EGFP� cells
in layer 5 in each slice. We switched between IR-DIC and epifluo-
rescence to determine cell type and to obtain a gigaohm seal. Elec-
trode position was controlled with Sutter Instruments (Novato CA) or
Luigs-Neumann (Ratingen, Germany) manipulators and controllers.
Whole cell patch-clamp recordings were acquired using an Axon
Multiclamp 700A and 700B amplifiers (Molecular Devices, Sunny-
vale, CA) and pCLAMP 9 or 10 software.

We recorded with borosilicate electrodes (model GC150TF; War-
ner Instruments, Hamden, CT) that were produced with a horizontal
electrode puller (Flaming-Brown P-87; Sutter Instruments, Novato
CA). Electrode resistances were 1.5–4 M� in the bath. For current-
clamp recordings, electrodes 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, 0.2 GTP, and 0.1 EGTA (adjusted to pH
7.25 with 1 N KOH, ~290 mosM). Data were only collected from cells
forming a seal of 1 G� or tighter. For current-clamp, cells also had
overshooting APs with amplitude �60 mV and fired repetitively. All
reported voltages were corrected by subtracting the measured liquid
junction potential (8 mV). We compensated for electrode capacitance,
and bridge balance was carefully monitored. Recordings were termi-
nated in cells where access resistance was �20 M� or increased
dramatically during the recording. Data were digitized at 20 KHz and
filtered at 10 kHz.

All slice current-clamp recordings were in the presence of 6,7-
dinitroquinoxaline-2,3-dione (DNQX; 20 �M) to block �-amino-3-
hydroxy-5-methyl-4-isoxazoleproipionic acid (AMPA) receptors,
D-(�)-2-amino-5-phosphonopentanoic acid (D-AP5; 50 �M) to block
N-methyl-D-aspartate (NMDA) receptors, and picrotoxin (100 �M) to
block �-aminobutyric acid type A (GABAA) receptors to minimize
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the effects of the pharmacological agents on fast synaptic transmis-
sion. Potassium channel blockers were added directly to the aCSF.
Most reagents were purchased from Sigma-Aldrich (St. Louis, MO).
In addition, DTX and margatoxin (MTX) were purchased from
Alomone Labs (Jerusalem, Israel). DNQX, D-AP5, and picrotoxin
were purchased from Tocris Bioscience (Ellsville, MO).

Voltage-clamp recordings. To obtain accurate biophysical mea-
surements of outward K� currents, we used outside-out macropatches
that were formed after break-in to whole cell mode by withdrawing
the pipette without additional suction. The patch capacitance was 1–4
pF and series resistance was 5–9 M�. For outside-out voltage-clamp
recordings, electrodes were filled with an internal solution containing
the following (in mM): 135 KMeSO4, 2 MgCl2, 10 HEPES, 2 ATP,
0.2 GTP, and 0.25 leupeptin (pH adjusted to 7.2 with 1 N KOH, ~290
mosM). EGTA (5 mM) was added to the intracellular solution to
prevent activation of Ca2�-dependent conductances. Tetrodotoxin
(0.5 �M) was added to the bath to block Na� channels and Cd2� (200
�M) to block Ca2� channels. Kv1 channel blockers were dissolved
directly into aCSF containing 0.1% bovine serum albumin (BSA).

For voltage-clamp recordings, the data were digitized at 10 kHz
and filtered at 4 kHz. To determine steady-state voltage dependence,
a family of 500- or 1,000-ms voltage steps was made from a holding
potential of �75 mV to voltages between �50 and �40 mV in 10-mV
increments (20 s between sweeps). This protocol was run in control
solution without channel blockers and repeated after application of
Kv1 blockers. The blocker-sensitive current was obtained by subtract-
ing traces in blocker from control traces. Current at 500 ms was
converted to conductance by dividing current by driving force (E �
EK, where EK, the equilibrium potential of K�, was calculated as
�102 mV from the internal and external K� concentrations). Con-
ductance was normalized by the maximum conductance (Gmax), and
normalized conductance was plotted as a function of test voltage.
These data were then fit with a single Boltzmann relationship as
follows:

G � Gmax ⁄ �1 � exp[(V50 � V)Vslope]� , (1)

where G is the calculated conductance, V50 is the half-activation
voltage, V is the step potential, and Vslope is the slope factor for
activation. Data from both etv1 and glt PNs were well fit by a single
Boltzmann equation.

Steady-state inactivation was studied by comparing the response to
a test step to �10 mV (500 ms) immediately following 5-s prepulses
to voltages between �100 and �20 mV (20 s between steps). Current
amplitudes (I) were normalized to the largest response (Imax) and
plotted vs. prepulse voltage. These data were fit with a single Boltz-
mann relationship of the following form:

I ⁄ Imax � 1 ⁄ �1 � exp[(V � V1⁄2)Vc]� , (2)

where V1/2 is the half-inactivation voltage and Vc is the slope factor
for inactivation.

To compare activation and inactivation kinetics between cell types,
we fit the rising and decay phases of currents, each with a single
exponential (Eq. 2). A 500- or 1,000-ms step from �75 to various
potentials between �50 and �40 mV was used to elicit currents.
Blocker-sensitive currents were used to fit the following activation-
inactivation equation:

I(t) � I0[1 � exp(�t ⁄ �0)]2 · [exp(t ⁄ �1) � C], (3)

where I(t) represents the blocker-sensitive current, I0 represents the
maximum current, �0 is the activation time constant, �1 is the inacti-
vation time constant, and C is a constant.

Statistics. Prism (GraphPad, La Jolla, CA) software was used to
perform statistical tests on the data. Student’s t-test was used to
compare sample population data, and summary data are means � SE
unless otherwise stated. Paired t-tests were used to compare control
vs. drug effects. We used a one-way ANOVA to compare multiple

experimental groups, 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 population data
are represented as histograms of mean � SE or scatter plots. Chi
square tests were used to determine differences in the distributions of
response types.

RESULTS

Voltage-clamp recordings. We made recordings with out-
side-out macropatches taken from somatic membranes of PNs
identified as EGFP� in slices from etv1 or glt mice. The
macropatches provide excellent voltage control and allow re-
cordings in slices at 33 � 1°C. Our conclusions are thus
restricted to channels expressed on the soma. In rat layer 2/3
PNs, we previously determined the presence of several Kv1
�-subunits in a single PN (Guan et al. 2006) and that 100 nM
DTX was a saturating dose (Guan et al. 2006). We confirmed
in the present study that 200–300 nM DTX blocked no more
current than 100 nM DTX in mouse layer 5 PNs (n 	 4 cells;
data not shown). DTX has been shown to selectively block
channels containing Kv1.1, Kv1.2, or Kv1.6 �-subunits (Har-
vey and Robertson 2004). At low nanomolar doses, MTX
blocks channels containing Kv1.3 �-subunits, although it also
blocks Kv1.2 subunits (Bartok et al. 2014). We found that
MTX blocked Kv current in layer 5 PNs with an EC50 of ~3
nM (n 	 7; data not shown) and that 30–40 nM MTX was a
saturating dose.

To test whether MTX blocked current that was not blocked
by DTX, we isolated currents sensitive to 100 nM DTX,
20–40 nM MTX, or DTX plus MTX (Fig. 1, A–C). The
examples show currents from a glt PN in control solution and
in the presence of 100 nM DTX plus 30 nM MTX, and the
putative Kv1-mediated current, i.e., the subtracted traces [con-
trol – (DTX�MTX)]. Kv1-mediated currents (DTX�MTX
sensitive) were similar in amplitude in glt and etv1 PNs for
both peak and steady-state (500 ms) currents. For peak current,
about 25–30% of current was blocked by DTX alone or MTX
alone; this %block did not differ significantly between PN
types. The combined DTX plus MTX blocked ~35% of peak
current in both PN types (Fig. 1, D and E). At steady state, a
similar pattern emerged: 20–25% block by DTX, ~15% block
by MTX, and 25–30% by the combined toxins. Again there
were no significant differences between PN types or between
toxins. These data suggest that most Kv1.3 subunits may be
expressed in the same heteromeric channels with Kv1.1,
Kv1.2, and/or Kv1.6 (see also Miller et al. 2008).

Consistent with the relatively depolarized half-inactivation
voltage for the current sensitive to Kv1 blockers (see Fig. 5),
this current was relatively insensitive to holding potential. In 8
etv1 and 9 glt PNs, we measured the amplitude of the whole
current and the toxin-sensitive and toxin-resistant components
from a holding potential of �75 mV, with or without a 1-s
prepulse to �100 mV. Whereas the whole current and toxin-
resistant components were significantly larger after the
�100-mV prepulse, the amplitude of the current sensitive to
Kv1 blockers was unchanged (data not shown).

We next assessed the biophysical properties of Kv1-medi-
ated currents in etv1 and glt PNs (Fig. 2, A–F). First, we
measured � values for currents in response to a test step from
�75 to �10 mV. We observed considerable variability in the
amount and rate of inactivation of DTX-, MTX-, or DTX�
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MTX-sensitive currents in patches from both etv1 and glt PNs
(Fig. 2). This variation was similar within each cell type and
for all toxin-sensitive currents.

Toxin-sensitive currents in most mouse layer 5 PNs were
well fit by a single exponential for activation and a single
exponential for inactivation (plus a remaining, persistent com-
ponent: Eq 3: see METHODS). The currents activated rapidly (�
~1 ms: second-order fit), and this did not differ significantly
between PN types or toxins (Fig. 2G), except in glt PNs, where
DTX-sensitive current activated significantly more slowly than
MTX-sensitive current (P � 0.04). Most patches had inacti-
vating and persistent components. At �10 mV, the value for C
(the persistent component in Eq. 3) was 0.42 � 0.09 for etv1
and 0.47 � 0.15 for glt PNs (not significantly different). The
inactivation time constants were ~100–300 ms at �10 mV and
generally did not differ significantly between PN types or
toxin-sensitive currents (Fig. 2H). The exception was that
DTX-sensitive currents in etv1 PNs inactivated faster than
MTX-sensitive currents (P � 0.04). The overall %inactivation
(peak to 500 ms) was between 65% and 80% at � 10 mV. The
only significant difference for %inactivation was in etv1 cells,
where MTX-sensitive current inactivated more than DTX-
sensitive current (P � 0.006: Fig. 2I).

Figure 3, A and B, shows the time constants for activation
and inactivation at each of the voltages tested in the steady-
state activation and inactivation protocols (shown in Figs. 4
and 5). The currents in response to steps from �30 to �40 mV
were fit with Eq. 3. The activation and inactivation time
constants were not significantly different in etv1 vs. glt PNs. At
�40 mV, there was no transient component to the current in
etv1 PNs (approximately no inactivation over the 500-ms step).

We examined the voltage dependence of steady-state acti-
vation in etv1 and glt cells (Fig. 4). The current sensitive to
Kv1 blockers activated in the subthreshold voltage range,
beginning at approximately �60 mV (Fig. 4, A and B). The
half-activation voltage and slope did not differ significantly
between etv1 and glt PNs or between toxins (DTX, MTX, or
DTX�MTX; Fig. 4, D and E). We therefore combined data for
all Kv1 blockers to compare steady-state activation voltage and
slope. We found no significant differences between etv1 and glt
(Fig. 4, C and F). Collectively, our voltage-clamp data suggest
minimal biophysical differences between DTX- and MTX-
sensitive currents or between Kv1 currents in etv1 and glt PNs.

The voltage dependence of steady-state inactivation was
examined in 9 etv1 and 10 glt PNs by measuring the response
to a 500-ms test step to �10 mV immediately following 5-s
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for inactivation � (at �10 mV). There were
no significant differences between PN types.
In etv1 PNs, DTX-sensitive currents inacti-
vated more rapidly than MTX-sensitive cur-
rents (*P � 0.05). I: summary data (means �
SE) for %inactivation (at �10 mV). There
were no significant differences between PN
types. In etv1 PNs, MTX-sensitive currents
inactivated more than DTX-sensitive cur-
rents (*P � 0.05).
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prepulses to various potentials between �100 and �20 mV
from the holding potential of �75 mV (Fig. 5A). We waited 20
s between each prepulse � test pulse. The test currents were
normalized by the maximum current and plotted vs. test volt-
age (Fig. 5B). A single Boltzmann fit (Eq. 2) revealed half-
inactivation voltages of �53.8 � 1.8 mV for etv1 and
�51 � 1.7 mV for glt (no significant difference; Fig. 5C). The
corresponding slopes were 5.1 � 0.8 mV for etv1 and
�6.1 � 0.9 mV for glt (no significant difference: Fig. 5D).

Current-clamp recordings. We next tested functional roles
of Kv1 channels in etv1 and glt PNs using whole cell current-
clamp recordings in acute brain slices (at 33 � 1°C). All
recordings were in the presence of blockers of fast synaptic
transmission, and we used a recirculating bath to apply the Kv1
blocking toxins (100 nM DTX, 10–30 nM MTX, or the
combination). Table 1 indicates basic electrical properties of

the etv1 and glt PNs, which were similar to our previous
findings for these cell types (Guan et al. 2015; Pathak et al.
2016). Consistent with our voltage-clamp experiments, we
found no differences for AP parameters, rheobase (the mini-
mum amount of current required to elicit an AP with a
prolonged current injection), or f-I relationships among DTX,
MTX, or DTX�MTX, so we combined the data for all Kv1
blockers and compared these data with that for their respective
controls. On the basis of the rapid activation kinetics and
subthreshold activation range of Kv1-mediated currents, we
predicted that block of Kv1 channels in layer 5 PNs would
regulate rheobase, voltage threshold for an AP, and repolariza-
tion of the AP. We also hypothesized that Kv1 channels
regulate repetitive firing behavior (delay to first AP, firing rate,
f-I slope) and tested whether the functional roles of Kv1
channels differ in a PN type-specific manner.

Individual APs were elicited with 5-ms current injections
(Fig. 6), and we compared AP properties before and after
application of Kv1 blockers. Voltage threshold was measured
as the voltage corresponding to the rapid upward deflection in
plots of dV/dt vs. membrane potential (Vm). The voltage
threshold for an AP was significantly shifted to more negative
potentials by Kv1 blockers in both PN types (Fig. 6C; P �
0.007 for etv1, P � 0.001 for glt). Consistent with our previous
findings (Pathak et al. 2016), Kv1 block increased AP half-
width in etv1 but not glt PNs (Fig. 6D; P � 0.0008 for etv1,
P � 0.09 for glt). The AP broadening was due to reduced AP
repolarization as indicated by significantly reduced dV/dt for
repolarization in etv1 PNs after Kv1 block (117 � 6 vs.
130 � 6 V/s in control, n 	 43, P � 0.005). No significant
changes in repolarization dV/dt were observed in glt PNs (all
toxins combined: 184 � 7 control vs. 186 � 9, n 	 50, P �
0.68).

Consistent with Kv1 activation at subthreshold voltages,
rheobase was significantly reduced in both etv1 and glt PNs by
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Kv1 blockers (Fig. 7, A and B; P � 0.0001 for etv1, P �
0.0001 for glt). For the combined data (all toxins), the rheobase
decrease was 34 � 3% in etv1 (n 	 64) and 28 � 3% in glt
(n 	 76). The latency to the first AP in response to a
low-amplitude, long current injection (200 pA, 500 ms) was
also significantly reduced by Kv1 blockers (all data combined;
Fig. 7C). Latency was decreased by 43 � 6% in etv1 (n 	 38)
and 53 � 4% in glt (n 	 42).

Groh et al. (2010) reported that in control solutions, glt PNs
were more likely to fire with an initial doublet in response to
suprathreshold current injections than etv1 PNs. If a doublet is
defined as the first interspike-interval (ISI) being much shorter
than subsequent ISIs, our initial experiments suggested that the
presence of an onset doublet depended on the stimulus current,
with higher currents being more likely to elicit a doublet (Fig.
8, A and B). We looked at the relationship between the first,
second, and third ISIs and injected current for etv1 (n 	 37)
and glt (n 	 39) PNs. In the examples shown in Fig. 8, A–C,
it can be seen that above 200–300 pA, the first ISI was
shortened with increased current much more than subsequent
ISIs (providing an alternative definition for an onset doublet).
These relationships held for the population of etv1 (Fig. 8G)
and glt (Fig. 8H). With high enough currents (400–600 pA),
all PNs fire with an onset doublet defined in this manner (Fig.
8, F and I). Kv1 blockers had similar effects on both etv1 and
glt PN. Kv1 block shifted the relationship to the left, resulting
in less current being required to elicit an onset doublet (Fig. 8,
C and F–I).

Glt PNs displayed two firing behaviors not observed in etv1
PNs. In a small number of glt PNs (8/78, 10.2%) an onset burst
of 3–5 APs riding on a slow depolarization was observed. This
response is similar to burst firing as initially described by the

Prince laboratory (Connors et al. 1982), so we referred to this
firing as an onset burst (Fig. 9A). In the presence of Kv1
blockers, an additional 6 cells fired with an onset burst (total 	
14/78, 17.9%). In contrast to our findings in neocortical PNs,
significantly increased burst firing (Metz et al. 2007) and
dendritic spiking (Golding et al. 1999) were previously ob-
served in a different type of PN after DTX (CA1 PNs).

As previously reported for PNs in layer 5 of rat motor cortex
(Miller et al. 2008), a small number of glt PNs from layer 5 of
mouse somatosensory cortex showed acceleration of firing rate
during a 1- to 2-s current injection (Fig. 9, B and C). Whereas
no etv1 PNs exhibited this acceleration, firing in 4 of 52 glt
PNs (8%) accelerated during a 2-s current injection. Figure 9C
shows plots of instantaneous firing frequency (1/ISI) vs. time
for a glt PN that showed acceleration in control solution (rising
curve with time) that was changed to higher rate firing with
SFA after MTX. In Kv1 blockers, acceleration was lost in three
of four cells (2 in MTX, 1 in DTX�MTX; the cell that still
accelerated was in DTX).

We next examined effects of Kv1-mediated currents on
repetitive firing of mouse layer 5 PNs. The majority of etv1 and
glt PNs fired in a regular spiking pattern. As an initial test for
effects of Kv1 block on firing rate, we compared firing in
response to a test current step adjusted to elicit firing at ~10 Hz
for 2 s in the control solution. This same current amplitude was
then applied after application of Kv1 blockers. The pattern of
response was similar for DTX, MTX, or DTX�MTX, so the
data were combined. Kv1 block resulted in increased firing rate
in both etv1 and glt PNs (Fig. 10, A and B; P � 0.0001 for etv1,
P � 0.0001 for glt).

We then generated average f-I curves for firing in response
to a family of 2-s current injections in both etv1 and glt PNs.
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Fig. 5. Steady-state inactivation. The steady-state inactivation of currents sensitive to 100 nM �-dendrotoxin (DTX) � 30 nM margatoxin (MTX) was compared
in outside-out macropatch recordings from 9 etv1 and 10 glt pyramidal neurons (PNs). From a holding potential of �75 mV, the current was inactivated with
5-s steps to voltages between �100 and �20 mV and then measured from a test step to �10 mV (20 s between each prepulse � test step). A: representative
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Table 1. Basic properties of etv1 vs. glt pyramidal neurons

RMP, mV Rin, M� AP, mV APHW, ms Rheobase, pA

etv1 �74 � 1 (46) 109 � 7 (45) 95 � 2 (44) 0.77 � 0.03 (44) 135 � 10 (42)
glt �72 � 1 (48) 88 � 6* (49) 98 � 1 (50) 0.59 � 0.02* (50) 125 � 13 (42)

Data are means � SE (no. of cells). RMP, resting membrane potential; Rin, steady-state input resistance; AP, action potential amplitude; APHW, action
potential width at half-amplitude. *P � 0.05, significantly different from etv1.
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We compared the initial linear portion of the f-I relationship for
the entire 2 s of firing. The effects on f-I relationships to DC
differed between PN types. In both etv1 and glt PNs, Kv1
blockers caused an increased initial f-I slope (Fig. 10, C–E;
P � 0.0001 for etv1, P � 0.0001 for glt). However, the
magnitude of this gain change was much greater in etv1
(154 � 21%, n 	 38) than in glt (16 � 4%; n 	 42) PNs.

We also studied changes in firing rate over time. We quan-
tified SFA as percent adaptation, defined as [(ISI at 2s � 3rd
ISI/ISI at 2s) � 100]. We chose the third ISI to focus on slow
SFA as opposed to mechanisms regulating fast adaptation
during the first two ISIs (which are likely related to doublet and
burst firing mechanisms). Most etv1 PNs showed strong SFA
(Fig. 11A; Guan et al. 2015). In contrast, most glt PNs showed
no SFA or little SFA (Fig. 11B), although a few glt PNs
showed acceleration during a 2-s firing epoch (see above). In
etv1 PNs, Kv1 block resulted in little change in SFA to small

currents (or at low firing rates) and significantly reduced SFA
at high currents (and high firing rates; Fig. 11C). The combined
data for glt PNs show little SFA in control, and the effects of
Kv1 block are similarly minimal for all currents, although SFA
was only significantly higher at the lowest current (Fig. 11C).
These results differ from our findings for DTX-sensitive cur-
rents in rat layer 2/3 PNs, where no effect on SFA was
observed (Guan et al. 2007).

DISCUSSION

We studied two genetically identified PN types from layer 5
of mouse cortex to test for differences in expression of Kv1
currents and their functional roles. We first used voltage-clamp
recordings and Kv1-selective peptides to determine the ampli-
tude and biophysical properties of putative Kv1 currents in etv1
and glt PNs (IT- and PT-type PNs, respectively). We then used
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current-clamp recordings and Kv1-specific peptides to test the
hypothesis that Kv1 channels differentially regulate AP voltage
threshold, repolarization rate, and width, as well as rheobase,
latency to the first AP, and repetitive firing in these two PN
types. DTX-, MTX-, and DTX�MTX-sensitive currents were
of similar size in both cell types. Similarly, only minor bio-
physical differences were observed between cell types or
between currents sensitive to different toxins. Despite similar
Kv1 currents, Kv1 block had differential effects on single APs
and repetitive firing in the two cell types. In both PN types,
Kv1 currents regulated AP voltage threshold, but AP width and
rate of repolarization were only affected in etv1 PNs. Kv1
channels regulate rheobase, onset doublets, and firing rate
similarly in both cell types, but f-I slope and f-t relationships
were more sensitive to Kv1 block in etv1 PNs.

Kv1 expression. We previously showed that individual layer
2/3 PNs from rat neocortex express multiple Kv1 �-subunits,
localized to somatodendritic as well as axonal cell compart-

ments (Guan et al. 2006). All cells expressed a current sensitive
to DTX (blocks channels containing Kv1.1, Kv1.2, or Kv1.6
�-subunits; Harvey and Robertson 2004). Similar currents
have been observed in many cell types, although there is
variation in their biophysical properties (Coetzee et al. 1999),
including large layer 5 PNs (Bekkers 2000a, 2000b; Bekkers
and Delaney 2001; Korngreen and Sakmann 2000), mixed
populations of neocortical PNs (Dong and White 2003; Foeh-
ring and Surmeier 1993; Locke and Nerbonne 1997; Zhou and
Hablitz 1996), and hippocampal PNs (Bossu et al. 1996; Chen
and Johnston 2004; Halliwell et al. 1986; Wu and Barish
1992).

Kv1 subunits can form heteromultimeric channels in vitro
(Heinemann et al. 1996; Po et al. 1993; Rettig et al. 1994;
Salkoff et al. 1992). Kv1.1 and Kv1.2 are the most abundant
subtypes in mammalian brains, and they have been detected in
various combinations with Kv1.3, Kv1.4, and Kv1.6 by coim-
munoprecipitation (Coleman et al. 1999; Rhodes et al. 1997;

f-I graph

0 200 400 600
0

20

40

60

80

100

I (pA)

ISI 1
ISI 2
ISI 3
2s avg. Freq

in
st

an
ta

ne
ou

s 
f (

H
z)

gltetv1etv1

etv1

0
20
40
60
80

100
120
140
160
180

0 200 400 600
I (pA)

in
st

an
ta

ne
ou

s 
f (

H
z) f-I graphglt

ISI 1
ISI 2
ISI 3
2s avg. Freq

-78 mV-74 mV-74 mV

etv1 in Kv1 
blockers

etv1 control

n = 37

0
20
40
60
80

100
120
140
160

in
st

an
ta

ne
ou

s 
f (

H
z)

0 200 400 600
I (pA)

etv1
1st ISI

2nd ISI

00 200 400 600
I (pA)

0
20
40
60
80

100
120
140
160

in
st

an
ta

ne
ou

s 
f (

H
z)

glt in Kv1 
blockers

glt control

n = 39

glt 1st ISI

2nd ISI

0 200 400 600
0

20

40

60

80

100

 %
 o

f c
el

ls
: d

ou
bl

et
s

control
Kv1 Block

n = 37

I (pA)

etv1

Ctl Block
0

200

400

M
in

 I 
(p

A) *

n = 39

glt

100 ms20
 m

V

0

20

40

60

80

100

 %
 o

f c
el

ls
: d

ou
bl

et
s

0 200 400 600
I (pA)

800
Ctl Block

0

200

400

M
in

 I 
(p

A)

*

A B C

D E F

G H I

300 pA 500 pA 500 pA

control
Kv1 Block

Fig. 8. Onset doublets. A: traces from an etv1 pyramidal neuron (PN) showing regular spiking at onset of response to direct current (DC) injection (300 pA, 2 s)
in control solution. Scale bars apply to A–C. B: traces from the same etv1 PN in control solution in response to a larger (400 pA, 2 s) current injection. Note
the initial doublet of action potentials (APs) at the onset of the response. C: traces from a glt PN showing regular spiking at the onset of a DC injection (250
pA, 2 s) in control solution (black trace). After 100 nM �-dendrotoxin (DTX) � 30 nM margatoxin (MTX; red), there was an initial doublet of APs at the onset
of the current step. D: plot of instantaneous firing frequency [f; 1/interspike interval (ISI)] vs. injected current (I) for the etv1 PN from A and B. Plotted are the
first 3 ISIs as well as average firing over the entire 2-s epoch. Note the sharp deviation of the curve for the first ISI vs. the others at currents �300 pA. This
deviation was diagnostic for the presence of an initial doublet and served as our working criteria for the presence of a doublet. E: similar plot for a glt PN. As
in the etv1 PN, there was a sharp deviation of the first ISI curve above 200 pA, reflecting onset doublet in response to currents �200 pA. F: plot of the percentage
of cells showing an onset burst at a given level of injected current using the criteria shown in D and E. In control solution (black), virtually all cells could fire
with an onset burst in response to currents �500 pA. After Kv1 block (red), the curve was shifted leftward, indicating a reduction in the current required to initiate
an onset doublet. Inset: histogram (means � SE) indicating that Kv1 block results in a significant reduction in the minimal current to elicit an onset doublet (*P �
0.05). G: plot of instantaneous firing frequency (1/ISI; means � SE) for the first vs. the second ISI vs. the injected current for a population of 37 etv1 PNs in
control (black) and Kv1 blockers (red). Kv1 block increased the frequency for both the first and second intervals but had a greater effect on the first interval,
resulting in deviation from the first vs. second ISI at lower currents. H: similar plot and similar effects of Kv1 block for a population of 39 glt PNs. I: plot of
the percentage of cells showing an onset burst at a given level of injected current using the criteria shown in D and E. In control solution (black), virtually all
cells could fire with an onset burst in response to currents �500 pA. After Kv1 block (red), the curve was shifted leftward. This indicates a reduction in the current
required to initiate an onset doublet. Inset: histogram (means � SE) indicating that Kv1 block results in a significant reduction in the minimal current to elicit
an onset doublet in glt PNs (*P � 0.05).
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Scott et al. 1994; Shamotienko et al. 1997; Wang et al. 1993,
1994). Furthermore, coimmunoprecipitation revealed in vivo
associations of Kv1.2 with Kv1.4 (Sheng et al. 1994), Kv1.1
with Kv1.2 (Wang et al. 1993), and Kv1.2 with Kv1.3 (Sheng
et al. 1994). On the basis of such studies, it has been proposed
that most Kv1-containing channels in cortex are heteromulti-
meric (Coleman et al. 1999; Shamotienko et al. 1997; Wang et
al. 1999). This makes it difficult to determine whether specific
Kv1 subunits have unique functional roles. Creation of knock-
out animals has addressed this, although compensation by
other Kv1 subunits complicates the results (Brew et al. 2007;
Smart et al. 1998).

DTX, a peptide from the venom of mamba snakes of the
genus Dendroaspis, is frequently used to isolate Kv1 currents
due to Kv1.1, Kv1.2, or Kv1.6 �-subunits. We explicitly tested
the assumption that DTX blocks all of the putative Kv1 current
in layer 5 PNs. Our findings suggest that 100 nM DTX is a

saturating dose and that, on average, the Kv1.3-selective
blocker MTX does not block additional current after 100 nM
DTX in layer 5 PNs. The lack of significant differences in the
size of currents sensitive to DTX, MTX, or the combined
toxins in our study suggests that DTX blocks approximately all
of the Kv1 channels in layer 5 PNs and that either the majority
of channels also contain Kv1.3 or MTX is not selective for
Kv1.3 (cf., Bartok et al. 2014).

Consistent with the observed MTX-sensitive currents in
layer 5 PNs, binding sites for the Kv1.3 blocker kaliotoxin
were found in highest density in neocortex (Mourre et al.
1999). In contrast, in a nucleated patch study of large layer 5
PNs, no effect was reported for 200 nM Kv1.2- or Kv1.3-
selective blockers (Korngreen and Sakmann 2000). Our data
are consistent with those of Miller et al. (2008), in that they
reported DTX and MTX-sensitive currents in thy1-H-positive
PT-type PNs from mouse motor cortex. They found greater
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immunocytochemical expression of Kv1 �-subunits in motor
cortex vs. somatosensory cortex and observed a slowly inacti-
vating DTX-sensitive current in whole cell voltage-clamp re-
cordings from PNs from motor cortex but not PNs from
somatosensory cortex. This latter finding differs from our
observation of DTX-, MTX-, and DTX�MTX-sensitive cur-
rents in PNs from layer 5 of somatosensory cortex, perhaps
reflecting a cell-type difference (all of their data were from
thy1-H-positive cells), mouse-strain difference (theirs were
C57Bl6, ours are Swiss-Webster background), or recording-
condition differences (e.g., type of internal solution or
whole cell vs. macropatch recording). In motor cortex,
Miller et al. (2008) found that MTX blocked current with a
small, rapidly inactivating component (� ~25 ms) and a
large persistent component. In contrast, the Kv1.2-selective
tityustoxin blocked a current that inactivated slowly (� ~800
ms). They suggested that at least some Kv1.2 and Kv1.3
subunits were in different channels.

Properties of Kv1 currents. We found that the putative Kv1
current was of similar amplitude in etv1 and glt PNs. Overall,
the Kv1-mediated current in etv1 and glt PNs activated rapidly
and subthreshold to AP voltage threshold, similar to previous
findings in unidentified large layer 5 PNs and other cell types
(Bekkers and Delaney 2001; Dodson et al. 2002; Miller et al.
2008; Shen et al. 2004) and more negative than for rat layer 2/3
PNs (Guan et al. 2006) or amygdaloid PNs (Faber and Sah
2004). The total Kv1 current consistently included both a
transient and persistent component in both cell types and with
all toxins. Steady-state activation voltage and kinetics were
similar in etv1 and glt cells, and the current sensitive to Kv1
blockers was relatively insensitive to holding potential relative
to the toxin-insensitive current.

In expression systems, homomeric channels from all Kv1
�-subunits except Kv1.4 generate slowly inactivating “delayed
rectifier” currents. Homomeric Kv1.4 channels are rapidly
inactivating “A”-type currents, and homomeric Kv1.3 channels
inactivate more completely than Kv1.1 or Kv1.2 channels
(Coetzee et al. 1999; Grissmer et al. 1994; Hopkins 1998;
Hopkins et al. 1994; Po et al. 1993; Ruppersberg et al. 1990).
The inactivation properties of Kv1 channels can be altered by
the presence of 	-subunits (Monaghan et al. 2001; Morales et
al. 1996; Rettig et al. 1994; Rhodes et al. 1997). Homomeric

Kv1.2 channels activate more slowly and at more depolarized
voltages than the others (Grissmer et al. 1994), and in native
membranes, cell types with the most depolarized activation
range (e.g., amygdaloid PNs) may primarily express Kv1.2
subunits (Faber and Sah 2004).

In rat layer 2/3 PNs, Kv1.1-specific toxins revealed persis-
tent, slowly inactivating currents, Kv1.2 (tityustoxin sensitive)
current exhibited a transient component in addition to the
persistent component, and current sensitive to MTX inacti-
vated at intermediate rates (Guan et al. 2006). In contrast, in
mouse layer 5 PNs, we found that the biophysical properties of
Kv1 currents were similar 1) for currents sensitive to DTX,
MTX, or the combined toxins and 2) between etv1 and glt PNs.
An exception was that in etv1 PNs, DTX-sensitive currents had
a faster inactivation � at �10 mV but less overall %inactivation
(over 500 ms) compared with MTX-sensitive current. In glt
PNs, the only significant difference was for activation �, with
DTX-sensitive current activating more slowly.

Differences in functional roles in etv1 and glt PNs. The
amplitude and properties of Kv1-mediated currents were sim-
ilar between cell types and for all Kv1 blockers. For most
parameters measured, we did not find differences between
effects of DTX, MTX, or the combined toxins, so we focused
on the combined data for Kv1 blockers (DTX, MTX, or
DTX�MTX) for functional studies. On the basis of their
biophysical properties, Kv1 current should contribute to AP
voltage threshold, rheobase, and regulation of firing rate in
PNs. Because Kv1 channels activate in the subthreshold volt-
age range in PNs (Bekkers and Delaney 2001; Dodson et al.
2002; Shen et al. 2004), they are likely to play an important
role in regulating cell excitability. Kv1.1 or Kv1.2 knockout
mice are subject to seizures (Brew et al. 2007; Lopantsev et al.
2003; Rho et al. 1999; Smart et al. 1998), although only modest
physiological changes were reported in PNs in those studies
(Smart et al. 1998; van Brederode et al. 2001). Human muta-
tions of Kv1 genes also result in seizure disorders as well as
episodic ataxia (Browne et al. 1994; D’Adamo et al. 2013;
Shah and Aizenman 2014; Tomlinson et al. 2010; Zuberi et al.
1999). Kv1 channels facilitate selectivity for time-varying
stimuli in preference to DC inputs and regulate temporal
precision and timing of APs in auditory neurons (Brew and
Forsythe 1995; Dodson et al. 2002; Gittelman and Tempel
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2006; Kopp-Scheinpflug et al. 2003; Kuznetsova et al. 2008;
Mathews et al. 2010; Rothman and Manis 2003a, 2003b,
2003c) and neocortical PNs (Cudmore et al. 2010; Higgs and
Spain 2011).

Action potential. Consistent with rat layer 2/3 PNs (Guan et
al. 2007b), block of Kv1 channels resulted in a small but
significant negative shift in the somatic AP voltage threshold in
both etv1 and glt PNs. Kv1 channels are known to regulate
dynamic changes of AP voltage threshold in rat layer 2/3 PNs
in response to a variety of different stimuli, including current
steps and ramps of various durations, noisy current injection, or
evoked synaptic inputs (Higgs and Spain 2011). DTX-sensitive
Kv1 channels have previously been implicated in voltage
threshold determination in rat layer 5 PNs (Bekkers and Dela-
ney 2001) and CA1 PNs (Giglio and Storm 2014).

We found differential effects of Kv1 block on somatic AP
repolarization and dV/dt between etv1 and glt PNs. Consistent
with our previous study, Kv1 block broadened APs and re-
duced dV/dt for repolarization in etv1 but not glt PNs (Pathak
et al. 2016). In a different PN type, Wu and Barish (1992)
found that DTX caused AP broadening (CA1 PNs). In contrast,
in rat layer 2/3 PNs, DTX did not affect AP width (Guan et al.
2007b). The DTX-sensitive current also had little effect on AP
repolarization in CA3 pyramidal neurons (Mitterdorfer and
Bean 2002) or nodose ganglia neurons (Glazebrook et al.
2002). Somatic APs were also reported to be unaffected by
DTX in rat and ferret layer 5 PNs (Bekkers and Delaney 2001;
Kole et al. 2007; Shu et al. 2007). In contrast, Kv1 channels
play a major role regulating the AP in the axonal initial
segment and axon (where there is greater expression of Kv1
currents: Kole et al. 2007; Shu et al. 2007). In dissociated CA3
neurons, the putative Kv1-mediated “D current” was activated
before the peak of the AP, but not fully activated by an AP
waveform (Mitterdorfer and Bean 2002; see also Guan et al.
2006).

Rheobase, latency, and repetitive firing. Kv1 block lowered
rheobase and shortened the latency to the first AP in both etv1
and glt PNs, similar to earlier findings in mouse layer 2/3 PNs
(Guan et al. 2007b), rat layer 5 PNs (Miller et al. 2008),
hippocampal PNs (Wu and Barish 1992), and striatal medium
spiny cells (Nisenbaum et al. 1994; Shen et al. 2004). In rat
layer 2/3 PNs (Guan et al. 2006) we found that voltage-
dependent deactivation was slow at voltages corresponding to
in vivo membrane potentials in the “up-state” (Cowan and
Wilson 1994; Stern et al. 1997) and potentials traversed by ISIs
during repetitive firing (Contreras 2004; Destexhe et al. 2003).
Thus we predicted that Kv1 channels would have a major role
regulating ISIs during repetitive firing.

Block of Kv1 currents resulted in lowered current required
to elicit onset doublets in both etv1 and glt PNs and perhaps
facilitated burst firing in glt. We found that Kv1 block had
differential effects on the gain of repetitive firing in etv1 vs. glt
PNs. Kv1 blockers led to significantly increased firing rate in
both etv1 and glt PNs. In large rat layer 5 PNs, DTX-sensitive
currents also regulated firing rate (Bekkers and Delaney 2001),
and several studies have shown increased firing rates by DTX
in various cell types (e.g., Brew and Forsythe 1995; Chi and
Nicol 2007; Faber and Sah 2004; Golding et al. 1999; Locke
and Nerbonne 1997; Mitterdorfer and Bean 2002; Rothman
and Manis 2003c). We found that Kv1 block also increased the
initial f-I slope (gain) in both etv1 and glt PNs; however, the

magnitude of this gain change was much greater in etv1 vs. glt.
DTX also caused increased firing rate at all stimulus intensities
in rat layer 2/3 PNs, with greater effects at larger stimulus
intensities resulting in an increased gain of spike output vs. DC
input (increased f-I slope; Guan et al. 2007b).

We observed acceleration of firing during our 2-s current
injections in a small percentage of glt but not etv1 PNs. In most
cases Kv1 blockers eliminated this acceleration. Our finding
differs from mouse motor cortex, where inactivation of a large
DTX-sensitive Kv1 current in large, PT-type PNs resulted in
accelerated firing in nearly all layer 5 PNs (Miller et al. 2008).

Unlike in rat layer 2/3 PNs (Guan et al. 2007b), we found an
effect of Kv1 blockers on SFA in etv1 and glt PNs. In etv1 PNs,
both Kv1 blockers decreased SFA to large stimuli that elicited
high firing rates, whereas in glt PNs, the blockers increased
SFA in response to the smallest stimuli only (low firing rate).
In amygdaloid PNs, the DTX-sensitive current was also re-
ported to regulate firing rate by enhancing SFA (Faber and Sah
2004). In mouse layer 2/3 PNs, developmental expression of
Kv1 channels is dependent on expression of the Cux1 gene
(Rodríguez-Tornos et al. 2016). Loss of Cux1 led to decreased
expression of Kv1 transcripts, which in turn led to abnormal
firing in these cells. Kv1 channels were found necessary for
repetitive firing and to influence adaptation in these immature
PNs, but the firing measurements in that study were dominated
by the first few ISIs of short current injections and did not
reflect the time course (or mechanisms) of the slow SFA
previously described in neocortical PNs (Abel et al. 2004;
Guan et al. 2015; Schwindt et al. 1988). Miller et al. (2008)
found that DTX but not MTX blocked acceleration in layer 5
PNs from motor cortex. DTX application converted motor
cortical PNs to show SFA.

Context of other currents. Despite similar expression and
biophysics of Kv1 current in etv1 and glt PNs, we found
differences between etv1 and glt PNs in terms Kv1 regulation
of AP repolarization, f-I slope (gain), and SFA. Thus the
observed firing differences do not precisely map to differences
in Kv1 currents. Similarly, Dodson et al. (2002) found two Kv1
currents in neurons from the medial nucleus of the trapezoid
body (MNTB): one sensitive to tityustoxin (Kv1.2) and a
tityustoxin-insensitive but DTX-sensitive current. Although
both currents had similar kinetic properties, only the Kv1.2-
containing current was critical for generating the diagnostic
single-AP pattern of firing of MNTB neurons. They suggested
that this was due to only those channels being located in the
axonal initial segment (AIS). Kv1 channels (especially Kv1.1
and Kv1.2) are preferentially located in the AIS of PNs and
other cell types (Goldberg et al. 2008; Kole et al. 2007; Shu et
al. 2007), where they control attainment of AP threshold and
AP repolarization as well as control discharge patterns. It is
possible that differential location of channels could contribute
to differences in AP repolarization, f-I gain, and SFA between
DTX-sensitive and MTX-sensitive channels in etv1 and glt
PNs (with Kv1.1 and Kv1.2 channels in the AIS and Kv1.3
channels restricted to the somatodendritic compartment), al-
though there is no direct evidence concerning this detailed
localization between cell types. In particular, differential local-
ization may explain different responses to DTX vs. MTX on
SFA in glt PNs.

Another possible explanation for our findings is that the cell-
type differences reflect action of Kv1 channels in the context of
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the other K� channels expressed in layer 5 PNs (these alternatives
are not mutually exclusive). For example, the largest Kv compo-
nent in both etv1 and glt PNs is due to Kv2 channels (Bishop et
al. 2015), and Kv2 current is larger in glt than in etv1 PNs.
Because glt PNs only express Kv2.1 channels and etv1 PNs
express Kv2.1 and Kv2.2, the Kv2 current activates at subthresh-
old voltages in etv1 but is almost exclusively suprathreshold in glt.
Thus, in etv1 but not glt PNs, Kv2 channels should regulate
rheobase. Even in etv1 PNs, the more rapid kinetics of Kv1
currents would be expected to allow them to play a larger role in
regulating voltage threshold and width of a single AP than the
slower Kv2 channels. In unidentified PNs from layers 2/3 and 5,
we found that Kv2 conductance is permissive for high rates of
firing (knockdown of Kv2.1 resulted in slower firing; Guan et al.
2013; see also Du et al. 2000; Hönigsperger et al. 2017; Johnston
et al. 2008; Liu and Bean 2014). Perhaps the reduced effect of
Kv1 blockers on f-I slope in glt PNs reflects the greater impor-
tance of Kv2.1 channels in regulating firing in those cells, espe-
cially at high rates of firing.

In addition to Kv1 and Kv2 channels, repetitive firing of
neocortical PNs is regulated by Kv7 (Guan et al. 2011), SK, and
sAHP channels (Guan et al. 2015). Kv7 (KCNQ) channels con-
tribute to resting membrane potential, rheobase, and firing rate
(but not f-I slope). These channels activate slowly at subthreshold
potentials and are persistent (Guan et al. 2011). Kv7 channels are
also reported in layer 5 PNs (Cooper et al. 2001), and our
preliminary results suggest greater expression in etv1 than in glt
PNs (Guan and Foehring 2015). Apamin-sensitive SK current is
larger in glt vs. etv1 PNs (Guan et al. 2015). Ca2�-dependent K�

channels do not contribute to AP threshold or repolarization in
neocortical PNs (Abel et al. 2004; Pathak et al. 2016; Pineda et al.
1998; Schwindt et al. 1988), but SK channels do regulate firing
rate without affecting f-I slope or SFA (Guan et al. 2015). In
contrast, the sAHP current is much larger in etv1 PNs, where it
regulates ISI, firing rate, f-I slope, and SFA (Guan et al. 2015).
The effects that we observed for Kv1 block on SFA at high firing
rates in etv1 PNs may reflect an indirect interaction between Kv1
and sAHP channels, perhaps through regulating Ca2� entry.

In summary, we found evidence for differential effects of
Kv1 channels on AP repolarization, gain of firing, and SFA
between etv1 and glt PNs, despite only minor differences in the
expression and properties of Kv1 currents in these cells. It is
possible that the functional differences may reflect differences
in channel localization in different cell compartments or the
action of Kv1 channels in the context of differences in the other
K� channels expressed in etv1 vs. glt PNs.
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