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A developmental increase in density of delayed rectifier potassium
current (/,) in embryonic Xenopus spinal neurons shortens action
potential durations and limits calcium influx governing neuronal
differentiation. Although previous work demonstrates that matu-
ration of /,, depends on general MRNA synthesis, it is not known
whether increases in K* channel gene transcripts direct matura-
tion of the current. Accordingly, the developmental appearance of
specific Kv potassium channel genes was determined using
single-cell reverse transcription-PCR techniques after whole-cell
recording of /., during the period of its development. Detection of
a coexpressed housekeeping gene along with the potassium
channel gene controlled for successful aspiration of cellular mRNA
and allowed scoring of cells in which Kv gene transcripts were not
detected. Diverse types of Xenopus spinal neurons exhibit ho-

mogenous development of /., both in vivo and in culture. In
contrast, transcripts of two genes encoding delayed rectifier cur-
rent, Kv1.1 (Shaker) and Kv2.2 (Shab), are expressed heteroge-
neously during the period in which the current develops. Kv1.1
mRNA achieves maximal appearance in ~30% of cells, while I,
is immature; Kv2.2 mRNA appears later in ~60% of mature
neurons. Kv1.1 and 2.2 are thus candidates for generation of /,,
and spinal neurons are a heterogeneous population with respect
to potassium channel gene expression. Moreover, correlation of
gene expression with current properties shows that neurons lack-
ing Kv2.2 have a characteristic voltage dependence of activation
of I,
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Interest in molecular mechanisms of development of delayed
rectifier potassium current (Ig,) in embryonic spinal neurons
arises from the essential role that it plays in neuronal develop-
ment. Differentiation of Iy, is the major determinant in the
conversion of prolonged calcium-dependent action potentials to
short sodium-dependent impulses, as increases in current density
and kinetics of activation decrease their duration (Barish, 1986;
O’Dowd et al., 1988; Lockery and Spitzer, 1992). Calcium influx is
diminished (Gu et al., 1994), probably terminating a period of
calcium-dependent differentiation (Gu and Spitzer, 1995). Devel-
opment of I, occurs during a period of 1 d in vivo (Desarmenien
et al., 1993) and during the same period in vitro (Barish, 1986;
O’Dowd et al., 1988).

A developmental increase in the number of functionally avail-
able potassium channels, rather than an increase in single-channel
conductance, accounts for increased current density (Harris et al.,
1988). An increase in the number of functional channels could
occur in several ways, including activation of preexisting channels
or new channel synthesis initiated at the transcriptional level. The
increase in density of Iy, depends on new RNA synthesis during
the period in which current increases (Ribera and Spitzer, 1989),
consistent with the possibility that elevated levels of potassium
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channel gene transcripts initiate the increase. To examine this
hypothesis, we identified potassium channel genes expressed dur-
ing the period of current development.

We investigated expression of Xenopus Shaker Kv1.1 and Shab
Kv2.2 (Ribera and Nguyen, 1993; Burger and Ribera, 1996),
because they encode delayed rectifier potassium currents when
expressed in Xenopus oocytes. Moreover, in situ hybridization
studies localize their transcripts to the developing spinal cord. If
potassium channel mRNAs initiate development of I, the fre-
quency of expression of Kvl.1 and Kv2.2 genes in spinal neurons
should increase during current development.

Single-cell resolution of gene expression is critical because the
neurons constitute a mixed population, although they are homo-
geneous with respect to development of I, (O’Dowd et al., 1988;
Desarmenien and Spitzer, 1991). The single-cell reverse
transcription-PCR (RT-PCR) method permits correlation of elec-
trophysiological and molecular profiles of individual neurons
(Lambolez et al., 1992; Sucher and Deitcher, 1995). Codetection
of a ubiquitously expressed gene (EF-la; Krieg et al., 1989)
controls for successful aspiration of mRNA, allowing scoring of
cells in which Kv gene transcripts are not detected. Potassium
channel gene expression was examined during the period of dif-
ferentiation of Iy, and correlated with biophysical properties of
mature current.

Kv2.2 transcripts are present in ~60% of mature neurons,
whereas Kvl.1 transcripts are expressed in only ~30%. Thus,
spinal neurons are a heterogeneous population with respect to
potassium channel gene expression, although they exhibit uniform
development of Iy,. Furthermore, neurons that lack Kv2.2 tran-
scripts are distinguished by currents that have a more positive
voltage-dependence of activation. Moreover, the frequency of
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appearance of these transcripts is developmentally regulated.
These results identify potassium channel genes whose expression
at early stages of differentiation may contribute to functional
maturation of Iy,.

MATERIALS AND METHODS

Cell culture. Cultures were prepared from the neural plate of Xenopus
embryos at stage 15, as described previously (Spitzer and Lamborghini,
1976; Blair, 1983). Cells from a single embryo were plated onto 35 mm
tissue culture dishes and maintained in fully defined medium (in mm): 116
NaCl, 0.67 KCl, 1.31 MgSO,, 10 CaCl,, and 4.6 Tris buffer, pH 7.8,
adjusted with HCl. Recordings were made at 6-7 hr, 8-10 hr (young
neurons), or 18-22 hr (mature neurons) in culture. Cultures contained a
mixed population of sensory, motor, and interneurons (Spitzer and Lam-
borghini, 1976; Lamborghini, 1980; Bixby and Spitzer, 1984; Lamborghini
and Iles, 1985), as well as morphologically undifferentiated cells. Because
the somitic mesoderm was not removed from the neural plate, cultures
contained myocytes as well.

Electrophysiological recording and data analysis. Whole-cell delayed recti-
fier potassium currents were recorded from young and mature neurons,
using patch-clamp techniques (Hamill et al., 1981). Neurons were identified
morphologically by the presence of neurites with growth cones, but different
neuronal types were not distinguishable anatomically. Isolated neurons that
did not make contacts with other cells were selected for recording. They
typically had soma diameters of 20-30 um and between one and four
neurites, none of which were longer than 60 um, to assure adequate space
clamp. Previous studies demonstrated that such selection of cells with short
neurites does not bias the sample toward currents with a particular ampli-
tude or kinetics (O’Dowd et al., 1988; Desarmenien and Spitzer, 1991).
Neurons were examined at room temperature using Nomarski optics at
400X magnification. The bath solution contained (in mm): 80 NaCl, 3 KCl,
5 MgCl,, 10 CoCl,, 5 HEPES, pH 7.4, adjusted with NaOH, and 0.25 ug/ml
tetrodotoxin (TTX). TTX and CoCl, were added to block voltage-gated
Na*, Ca®*, and Ca”*-activated currents. The recording pipette contained 7
ul of internal recording solution (in mm): 104-105 KCl, 3 MgCl,, and 10
HEPES, pH 7.4, adjusted with KOH.

Potassium currents were recorded using an Axopatch 1D amplifier and
the pCLAMP suite of computer programs (Axon Instruments, Burlin-
game, CA). Whole-cell currents were induced by applying voltage steps to
potentials ranging between —30 and +120 mV from a holding potential
of —40 mV. Currents were filtered at 10 kHz and digitized at 50 usec.

Steady-state amplitudes of whole-cell delayed-rectifier potassium cur-
rents were averaged over a 3 msec interval after achievement of the
steady state. Conductance (G) was calculated from current as G = I/(V,
— IR, — V,), where [ is the steady-state current, V, is the command
potential, R, is the series resistance, and V, is the calculated reversal
potential for potassium current based on composition of extracellular and
intracellular recording solutions (—86 mV). R, was calculated as the ratio
of the applied voltage step to the peak capacitative current (Marty and
Neher, 1995). Conductance at various membrane potentials was normal-
ized to maximal conductance, G,,,,, and plots of G/G,,., versus mem-
brane potential were fitted with Boltzmann sigmoids to determine V/y,,,
the voltage of half-maximal activation.

Both current and conductance were expressed per wm? membrane
surface. Surface area was derived from membrane capacitance (1 uF/
cm?), which was calculated by dividing the whole-cell capacitative charge
by the applied voltage. Capacitative charge was calculated as the integral
of the whole-cell capacitative current transient. Individual values of
currents, conductances, V,,, and times to half-maximal activation, ¢,,,
were presented in scatter plots to emphasize the distribution within
neuronal populations. Because it was not apparent whether the distribu-
tions of values for current properties were Gaussian, the significance of
differences between properties of various neuronal groups was tested by
both the two-tailed nonparametric Mann—Whitney test and by the two-
tailed Student’s ¢ test. In all cases, the conclusions from both tests were
the same. Mean values are presented =SEM.

Harvest of cell contents. After recording of the current, the intracellular
contents of a cell were aspirated by applying negative pressure until the
pipette was removed from the bath. Aspiration was confirmed visually by
shrinkage of the neuron around the tip of the recording pipette. Cell
contents and recording solution contained in the pipette were transferred
to individual test tubes containing reaction mixture for subsequent DNase
treatment and RT reaction, assuming a transferred volume of 5.5 ul
(Lambolez et al., 1992).

Amplification of mRNA from single neurons using RT-PCR. The cell aspi-
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rate was treated with DNase (Deoxyribonuclease I, Amplification Grade
DNase, RNase free, Gibco, Gaithersburg, MD) to prevent genomic DNA
from serving as template in subsequent PCR reactions (Dilworth and Mc-
Carrey, 1992). The DNase step is essential, because elimination of DNase
digestion and RT steps resulted in amplification of gene fragments from
genomic DNA (see Fig. 4). RT of mRNA into cDNA was then followed by
two PCR amplification steps. DNase treatment and RT were performed in
a 10 ul solution containing 90 mm KCl, 3 mm MgCl,, 20 mM Tris-HCl, 5 mm
HEPES (acid), 10 mM DTT, 1 mm of each of four deoxynucleotides (ANTP
mixture; Boehringer Mannheim, Indianapolis, IN), 2 um oligo-dT (Gibco), 2
uM potassium channel gene-specific primer (Operon Technologies, Alam-
eda, CA) (Table 1), and 20 U of ribonuclease inhibitor (rRNasin; Promega,
Madison, WI). DNA was degraded by addition of 100 U of DNase followed
by 75 min at room temperature. DNase was subsequently inactivated by a 10
min incubation at 95°C. Moloney murine leukemia virus RT (100-150 U;
Gibco) was then added and incubated for 1 hr at 35°C. Inactivation of the
enzyme and denaturation of the RNA-DNA complexes were achieved by
incubating at 95°C for 10 min. The RT-reaction mixture was placed imme-
diately on ice.

PCR products of two genes were amplified for each experiment.
Expression of the ubiquitously expressed gene EF-1a (Krieg et al., 1989)
was analyzed in 2 pl of RT-reaction mixture to ascertain successful
aspiration of cell contents, whereas the remaining 8 ul was used to
amplify mRNA of a specific potassium channel gene. Aliquots were
brought to 10 ul by addition of pipette recording solution.

The first PCR was performed in a volume of 100 ul of reaction mixture
containing 10 mM Tris-HCl, 3 mm MgCl,, 100 mm KCI, 200 uM dNTP,
500 nM of each primer, and 2.5 U Taq polymerase (Boehringer Mann-
heim), pH 8.3. For second PCR amplification of a smaller nested frag-
ment, 1 ul of the first reaction mixture was added to a reaction mixture
in which either the reverse or the forward primer was substituted by a
nested primer with a sequence expected to be present within the sequence
of the first PCR product (Table 1). Nested PCR of Kv2.2 was carried out
with the same reaction condition as the first PCR. Nested PCR amplifi-
cation of EF-1a was performed in 50 ul of reaction mixture containing 60
mM Tris-HCl, 15 mm (NH,)SO,, 2 mm MgCl,, 250 um dNTP, pH 9.5
(Buffer J, PCR Optimizer kit; Invitrogen, San Diego, CA), 1 uM of each
of the primers, and 1.25 U Tag polymerase (Boehringer Mannheim).
Nested amplification of Kv1.1 was accomplished similarly except that the
MgCl, concentration was 1.5 mm and pH 8.5 (Buffer A, PCR Optimizer
kit, Invitrogen). Ten microliters of the second PCR mixture were sepa-
rated on 3% agarose gels and visualized with ethidium bromide. Tran-
scripts of Kv2.2, Kvl.1, and EF-1a were not detected in single mature
cells by a single round of PCR using the primer sets of the first or second
PCR alone, indicating that the two-step reaction was necessary. For each
experiment, positive controls consisted of RNA (Chomczynski and Sac-
chi, 1987) isolated either from brains (brain RNA) of 1-month-old
tadpoles or from the posterior neural region (spinal RNA) of stage 32-34
tadpole embryos. Omission of RT provided a negative control. The
average frequency of gene expression was expressed as the mean = SEM
of individual experiments. The significance of differences between various
neuronal groups was the same when evaluated by both the two-tailed
nonparametric Mann—Whitney test and the two-tailed Student’s ¢ test.

Analysis of RT-PCR products. For restriction digests, the second PCR
was repeated to obtain a large quantity of PCR product which was then
purified using DNA binding resin (Magic PCR Preps Purification System,
Promega, Madison WI). Restriction analysis with individual enzymes was
performed using the buffers and protocols provided with them. Selected
PCR products were cloned using TA cloning (Invitrogen) and sequenced
using Sequenase 2.0 (USB, Cleveland, OH).

Primer design. Table 1 summarizes the primers used. For each gene, F1
and R1 were used for the first PCR and F1 and R2 (nested) or F2
(nested) and R1 were used for the second. A nested primer refers to a
primer sequence present within the sequence of the first PCR fragment.
Thus, the sequence that was amplified in the second PCR was smaller
than that amplified in the first. The most 3’ reverse primer was used to
prime RT reactions for Kv genes, whereas oligo-dT was used for EF-1a.

RESULTS

Embryonic Xenopus spinal neurons constitute a
heterogeneous population with respect to potassium
channel gene expression

The expression of Kv1.1 and Kv2.2 mRNAs was first examined in
individual neurons at 1 d in culture, when I, has achieved its
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Table 1. Oligonucleotide primers used for RT-PCR assay

Gene Sequence Nucleotides Reference

Kvl.1 (nested) F1 GCCATCGCTGGTGTGCTGACA 1159-1179 Ribera and Nguyen (1993)
F2 CTAACAGTGATCTGAGTCGACG 1292-1313
R1 CCCTAATTTGTACTAGGCCTC 1571-1551

Kv2.2 (nested) F1 GGATTTACCCTTAGACGGAGT 973-993 Burger and Ribera (1996)
R2 GCTTCTCTTCTCTTTATTGCC 1316-1296
R1 CCATTTTATTAGACCCATCTTCTG 1438-1415

EF-1a (nested) F1 CTTCTCAGACTACCCTCCTCT 1292-1312 Krieg et al. (1989)
R2 GCCACAAACAAATGTGTCCAC 1610-1590
R1 TGGTCTCAAATTTGGTGACAG 1693-1673

F and R refer to forward and reverse primers. Nucleotide numbers refer to positions within published sequences, and bold numbers border nested fragments that were amplified
in the second PCR. The published length of the nested sequence of Kv1.1 is 280 bases; however, sequencing the Kvl.1 PCR product revealed that this sequence was two bases

shorter because of variations in the 3’ untranslated region.

mature density and kinetics of activation (O’Dowd et al., 1988).
After recording of potassium current in the whole-cell configura-
tion, the contents of an individual cell were collected for analysis
of gene expression using RT-PCR (Lambolez et al., 1992; Sucher
and Deitcher, 1995). Specific RT and PCR primers were designed
(Table 1) for detection of the potassium channel mRNA of
interest, Kvl.1 or Kv2.2 (Ribera and Nguyen, 1993; Burger and
Ribera, 1996), and a control, ubiquitously expressed mRNA spe-
cies, EF-1a (Krieg et al., 1989). Detection of EF-1« ascertained
that the cell contents had been harvested successfully, and only
cells positive for EF-1a were included in the results.

Single-cell RT-PCR analysis of Kv1.1 indicates that 35 = 7% of
mature neurons express this transcript (51 neurons examined in

A
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RT + +
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10 experiments) (Figs. 14, 3). The identity of PCR products was
determined initially by the size of the PCR product and the
specificity of the three primer sequences used for the two-step
PCR protocol (see Materials and Methods). Restriction analysis
provided further confirmation of the identity of the Kvl.1 PCR
product (Fig. 1B). Digestion with Hpal produced 132 and 146
basepair (bp) fragments as expected. The Hpal site was present in
all Kvl.1 products amplified from single spinal neurons or total
RNA isolated from either the brains of 1-month-old tadpoles or
the spinal cord region of tailbud embryos. Similarly, expected
restriction digest patterns were obtained by digestion with Stul
(fragment sizes of 258 and 20 bp) and Alul (159 and 119 bp).
Samples from three of six cells and from spinal RNA tested for
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Kv1.1 transcripts expressed in mature neurons. 4, In three experiments, 11 neurons were sampled for Kvl.1 and EF-1a mRNA. Although all

are positive for EF-1a (319 bp, bottom), only three are positive for Kvl.1 transcripts (278 bp, fop). + and — indicate reactions in which reverse
transcriptase (RT') was present or absent, respectively. MC, Reaction mixture control; RC, recording solution control. Brain and spinal RNA serve as
positive controls. Reactions in which RT was absent constitute negative controls. B, Restriction digestion with Hpal produces the predicted two fragments,
146 bp and 132 bp in length. This site is present in Kv1.1 products amplified from single spinal neurons, from brain, and from spinal RNA. U, Uncut

fragments; C, cut fragments.
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Figure 2. Kv2.2 transcripts expressed in mature neurons. 4, In two experiments, 12 neurons were sampled for Kv2.2 and EF-1a mRNA. All 12 are
positive for EF-1a (319 bp, bottom), and 7 contain Kv2.2 mRNA (344 bp, fop). + and — indicate reactions in which reverse transcriptase (R7) was present
or absent, respectively. MC, Reaction mixture control; RC, recording solution control. Brain and spinal RNA serve as positive controls. Reactions in which
RT was absent constitute negative controls. B, Restriction digestion with Sau3Al produces the predicted two fragments, 68 bp and 276 bp in length. This
site is present in Kv2.2 products amplified from single spinal neurons, from brain, and from spinal RNA. U, Uncut fragments; C, cut fragments.

Alul had an additional restriction site. Sequencing of samples
from a neuron and from RNA that had only the predicted restric-
tion sites, and from a neuron that had an additional Alul site,
confirmed the identity of PCR products. The first two samples
differed from the published sequence by the same single base that
did not change the encoded amino acid. In the third sample, the
sequence varied by 12 bases, but the predicted additional Alul site
was not found. Six of these bases were in the coding region,
although only one created a change in the encoded amino acid.
Kv2.2 mRNA was detected in 63 = 10% of mature neurons (32
neurons examined in six experiments) (Figs. 24, 3), significantly
higher than the expression frequency of 35% found for Kv1.1 (p
< 0.01). As for Kv1.1, product size, specificity of primers, restric-
tion analysis of PCR products, and sequencing provided verifica-
tion of their identity. For example, Sau3AlI digestion was expected
to yield 68 and 276 bp fragments (Fig. 2B). This pattern was
observed for Kv2.2 sequences amplified from single spinal neu-
rons, as well as from total RNA isolated from either the brains of
1-month-old tadpoles or the spinal cord region of tailbud em-
bryos. The expected restriction digest patterns were also obtained
using Mae I (124 and 220 bp); however, restriction sites for Fok I
(107 and 237 bp) and EcoO109 I (220 and 124 bp) were missing in
some PCR products. The absence or addition of restriction sites
occurred in one case for some neurons from the same embryo and
in one case in all neurons from the same embryo. Sequencing of
one sample from a neuron that had all the tested restriction sites,
and two samples from RNA lacking two sites, confirmed the
identity of the PCR products. The first one was identical to the
published sequence, whereas the other two varied in the same

eight bases. These substitutions were in the third position of
amino acid codons, however, and none resulted in alteration of
the predicted amino acid sequence. Two base substitutions were
at the Fok I and Eco0109 I restriction sites, and thus explain the
incomplete digests with these enzymes of the samples derived
from RNA.

The identity of EF-1a PCR fragments was ascertained by use of
three specific PCR primers, generation of a PCR product of
expected size (319 bp), and restriction analysis using restriction
enzymes Sau3Al, Sspl, and Haelll. Samples were tested from
experiments in which Kv1.1 or Kv2.2 was amplified.

The appearance of Kv2.2 and Kv1.1 mRNAs is
developmentally regulated

The developmental appearance of potassium channel gene tran-
scripts is hypothesized to initiate potassium channel synthesis and
ultimately increase the current. Accordingly, we determined the
time of appearance of Kvl.1 and Kv2.2 transcripts during the
period in which the current develops. Kvl.1 transcripts were
detected in 12 £ 6% of the cells (29 neurons examined in five
experiments) as early as neurons could be identified in culture
(6-7 hr). By 8-10 hr in culture, one third of the neurons expressed
Kvl1.1, similar to the frequency of expression in mature neurons
(Fig. 3), although the current has not yet achieved its mature
amplitude. The expression frequency of Kvl.1 was significantly
lower at 6-7 hr than at later developmental times (p < 0.05). In
contrast, Kv2.2 transcripts were not detected at either 67 or §-10
hr in culture (12 neurons examined at both times, in two and three
experiments), although it was expressed in ~60% of mature cells
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Figure 3. Expression of Kv1.1 precedes that of Kv2.2 during development
of Ig,. Neurons were examined for either Kvl.1 or Kv2.2 transcripts at
times in culture when potassium current (fop) is still small (6-7 and 8-10
hr) and when the current is fully mature (18-22 hr). Frequency of
transcript expression of both Kvl.1 and Kv2.2 is developmentally regu-
lated. Kv1.1 transcripts are detected in 12 = 6% of cells by the onset of
morphological differentiation, whereas Kv2.2 transcripts are below the
level of detection as late as 8—10 hr in culture. For these three time points,
the numbers of cells examined (number of experiments) were 29 (5), 29
(4), and 51 (10) for Kvl1.1, and 12 (2), 12 (3), and 32 (6) for Kv2.2.
Expression of Kvl.1 is significantly different between 6—7 hr and later
times (p < 0.05).

(Fig. 3). These results suggest that the Kv2.2 gene does not
encode the current in young neurons; its later appearance may
drive the synthesis of more channels, resulting in an increased
current density as cells mature. These observations demonstrate
that expression of both genes is regulated developmentally and
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that increase in RNA synthesis or stability is a likely first step in
generating more channels encoding potassium current. The pres-
ence of current in young neurons in which neither Kv1.1 nor Kv2.2
was detected (88% of the neurons at 6-7 hr and 69% of the
neurons at 8-10 hr in culture) suggests that expression of other
genes accounts for Iy, at early times.

It is unlikely that mRNA went undetected early in develop-
ment. Two PCR steps were sufficient to detect Kvl.1 and Kv2.2
genes from genomic DNA of a single cell, when DNase treatment
was eliminated (Fig. 4). Bands of the size expected for Kv1.1 and
Kv2.2 were amplified from cell aspirates from two of four and
from four of four neurons, respectively. To determine whether
lack of Kvl.1 amplification in two cells resulted from failure to
aspirate the nucleus, 15 neurons were assayed after clearly visible
nuclear aspiration; Kv1.1 was detected in all of these cells. When
the nucleus was not unequivocally visibly aspirated, Kvl.1 was
detected in only five of an additional eight neurons. Because the
Xenopus genome is tetraploid (Kobel and DuPasquier, 1986), as
few as four copies of these genes were detectable. Thus, if RT
generates only a few copies of cDNA, subsequent PCR amplifi-
cation is expected to ensure their detection. In situ hybridization
indicates that Kv1l.1 and Kv2.2 transcripts are present in the cell
soma (Ribera and Nguyen, 1993; Burger and Ribera, 1996),
suggesting that mRNA was not undetected because it was present
in neurites and not aspirated.

Lack of detection of Kv2.2 transcripts is correlated
with a characteristic property of mature

potassium current

The biophysical properties of developing I, have been investi-
gated previously in several studies, but subpopulations of mature
neurons with different current properties were not distinguished
(Barish, 1986; O’Dowd et al., 1988; Desarmenien and Spitzer,
1991). We compared the biophysical properties of I, from Kvl1.1
or Kv2.2 mRNA-positive and -negative mature neurons to deter-
mine whether molecular heterogeneity is correlated with func-
tional heterogeneity. The range of voltages used to activate the
current was expanded relative to previous studies (O’Dowd et al.,
1988; Desarmenien and Spitzer, 1991) to obtain maximal conduc-
tance values, and the rapidly inactivating A-current was removed
by setting the holding potential at —40 mV (Ribera and Spitzer,
1990).

Kvl.l mRNA-positive mature neurons could not be distin-
guished from the rest of the neuronal population on the basis of
their maximal conductance (G,,,,), voltage for half-maximal con-
ductance (V,,), or time to half-maximal (¢, ,) activation. Both the
mean values and the distribution for these current characteristics
were similar (Fig. 5). Furthermore, no differences in current
properties were observed among young neurons that do or do not
express Kvl.1. In contrast, current in mature neurons lacking
Kv2.2 transcripts was characterized by a significantly more posi-
tive mean V/;, of steady-state activation (p < 0.01) and a tighter
distribution than that of current in neurons expressing Kv2.2
transcripts. Maximal conductance (G,,.,) and t,, of activation
were similar in Kv2.2-positive and -negative neurons (Fig. 6).

DISCUSSION

Heterogeneous gene expression

Xenopus embryonic spinal neurons are a heterogeneous population
with respect to potassium channel gene expression. Xenopus Kvl.1
and Kv2.2 genes are expressed in subpopulations of mature spinal
neurons, when Iy, is maximally developed. In retrospect, these mo-
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Figure 4. Amplification of Kvl.1 and Kv2.2 PCR frag-
ments from genomic DNA of single neurons (N) and
contaminant DNA in spinal RNA preparations (RNA).
Both DNase and RT treatments were eliminated from the
procedure. Fragments are 278 bp and 344 bp, as expected
for Kvl.1 and Kv2.2, respectively.

lecular phenotypic variations of spinal neurons perhaps should have
been expected, because the cultured neuron population consists of
sensory, motor, and interneurons. However, neuronal morphology in
these cultures is not a predictor of either neuronal type or subtype of
gene expressed. Molecular markers for different classes of embryonic
neurons will be needed to identify neuronal types in these cultures;
Kv genes are candidates for such markers.

Variations in the sequence of PCR-amplified fragments of
Kv1.1 and Kv2.2 were revealed by restriction digests and sequenc-
ing analysis. It is unlikely that they are attributable to random
PCR error, because their presence in coding regions generally did
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not result in a change of the encoded amino acid and they
occurred in the same bases in different samples. Although only
cDNA clones for these genes are available, variations in Kv1.1 are
unlikely to represent splice variants, because the coding region of
mammalian Kv1.1 lies within a single exon (Chandy et al., 1990;
Chandy and Gutman, 1994). The Xenopus Kv1.2 gene, for which
a genomic clone has been identified, also has its coding region
within a single exon (Ribera, 1990). There is no information about
possible splice variants of Xenopus Kv2.2. The pseudotetraploidy
of the Xenopus genome implies that a given gene can have four
alleles. It is most likely that allelic differences between cDNA
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clones and PCR fragments amplified from total RNA account for
this variability, which has been observed previously in clones of
Kv2.2 and Kv2.1 (Burger and Ribera, 1996).

Heterogeneous current properties

Lack of detection of Kv2.2 transcripts identifies neurons in which
the current is activated at a more positive voltage. This observa-
tion does not necessarily imply that Kv2.2 encodes a channel that
activates at a more negative potential; however, it enables recog-
nition of variations in properties of whole-cell potassium current
among these spinal neurons. Although shifts in V; , can affect the
duration of the action potential (Lockery and Spitzer, 1992), the
5 mV shift associated with lack of expression of Kv2.2 produces a
negligible effect, given the similarity of slope factors of the Bolt-
zmann fits to conductance versus voltage for neurons in which
Kv2.2 transcripts were or were not detected. Other current prop-
erties were distributed similarly despite differential gene expres-
sion. The developmental increase in kinetics of activation of the
current is similar in all neurons even though expression of Kvl1.1
and Kv2.2 is heterogeneous, suggesting that activation kinetics are
not correlated with expression of these genes unless both genes
encode kinetically similar currents.

Present evidence does not allow association of the steady-state
voltage of activation with either the 15 or the 30 pS channels that
underlie the whole-cell current (Harris et al., 1988). P, as a
function of voltage was examined only to +40 mV, at which the
open probability is not maximal. Furthermore, single-channel
recordings of potassium currents have not been made from neu-
rons expressing or apparently lacking Kv1.1 or Kv2.2 transcripts,
nor have they been made from oocytes expressing Kv1.1 or Kv2.2
homomultimers.

The steady-state voltage of activation (V) of I, of spinal
neurons is more similar to that of current in oocytes expressing
homomultimers of Kv1.1 (Ribera and Nguyen, 1993) than to the
current in oocytes expressing homomultimers of Kv2.2 (Burger
and Ribera, 1996). The V,,, of current in oocytes expressing
homomultimers of Kv2.2 is more positive. There are limits to the
extent that such oocyte data can be used to predict the voltage-
dependent properties of endogenous channels that contain either
Kvl.1 or Kv2.2 subunits, because currents in spinal neurons are
likely to be encoded by heteromultimers. Kvl.1 or Kv2.2 may
coassemble with other Kv1 or Kv2 gene products, respectively, to
form heteromeric channels with novel properties. Additionally,
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post-translational modification of subunits may alter channel
properties (Desarmenien and Spitzer, 1991).

Coexpression versus segregated expression of Kv1.1
and Kv2.2

Expression of Kvl.1 and Kv2.2 in 35% and 63% of mature
neurons could indicate either that neurons express exclusively one
of the two genes or that there is full or partial overlap in gene
expression. Although we did not test for coexpression of both
genes in the same cells, analysis of current properties suggests that
they are coexpressed in some neurons. The population of
Kv2.2(—) neurons lacked negatively shifted V/, ,s. If all Kv1.1(+)
neurons were part of this Kv2.2(—) population, then no Kv1.1(+)
neurons should have had negatively shifted 1, ,s. This was not the
case, however, implying that some Kv1.1(+) neurons were also
part of the Kv2.2(+) population, and that Kvl.1 and Kv2.2 are
coexpressed. Because potassium channel subunits from different
subfamilies do not coassemble to form functional channels (Co-
varrubias et al., 1991; Sheng et al., 1993), coexpression of Kv1.1
and Kv2.2 would indicate that channels of different subfamilies
(i.e., Shaker and Shab) contribute to the whole-cell potassium
current in a single neuron. Given that coassembly of potassium
channel gene products from the same subfamily can form func-
tional heteromultimeric channels and are normally coexpressed
(Christie et al., 1990; Isacoff et al., 1990; Ruppersberg et al., 1990;
Sheng et al., 1993; Wang et al., 1993), the presence of Kv1.1 and
Kv2.2 mRNAs may indicate the expression of other Kvl or Kv2
genes, respectively. The extent of coexpression in mature neurons
is not known and will determine the extent to which neurons
express neither of these transcripts. If all neurons express one or
the other, only 2% of neurons express neither; however, if all
neurons expressing Kv1.1 also express Kv2.2, as many as 37% of
neurons may express neither transcript.

Developmental regulation

Our observation that Kvl.1 is expressed in ~30% of cultured
neurons, equivalent to stages 2432 in vivo, complements the later
detection of Kv1.1 by in situ hybridization at stages 33—42 in a
subpopulation of spinal neurons developing in vivo, the Rohon-
Beard cells (Ribera and Nguyen, 1993). Moreover, one third of
neurons in culture have a neurotransmitter sensitivity profile
similar to that of Rohon-Beard neurons in situ (Bixby and Spitzer,
1982, 1984; Rohrbough and Spitzer, 1996), consistent with the
observations that one third of neurons in culture express Kvl1.1
mRNA and that these transcripts are localized to Rohon-Beard
neurons in situ (Ribera and Nguyen, 1993). In contrast, Kv2.2
expression in cultured neurons seems delayed with respect to its
expression in the embryo. Kv2.2 mRNA is detected in the ven-
trolateral spinal cord at stages 23-26, and only faintly by stage 35
(Burger and Ribera, 1996). Expression is not observed in neurons
at 6-10 hr in culture (equivalent to stage 24), but is observed in a
large fraction of neurons at 1 d in vitro (equivalent to stage 32-34).
The delayed appearance of Kv2.2 relative to Kvl.1 in cultured
neurons may result from the later development of motor neurons
relative to Rohon-Beard neurons (Hartenstein, 1993).

How can homogeneous current development be reconciled with
temporally and anatomically selective gene expression? Temporal
regulation in response to developmental cues may require genes
with different regulatory regions but similar functional properties.
The significance of anatomically selective expression may lie in
other processes, such as selective neurotransmitter modulation of
current in different cell types.
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Developmental expression of delayed rectifier potassium cur-
rent in the GH3 pituitary cell line after hormonal stimulation has
been demonstrated by following levels of Kvl.5 mRNA, protein,
and I, (Takimoto et al., 1993, 1995) and demonstrating that this
current is encoded by Kv1.5 (Chung et al., 1995). The develop-
mental regulation of K* channel mRNAs (Drewe et al., 1992;
Perney et al., 1992; Weiser et al., 1994) and of K" channel
proteins (Maletic-Savatic et al., 1995) most often have been stud-
ied separately in neurons; however, the presence of particular
mRNA species has been correlated with the proteins that they
may encode (Trimmer, 1993). Here we have correlated the pat-
tern of appearance of mRNA with the developing current.

The development of potassium current in spinal neurons was
shown previously to be dependent on RNA synthesis during the
period in which the current matures (Ribera and Spitzer, 1989),
consistent with the idea that synthesis of new channels initiated by
transcription of potassium channel genes is the rate-limiting step
in development of the current. This hypothesis is supported by the
finding that transcripts for two potassium channel genes appear
during this interval. The earlier appearance of Kv1.1 transcripts
may indicate sequential synthesis of specific channel types in
specific types of neurons. Although the current present in spinal
neurons is likely to result from expression of several potassium
channel genes of different subfamilies, common elements in Kv1.1
or Kv2.2 promoter regions may point to cues that control expres-
sion of these and other channel subunits that coassemble with
them during development. Future work will characterize the ap-
pearance of channel proteins in the surface membrane and iden-
tify the functional role of specific channel genes in the develop-
ment of delayed rectifier current.
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