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Expression and biophysical properties of Kv1 channels
in supragranular neocortical pyramidal neurones

D. Guan', J. C. F. Lee!, T. Tkatch?, D. J. Surmeier?, W. E. Armstrong' and R. C. Foehring'

! Department of Anatomy and Neurobiology, University of Tennessee, 855 Monroe Avenue, Memphis, TN 38163, USA
2Department of Physiology, Northwestern University, 745 N. Fairbanks Court, Chicago, IL 60611, USA

Potassium channels are extremely diverse regulators of neuronal excitability. As part of an
investigation into how this molecular diversity is utilized by neurones, we examined the
expression and biophysical properties of native Kv1 channels in layer II/III pyramidal neurones
from somatosensory and motor cortex. Single-cell RT-PCR, immunocytochemistry, and whole
cell recordings with specific peptide toxins revealed that individual pyramidal cells express
multiple Kvl a-subunits. The most abundant subunit mRNAs were Kv1.1 > 1.2 > 1.4 > 1.3.
All of these subunits were localized to somatodendritic as well as axonal cell compartments.
These data suggest variability in the subunit complexion of Kvl channels in these cells.
The a-dendrotoxin (a-DTX)-sensitive current activated more rapidly and at more negative
potentials than the a-DTX-insensitive current, was first observed at voltages near action
potential threshold, and was relatively insensitive to holding potential. The ct-DTX-sensitive
current comprised about 10% of outward current at steady-state, in response to steps
from —70 mV. From —50 mV, this percentage increased to ~20%. All cells expressed an
a-DTX-sensitive current with slow inactivation kinetics. In some cells a transient component
was also present. Deactivation kinetics were voltage dependent, such that deactivation was slow
at potentials traversed by interspike intervals during repetitive firing. Because of its kinetics and
voltage dependence, the a-DTX-sensitive current should be most important at physiological
resting potentials and in response to brief stimuli. Kv1 channels should also be important at

voltages near threshold and corresponding to interspike intervals.
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Potassium channels are extremely diverse due to numerous
gene families, multiple genes per family, heteromultimeric
combination of subunits, auxiliary subunits, splice
variants, and post-translational processing (Salkoff et al.
1992; Coetzee et al. 1999). How is this potential molecular
diversity used by neurones to regulate excitability? To
address this question, we investigated the expression and
biophysical properties of Kvl channels in supragranular
pyramidal cells from neocortex.

Kvl «-subunits are the mammalian homologues of
Drosophila Shaker subunits (Stuhmer ef al. 1989; Jan &
Jan, 1992). At least six members of this family have been
described in the brain (Kvl.1-1.6: Coetzee et al. 1999;
Coghlan et al. 2001) and the Kv1 genes show region- and
cell type-specific expression (Baldwin et al. 1991; Drewe
etal. 1992; Hwang et al. 1992; Rettig et al. 1994; Sheng et al.
1992; Tsaur et al. 1992; Veh et al. 1995). In cortex, immuno-
cytochemical studies suggest that Kv1.1 subunits are found
throughout the neuropil and on the somas of pyramidal
cells, especially in layer V (Wang et al. 1994). Kv1.2 subunits

© 2006 The Authors. Journal compilation © 2006 The Physiological Society

are also found throughout the neuropil and in the apical
dendrites of pyramidal cells (Sheng et al. 1994), with little
staining of somas (Wang et al. 1994). Kv1.4 subunits were
also found in cortical neuropil (Sheng et al. 1992; Cooper
et al. 1998), suggesting an axonal/terminal distribution.
Lujan et al. (2003) described Kv1.4 immunoreactivity in
the neuropil, with additional staining of dendrites and
somas of pyramidal cells (layer V > layers II/III).

Kvl subunits can form heteromultimeric channels
in vitro (Salkoff et al. 1992; Po et al. 1993; Rettig
et al. 1994; Heineman et al. 1996). Furthermore,
coimmunoprecipitation experiments have revealed in vivo
associations of Kv1.2 with Kv1.4 (Sheng et al. 1993), 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 all Kvl-containing channels in cortex are
heteromultimeric (Shamotienko et al. 1997; Coleman et al.
1999; Wang et al. 1999). Aditional channel heterogeneity
is generated by association of Kvp subunits with Kvu
subunits. Kv81 and Kv82 have been shown to colocalize
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and associate with Kv1.1, Kv1.2, Kv1.4, Kv1.6 and Kv2.1
a subunits (Sheng et al. 1993; Rhodes et al. 1997;
Shamotienko et al. 1997).

With the exception of Kvl.4, Kvl channels form
slowly inactivating currents when expressed as homomeric
channels in heterologous systems (Serodio & Rudy, 1998;
Stuhmer et al. 1989; Tseng-Crank et al. 1990; Pongs, 1992;
Jan & Jan, 1992; Po et al. 1993). In contrast, homomeric
Kv1.4 channels form a rapidly inactivating A-type current.
Other Kv1 subunits can also form channels with trans-
ient currents when combined with auxiliary Kv81 sub-
units (Rettig ef al. 1994; Castellino ef al. 1995; Morales
et al. 1995). At present, we have limited knowledge
about the subunit composition or specific roles of native
channels.

a-Dendrotoxin (a¢-DTX), a peptide from the venom
of mamba snakes (Dendroaspis), is frequently used to
isolate Kvl currents due to the Kvl.1, Kv1.2 and Kvl.6
a subunits. ¢-DTX-sensitive currents have been recorded
in many cell types, including neocortical (Foehring &
Surmeier, 1993; Zhou & Hablitz, 1996; Locke & Nerbonne,
1997; Korngreen & Sakmann, 2000; Bekkers & Delaney,
2001; Dong & White, 2003) and hippocampal (Halliwell
et al. 1986; Wu & Barish, 1992; Bossu & Gahwhiler,
1996; Chen & Johnston, 2004) pyramidal cells. The
a-DTX-sensitive currents show considerable variability
in properties across cell types, however, perhaps due to
diverse subunit compositions (Coetzee et al. 1999).

The function of Kvl channels has been particularly
well illustrated in cells within the auditory system, where
high densities of Kvl channels facilitate selectivity for
time varying stimuli, rather than DC inputs (Brew
& Forsythe, 1995; Dodson et al. 2002; Rothman &
Manis, 2003a,b,c). Because Kvl channels activate in the
subthreshold voltage range in many cell types (Bekkers
& Delaney, 2001; Dodson et al. 2002; Shen et al. 2004)
they are likely to play an important role in regulating cell
excitability. Kv1.1 knockout mice are subject to seizures
(Smart et al. 1998; Rho et al. 1999), although only modest
physiological changes were reported (Smart et al. 1998; van
Brederode et al. 2001).

We examined the following questions. (1) Which Kvl
subunits are expressed in neocortical layer II/III pyramidal
neurones? (2) Do these channels exist as heteromeric
complexes? (3) What are the biophysical properties of the
a-DTX-sensitive current?

Methods

These studies were performed on juvenile rats
(Sprague-Dawley, P28-35). All procedures were
approved by the Animal Care and Use Committee,
University of Tennessee, Health Science Center. The
animals were anaesthetized with isofluorane until the
animal was areflexive. Briefly, the animal was placed
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into a sealed plastic container into which gauze soaked
with isofluorane was placed under a fibreglass screen
floor. After anaesthesia with isoflurane, the animals
were decapitated, and the brain was removed and
dropped into ice cold cutting solution for 30-60s. The
cutting solution contained (mm): 250 sucrose, 25 KCl,
1 NaH,POy, 11 glucose, 4 MgSO,, 0.1 CaCl,, 15 Hepes
(2-bis(2-aminophenoxy)ethane- N,N,N;N’-tetraacetic
acid) (pH = 7.3-7.4; 300 mosmol I ).

We made 400 um coronal slices of the fronto-parietal
regions of the brain using a vibrating tissue slicer (World
Precision Instruments, Sarasota, FL, USA). The slices were
then transferred to a mesh surface in a chamber containing
artificial cerebrospinal fluid (aCSF) at room temperature.
The aCSF contained (mm): 125 NaCl, 3 KCl, 2 CaCl,,
2 MgCl,, 1.25 NaH,PO,, 26 NaHCO;, and 20 glucose
(pH 7.4, 310 mosmol 1™!), and was bubbled with a 95%
0,-5% CO, (carbogen) mixture.

Acute isolation of neurones

Just prior to enzyme treatment, the combined primary
motor and primary somatosensory cortices were dissected
from brain slices under a stereomicroscope. The cortex
was further cut to restrict enzyme treatment to the supra-
granular layers (I/IIT). Two to three cortex pieces at a
time were transferred to oxygenated aCSF (35°C) with
added enzyme (Sigma Protease type XIV, 1.2 mgml ™"
Sigma Chemicals, St Louis, MO, USA). After 20-30 min of
incubation in enzyme, the tissue was washed with sodium
isethionate solution, which consisted of (mm): 140 sodium
isethionate, 2 KCI, 4 MgCl,, 23 glucose, 15 Hepes, pH 7.3
(adjusted with 1 m NaOH).

This solution and enzyme-treated tissue were triturated
using three successively smaller fire-polished pipettes
to release individual neuronal somata. The super-
natant from each trituration step (containing dissociated
neurones) was transferred to a fresh container, plated
onto a plastic Petri dish (Nunc, Rochester, NY, USA)
on an inverted microscope stage, and allowed to
settle for approximately 5min. A background flow
of ~1mlmin~' of Hepes-buffered saline solution
(HBSS) was then established. HBSS consisted of (mm):
138 NaCl, 3 KCI, 1 MgClL, 2 CaCl,, 10 Hepes,
10-20 dextrose, pH7.3 (adjusted with 1~ NaOH),
and osmolarity = 300-305 mosmol1~!. The external
recording solution was HBSS, plus tetrodotoxin (TTX:
1 um) and CdCl, (400 um) to block Nat and Ca?*
channels, respectively.

Corning 7052 capillary glass (Garner Glass:
Claremont, CA, USA) was used to create electrodes
on a Sutter Instruments (Novato, CA, USA) Model
P-87 Flaming/Brown micropipette puller. Electrodes
were fire-polished and filled with internal solution. Two
internal solutions were used (no differences were observed
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in the recorded currents between the two internals). The
first consisted of (mm): 120 KMeSO,, 15 KOH, 2 MgCl,,
7.5 NaCl, 30 Hepes, 2 adenosine 5'-triphosphate (ATP),
0.2 guanosine 5'-triphosphate (GTP), 0.1 leupeptin, 1-10
2-bis(2-aminophenoxy)ethane-N,N,N;N’-tetraacetic
acid (BAPTA). The second internal solution contained
75 KMeSO,, 60 KOH, 2 MgCl,, 7.5 NaCl, 40 Hepes, 2
ATP (Na' salt), 0.2 GTP, 0.1 leupeptin, 10 BAPTA. Both
internals were ~270 mosmol ™! and adjusted to pH 7.2
with KOH.

A multibarrel array of glass capillaries (~500 pm outer
diameter) in ‘sewer pipe’ configuration was used to apply
solutions. Six capillaries were glued side to side and
attached to a micromanipulator. Solutions were changed
by moving the active barrel so that the flow surrounded
the recorded cell. Care was taken to regulate flow through
the array to prevent flow artifacts. The following channel
blockers (Alomone Laboratories, Ltd, Jerusalem, Israel)
were used: TTX (1 um), CdCl, (400 um), a-dendrotoxin
(0.1-1000 nm), §-dendrotoxin (10 nm), dendrotoxin-K
(10-100 nm), r-tityustotoxin-Ker (100 nm), r-margatoxin
(1-30 nm).

Recordings were made with a Dagan 8900 (Minneapolis,
MN, USA) amplifier at room temperature (21-23°C).
Electrode resistances were 1.4-2.2 MQ after polishing,
and series resistance compensation was 70-90%. For
experiments detailing voltage dependence and kinetics of
currents, cells with calculated series resistance errors of
> 5mV were discarded ((V = IR): series resistance error
(V) = remaining series resistance after compensation (R)
multiplied by peak current (I)). Data were acquired
using pCLAMP 8. Reported membrane potentials were
corrected off-line for the measured liquid junctional
potential (~8 mV). Data acquisition (20 kHz sampling,
filtered at 5 kHz) and analysis were done using pCLAMP
and Axograph software (Axon Instruments, Union City,
CA, USA). Linear leak current and the capacitative
artifact were digitally subtracted before analysis, using a
P/4 protocol.

RT-PCR

Cell harvest. Acutely dissociated neurones were used
for these experiments. Sterile gloves were worn at
all times in this and subsequent steps to minimize
RNAase contamination. Pyramidal neurones were initially
identified by shape and the presence of an apical
dendrite. Electrode glass (Corning 7052) was autoclaved
and heated to 150-200°C for 2h. After formation of
a gigaohm seal, the cell was lifted up into a stream
of HBSS. Suction was increased under visual control
until the cell was aspirated into the pipette. The pipette
contained diethylpyrocarbonate (DEPC)-treated water
and 0.8 U ml™! Superase-IN (Ambion, Austin, TX, USA).
After aspiration, the electrode containing the cell was
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broken into a 0.6 ml presiliconized Midwest Scientific tube
(Valley Park, MO, USA) and the contents ejected into the
cell collection components for reverse transcription (see
below). Five to ten cells were harvested per experiment
and the cells/collection components were subjected to the
reverse transcriptase (RT) procedure.

Tissue and single cell RT-PCR (scRT-PCR) analysis.
Eppendorf tubes containing 0.7 ul of Superase-IN
(20U ul™), 1.9 ul of DEPC-treated water, 1 ul of ANTPs
(10mm), 0.7 ul of BSA (143 ugul™), and 0.7 ul of
oligo-dT (0.5 ug ul™!) together with cell content were
heated to 65°C for 5min and then placed on ice for at
least 1 min. Single-strand cDNA was synthesized from the
cellular mRNA by adding 2 ul of 10x PCR buffer, 4 ul
of MgCl, (25 mm), 2 ul of DTT (0.1 M), 1 ul of RNAase
Out (40 U ul™), 1 ul of Superscript IIT (50 U ul™') and
6 ul of DEPC-treated water. The RT was then incubated
at 50°C for 90 min. The reaction was terminated by
heating the mixture to 85°C for 5 min. The RNA strand
in the RNA-DNA hybrid was then removed by adding
0.5 ul of RNase H (2 U ul™!) and incubated at 37°C for
20 min. All reagents except Superase-IN (Ambion) were
obtained from Invitrogen (Gaithersburg, MD, USA). The
tubes were then placed on ice and shipped overnight to
Dr Surmeier’s lab at Northwestern University.

PCR. PCR was performed (at Northwestern University)
using procedures designed to minimize cross-
contamination. Negative controls for contamination
from extraneous (replacing cellular template with water)
and genomic DNA (without reverse transcriptase)
were run for every batch of neurones. The single cell
cDNA generated from the above step was subjected
to conventional PCR using a programmable thermal
cycler. PCR primers were developed from the GenBank
sequences with OLIGO software (v6.6). Primers were
for calcium—calmodulin kinase II (CamKII), Kv1.1, 1.2,
1.3, 1.4, 1.5 and 1.6. Primers for Kv1.2, 1.3 and 1.6 are
published in Shen et al. (2004); for Kv1.5, Song et al.
(1998); and for CamKII, Vysokanov et al. (1998). CamKII
was used as a marker for pyramidal neurones (Jones
et al. 1994). ‘Touchdown’ protocols were implemented
for more efficient amplification of single cell DNA: 35
cycles were run at the optimal annealing temperature
for each primer set, then the annealing temperature was
decreased by 1 for two cycles —five times — for a total of
45 cycles.

Immunocytochemistry. Animals were anaesthetized with
sodium pentobarbital (50 mg kg™' 1.p.). The anaesthetized
animals were transcardially perfused with 0.01Mm
sodium phosphate buffer plus 0.89% NaCl (PBS)
for exsanguination, followed by PBS buffered 4%
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paraformaldehyde and 0.2% picric acid. The brain was
removed and stored for ~12 h in fixative. At this point, a
transverse cut was made to improve access of the fixative
to the brain ventricular system and sucrose was added to
the fixative (30% weight/volume) for cryoprotection. The
brain was maintained in the sucrose/fixative mixture for
1-10 days. The brain was sectioned at 40 um on a freezing
microtome.

Sections were incubated in 2% normal goat serum with
3% H, O, for 1-2 h to reduce background staining. Several
antibodies (rabbit polyclonal: Kv1.1, 1.2, 1.3, 1.4, 1.5, 1.6)
were obtained from Alomone Laboratories (Jeruselem,
Israel) and dissolved at various concentrations (1 : 100 to
1:1000) in PBS and 0.5% Triton X-100 (PBS-TX). For
antibodies generating positive results, a further test for
specificity utilized a separate set of sections, which were
incubated in the subunit peptide provided by Alamone
for absorption. Additional monoclonal antibodies (Kv1.1,
Kv1.2) were obtained from Upstate (Waltham, MA, USA).
The monoclonal Kv1.3 antibody was a gift from J. Trimmer.
After three 10min rinses in PBS, the sections were
incubated for 24-48 h in PBS-TX with the antibody (4°C).

After three rinses with PBS-TX, the sections were
incubated in biotinylated goat anti-rabbit (GAR-B) or
horse anti-mouse (HAM-B) at 1:200 overnight (4°C).
After three rinses in PBS-TX, the sections were incubated
for ~4h with Avidin-Biotin-Peroxidase (ABC: Vector
Laboratories) dissolved in PBS-TX. After three rinses in
PBS-TX, the sections were reacted (per Vector protocol)
with Ni**-intensified DAB (60 mgml™') plus 0.003%
H, 0, for 5-10 min. The reaction was terminated by several
rinses in PBS-TX. The sections were then mounted on
gel-coated glass slides, dehydrated and coverslipped.

Statistics

Prism (GraphPad Software, Inc., San Diego, CA, USA)
was used for statistical tests of significance. Student’s
paired or unpaired ¢ test was used to compare sample
population data throughout, and summary data are
presented as means £ standard deviation, unless noted
otherwise. P = 0.05 was taken as the level of significance.

Sample population data are represented as scatter plots
or as box plots (Tukey, 1977). Box plots indicate the upper
and lower quartiles as edges of the box, with the median
represented as a line crossing the box. The stems indicate
the smallest and lowest non-outlying values, and outliers
are indicated by open circles. Outlying values are greater
than 1.5 times the quartile boundaries.

Results

We first tested which Kvl subunits were expressed
in layer II/IIl pyramidal neurones from motor and
somatosensory cortex using single cell RT-PCR, immuno-
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cytochemistry, and a combination of whole cell recording
with subunit-specific peptide blockers.

mRNA

Single cell RT-PCR was performed on cells from juvenile
animals (4-5 weeks postnatal) to profile mRNA expression
in individual layer II/III pyramidal cells. Cells were initially
identified as pyramidal by the presence of a single,
dominant apical dendrite. Care was taken to ensure that
only the contents of a single cell was harvested (see
Methods). A final test for pyramidal cell identity was use
of a primer for Ca*"—calmodulin kinase II (CamKII), a
specific marker for a subset of pyramidal cells in cortex
(Jones et al. 1994). RT-PCR was performed using four
of the six Kvl primers per cell. We varied the particular
combinations of Kv1 primers (Fig. 1).

We detected Kvl mRNAsin 61/64 cells tested (7 animals)
(Fig. 1A and B). Kv1.1 was the most commonly observed
mRNA, being present in 85% (40/47) of the cells. Kv1.2
mRNA was observed in 68% (32/47) of the cells, Kv1.3 in
40% (19/47), Kv1.4 in 60% (27/45), Kv1.5 in 14% (5/37),
and Kv1.6 in 31% (11/36). Most (47/64 =73%) cells
expressed two or more Kvl mRNAs, with 44% expressing
two, 22% expressing three, and 8% expressing four mRNAs
(Fig. 1C). These data should be considered underestimates
of coexpression, since only four of six mRNAs could be
tested in a single cell. We detected all combinations of
two subunits except for Kv1.3 + Kv1.5 and Kv1.3 + Kv1.6.
The most commonly observed combinations of two
subunits were Kvl.1+Kvl.2 (41%), Kvl.2+Kvl.3
(25%), Kv1.1 + Kv1.3 (20%), Kv1.1 + Kv1.4 (19%), and
Kv1.2 +Kvl.4 (13%).

Immunocytochemistry

The mRNA data indicated that most layer II/III pyramidal
cells express multiple Kvl mRNAs. We next used immuno-
cytochemistry to determine whether the corresponding
proteins were expressed and if so, in which cell
compartments. Our initial experiments used polyclonal
antibodies from Alomone Laboratories, with variable
success. Results were considered positive when staining
was absent after preincubation with the corresponding
peptide and when consistent results were obtained in two
or more animals. We saw almost no labelling in cortex with
the Kv1.5 and Kv1.6 antibodies, consistent with their low
incidence of expression for mRNA. The most consistent
results were obtained with the Kv1.1 (Fig. 2A) and Kv1.4
(Fig. 2B) antibodies. The Kv1.1 antibody intensely stained
neuropil in all layers. In addition, Kv1.1 was observed in
apical dendrites and somas of some layer II/IIT pyramidal
cells (Fig.2A). Kvl.4 showed a very similar pattern to
Kvl.1, staining dendrites and somas of pyramidal neurones
(Fig. 2B), as well as the surrounding neuropil. For both
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Figure 1. Kv1 mRNA expression in layer II/1ll
pyramidal neurones from rat somatosensory
and motor cortex

A, representative gel for three different cells. All
cells expressed CamKIl (marker for pyramidal
neurones: Jones et al. 1994). Cell 1 expressed
Kv1.1, Kv1.2 and Kv1.3, but not Kv1.6. Cell 2
expressed Kv1.2, Kv1.3 and Kv1.6 (not Kv1.1).
Cell 3 expressed Kv1.2 and Kv1.3 (not Kv1.1 or
Kv1.6). B, bar graph indicating percent of cells
expressing each subunit. C, bar graph showing the
percentage of cells that expressed each number of
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Kvl1.1 and Kv1.4, more cells were labelled in layer V than
in layers II/III and staining was more intense in motor
and cingulate cortex than in somatosensory cortex (data
not shown). We did not obtain consistent results with the
Alamone Kv1.2 or Kv1.3 antibodies (see also Dodson et al.
2003).

Both the Kv1.1 (not shown) and 1.2 antibodies (Fig. 3A)
from Upstate consistently labelled neuropil in all cortical
layers. The Kvl1.1 results were similar to the Alamone

Figure 2. Immunohistochemical expression of
Kv1.1 and Kv1.4

Polyclonal antibodies were obtained from Alamone
Laboratories. Both antibodies stained the neuropil in all
cortical layers. Scale bars = 100 um. A, Kv1.1 antibody.
A1, low power (4x) view of somatosensory cortex
illustrating staining in pyramidal cell layers II/lll and V.
Note relative lack of labelling in layer IV.

A2, pretreatment with absorption peptide eliminated
staining. A3, higher power (20x) view of layer I/l
showing staining of somas of pyramidal neurones.

B, Kv1.4 antibody. B1, low power (4x) view of
somatosensory cortex illustrating staining in pyramidal
cell layers I/l and V. Note relative lack of labelling in
layer IV. B2, pretreatment with absorption peptide
eliminated staining. B3, higher power (20x) view of
layer II/Ill showing staining of somas and apical
dendrites of pyramidal neurones.
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Expressed

antibody (Fig. 3A; cf. Wang et al. 1993; Monaghan et al.
2001), although the antibody also stained the nucleus,
in addition to soma, dendrites and neuropil. Staining
with the Kv1.2 antibody (Fig. 3A) was relatively homo-
geneous, staining neuropil as well as apical dendrites and
soma. This was especially true in layers II/III (Fig. 3A1). In
layer V (Fig.3A2), the Kv1.2 antibody stained neuropil,
the dendrites of pyramidal cells and a few somas. The
staining in some areas appeared to surround the soma as if
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Figure 3. Immunohistochemical expression of Kv1.2 and Kv1.3
The monoclonal Kv1.2 antibody (A) was obtained from Upstate
(Waltham, MA, USA). The monoclonal Kv1.3 antibody (B) was a gift
from Dr J. Trimmer. Scale bars = 100 um. A, monoclonal antibody to
Kv1.2. A1, layer lll of somatosensory cortex (20x), showing relatively
homogeneous staining of neuropil, as well as apical dendrites and
perisomatic staining (arrowhead). A2, layer V (20x) showing staining
of apical dendrites of pyramidal cells (note arrowheads), as well as
perisomatic staining of pyramidal cells. B, monoclonal antibody to
Kv1.3. B1, layer lll of of somatosensory cortex (20x), showing the
grape-like punctate pattern of staining over somas/proximal dendrites.
B2, layer V (20x) showing the grape-like cluster pattern of staining
over somas/proximal dendrites.

presynaptic terminals were stained (see also Wang et al.
1993; Sheng et al. 1994).

We also obtained consistent results with a mono-
clonal antibody to Kv1.3 obtained from Dr J. Trimmer
(University of California, Davis; Fig. 3B). This antibody
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labelled neuropil in cortex and there was extensive staining
in layers II/IIT and V of motor and somatosensory cortex.
The staining was punctate over pyramidal cell somata
(Fig. 3B). We did not have a peptide control for the Kv1.3
antibody.

Recordings of K* currents

Rundown. In the absence of pharmacological inter-
vention, currents are typically stable from break-in until
about 3-5 min into the recording, after which the currents
run down (data not shown). The average rate of run down
inarandom sample of 18 recordings was 87 4= 90 pA min~!
(range 4-343 pA min~!). Subtraction of currents obtained
at later time points from the initial current revealed that
the ‘run-down’ current activated very slowly (data not
shown), unlike the current sensitive to «-DTX (e.g. Figs 4D
and 6A and D). Subsequent experiments were therefore
designed to gather data within the stable period and cells
with obvious run-down were discarded. For cells included
in further analyses, rundown ranged between 4 and
150 pA min".

a-Dendrotoxin-sensitive current. In expression systems,
a-dendrotoxin (a-DTX) blocks current through channels
composed of Kvl.1, 1.2 or 1.6 subunits (Kp: 1-25nm;
Harvey & Robertson, 2004). We tested for functional
a-DTX-sensitive currents in acutely dissociated layer IT/ITI
pyramidal neurones (Fig.4). A 200 ms test voltage step
from the holding potential (=70 mV) to +10mV was
repeated every 5s. After currents were stable in control
solution, we switched to a solution containing 100 nm
a-DTX. We observed a measurable «-DTX-sensitive
current in 42/45 cells tested with this protocol (Fig. 4A).
The block by @-DTX was rapid and partially reversible,
with a Ty of 9.5+ 7.8s (Fig. 4B; n=20 cells). With
this protocol, 100 nm or-DTX blocked 11.1 £ 5.1% at the
peak current (8.8 £ 5.1% of the current at 200 ms: Table 1,

n=42
o Figure 4. Currents sensitive to a-dendrotoxin
(a-DTX)
A, a-DTX (DTX) blocked a portion of the current elicited
by steps to +10 mV from —70 mV. B, plot of current
versus time for cell shown in A. The effect of «-DTX was
000 rapid (z of 5.2 s in this cell). C, box plot shows variability

in response to a-DTX in 42 cells (test step as in A). Line
in box indicates median. Outer edges of box represent
inner quartile and whiskers indicate outer quartile for
data. o, outliers (Tukey, 1977). D, examples of «-DTX-
sensitive currents (at +10 mV) from two different cells.
The upper cell showed rapid activation and little
inactivation over the 200 ms step. The lower cell
exhibited both transient and persistent components.

E, scatter plot shows distribution of percentage
inactivation over the 42 cells included in C. Vertical line
indicates mean value.
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Table 1. Block by specific Kv1 peptides

% peak current % at 200 ms

a-DTX (100 nm) 11.1+5.1(42) 8.8+5.1(42)
DTX-K (10 nm) 43 4+3.0(5) 4.14+3.0(5)
DTX-K (100 nm) 5.4 + 3.0 (8) 5.14+£2.9(8)
§-DTX (10 nm) 42+0.7 (3) 4.24+0.7 (3)
TiTX (100 nm) 7.3+3.1(8) 5.1+£2.1(8)
MTX (1 nm) 42+2.0(7) 3.8+ 2.1(7)
MTX (30 nm) 8.7 £ 4.0 (5) 5.6 £5.0 (5)
DTX-K (10 nm) + TiTX (100 nm) 9.2+3.3(3) 8.7+3.3(3)
MTX (1 nm) + «-DTX (500 nm) 9.5+2.6(7) 8.8+ 2.5(7)
a-DTX (500 nm) + MTX (1 nm) 9.8+ 1.6 (4) 7.3+ 1.7 (4)
DTX-K (10 nm) + «-DTX (500 nm) 15.14+4.4(3) 13.0+4.2(3)

Fig. 4C). Increasing the dose of «-DTX to 500 nm resulted
in no additional block (7.1 4= 3.9% at 200 ms; n = 11).

The a-DTX-sensitive currents varied in the amount of
inactivation over the 200 ms step. In 13/42 cells (31%), the
a-DTX-sensitive current showed little or no inactivation
(< 10%; Fig. 4D and E). In the remaining 29 cells (69%),
the «-DTX-sensitive current had both transient and
persistent components (Fig. 4D and E). There appears to
bea continuum of inactivation, with most cells inactivating
by 10-40% (median 23.5%: Fig. 4E). These data suggest
diversity in the functional expression of Kvl « subunits in
these cells.

Al 25

DTX-sensitive A2 3.0
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The amplitude of the «-DTX-sensitive conductance
(G) at 200ms did not vary significantly with whole
cell capacitance (P = 0.21; Fig. 5A1). Density of ¢-DTX-
sensitive conductance (estimated as G/C,,) decreased with
cell size (as measured by C,: r=—0.66, P <0.0001)
(Fig. 5A2). In contrast, the remaining o-DTX-insensitive
G increased in amplitude with increasing C,, (r=0.6,
P <0.0001), resulting in no change in density with cell
size (P =0.66: Fig. 5B). C,,, G, and density did not vary
with animal age over the range examined (P20-P36, data
not shown).

Other peptide toxins. Several peptide toxins have been
well characterized as specific blockers of individual Kvl
subunits (Grissmer et al. 1994; Koch et al. 1997; Harvey,
1997; Southan & Robertson, 2000; Hatton et al. 2001;
Harvey & Robertson, 2004). In at least some cases, only
a single subunit is required in a heteromultimeric channel
to allow block (Hopkins, 1998; Wang et al. 1999; Harvey,
2001). We next tested whether there was current sensitive
to peptide toxins specific for Kvl.l (dendrotoxin-K,
5-dendrotoxin: Robertson ef al. 1996; Wang et al. 1999),
Kv1.2 (r-tityustotoxin-Ka: Matteson & Blaustein, 1997;
Hopkins, 1998), or Kv1.3 (r-margitoxin: Garcia-Calvo et al.
1993) (Table 1).

We first tested the Kv1.1-specific toxin, dendrotoxin-K
(DTX-K) (10 nMm; Kp ~5 nm: Owen et al. 1997). Current

DTX-sensitive
20 25

P~ L 20

@ 151 r=-0.19 s

et = vl —

o . o P=0.21 2 15 i r=-0.64

% 101 o " £ P < 0.0001

[ ]
& \"-"'\'-_; S
51 L] > |=.:. L] &
-
0 T T — T

Figure 5. Plots of conductance (G) and 0 5 10 15 20 25 30 30
current density (current divided by Cm (pf)
whole cell capacitance) versus whole
cell capacitance
A, DTX-sensitive. A1, the peak G for the B1 150 DTX-insensitive B2 1o DTX-insensitive
DTX-sensitive current (step to +20 or 125 9 o
+30 mV from —70 mV) did not vary with 8 .
cell size (as estimated by whole cell = -7 .
capacitance: Cp). G was determined by EH}D If'g 6 e "
dividing current (at 200 ms) by driving force « 75 o 5 = =
(E — Ex). A2, plot of current density E E . Led .
(conductance (G) divided by Cpn) versus Cp,. o g o 4 L
The density of DTX-sensitive current & s =060 O 3 o e * pP=(0&E
declined with cell size (C). B, remaining 25 ‘S, . P < 0.0001 2 2 . °
DTX-insensitive component. B1, the DTX- . 1
insensitive conductance increased with cell 0 . ; : ; 0
size. B2, the DTX-insensitive current density 0 5 10 15 20 25 30 0 5 10 15 20 25 30
did not vary with cell size. Cm (pf) Cm (pf)
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was rapidly blocked (r=8.7%+7.7s) in 5 of 5 cells
tested (Table1, Fig.6A—C). In all cases, the resulting
current had rapid and very slow components to activation
and was persistent (Fig. 6A). Similar data were obtained
with another Kvl.1-selective toxin, 10 nm §-dendrotoxin
(t=7.4+89s, n=3). When DTX-K was tested at
100 nM (the Kp of this toxin for Kv1.2; for Kv1.1: 0.1 nm;
Harvey, 2001), additional current was blocked (n=38).
In 3/8 cells, a transient, rapidly activating component
was also present (Fig.6A, lower). It has been shown
that DTX-K slows activation and inactivation of Kv1.1
channels in expression systems (Robertson et al. 1996). It
is likely, therefore, that the slow kinetics of the subtracted
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currents do not reflect true physiological properties of the
Kvl1.1-containing channels.

We next examined the effects of the selective Kv1.2
peptide r-tityustotoxin-Ka (TiTX; Kp ~0.2 nm: Werkman
etal. 1993). TiTX rapidly blocked (t = 3.3 & 2.6 s) current
in all 8 cells tested (Fig. 6D—F). In two of eight cells,
the TiTX-sensitive current was rapidly activating and
persistent (Fig. 6D and F). In the other six cells, there were
both persistent and transient components to the current
(Fig. 6D and F).

The Kvl.3-selective peptide r-margatoxin (MTX: Kp
~30 pm: Garcia-Calvo et al. 1993) at 1 nm blocked current
(t =14.8 £2.55) in seven cells tested (Fig. 7A—C). There

A B
KWV1.1 <
= 5 Control DTX-x
DTX-« sensitive current E_, 1=789s
£ ﬂ“.‘q.‘"“"
10 nM Os
?
fﬂ‘fL_ “ 0 20 40 60 (seq)
10
100 nM
s00 C
pA
£
@
ES
+2 mv
- =
200 ms 5.DTX DTX-x  DTX-k
10nM  100nM  10nM
n=3 n=8 n=5
Figure 6. Specific peptide toxins for Kv1.1
E and Kv1.2
Kv1.2 subunit 5 Control Drug on A, representative traces for current sensitive to
2 dendrotoxin-K (DTX-K) at 10 nm (upper) and
Tityustoxin-Ke—Sensitive ‘é 100 nm (lower). Note initial fast activation and
current (100 nM) = r=5gac subsequent slow rise of curren‘F W|th t|me.l
3 Ul ddd 4| B, plot of peak current versus time illustrating
a ki that DTX-K onset was rapid. C, bar graph
e S0k I 44 (mean = s.0.) illustrating the percentage of
whole cell current (at 200 ms) blocked by
0 20 40 &0 DTX-K or §-DTX. D, representative traces for
Time (s) current blocked by the Kv1.2-specific toxin,
. F r-tityustoxin-Ka (TiTX). The upper trace was
f Transient from a cell where the TiTX activated rapidly and
= “"‘::f::_’ inactivated very little over the 200 ms test step.
Persistent . The lower trace is from a cell where both
T e N o » transient and persistent components of the
TiTX-sensitive current were present. E, plot of
+2mV peak current versus time showing that the TiTX
J - = —78mvV - block was rapid in onset. F, scatter plot of
— 0 10 2030 40 50 60 70 80 20 percent inactivation for 7 cells tested with TiTX
200 ms Per cent Inactivation (10 nm). Vertical line = mean value.
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was additional block by 30nm MTX (Table1). The
MTX-sensitive current activated rapidly and inactivated by
44 +29% (n=15) over the 200 ms step (Tipacr: 92 £ 60 ms;
n=>5) (Fig. 7A).

If all of the expressed Kvl subunits formed
heteromultimeric channels containing all subunit types
(cf. Shamotienko et al. 1997; Coleman et al. 1999) and the
presence of a single a-subunit confers toxin sensitivity on
the resulting channels (Harvey, 2001), we would expect
that (i) the amount of current blocked should be similar
for all of the specific toxins, (ii) addition of a second
toxin should result in no further block after a saturating
dose of the first toxin, and (iii) the order in which toxins
were applied should not matter. The amount of current
blocked by application of DTX-K (Kv1.1), TiTX (Kv1.2), or
MTX (Kv1.3) was similar (~3-5% of current) (Table 1).In
contrast «-DTX, which affects Kv1.1, 1.2 and 1.6, blocked
a greater amount of current (Table 1). These data suggest
that only a fraction of the w-DTX-sensitive channels
contain both Kv1.1 and Kv1.2 subunits.

If DTX-K and TiTX-sensitive currents were completely
independent, one would expect 9.2% block when both
toxins are added together (4.1% plus 5.1%: Table 1). In
three cells, we applied 10 nm DTX-K (blocked 3.9 + 3.6%),
followed by 100 nm TiTX. In every cell, TiTX blocked
additional current and the combined block was 8.7 £ 3.3%
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(similar to block by «-DTX alone: Table 1, Fig. 7D). These
data suggest only partial overlap of Kvl.1 and Kvl.2
subunits in the same channels.

A similar result was obtained when 1 nm MTX was
applied to eight cells (block =3.8 +2.1%), followed by
500nM «-DTX. In every cell, additional current was
blocked (Fig.7E), for a combined block of 7.2 & 3.3%.
This compares to an expected 13.9% block (Table1),
if MTX- and «-DTX-sensitive currents were completely
independent. When we added 500 nm «-DTX first, we
obtained a block of 4.0 & 1.6% (n = 4) (Fig. 7F). Addition
of margatoxin to cells previously exposed to o-DTX
resulted in additional block of 2.5+ 0.7%, for a total
of 7.4£1.7% block (Fig.7F). These data suggest that
(1) not all channels containing Kv1.1 or 1.2 subunits
(a-DTX-sensitive) also contain Kv1.3 subunits, and (2)
while some Kv1.3 channels are combined with Kv1.1, 1.2
or 1.6, some Kv1.3 subunits are not.

Biophysical properties of the «a-DTX-sensitive current.
Taken together, the previous data indicate that individual
layer II/III pyramidal neurones express multiple Kvl
subunits in the soma-dendritic compartment and the
expression of these subunits varies across the pyramidal
cell population. In order to gain insight into the functional

A . B Cc
i Kv1.3 sust,:umt . Control Margatoxin E 1000
argatoxin-Sensitive — 1=1635 B
Current -] ‘d"‘"-""!'. b 2 800 *
= € !
E-na-c'l_125 ms g \"b’ﬂ.. '%‘ESUO n=8 n=10
- -—
9 = © 200 —
+10 mVv 7 § 0 * =
=78 mV 0 30 60 90 120 & 1nM 30 nM
200 ms Time (s) Margatoxin
D E F
12
10 10.01 10
o -4 4
E 5 7.5 1 E‘r 5
@ 73] @
e 5 = 201 =
25 R 6
0= 0 - 4
DTX-K DTX-K+ MTX MTX + a-DTX o-DTX +
TiTX o-DTX MTX

Figure 7. Specific peptide toxin for Kv1.3 and combined toxins

A, representative trace for current sensitive to r-margatoxin (MTX). B, plot of peak current versus time indicating
the rate of block by MTX. C, box plots illustrating the distribution of responses to 1 nm or 30 nm MTX. D-F, scatter
plots indicating response of cells to combinations of toxins. D, in these cells, DTX-K (10 nm) initially blocked current.
In all cells, additional current was blocked by the combination of DTX-K and TiTX (100 nm). £, MTX (1 nm) blocked
current. In all cases, «-DTX (500 nm) blocked additional current. F, «-DTX (500 nm) blocked current. In all cases,
additional current was blocked by the combination of a-DTX plus MTX (1 nm).
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consequences of Kvl expression, we next examined
the voltage dependence and kinetics of activation and
inactivation of currents sensitive to 100 nm o-DTX.

Activation/deactivation. We  studied  steady-state
activation of the ¢-DTX-sensitive current with a series of
voltage steps (200 ms) from a holding potential of —70 or
—78 mV to various potentials (Fig. 8). A typical example
is shown in Fig. 8A—C. In this cell, the «-DTX-sensitive
current included a transient component. The following
analysis was performed for the current measured at
the end of the 200 ms step. We converted current to
conductance using Ohm’s law and assuming driving
force as test voltage minus the reversal potential. Plots of
conductance versus voltage were fitted with a Boltzmann
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relationship of the form:
G/Grax = 1/{1 + eXP[—(Vm - Vl/z)/Vc]}

Where Vi, was the voltage at which 50% of maximal
conductance was attained and V. was the slope factor
for the Boltzmann curve (Fig.8D). On average, the
a-DTX-sensitive current was activated at voltages
depolarized to ~—40mV (Table 2), which is near the
threshold range for action potentials in these cells
(~—43mV: van Brederode et al. 2001). The average
Vi, was —8.3+7.9mV with a slope factor of 9.3+
2.4mV (Table 2; Fig. 8F) (n= 34 cells). The remaining,
a-DTX-insensitive current was first observed at
significantly more depolarized potentials (P < 0.02), and
had a more depolarized Vi, (P <0.0001) and different

A Control B DTX
8 1 8
_. 67 61
<
&
= i 4
29 2
0 ccr i 0
0 100 200 0 100 200
Time (ms)
C D
DTX-sensitive
current Viz = -13 mV
3 — 4 4 Valope =7 mV
+32 mV 2]
w -
2 9 ':' 3
= 2
= -T0mV @ 2
14 =
o
=4
w 17 . o
0 % 7s] =34 Figure 8. Activation of the a-DTX-
0- = sensitive current
0 100 200 80 40 0 40 A, series of current traces control solution
in response to 200 ms voltage steps from
Voltage(mV) —78 mV to various potentials between
—70 mV and 432 mV. B, similar family of
= = currents after application of 100 nm «-DTX.
20 - Slope Var C, a-DTX-sensitive currents obtained by
60 subtracting traces in B from those in A.
= 5O 10 4 % Rest  o-DTX Inset: voltage protocol. D, steady-state
E 40 v o , activation curve for cell shown in A-C.
5 20 % 0 4 E, population data for activation time
E o - = Rest a-DTX constant (T activation) @s @ function of test
g F & 10 - voltage (n = 19 cells). F, box plots
& 10 [ . e comparing the half-activation voltage (V1)
M 20 and slope for Boltzmann fits of activation
-28-18 -8 2 12 22 32 curves for the a-DTX-sensitive and
Voltage(mV) 30 n =34 cells a-DTX-insensitive currents.
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Table 2. Activation properties of the current sensitive or insensitive to a-dendrotoxin (DTX)

G (+22mV) V for Initial Current V1/2,a(ﬂ slope Tact (4+ 22 mV)it
(nS) Current (mV) (mV) (mV) (ms)
DTX-sensitive 8.3+ 4.3 (34) —40 4 9.9 (48) —-8.34+7.9 (34) 9.3+ 2.4 (34) 4.2 +£2.2(19)

DTX-insensitive  58.6 4+ 31.7 (34)*

—37 £7.3(48)*

—1.3+5.2(34)* 11.4+1.6(34)" 27.6+8.4(8)*

*Significant difference at the « = 0.05 level.
TV1/2.act = Half-activation voltage.
T2 = Activation time constant.

slope factor (P < 0.0008) versus the o-DTX-sensitive
current (Table 2; Fig. 8F).

Best fits for the kinetics of activation were obtained
with an exponential raised to the 2nd or 3rd power.
The exponent was greater from more negative holding
potentials, suggesting multiple voltage-dependent closed
state transitions (cf. Rothman & Manis, 2003b). The
time constants were also voltage dependent, varying from
~37ms at —28 mV to 7-10 ms at voltages depolarized
to 0mV (Fig. 8E). The time constant of activation did
not differ significantly as a function of holding potential.
Importantly, activation was relatively slow (long t) at
voltages traversed by interspike intervals or near the voltage
threshold for APs.

Tail currents were elicited by brief voltage steps (140 ms)
to +10mV from a holding potential of —70 mV (Fig.9).
The voltage was then stepped back to various potentials
and current amplitude was measured at 50 ms after the
step (Fig. 9C). The resulting tail currents reversed polarity
at —81.7£5.2mV (n=11 cells; Fig. 9F), compared to
a calculated Ex of —84 mV in these experiments. These

data indicate that the o-DTX-sensitive current was a
K* current. The decay of these tail currents was well fitted
by a single exponential. The time constants varied with
voltage (~40 ms at —40 mV and 10-20 ms at —60 mV to
—80 mV; Fig. 9E).

Inactivation. With 200 ms steps, the a-DTX-sensitive
current inactivated very little in most cells. With longer
steps (2s), inactivation was evident at more positive
voltages (Fig. 10C). At all voltages, the time constants for
inactivation were >> 2 s. Because of the slow inactivation,
it was not possible to attain true steady-state with
prepulses. We approximated steady-state inactivation with
5 s steps to various potentials, followed by a test step to
+2mV from the holding potential (—78 mV). The plots
of normalized current versus voltage were well fitted by a
single Boltzmann function of the form:

I/Imax = 1/{1 + eXP[(V - Vl/z)/Vc]}

Approximately 65 & 21% of the «-DTX-sensitive current
could be inactivated by this protocol. For this component,

A B C
Control -
<6 <6 DTX < 2{ DTX-Sensitive
£ c c
= £ 4 = 1] ERev=-78mV
E2 =2 2
=1 5 =
© 04 SR SR
0.0 0.5 0.0 0.5 0.0 0.
Time (s) Time (s) Time (s)
E
70 S F
omv 60 Deactivation 75
<140 ms Time Constant < n=11
@ %0 b >
£ 40 £ 80
~ 30 [ >
® 20 i O o
-
10 [] wl
-100 mV 04 . . . T :
“500ms -80 -70 -60 -50 -40 -30 -90
Voltage (mV)

Figure 9. Deactivation of the a-DTX-sensitive current

A, control current traces in response to voltage protocol shown in D. B, similar traces after application of 100 nm
a-DTX. C, the a-DTX-sensitive current traces (A-B). D, voltage protocol for A-C. E, population data (n = 11) for
exponential fits to deactivation. F, box plots showing population data for reversal potential (obtained from protocol
in D).
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the half-inactivation voltage was —41 + 4.4 mV and the
slope factor was 5.8 £0.9mV (n=4 cells; Fig. 10E).
For the remaining, ¢-DTX-insensitive current, this same
protocol inactivated 79 £ 9% of the current (n =4 cells).
Both the half-inactivation voltage (—62.6 & 4.6 mV) and
slope factor (11.7 £ 3.1 mV) were significantly different
from those of the «-DTX-sensitive current (P < 0.002 and
P < 0.03, respectively).

As a consequence of the slow inactivation kinetics,
the o-DTX-sensitive current was relatively insensitive to
holding potential. The amplitude of the a-DTX-sensitive
conductance was 8.2=£3.9nS at —58mV versus
9.4+£6.3nS at —70mV (13% change; Fig.10F). In
contrast the remaining a-DTX-insensitive conductance
was very holding potential sensitive (47.1 +29.2nS at
—58 mV versus 80.3 +22.6 nS at —70 mV; 41% change:
Fig.9G). This results in the a-DTX-sensitive current
making up alarger percentage of the whole current at more
depolarized holding potentials (Fig. 10H). Since other
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components of the current inactivate much more than
the o-DTX -sensitive current, the «-DTX-sensitive
current is potentially much more important at membrane
potentials typical for awake behaving animals (e.g.
Stern et al. 1997; Carandini & Ferster, 2000; Steriade
et al. 2001) than would be predicted from standard
voltage-clamp experiments from negative holding
potentials.

To study recovery from inactivation, we held several
cells at —48 mV for > 10s to inactivate current. Again,
only a fraction of the a-DTX-sensitive current was
inactivated by this protocol. Following various time peri-
ods at —100 mV, current was assessed at a test potential of
0 mV (Fig. 11). The recovery of current from inactivation
of the «-DTX-sensitive current followed a single
exponential of 100-1500 ms (7t =431 + 442 ms, n=10;
Fig. 11B). These data are again biased towards the more
rapidly inactivating components of the «-DTX-sensitive
current. This compares to recovery from inactivation
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Figure 10. Inactivation of the a-DTX-sensitive current

A, time course of inactivation at various test steps (2 s in duration). Representative traces in control solution. Inset:
voltage protocol for A-C. B, traces in presence of 100 nm a-DTX from same cell as in A. C, a-DTX-sensitive current
(A-B). At all voltages tinact Was > 2 s. D, voltage protocol for studying steady-state inactivation. E, population data
for steady-state inactivation. The half-inactivation voltage was —48 £ 2 mV (slope 10 &2 mV). F, box plots of
peak conductance (G) as a function of holding potential for the a-DTX-sensitive current. There were no significant
differences. G, box plots of G as a function of holding potential for the a-DTX-insensitive current. Peak G decreased

significantly at

—58 mV versus more hyperpolarized holding potentials. H, the percentage of the whole current

blocked by «-DTX from various holding potentials. The a-DTX-sensitive current made up a higher percentage at

more depolarized holding potentials.
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with a v of 679 +362ms (n=10) for the remaining
a-DTX-insensitive current (not significantly different
from the a-DTX-sensitive current; measured at 200 ms
after beginning of test step).

The a-DTX-sensitive current activates more rapidly
than the persistent, «-DTX-insensitive current (Table 2).

Discussion

Our principal findings were (1) most supragranular
pyramidal cells from primary somatosensory and primary
motor cortex of rat express several Kvl a subunits; (2) there
is considerable variability in the subunit composition of
Kvl channels across cells; (3) the biophysical properties
(e.g. amount and time course of inactivation) of
the a-DTX-sensitive current vary across cells; (4) the
biophysical properties of the a-DTX-sensitive current
should make it more important from depolarized holding
potentials, similar to resting membrane potentials in
awake, behaving animals. In addition, this current should
contribute to action potential voltage threshold, rheobase
and regulation of firing rate.

Single cell RT-PCR revealed that individual pyramidal
neurones expressed mRNA for multiple Kvl subunits.
Kv1l.1 mRNA was most commonly observed, with Kv1.2,
Kv1.3, and Kvl.4 also common. Kv1.5 and Kv1.6 subunit
mRNAs were infrequently expressed. Our data confirm

A DTX-sensitive B
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coexpression of multiple Kvl « subunits in single cells
(cf. Klumpp et al. 1995; Koch et al. 1997; Grosse et al.
2000; Monaghan et al. 2001; Alessandri-Haber et al. 2002;
Dodson et al. 2002; Glazebrook et al. 2002; Mo et al. 2002;
Speake et al. 2004).

Our immunohistochemical findings were consistent
with the mRNA data and revealed some differences
in cellular localization. We detected staining of the
neocortical neuropil by antibodies to Kv1.1, Kv1.2, Kv1.3
and Kv1.4 subunits (but not Kv1.5 or Kv1.6; see Veh et al.
1995). Kv1.1, Kv1.2, Kv1.4 and KvB2 were predominately
associated with axons and terminal fields in CA1 of the
hippocampus (Monaghan et al. 2001).

We also observed Kv1.1,Kv1.2,Kvl.3 and Kv1.4 subunits
in soma/dendritic membrane in pyramidal neurones in
somatosensory and motor cortex. Typically, staining of
somas and dendrites was more intense for layer V cells
versus layer IT/IIT and more intense in motor and cingulate
cortex versus somatosensory cortex. Kvl.1 staining was
frequently somatic, while Kv1.2 expression was more
evident in proximal apical dendrites (Sheng et al. 1994;
Wang et al. 1994). A novel finding in our study was intense
Kv1.3 staining, seen as grape-like structures over somas and
proximal dendrites. Kv1.4 staining was evident in somas
and apical dendrites (Sheng et al. 1992). Lujan et al. (2003)
reported that Kv1.4 expression was highest in the cerebral
cortex, with diffuse staining which included somas and
dendrites. Kv1.4 was observed in discrete subpopulations
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Figure 11. Recovery from inactivation

Cells were held at —40 mV for 5-10 s and then stepped to —100 mV for various times before a test pulse to
0 mV. A, representative traces in response to second voltage step (‘test’ in protocol in inset) for a-DTX-sensitive
current (100 nm DTX). Inset: voltage protocol for A and C. B, plot of recovery of test pulse current amplitude for
a-DTX-sensitive current (measured at 200 ms). C, the remaining, «-DTX-insensitive current. D, plot of recovery of
test pulse current amplitude for remaining, a-DTX-insensitive current. E, scatter plots of recovery time constant for
a-DTX-sensitive current and a-DTX-insensitive current. The time constants were not significantly different.
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of hippocampal CA1l pyramidal cells (Maletic-Savatic
et al. 1995; but see Tsaur et al. 1992; Cooper et al
1998).

Whole cell recordings with application of peptide
toxins specific for particular Kvl subunits also revealed
expression of multiple subunits in individual pyramidal
cells and revealed variable biophysical properties of
currents across cells. Most neurones tested revealed a
current sensitive to a-DTX (blocks Kv1.1, Kv1.2, Kv1.6:
8-10% of total current). This current always had a
substantial persistent component, whereas a transient
component was variably expressed. The density of the
a-DTX-sensitive current was greater in small versus large
pyramidal cells from layers II/III. In layer V cells and
striatal medium spiny neurones, «-DTX-sensitive current
was reported to make up ~6-16% of whole cell current
(Korngreen & Sakmann, 2000; Bekkers & Delaney, 2001;
Shen et al. 2004). In our earlier study (all layers combined),
we observed ~15% current sensitive to ¢-DTX (Foehring
& Surmeier, 1993).

Kv1 subunit toxins revealed currents with distinctive
biophysics. Kv1.1-specific toxins revealed persistent, slowly
activating currents. The slow activation may reflect a
toxin-induced effect rather than slow activation of Kv1.1
subunit-containing channels (Robertson et al. 1996).
Most cells with a Kv1.2-selective, TiTX-sensitive current
exhibited a transient current in addition to a persistent
component. Current sensitive to the Kv1.3-selective toxin
MTX inactivated at intermediate rates. Consistent with
our MTX results, binding sites for kaliotoxin (sensitivity:
Kvl.3 > Kvl.1 > Kv1.2) are found in highest density in
neocortex (Mourre ef al. 1999). In layer V cells in the
slice preparation, no effect was reported for tityustoxin
or margatoxin (Korngreen & Sakmann, 2000).

Expression system data suggest that all Kvl subunits
can co-assemble with one another (Isacoff et al.
1990; Ruppersberg et al. 1990; Parcej et al. 1992).
Co-immunoprecipitation experiments further suggest
that most neuronal Kvl channels are heteromultimeric
(Coleman et al. 1999; Sheng et al. 1993; Grissmer et al.
1994; Scott et al. 1994; Koch et al. 1997; Shamotienko
et al. 1997). The subunit composition of heteromeric
channel complexes influences the surface expression of Kv1
channels (Manganas & Trimmer, 2000).

We found that when more than one toxin was applied
to a given cell, the second toxin always blocked additional
current and the various toxins were incompletely additive.
The distinctive biophysics of toxin-sensitive currents
(e.g. distinctive rates of inactivation of Kv1.3-containing
channels), and different distribution (from immuno-
histochemistry) of expressed subunits suggest that at least
some Kv1 subunits are found in channels that exclude other
Kv1 subtypes.

Kvl.2 subunits exist in channels with a rapidly
inactivating component, suggesting either coexpression
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with Kv1.4 (for which we do not have a specific toxin) or
KvpB1 subunits (Robertson, 1997). It is thought that Kv1
subunits in cortex are usually expressed with Kv§ subunits
(Parcej et al. 1992; Sheng et al. 1993; Rhodes et al. 1995,
1997; Shamotienko et al. 1997; Coetzee et al. 1999). In
expression systems, channels formed with a single Kv1.4
subunit plus another Kv1 subunit have voltage dependence
and kinetics similar to Kv1.4 alone (Po et al. 1993; Rettig
et al. 1994; Heineman et al. 1996). In our experiments,
transient currents were not seen with Kv1.1-specific toxins,
except when the dose approached the Kp for Kvl.2
subunits, consistent with association of Kv1.2 (but not
Kv1.1) with transient currents.

Biophysical properties

In expression systems, monomeric channels derived from
Kvl subunits typically activate rapidly (time constants
between ~15 and 40 ms), with half-activation voltages
from ~—40mV to —15mV (Grissmer et al. 1994;
Hopkins et al. 1994). All of the Kvl subunits except
Kv1.4 generate slowly inactivating, delayed rectifier-like
currents (Grissmer et al. 1994; Hopkins et al. 1994).
Half-inactivation for Kv1.1 was at —49 mV and for Kv1.2
was —37mV (Hopkins et al. 1994). Kvl.1 and Kvl1.2
currents are not very sensitive to holding potential. Kv1.1
inactivated slowly (7 > 2s) and Kv1.2 inactivated with a
slow (7 > 3s) and a fast (t ~130 ms) component. Kv1.3
channels inactivated more rapidly than Kv1.1, Kv1.2 or
Kvl.5 (Grissmer et al. 1994). Recovery from inactivation
is typically slow for Kv1.1 (~2-3s: Hopkins ef al. 1994).
Recovery of Kv1.2 had fast (~300 ms) and slow (~25s)
components of recovery (Hopkins ef al. 1994).

We determined the biophysical properties of the
a-DTX-sensitive current in layer II/III pyramidal
neurones. Our measurements concentrated on the
persistent component (at the end of 200 ms test steps). The
a-DTX-sensitive currents reversed at near Ey, indicating
that they were KT currents.

Activation/deactivation

Several neurone types in the auditory system express
large o-DTX-sensitive currents that activate in the
subthreshold voltage range and exert powerful control
over spiking (Dodson et al. 2002; Brew et al. 2003).
In cells from the medial nucleus of the trapezoid body
(MNTB), DTX-I-sensitive current makes up > 80% of
the outward current (Dodson et al. 2002). In the MNTB
and ventral cochlear nucleus, a-DTX-sensitive current
activated rapidly above —70 to —60 mV with a Vi, of
~ —50mV (Brew & Forsythe, 1995; Macica et al. 2003;
Dodson et al. 2002; Rothman & Manis, 2003b).
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Activation of the «-DTX-sensitive current also occurs
at subthreshold voltages in layer V neocortical pyramidal
neurones (Bekkers & Delaney, 2001), striatal medium
spiny neurones (Shen et al. 2004), and nodose ganglia
(Glazebrook ef al. 2002). In layer V pyramidal cells,
the half-activation voltage for the «-DTX-sensitive
current was —22mV (Bekkers & Delaney, 2001). The
a-DTX-sensitive current was observed at voltages positive
to ~—55mV and inactivated slowly. In medium spiny
neurones, the «-DTX-sensitive current activation Vi, was
—27 mV (Shen et al. 2004).

We found that the o-DTX-sensitive current in
layer II/III pyramidal neurones was first observed at
significantly more negative potentials than the remaining,
DTX-insensitive current (see also Rothman & Manis,
2003a), but more depolarized than the cell types discussed
above (Vy, of =8 mV). The foot of the activation curve
(~ —40 mV) was near the threshold for action potentials
in these neurones (—43 mV; van Brederode et al. 2000).
There was considerable variability in the onset voltage
across cells. In some pyramidal cells activation is clearly
subthreshold whereas in other cells activation occurs at
more depolarized voltages. Activation of the «-DTX-
sensitive current was voltage dependent, being slower at
the foot of the activation curve and faster at depolarized
potentials. The a-DTX-sensitive current activated faster
than the remaining, o-DTX-insensitive current at all
potentials.

In mouse CAl pyramidal neurones, the «-DTX-
sensitive current was also first evident depolarized to
~ —40 mV (Wu & Barish, 1992). In amygdaloid pyramidal
neurones, the a-DTX-sensitive current activated rapidly
and inactivated slowly (Faber & Sah, 2004). The
activation threshold was —33 mV and V1, was ~ +-5mV
(slope: 13 mV) (Faber & Sah, 2004). In these cells the
a-DTX-sensitive current was located exclusively on the
proximal apical dendrite. Thus layer IT/IIT cells, like CA1
and amygdaloid pyramidal cells, express o-DTX-sensitive
channels which activate in the near-threshold voltage
range, rather than clearly subthreshold as in layer V cells,
medium spiny neurones, and auditory cells.

Even though the current sensitive to «-DTX made up
a small percentage of the total possible current in layer
II/1IT pyramidal neurones, because of the relatively hyper-
polarized voltages at which this current activates, the
a-DTX-sensitive current makes up a larger percentage of
the current at negative test voltages (—40 to —20 mV).
The fast activation kinetics (Table2) also allow the
a-DTX-sensitive current to contribute a high proportion
of the current at early times after the step. Deactivation
7 values were also voltage dependent in layer II/III
pyramidal cells and were relatively slow at voltages
corresponding to in vivo resting potentials and potentials
traversed by interspike intervals during repetitive
firing.
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Inactivation/recovery

The degree to which the «-DTX-sensitive current
inactivated in layer II/III pyramidal neurones was highly
variable between cells. Presumably this reflects differences
between cells in the composition of & and 8 subunits of
Kvl channels, although we cannot completely rule out
contributions from voltage dependence of toxin block,
location of channels, or series resistance. There was
always a persistent current component, towards which our
analyses are biased. The half-inactivation voltage for the
a-DTX-sensitive current (—41 mV) was significantly more
depolarized than that for the remaining «-DTX-insensitive
current (—63 mV).

In CAl pyramidal cells, the a-DTX-sensitive current
inactivated slowly and the half-inactivation voltage was
—22mV (Wu & Barish, 1992). This compares to
half-inactivation at —88 mV for the 4-AP-sensitive D
current described by Storm (1988) in rat CA1 pyramidal
cells. The time constant for recovery from inactivation in
CA1 varied between 80 and 200 ms (between —120 mV
and —60 mV; Wu & Barish, 1992) versus tens of seconds
in Storm (1988).

As a consequence of its inactivation voltage dependence
and kinetics, the o-DTX-sensitive current in layer II/III
pyramidal cells was relatively insensitive to holding
potential. This suggests that this component would be
relatively more important from holding potentials similar
to resting potentials observed for awake, behaving animals
(~—50mV for cortex in the ‘up’ state; Stern et al. 1997)
as compared to estimates from quiescent cells in vitro (or
‘down state’ in vivo: negative to —60 mV; Stern et al. 1997).

In contrast to cortex, the a-DTX-sensitive current
in medium spiny neurones was very holding potential
sensitive (block changed from 15% from —90mV to
9% from —60mV; Shen et al. 2004), and recovery
from inactivation was slow (z ~1s at —100mV). In
MNTB neurones, the half-inactivation was estimated as
~ —50 mV, with only about 40% of current inactivating
(Dodson et al. 2002). In neurones from the lateral cochlear
nucleus, inactivation was slow (r > 150 ms) and recovery
from inactivation rapid (t =54 ms: Rothman & Manis,
2003D).

The general pattern of biophysical properties in
different cell types may correspond to the relative
expression of different Kvl subunits. Cell types with
the most hyperpolarized activation and inactivation
(e.g. auditory nuclei) appear to be dominated by
Kv1.1 or Kv1.1/1.2 heteromeric channels (Dodson et al.
2002). Cell types with the most depolarized activation
range (e.g. amygdaloid pyramidal neurones) appear to
mainly express Kv1.2 subunits (Faber & Sah, 2004).
Neocortical pyramidal cells express many Kvl subunits
in soma/dendritic channels and have intermediate voltage
dependence.
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The ‘D’ current

Current usage equates «-DTX sensitivity with the ‘D’
current and activation and inactivation properties of the
a-DTX-sensitive current varies between cell types and
laboratories. It has been suggested that D current may
be due to Kvl.2 subunits plus a KvB (Coetzee et al.
1999). Storm (1988) originally coined the term ‘D current’
from recordings in CAl pyramidal neurones as a highly
4-AP-sensitive current that inactivated slowly and was very
sensitive to holding potential. This current activated in
the subthreshold range and endowed a slow ramp voltage
response up to spike threshold (in response to stimulation
from negative holding potentials). The «-DTX-sensitive
current in layer II/III cells also activates in the near
threshold voltage range and inactivates slowly, but is
much different from the current described by Storm
in that the neocortical current is not holding-potential
sensitive. Our current has biophysical properties similar
to w-DTX-sensitive currents in CA1 (Wu & Barish, 1992),
but unlike the classical D current.

Predictions for function

Our data suggest that the «-DTX-sensitive current
should not contribute to resting potential and should
not have significant effects on AP repolarization (small
percentage of current) after stimulation from negative
resting potentials. The o-DTX-sensitive current is also
likely to be more important at the depolarized holding
potentials in awake behaving animals (Cowan & Wilson,
1994; Stern et al. 1997; Steriade et al. 2001). Since the
a-DTX-sensitive current activates around the threshold
voltage range, it should influence rheobase and voltage
threshold, especially in response to slow or long lasting
stimuli. The slow kinetics of deactivation at ~—50 mV
suggest that the o-DTX-sensitive current should influence
interspike intervals and firing rate.
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