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Maturation of electrical excitability during early postnatal de-
velopment is critical to formation of functional neural circuitry in
the mammalian neocortex. Little is known, however, about the
changes in gene expression underlying the development of
firing properties that characterize different classes of cortical
neurons. Here we describe the development of cortical neurons
with two distinct firing phenotypes, regular-spiking (RS) and
fast-spiking (FS), that appear to emerge from a population of
immature multiple-spiking (IMS) neurons during the first two
postnatal weeks, both in vivo (within layer 1V) and in vitro. We
report the expression of a slowly inactivating, 4-AP-sensitive
potassium current (K,_5p) at significantly higher density in FS
compared with RS neurons. The same current is expressed at
intermediate levels in IMS neurons. The kinetic, voltage-
dependent, and pharmacological properties of the K, ,p cur-
rent are similar to those observed by heterologous expression

of Kv3.1 potassium channel mRNA. Single-cell RT-PCR analy-
sis demonstrates that PCR products representing Kv3.1 tran-
scripts are amplified more frequently from FS than RS neurons,
with an intermediate frequency of Kv3.1 detection in neurons
with immature firing properties. Taken together, these data
suggest that the Kv3.1 gene encodes the K,_,p current and that
expression of this gene is regulated in a cell-specific manner
during development. Analysis of the effects of 4-AP on firing
properties suggests that the K,_,p current is important for rapid
action potential repolarization, fast after-hyperpolarization,
brief refractory period, and high firing frequency characteristic
of FS GABAergic interneurons.
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The adult mammalian neocortex is a complex neural network in
which regular-spiking (RS) glutamatergic neurons and fast-
spiking (FS) GABAergic neurons are principal components (Con-
nors and Gutnick, 1990). Therefore, a determination of the mech-
anisms that underlie maturation of the characteristic firing
properties of these neurons is critical for understanding the de-
velopment of normal brain function. Previous studies in rodents
have reported the appearance of neurons with RS and FS firing
properties during the first two postnatal weeks (McCormick and
Prince, 1987; Lorenzon and Foehring, 1993; Zhou and Hablitz,
1996); however, the questions of when distinct firing phenotypes
are first seen and what cell-specific patterns of neuronal ion
channel gene expression are responsible for the appearance of
these distinct firing patterns are still largely unanswered.

As a first step toward answering these questions we have char-
acterized the changes in firing properties of neurons in layer I'V of
the mouse somatosensory cortex during early postnatal develop-
ment. Previous studies have demonstrated both GABA (Keller
and White, 1987; Del Rio et al., 1992) and glutamate (Conti et al.,
1987) immunoreactivity within this layer, predicting the presence
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of neurons with FS and RS firing phenotypes. In this study we
demonstrate that layer IV neurons with FS and RS phenotypes
emerge from a population of immature multiple-spiking (IMS)
neurons during the first two postnatal weeks. In a parallel series of
experiments, we observed a similar pattern of electrophysiological
maturation in a more heterogenous population of cortical neurons
developing in dissociated cell culture. These data are consistent
with the possibility that differentiation of neurons with FS and RS
firing properties are mediated by similar mechanisms in all corti-
cal layers.

A second series of experiments was performed to identify
cell-specific changes in ion channel expression underlying matu-
ration of FS and RS firing phenotypes in cortical neurons. Previ-
ous studies have shown that developmental regulation of voltage-
gated potassium currents plays an important role in the
maturation of neuronal firing properties in a number of systems
(Ribera and Spitzer, 1992). Therefore, electrophysiological and
pharmacological techniques were used to identify potassium cur-
rents that were differentially expressed in cultured neurons with
specific firing properties. We were also interested in determining
which genes encoded differentially expressed ion channels. Recent
studies using single-cell RT-PCR in cortical neurons showed that
firing properties can be correlated with specific patterns of ion
channel gene expression in neurons from the adult rodent neo-
cortex (Jonas et al., 1994; Lambolez et al., 1996). Using a similar
strategy we examined the frequency of expression of the voltage-
gated potassium channel gene Kv3.1 in developing cortical neu-
rons. Our results suggest that upregulation in the expression of a
4-AP-sensitive potassium (K, ,p) current encoded by Kv3.1
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mRNA plays a role in the development of a number of electro-
physiological properties unique to FS GABAergic neurons.

MATERIALS AND METHODS

Acute slice preparation. Neonatal ICR mice between the day of birth (PO)
and postnatal day 14 (P14) were used for electrophysiological recordings
in acute slice preparations. Pups were anesthetized on ice (<P5) or with
halothane (=P5) before decapitation. Brains were removed in ice-cold
artificial cerebral spinal fluid (ACSF) containing (in mMm): 126 NaCl, 3
KCl, 1.25 NaH,PO,, 1.3 MgSO,, 26 NaHCO3, 10 p-glucose, 2.5 CaCl,.
Coronal sections (400 um) were cut through the somatosensory cortex in
ACSF using a vibraslicer (Campden Instruments), transferred to a re-
cording chamber, and perfused with oxygenated ACSF at room temper-
ature until recordings were made.

Preparation of cultures. Neuronal cultures were prepared using a pro-
cedure modified from Baughman and colleagues (Baughman et al., 1991).
PO pups were anesthetized for ~1 min on ice before decapitation. Brains
were removed in ice-cold balanced salt solution (BSS) containing (in
mM): 137 NaCl, 5.3 KCl, 0.15 Na,HPO,, 0.2 KH,PO,, 9.8 HEPES, 33.3
glucose, 43.8 sucrose. Coronal sections (600 uMm) were cut through the
somatosensory cortex using a vibraslicer. Small pieces of somatosensory
cortex (1 mm) from a single mouse were incubated in BSS containing 10
U/ml papain (LS03126, Worthington Biochemical, Freehold, NJ) acti-
vated by L-cysteine (1.32 mm) (C-7755, Sigma, St. Louis, MO) along with
5 mM D(—)-2-amino-5-phosphonopentanoic acid (APV), and maintained
at 37°C in a humidified incubator for 30 min. The tissue was washed
briefly in 5 ml of BSS, twice in 1.5 ml of BSS containing 5 mm APV, 1.0%
BSA, 1.0% trypsin inhibitor (1.5 min/wash), and three times in 2.5 ml of
BSS containing 5 mm APV, 0.1% BSA, 0.1% trypsin inhibitor (1.5
min/wash). Tissue was rinsed two times in 5 ml of neurobasal medium
with B27 supplements (NBM+B27) (Life Technologies, Gaithersburg,
MD), mechanically triturated through glass micropipettes, dispersed onto
poly-D-lysine-coated glass coverslips, and maintained at 37°C in a humid-
ified 5.0% CO, incubator overnight. On the following day the coverslips
were transferred, cell side up, to dishes containing confluent non-
neuronal feeder layers in NBM+B27. Coverslips were subsequently
transferred to new feeder cultures every 3-5 d. Neurons preferentially
survive and differentiate in NBM+B27, and in all cases the majority of
cells on coverslips prepared in this fashion was neuronal, on the basis of
morphological and electrophysiological criteria. A small number of non-
neuronal cells, however, were present in the older cultures.

Non-neuronal feeder cultures were prepared from whole cortices ob-
tained from mice at PO—P3. Cortices were removed and placed in ice-cold
BSS, manually chopped into 2-3 mm pieces with a razor blade, and
dissociated in enzyme solution as described for the neuronal cultures.
Tissue was washed three times in 5 ml BSS, two times in 5 ml minimal
essential medium (MEM) + 10% fetal calf serum (1 min/wash), mechan-
ically dissociated, and plated onto poly-D-lysine-coated plastic tissue-
culture dishes. Non-neuronal cultures were fed by replacing the MEM +
10% fetal calf serum every 4 d. In preparation for the neuronal transfers,
the MEM + 10% fetal calf serum medium in confluent dishes was
replaced with NBM+B27 24 hr before transfer.

Electrophysiological recordings. Electrophysiological recordings were
obtained using the whole-cell configuration of the patch-clamp technique
(Hamill et al., 1981) in either current-clamp or voltage-clamp mode.
Recording pipettes were unpolished, with open pipette resistances of 2-5
mOhm. The internal pipette solution contained (in mm): 0.1 CaCl,, 2
MgCl,, 1.1 EGTA, 10 HEPES, 120 K*-gluconate, 20 NaCl, pH 7.2. The
external solution contained (in mm): 140 NaCl, 4 MgCl,, 5 HEPES, 1
CaCl,, 3 KCl, pH 7.2. The following drugs were added to the external
solutions to block specific voltage-gated currents: Na™ currents: 1 puMm
tetrodotoxin (TTX) (RBI); K, op currents: 10-100 um 4-AP (RBI) or
100-200 uMm tetraecthylammonium (TEA) (RBI); Ca** and Kc,** cur-
rents: 2 mM cobalt. To examine recording stability, leak currents were
monitored after each solution change. Voltage-gated currents were ana-
lyzed only if leak currents remained unchanged. Data were collected and
analyzed using a List EPC-7 patch-clamp amplifier, Dell 386/486 com-
puters, and pCLAMP software (Axon Instruments, v 5.5.1). All record-
ings were performed at room temperature.

Lucifer yellow fills. To intracellularly label neurons recorded from
slices, 0.5% Lucifer yellow/K"-salt was added to the recording pipette.
Dye was allowed to fill the cell by passive diffusion. After electrophysio-
logical recording, slices were fixed with 4% paraformaldehyde (in 0.1 M
PB) and cleared in methylsalicylate. Filled neurons were imaged using a
confocal microscope.

J. Neurosci., May 1, 1997, 17(9):3136-3147 3137

RT-PCR. The presence of Kv3.1 mRNA in RNA isolated from adult
mouse brain or cultured somatosensory cortical neurons was determined
by RT-PCR. Total RNA was isolated from brain or cultured neurons by
the single-step method of Chomezynski and Sacchi (1987). First-strand
cDNA was synthesized by random-primed RT of 100-200 ng of total
RNA as described previously (O’Dowd et al., 1995), followed by two
rounds of amplification using nested primers. Oligonucleotide primer
pairs F1/B1 and F2/B2 corresponding to 1422-1445/1647-1626 bp and
1447-1467/1581-1559 bp of the published sequence (Yokoyama et al.,
1989) were used to specifically amplify Kv3.1 mRNA. PCR products,
labeled by inclusion of ~5 X 10° cpm of **P-labeled forward primer F2 in
the second PCR were separated by electrophoresis on 8% nondenaturing
polyacrylamide gels and visualized by film autoradiography or phosphor-
imager analysis (Molecular Dynamics, Sunnyvale, CA).

RT-PCR analysis of Kv3.1 mRNA expression was also performed on
RNA harvested from single cells as described previously (Smith and
O’Dowd, 1994; O’Dowd et al., 1995). Briefly, after acquisition of electro-
physiological records using the whole-cell patch-clamp technique, mild
suction was used to aspirate the contents of the cell into the tip of the
recording electrode that were then expelled into first-strand cDNA syn-
thesis buffer. First-strand cDNA was initiated by the addition of 100 U of
Moloney’s murine leukemia virus reverse transcriptase, and the reaction
was allowed to proceed for 1 hr at 37°C. After termination of the
first-strand reaction, the resulting cDNA was subjected to two rounds of
amplification using the nested primers F1/B1 and F2/B2, and the products
were analyzed by gel electrophoresis and autoradiography, as described
above, for the analysis of Kv3.1 transcripts in RNA isolated from brain or
cultured cells. The sequence of the PCR product amplified from RNA
harvested from cultured neurons at 6 d in vitro (DIV) was determined
using an fmol sequencing kit (Promega, Madison, WI) with an end-
labeled primer protocol.

RESULTS

Development of layer IV cortical neurons with FS and
RS phenotypes

Our initial experiments focused on a developmental analysis of
the firing properties of layer IV neurons in the somatosensory
cortex of mouse during the first two postnatal weeks. Whole-cell
recordings were obtained, using the blind-patch technique (Blan-
ton et al., 1989), from 95 layer IV neurons in coronal slices
through somatosensory cortices prepared from 35 mice, ages
P4-P14. Neurons within layer IV were targeted by positioning the
pipette over the barrel structures visualized by transillumination
of the living slice (Fig. 1A4). To confirm that this method resulted
in recordings from cells in layer IV, Lucifer yellow was included in
the intracellular recording solution in some experiments. Subse-
quent confocal analysis revealed that 16/17 neurons labeled in this
manner were located in layer IV, two of which are illustrated in
Figure 1B. Although the majority of recordings was from neurons
with their cell bodies within layer IV, current clamp recordings
from ~10% of the cells were characterized by small spikes riding
on a slow depolarizing wave, consistent with the recording elec-
trode being located on the dendrites (Kim and Connors, 1993).
Because it was possible that these were recordings from neurons
whose cell bodies were located in other layers, these records were
not analyzed further.

In the first postnatal week, the majority of neurons fired low-
frequency trains of action potentials (APs) at constant interspike
intervals, with no evidence of a fast after-hyperpolarization
(fAHP) between spikes in the train. These neurons were classified
as IMS cells. On the basis of previously established criteria (Con-
nors and Gutnick, 1990), RS and FS phenotypes appeared in the
first postnatal week, but the frequency of encountering neurons
with these firing patterns increased throughout the second post-
natal week. FS neurons fired trains of APs at constant interspike
intervals and exhibited a prominent fAHP between spikes in the
train (Fig. 1C). RS neurons were characterized by an AP doublet
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Figure 1. A, Layer IV is identified by the presence of barrels visualized by transillumination of a 400-um-thick living slice through P7 mouse
somatosensory cortex. Large arrowheads delineate dorsal and lateral extents of the barrel cortex in this slice. Scale bar, 1 mm. B, Morphology of two stellate
neurons located in the same barrel of a P11 slice, visualized with confocal microscopy. The two cells were independently filled with separate whole-cell
recording pipettes that contained 0.5% Lucifer yellow in the internal solutions. Pial surface is toward the fop of this collapsed composite photograph
(individual images were taken at 3 um increments throughout a total depth of 78 um). Scale bar, 25 um. C, Representative whole-cell recordings
illustrating three layer IV neurons with distinct firing phenotypes. The immature multiple-spiking phenotype (IMS) from a neuron in a P5 slice is
characteristic of the majority of neurons that can be recorded during the first postnatal week. During the second and third postnatal weeks, both FS
neurons (FS) and RS neurons (RS) are observed. Shown here are representative traces from an FS and an RS neuron from a P8 and a P11 slice,
respectively. Characteristic fAHP and action potential doublet (4P doublet) are indicated in the traces from the FS and RS neurons, respectively. APs

were elicited by a 600 msec depolarizing current pulse.

at the beginning of the spike train followed by additional spikes
throughout the depolarizing current step at either constant inter-
spike interval or with increasing interspike intervals (Fig. 1C).
Thus, two classes of neurons with distinct firing properties (FS and
RS) develop within layer IV of the somatosensory cortex during
the first two postnatal weeks. During the first week and through-
out the second week, neurons that fired only a single AP in
response to sustained depolarizing stimuli were encountered, but
they were not analyzed further in these studies.

Cortical neurons in cell culture develop FS and

RS phenotypes

To examine the developmental changes in voltage-gated currents
and in underlying gene expression that give rise to cells with
distinct firing properties, we used a primary dissociated cell cul-
ture system. Although electrophysiological recordings in the slice
were obtained exclusively from layer IV neurons, cultures were
prepared from coronal slices spanning the pial-to-white matter
boundary and were therefore assumed to contain neurons that
would normally reside in all of the cortical laminae, including
layer IV. Immediately after dissociation, neurons could be iden-
tified as round-phase bright cells with processes of varying lengths
(Fig. 2A). As early as 3-5 DIV, individual neurons extended long
branching neurites, many of which overlapped extensively (Fig.
2B). During the next 2 weeks in culture, neurites continued to

grow in length, often forming thick fascicles. At the later times in
culture, neurites formed an intricate mat throughout the culture
dish (Fig. 2C,D). Functional synaptic connections that formed
between neurons were seen as early as 4-5 DIV (Li et al., 1996)
and at all stages in vitro thereafter. At all times throughout
development in vitro, individual cell bodies could be visualized for
whole-cell patch-clamp recordings and single-cell RT-PCR
experiments.

Whole-cell recordings were made from 152 neurons in 25
cultures between 3 and 23 DIV. As seen in the slice preparation,
neurons that could fire only a single AP in response to sustained
depolarizing current injection were encountered at all ages but
were not analyzed further; however, the majority of cultured
neurons examined exhibited firing properties that could be clas-
sified initially as IMS, FS, or RS, on the basis of the same criteria
used in the slice preparation. Within each of these groups, firing
properties showed considerable variation, as illustrated by the
range in firing frequencies observed among IMS, FS, and RS
neurons (Fig. 34). A similar variability was observed in the layer
IV neurons recorded in slice (data not shown). Therefore, to test
the validity of our classification scheme, a number of electrophys-
iological measures were examined to determine which, if any,
might correlate with firing group assignment. A scatter plot of the
maximal firing frequency versus fAHP amplitude reveals that FS



Massengill et al. « K,_ap Currents and Kv3.1 mRNA in Cortical Neurons J. Neurosci., May 1, 1997, 17(9):3136-3147 3139

Figure 2. Morphological development of cortical neurons in dissociated cell cultures. Neurons dissociated from somatosensory cortex harvested from
newborn mice were plated on poly-D-lysine-coated coverslips in NBM+B27 supplements. Coverslips were transferred into fresh non-neuronal feeder
plates on day 1 and every 3—-4 d thereafter. A, Immediately after dissociation (0 DIV'), the somata of the majority of the cells were spherical or ovoid in
shape. Some of the neurons had processes that remained intact throughout the dissociation procedure. B, By 5 DIV the majority of neurons have extended
neurites that connect individuals and groups of neurons. C, D, The web of interconnecting processes continues to elaborate throughout the first 3 weeks
in vitro. At the plating density used in these cultures, the cell bodies of some of the neurons are physically isolated from each other even at the oldest
ages. Scale bar, 20 wm.

Table 1. Electrophysiological properties of IMS, FS, and RS neurons

Firing frequency AP duration Refractory
(Hz) fAHP (mV) (msec) period (msec) ISI1/1S12
IMS 74 x05 02x07 35x01 13713 0.8 = 0.02
n =57 n =54 n =56 n =26 n =47
FS 2410 -91+04 1.9=0.1 59+05 0.9 +0.01
n=41 n =40 n =41 n=23 n =40
RS 121+ 0.5 0.7 0.6 26*0.1 15013 0.6 = 0.02
n=>58 n =57 n =58 n =24 n =56

The mean firing frequency, fAHP, action potential duration, refractory period, and ratio of first to second interspike interval (ISI1/ISI2) were determined for neurons in each
of the three firing categories. The firing frequency was determined from the maximal number of spikes evoked by a suprathreshold 600 msec depolarizing current step. The
fAHP was measured from threshold to maximal hyperpolarization, after the first spike in the train. Action potential duration was measured at half amplitude. The refractory
period was defined as the interstimulus interval between two identical depolarizing stimuli necessary for a neuron to fire an action potential, during the second pulse, with an
amplitude at least 90% of that elicited during the first pulse. To calculate the ISI1/ISI2, the time between the first and second spikes in a train is expressed as a percentage
of the time between the second and third spikes in the train. Values presented are mean = SEM; n indicates total number of neurons examined. All five properties are
significantly different between RS and FS neurons (p < 0.01; Student’s ¢ test).

and RS neurons fall naturally into two distinct groups, although IMS and both FS and RS groups (Fig. 3B). Table 1 shows the
considerable overlap was evident between IMS and RS cells (Fig. mean values for each of these electrophysiological parameters for
3B). Better discrimination among the three groups was observed the three groups. Consistent with the clustering seen in the scatter
in a plot of firing frequency versus the ratio of the first to second plots, significant differences were apparent in all five properties
interspike interval, although some overlap occurred between the shown between FS and RS neurons. These data demonstrate that



3140 J. Neurosci., May 1, 1997, 17(9):3136-3147 Massengill et al. « K,_ap Currents and Kv3.1 mRNA in Cortical Neurons

A. IMS FS RS

B.

40 40
§ i al N F
= 30 < 30 mFS
O P
§ g
g 20 S 201 # RS
£ :
D
£ 107 o “a ®® | 2 107 A IMS
[T E &A“ iT

O T T T 0 T ]
20 -0 0 10 20 0 0.5 1 15
FAHP (mV) ISI-1/1S1-2
C.

IMS [

= W

RS — ] | |

T T T T l T T T T [ T T T T I T T T T I T T T T
0 5 10 15 20 25

Days in vitro

Figure 3. Maturation of firing phenotypes in cultured neurons parallels the development of layer IV neurons in vivo. A, Voltage recordings from two
IMS, two FS, and two RS neurons in dissociated cell culture after injection of a 600 msec depolarizing current pulse. The variation in the maximal firing
frequencies within each class is illustrated by the top and bottom traces. B, Quantitative analysis demonstrates that when maximal firing frequency and
fAHP are plotted for all neurons examined, F'S neurons form a distinct group (squares, n = 41), whereas RS (circles, n = 56) and IMS neurons (triangles,

= 47) are not well segregated by this analysis. A scatter plot of firing frequency and the ratio of first to second interspike interval (ISI-1/ISI-2) reveal
a better separation among the three groups, although there is still some overlap between the IMS group with both the FS and RS groups. C, A box plot
illustrates the age range over which the three firing phenotypes were observed. The 10th and 90th percentiles are indicated by the whiskers, and the 25th,
50th, and 75th percentile boundaries are indicated by the box for each group. Solid squares denote the means.
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Isolation of voltage-gated potassium currents in developing cortical neurons. Voltage-gated potassium currents evoked by a series of 400 msec

voltage steps to —30, —10, 10, and +30 mV in a single cultured neuron. The whole-cell recording electrode was filled with a potassium gluconate-based
internal solution, and in each case the bathing solution contained 1 uM TTX and 2 mMm cobalt to block the voltage-gated sodium, calcium, and
calcium-activated potassium currents, respectively. 4, Total outward current (I 5+, ap~+1Ixk) is activated from a holding potential of —80 mV. B, The fast
transient potassium current (/) is inactivated by prepulsing the neuron to —40 mV for 1 sec, resulting in isolation of Iy +1I4 op. C, Ik is isolated by
prepulsing to —40 mV, thus inactivating /,, and addition of 100 uMm 4-AP to the bathing medium to pharmacologically block I, Ap. A - B, 1 is isolated
by digitally subtracting traces in B from traces in 4. B - C, I, »p is isolated by digitally subtracting traces in C from traces in B.

cortical neurons in dissociated cell culture fall into two distinct
firing phenotypes (FS and RS) and that, to some extent, IMS
neurons overlap both of these categories depending on compared
parameters.

The box plot in Figure 3C illustrates the wide range of ages over
which neurons within each of the firing groups were observed.
During the first week in culture, however, the majority of the
neurons had an IMS phenotype, whereas RS and FS neurons were
rarely seen. FS and RS neurons were found predominantly in the
second and third week in vitro, with a median age of 12 d for both
groups (Fig. 3C). These findings suggest that RS and FS neurons
emerge from a population of IMS neurons, both in vivo and in
vitro, over a similar time course.

A K,_»p current is positively correlated with a

FS phenotype

As a first step toward understanding how developmental changes
in voltage-gated currents influence the appearance of FS and RS
phenotypes, we examined the properties of voltage-gated potas-
sium currents in cultured neurons with identified firing patterns.
For each neuron, we initially measured the whole-cell capaci-
tance, resting membrane potential, input resistance, and firing
properties using a potassium gluconate-based internal solution
and a standard physiological external solution. Subsequently we
examined isolated potassium currents using voltage protocols and
pharmacological blocking agents similar to those described previ-
ously (Storm, 1988; Andreasen and Hablitz, 1992; Wu and Barish,
1992; Foehring and Surmeier, 1993). A family of outward potas-
sium currents evoked in a single cell by a series of depolarizing
voltage steps in a normal external solution containing TTX, to
block sodium current, and cobalt, to block calcium and calcium-
activated potassium currents, is illustrated in Figure 44. Transient

A-currents were obtained by digital subtraction of traces in which
the A-current was inactivated (—40 mV prepulse) from the total
outward potassium current (Fig. 44,B). The K, Ap current was
obtained by digital subtraction of traces in which the A-current
was inactivated and 4-AP-sensitive current was blocked by 100 um
4-AP, from traces in which just the A-current was inactivated (Fig.
4B,C). The I was defined as the current activated after a pre-
pulse to —40 mV in the presence of 100 um 4-AP (Fig. 4C).

All three potassium currents, I, I, and I, Ap, could be
detected in neurons within each of the firing groups (Fig. 5).
Although there were differences in the average peak current
amplitudes and kinetic properties of the isolated potassium cur-
rents among individual neurons, the most notable difference
among cells in the three groups was amplitude of the K, ,p
current. The amplitudes of the K, ,p currents in the IMS and RS
neurons, at each voltage, were smaller than those in the FS cells
(Fig. 5). To control for variation in cell size, we calculated the
K,_ap current density in each cell by normalizing the peak current
amplitude evoked by a voltage step to +40 mV to the whole-cell
capacitance. The K, ,p current density in the population of IMS
neurons is intermediate between the RS and FS groups, whereas
the density of this current in FS neurons is significantly greater
(threefold) than in RS neurons (Fig. 6A4). This positive correlation
between the K, ,p current density and neurons with an FS phe-
notype suggests that this current contributes to firing properties
that are unique to FS neurons.

The K, ,p currents are characterized by relatively rapid activa-
tion kinetics and a slowly inactivating component at the more
depolarized voltages (Fig. 5). Mean conductance—voltage curves
for each of the three groups were well fit by Boltzmann’s distri-
butions that indicated a positive (12-16 mV) voltage dependence
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Figure 5. The three voltage-gated potassium currents, /5, Ix4 ap, and I, could be detected in neurons with each of the identified firing phenotypes.
Isolated currents were recorded from cultured neurons using the protocols illustrated in Figure 4. IMS records were obtained from three different
neurons, 7-8 DIV. FS records were obtained from two different neurons, 8 DIV. RS records were obtained from two different neurons, 10 and 14 DIV.
Scale bar for the 7, current is 1 nA for the IMS and RS neurons and 1.5 nA for the FS neuron.

of activation (Fig. 6B). To investigate further the pharmacological
properties of the K, ,p current in FS neurons, a dose-response
curve to 4-AP was generated from four FS neurons. These data
demonstrate an increase in percentage current blocked with in-
creasing concentration of 4-AP, with a predicted half-maximal
blocking concentration of 21 um (Fig. 74). Currents with a similar
voltage dependence, although lacking the slow inactivation at the
more depolarized potentials, were also isolated by application of
100 um TEA (Fig. 7B). The lack of slow inactivation in the
TEA-isolated currents could in theory be attributable to 4-AP and
TEA blocking the same channels in a kinetically distinct manner;
however, currents isolated by combined application of 100 um
4-AP and 100-200 um TEA in eight neurons were all similar in
time course but consistently slightly larger than those isolated by
4-AP alone (Fig. 7C). These two findings suggest that whereas the
K, sp current is sensitive to TEA, it seems likely that TEA also
affects one or more additional currents at this concentration.

The K,_sp current contributes to firing properties
characteristic of FS neurons

To establish candidate functions for the K, ,p current in developing
cortical neurons, we looked for firing properties that were differen-
tially affected by 100 um 4-AP in the three firing groups. Initial
studies were performed in the presence of cobalt to rule out the
possibility that the effects of 4-AP were mediated either directly or
indirectly by Ca** and/or K,>" currents. In the presence of cobalt,
exposure of FS neurons to 4-AP caused an increase in AP duration,
a dramatic reduction in the large fAHP amplitude, an increase in
refractory period, and a decline in the maximal firing frequency (Fig.
8A). Quantitative analyses of the effects of 4-AP in FS and RS
neurons are illustrated in Figure 8B. Significant changes in AP
duration (1.5-fold increase), fAHP amplitude (10-fold decrease),
refractory period (threefold slower), and firing frequency (30% de-
crease) were observed in the FS neurons (Fig. 8 B). In contrast, 4-AP
treatment did not seem to alter AP duration, refractory period, or
firing frequency in RS neurons. The fAHP amplitude of RS neurons
was small, both before and after 4-AP, and therefore was not in-

cluded in the analysis. As is clearly illustrated in Figure 84, however,
the application of 4-AP does not result in repetitive firing properties
that are reminiscent of RS neurons (no doublet is present) or IMS
neurons (firing frequency is too high). Similar experiments were
performed in the absence of cobalt, allowing activation of Ca®"
and/or K.,>* currents. Under these conditions, similar changes in
AP duration, fAHP amplitude, refractory period, and firing fre-
quency were also apparent in FS neurons after treatment with 4-AP.
Consistent with the data obtained in the presence of cobalt, 4-AP did
not significantly alter the AP duration or firing frequency of RS
neurons, although a small increase in the refractory period was
noted.

These data suggest that the K, ,p current makes a critical contri-
bution to the short AP duration, the large fAHP, the brief refractory
period, and the high firing frequency characteristic of neurons that
develop an FS phenotype. Because blockade of this current in FS
neurons, however, does not result in repetitive firing properties that
would be classified clearly as RS or IMS, and the K, ,p current is
present in IMS cells and some RS neurons, differences in the num-
bers, types, or localization of other voltage-gated channels must also
contribute to the distinct firing patterns among the three groups.

Kv3.1 mRNA expression is correlated with

firing phenotype

Comparison of the electrophysiological and pharmacological
properties of the K, ,p currents with those generated by cloned
rat potassium channel genes in heterologous expression systems
(Chandy and Gutman, 1995) suggested that Kv3.1 was an excel-
lent candidate gene for encoding the K, ,p channels. In rat, the
Kv3.1 gene gives rise to two alternatively spliced transcripts,
designated Kv3.1a and Kv3.1b (Luneau et al., 1991; Grissmer et
al., 1992). Although Kv3.1b has not been described in mouse,
sequence data for Kv3.1a, formerly known as NGK2, has been
published (Yokoyama et al., 1989). Therefore, to examine Kv3.1
gene expression in developing mouse cortical neurons, primers for
RT-PCR were targeted to the 3’ region of the mouse Kv3.la
cDNA in which the sequence diverges from that of other closely
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Figure 6. Differential expression of K, 5p currents among IMS, FS, and
RS neurons. A, Because the size of the individual neurons varies with age
and firing properties, the K, ,p current density in the three populations of
cells, developing in vitro, was examined by normalizing the peak current
amplitude (pA) elicited by a voltage step to +40 mV, to the whole-cell
capacitance (pF). The K, ,p current density of IMS cells (n = 17) is
intermediate between the RS (n = 15) and FS (n = 10) groups. The K, _5p
current density of the FS group is significantly greater than that of the RS
group (**p < 0.01; Student’s ¢ test). B, Normalized conductance versus
voltage curves were generated for the IMS (squares, n = 15), RS (circles,
n = 16), and FS (cross, n = 12) groups. Each of these curves was fit with
a Boltzmann’s distribution indicating similar V, values (12-16 mV).
SEMs were in all cases smaller than the symbols and therefore were
excluded from the graph.

related potassium channel genes. Initial studies demonstrated that
these primers amplified a single product from RNA extracted
from both mouse brain and cortical cultures, which based on its
electrophoretic mobility and sequence analysis represents the
mouse Kv3.1a transcript.

Given the differential expression of the K, ,p current, we hy-
pothesized that FS neurons should have the highest levels of
Kv3.1 mRNA. Therefore, in an RT-PCR analysis of RNA har-
vested from single cultured cortical neurons after characterization
of their firing properties, we predicted that the probability of
obtaining PCR products in FS neurons, given identical PCR
conditions, should be higher than in either IMS or RS neurons. In
a typical single-cell RT-PCR experiment, PCR products repre-
senting the Kv3.1 gene were obtained in 3/4 FS neurons and 0/3
RS neurons (Fig. 94,B). The frequency of the Kv3.1 mRNA
expression was determined for the distinct firing phenotypes in
each of four similar experiments (Fig. 9C). The average frequency
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of amplifying a Kv3.1 product was approximately four times
greater in FS versus RS neurons, with an intermediate frequency
of expression observed in the IMS cells. The strong positive
correlation between the expression of Kv3.1 transcripts and FS
neurons supports the hypothesis that this gene encodes the K, ,p
current and that levels of expression of this gene are regulated
during development in a cell-specific manner.

DISCUSSION

Development of FS and RS phenotypes

Our data demonstrate rapid maturation of firing properties of
neurons within layer IV during early postnatal development. Neu-
rons that fire low-frequency trains of long-duration APs (IMS)
predominate during the first postnatal week, with RS and FS
phenotypes seen with increasing frequency throughout the second
postnatal week. A similar maturation profile is observed in a more
heterogenous population of neurons developing in dissociated cell
culture during the first 2 weeks in vitro. As previously demon-
strated in cortical neurons from adult rodents (Lambolez et al.,
1996), developing neurons with FS and RS phenotypes can also be
separated into two distinct groups on the basis of firing frequency
and fAHP amplitude; however, the IMS neurons show consider-
able overlap with the RS neurons in this analysis. The IMS
neurons also show overlap with FS neurons when firing frequency
and the ratio of the first and second interspike interval are
considered. In addition, within all three firing groups there is
variation in a number of electrophysiological properties, including
firing frequency, that is likely to reflect differences in maturity
among neurons within these broad groups. Together these data
suggest that cortical neurons, within layer IV and developing in
culture, undergo a cell-specific maturation in membrane proper-
ties during the first two postnatal weeks such that the RS and FS
phenotypes emerge from a population of neurons with an IMS
phenotype. In addition, at least within layer IV, specification of
distinct firing phenotype seems to occur after laminar differenti-
ation. Although the early firing phenotype of these neurons may
be similar, this does not imply that RS and FS neurons necessarily
arise from a common progenitor. For example, immunocyto-
chemical studies have indicated the presence of GABA-
immunoreactive neurons (Del Rio et al., 1992) within layer IV
during early postnatal development, when the IMS phenotype
predominates. Thus, other characteristics may distinguish be-
tween neurons that will become either FS or RS before differen-
tiation of the firing properties.

Differential expression of the K,_,p current

The similarity in the development of firing phenotypes in vivo and
in vitro suggests that there are characteristic developmental
changes in ion channel expression that underlie the basic differ-
entiation of cortical neurons from an IMS phenotype to either FS
or RS phenotypes. Previous studies have demonstrated changes in
sodium, calcium, and potassium currents during early postnatal
development of cortical neurons (Huguenard et al., 1988; Hamill
et al., 1991; Lorenzon and Foehring, 1995), but the relationship
between these changes and maturation of specific firing properties
is not well understood. Using a voltage-dependent and pharma-
cological isolation strategy, we identified three macroscopic cur-
rents in the developing cortical neurons similar to those described
as A, K, and D in embryonic hippocampal neurons (Wu and
Barish, 1992). Consistent with their nomenclature, we classify two
of the currents as A and K; however, because the term D-current
was first used in an earlier study (Storm, 1988) to describe a
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Figure 7. Pharmacological properties of Ix, op. A, Average dose-re-
sponse curve for 4-AP, generated from FS neurons (n = 4) developing in
vitro. K, ap current amplitude was measured after sequential application
of 10, 20, 50, and 100 um 4-AP, and the percentage current (with 100%
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4-AP-sensitive current with voltage-dependent gating properties
different from those of the 4-AP-sensitive current described here,
we refer to the current as K, ,p.

Our data demonstrate that I, I, and I, ,p Were present in
neurons within each of the firing classes. This is in contrast to an
earlier study that reported the absence of I, currents in FS neurons
(Hamill et al., 1991). Although all of the currents were observed in
each class, there were a number of properties such as activation and
inactivation kinetics of I, that varied both among classes (Fig. 5) and
within a class. The most striking difference among the three firing
phenotypes, however, was the density of the K, ,p current. FS
neurons had a significantly higher K, ,p current density than RS
neurons. Consistent with the suggestion that both RS and FS neu-
rons arise from neurons that express a similar complement of
voltage-gated ion channels that underlie the common firing pheno-
type, IMS neurons had intermediate K,_,, current density. Although
the maturation of firing properties is clearly a product of the coor-
dinate regulation of a number of different ion channels, the differ-
ential expression of K, ,p current suggests that developmental up-
regulation of this current is important in the maturation of firing
properties that are unique to FS neurons.

Evidence that the Kv3.1 gene encodes the

K,_ap current

Several lines of evidence support the hypothesis that the K, ,p
current is encoded by Kv3.1 mRNA. First, currents expressed in
mammalian cell lines (Grissmer et al., 1994) and Xenopus oocytes
(Yokoyama et al., 1989; Luneau et al., 1991) injected with Kv3.1
mRNA exhibit electrophysiological and pharmacological properties
that are similar to those of the K,_,p currents described in this study.
Second, our single-cell RT-PCR data demonstrate that the frequency
of detecting PCR products representing Kv3.1 mRNA is significantly
higher in FS neurons that exhibit a high K, ,p current density
compared with RS neurons, whereas an intermediate expression
frequency is seen in the IMS neurons that express intermediate levels
of K, op current. Because expression of mRNA for several other
genes, including agrin and a type II sodium channel, was similar
between FS and RS neurons (data not shown), we believe that the
low probability of obtaining a Kv3.1 PCR product in RS neurons
reflects relatively low levels of Kv3.1 mRNA. Finally, consistent with
our finding that the K, ,p current is preferentially expressed in FS
neurons, previous studies demonstrate that the Kv3.1 mRNA
(Weiser et al., 1994) and protein (Du et al., 1996) are localized in
GABAergic neurons in the rodent cortex.

Previous studies in rat have shown that the Kv3.1 gene gives rise to
two alternatively spliced variants, Kv3.1a and Kv3.1b, that encode
potassium channels with similar biophysical and pharmacological
properties (Yokoyama et al., 1989; Luneau et al., 1991; Grissmer et
al., 1994). In situ hybridization and other studies have demonstrated
further that although both transcripts are present in rat cortical

<«

defined as the current blocked by 100 uM 4-AP) was determined at each
4-AP concentration. The average current (% maximal) from the four cells
is plotted as a function of drug concentration, and these data are fit by the
decreasing logistic equation [y = 1/((x"/ECs,")+1); n = Hill coefficient],
with a calculated ECs, of 21 uM. B, Waveforms and current density versus
voltage relationship of currents isolated by 100 um 4-AP in one FS cell and
by 100 uM TEA in a second FS cell. C, Current isolated by application of
100 uM 4-AP is compared with the current subsequently isolated from the
same cell with 100 uM 4-AP and 150 um TEA. Currents were evoked by
voltage steps between —20 and +40 in steps of 20 mV, from a holding
potential of —40 mV.
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Figure 8. Role of the K, ,p current in firing properties characteristic of FS neurons. All of the electrophysiological recordings were obtained from
cultured cortical neurons in a standard external solution that included 2 mMm cobalt to block both the calcium and calcium-activated potassium currents.
A, Exposure of an FS neuron to 100 uM 4-AP results in an increase in AP duration from 1.4 to 2.6 msec. A decrease in the fAHP, from —13.7 to —1.7
mV, is also observed after exposure to 100 um 4-AP. Examination of the refractory period reveals an increase from 6 msec (top traces) to 15 msec (bottom
traces) after exposure of an FS neuron to 4-AP. Exposure to 4-AP also reduces firing frequency, from 23 to 15 Hz in an FS neuron. B, The bar graphs
illustrate the mean values for each of these four properties in seven FS and three RS neurons, before and after 4-AP. Drug treatment caused significant
changes in all of the parameters in the FS group (**p < 0.01, *p < 0.02; paired Student’s ¢ test). No significant changes were noted in the RS neurons.

Error bars on histogram indicate SEMs.

neurons, Kv3.1a is the most abundant of the two isoforms during
embryonic and early postnatal development (Perney et al., 1992).
The primers used in the present study were specific for the mouse
Kv3.1a. Given the pattern of Kv3.1a expression in rat, it is tempting
to speculate that many of the developmental changes seen in the
K,_Ap current are a consequence of changes in Kv3.1a expression;
however, although our data are consistent with the Kv3.1 gene

encoding 4-AP sensitive channels, we cannot determine the contri-
bution of specific splice variants.

Functional role of the K,_,p current in firing properties

Recent studies have demonstrated that expression of the Kv3.1
protein is localized in GABAergic interneurons in the hippocam-
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Kv3.1

Figure 9. Differential amplification of
Kv3.1 transcripts in neurons with distinct
firing properties. A, Autoradiogram from a
single experiment showing PCR products
representing Kv3.1 transcripts amplified
from RNA harvested from three of the four
identified FS neurons at 12 DIV. In con-
trast, no PCR products were amplified from
the three RS neurons examined. Kv3.1 tran-
scripts amplified from total RNA from adult
whole brain (B) and cortical culture at 6
DIV (C) are shown for comparison. Inter-
leaved control lanes in which medium from
the recording chamber (M) or water (W)
was aspirated into the patch pipette and
processed in parallel with other samples are
all negative. B, Representative traces from
an FS and an RS cell (firing properties cor-
responding to PCR profile in lanes 4 and 6,
respectively). C, To determine the average
frequency of expression in the different fir-
ing classes, we calculated the frequency with
which PCR products representing Kv3.1
transcripts were amplified from cultured
neurons in the three firing groups as a func-
tion of the total number of neurons in each
group, in four individual experiments simi-
lar to the one illustrated above. A total of 5,
13, and 18 neurons in the IMS, FS, and RS
groups, respectively, were examined. The
frequency of expression of Kv3.1 was signif-
icantly higher in the FS group when com-
pared with the RS group (p < 0.02; Stu-
dent’s ¢ test; n = 4 experiments).

pus and that exposure of GABAergic neurons to low concentra-
tions of 4-AP affect AP duration, suggesting that a Kv3.1-encoded
current influences AP waveform (Du et al., 1996). Our results
demonstrating that application of 4-AP differentially altered a
number of electrophysiological properties of FS neurons with
relatively little effect on neurons with RS phenotypes (does not
abolish AP doublet at beginning of spike train) are consistent with
this suggestion and also implicate a role for this current in the
repetitive firing properties of developing FS neurons. We found
that 4-AP significantly increased the AP duration in the cultured
neurons, although the average increase in our study was less than
that seen in parvalbumin-containing interneurons in the rat hip-
pocampus (Du et al., 1996), which may reflect differences in the
relative density of this current. Exposure to 4-AP also significantly
decreased the firing frequency in the FS neurons. This is in
contrast to the increase in firing frequency reported in embryonic
hippocampal neurons under similar conditions (Wu and Barish,
1992). Cell-specific differences in relative numbers and localiza-
tion of channels mediating K, ,p currents or the expression of

FS RS
BCM 12 3 4 M5 6 7 MW
e e
Cell #4 Cell #6

|20 mV

200 ms
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other currents that influence firing frequency may underlie these
differences. Similar results were obtained in the presence and
absence of cobalt, demonstrating that the primary mechanism of
4-AP action is likely to be through specific blockade of the K, ,p
current and not mediated through calcium or calcium-activated
potassium currents. Interestingly, the prominent fAHP in the FS
neurons, also altered by 4-AP, was calcium independent. Al-
though the fAHP reported in hippocampal pyramidal cells seems
to be calcium dependent (Storm, 1987), calcium-independent
fAHPs have been described previously in motoneurons (Barrett
and Barrett, 1976; Yarom et al., 1985) .

These data suggest that upregulation of the K, ,p current, either
through increased transcription or stability of Kv3.1 mRNA, is im-
portant in the development of a number of firing properties charac-
teristic of FS neurons. Blockade of this current in FS neurons,
however, does not result in repetitive firing properties that would be
clearly classified as RS or IMS. Therefore, additional changes in the
numbers, types, or localization of other channel types are clearly
important in the development of the mature FS phenotype.
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Future studies

Molecular genetic manipulations will be important to test the hy-
pothesis that the Kv3.1 gene encodes the developmentally regulated
K, ap current expressed in developing cortical neurons. This should
be possible using a strain of Kv3.1-deficient mice that were generated
by homologous recombination (Ho et al., 1997) or with antisense
oligonucleotides targeted specifically to Kv3.1 transcripts. We predict
that cortical neurons lacking Kv3.1 transcripts will also lack the K, ,p
current and that the FS GABAergic neurons should have longer than
normal AP durations, little or no fAHP, and longer than normal
refractory periods. Changes in the firing properties of FS neurons,
resulting from changes in the levels of expression of Kv3.1-encoded
currents, may also influence the overall activity of FS GABAergic
neurons in developing cortical circuits both in vivo and in vitro.
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