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Extrinsic Factors Influence the Expression of Voltage-gated K
Currents on Neonatal Rat Sympathetic Neurons

Sarah McFarlane® and Ellis Cooper

Department of Physiology, McGill University, Montreal, Quebec, Canada H3G 1Y6

Voltage-gated potassium (K) currents are important in con-
trolling a neuron’s excitability. We have shown previously
(McFarlane and Cooper, 1992) that neonatal superior cer-
vical ganglia (SCG) neurons express three voltage-gated K
currents: a noninactivating delayed-rectifier type current (/,),
arapidly inactivating A-current (/,,), and a slowly inactivating
A-current (/,,). When grown in culture for 4 weeks without
other cell types, SCG neurons lose their expression of /,,
and /,,, suggesting that an extrinsic factor(s) is involved in
confrblling the expression of these currents. In vivo, SCG
neurons are surrounded by non-neuronal cells. Therefore,
in this study we investigated whether the ganglionic non-
neuronal cells provide a factor required for A-current ex-
pression. We show that postnatal day 1 (P1) SCG neurons
continue to express /,, and /,, when cocultured with their
ganglionic non-neuronal cells. Medium conditioned by gan-
glionic non-neuronal cells mimics the non-neuronal cell in-
fluence on /,, and /,, expression, suggesting that the effects
of non-neuronal cells are mediated by way of a secreted
factor. Ciliary neurotrophic factor, a factor present in pe-
ripheral non-neuronal cells, has similar effects to those of
ganglionic cell-conditioned medium. Moreover, we find that
the dependence of /,, on a non-neuronal cell factor is de-
velopmentally regulated; P14 neurons grown in culture with-
out other cell types continue to express /,,. However, /,, on
P14 neurons maintains its dependence on a factor from non-
neuronal cells. Finally, in addition to extrinsic control of volt-
age-gated K currents, we suggest that SCG neurons use
intrinsic mechanisms to coordinate their expression of /,,,
l.., and /. such that changes in one K current are compen-
sated for by reciprocal changes in one or more of the other
K currents.

[Key words: K currents, extrinsic factors, sympathetic neu-
rons, rat, non-neuronal cells, ciliary neurotrophic factor]

Many studies have examined the properties of K currents ex-
pressed on neurons (see reviews by Llinas, 1988; Rudy, 1988).
From these investigations, it is clear that many different K cur-
rents exist and that the particular set a neuron expresses deter-
mines much of its electrophysiological behavior, particularly
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the frequency and pattern of action potential firing (Thompson
and Aldrich, 1980; Adams and Galvan, 1986; Llinas, 1988). In
view of the functional importance of K currents, it is surprising
that more is not known about factors that govern their expres-
sion.

The K currents a neuron expresses could be controlled, in
part, by a program intrinsic to the neurons. However, it is clear
that epigenetic influences also have a role (O’Lague et al., 1978;
Chalazonitis et al., 1987; Joels and de Kloet, 1989; Pragnell et
al., 1990; Dourado and Dryer, 1992); one example of such epi-
genetic influences comes from our studies of neonatal rat sym-
pathetic neurons (McFarlane and Cooper, 1992). These neurons
express three voltage-gated K currents: a rapidly inactivating
A-current (/,,), a slowly inactivating A-current (/,,), and a non-
inactivating current (/). During the first 2 postnatal weeks, the
expression of /,; increases threefold and the expression of I,
decreases twofold. Yet, when neurons from 1-d-old (P1) animals
develop in culture without other cell types for 2-3 weeks, their
expression of I,; and I, falls to low levels and Iy increases
fivefold. These results suggest that some factor(s), present in vivo
but absent from the cultures, is necessary for the expression of
I.rand I,,. Others have also reported decreases in /, in neurons
in culture (Nerbonne and Gurney, 1989; Dourado and Dryer,
1992; Wu and Barish, 1992). Presumably, A-current expression
could be controlled by either target tissues (Black and Mytili-
ncou, 1976; Bunge et al., 1978; Patterson, 1978; Furshpan et
al., 1982; Landis, 1990), or preganglionic nerves (Black et al.,
1971; Black, 1982). However, we have shown that neither pre-
ganglionic denervation nor postganglionic axotomy affects the
changing expression of voltage-gated K currents on developing
sympathetic ncurons (McFarlane and Cooper, 1992).

One possible influence could originate from ganglionic non-
neuronal cells that are present in vivo, but absent from the cul-
tures in our studies. Several reports indicate that ganglionic
non-neuronal cells, or glia, can influence the differentiation of
neurons (Bunge et al., 1978; Patterson, 1978; Black, 1982). In
particular, O'Lague et al. (1978) demonstrated that neonatal rat
sympathetic neurons increase their expression of a Ca-activated
K conductance when cocultured with non-neuronal cells. Con-
ceivably, factors from ganglionic non-neuronal cells could sim-
ilarly affect the expression of voltage-gated K currents on these
neurons. Therefore, the objective of this study was to investigate
influences of ganglionic non-neuronal cells on the expression of
voltage-gated K currents by neonatal sympathetic neurons.

Materials and Methods

All.cxperimcnls were performed on dissociated sympathetic neurons
derived from superior cervical ganglia (SCG) of 1-d-old (P1), or 14-d-
old (P14) rat pups. The methods used to dissociate the neurons were
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similar to those described previously (McFarlane and Cooper, 1992).
Briefly, SCG were dissected from rat pups (CD strain, Charles River
Canada); the ganglia were placed in enzyme-containing media (Dispase,
grade 2, Boehringer Mannheim; 2.4 mg/m! in Hank’s Balanced Salt
Solution) at 37°C for 3 hr, and dissociated by gentle trituration with a
fire-polished pipette every 15 min. The dissociated neurons were trans-
ferred to growth media consisting of L-15 (Flow Lab.) supplemented
with vitamins, cofactors, rat serum (5%), and 7S nerve growth factor (1
ug/ml) (Bocchini and Angeletti, 1969). In one series of experiments,
recombinant rat ciliary neurotrophic factor (CNTF; 10 ng/ml; kindly
provided by Dr. P. Richardson, McGill University) was added to the
growth media. The neurons were plated on Aclar (Allied Chemicals)
coverslips coated with rat tail collagen and laminin (50 ug/ml; courtesy
of Dr. S. Carbonetto, McGill University). The cultures were maintained
for 2—4 weeks at 37°C in 95% air, 5% CO, and fed every 3—4 d with the
growth media described above. In some experiments, recordings were
done on acutely dissociated P1 or P14 neurons.

Neuronal cultures. For neuronal cultures essentially free of non-neu-
ronal cells, most of the non-neuronal cells were removed from the
ganglionic cell suspension after dissociation by centrifugation through
a density gradient (33% Percoll, Pharmacia). In addition, cytosine ara-
binoside (ARA-C; Sigma) (5-10 uM) was added to the growth media for
the initial 2-3 d, which essentially eliminates all the remaining non-
neuronal cells.

Explant cultures. SCG were removed from Pl animals and cut in
half, and the pieces were maintained in culture for 2 weeks, as for
dissociated neuron cultures. Thereafter, the cultures were removed and
the neurons dissociated enzymatically, as described for freshly isolated
ganglia, in order to obtain high-resistance seals with the patch electrodes.
Whole-cell recordings were made from these neurons within 2-24 hr of
dissociation.

Cocultures of SCG neurons with ganglionic non-neuronal cells. SCG
neurons from P1 or P14 animals were plated on monolayers made from
ganglionic non-neuronal cells, and cocultured for 14-28 d. For P1 neu-
rons, the non-neuronal cells were from P1 ganglia and for P14 neurons
the non-neuronal cells were from P14 ganglia. Non-neuronal cells were
obtained from the supernatant after centrifuging the ganglionic ccll sus-
pension through a Percoll density gradient. The non-neuronal cells were
plated on laminin/collagen-coated coverslips, fed with growth media
consisting of L15-CO, medium, penicillin-streptomycin, glutamine,
glucose, vitamins, cofactors, and fetal calf serum (10%), until a confluent
monolayer had formed (usually 7-10 d); then cells were irradiated (°Co,
5000 cGy) to prevent further cell division. In some experiments, neurons
and non-neuronal cells were cocultured together from the time of plating
by omitting the Percoll gradient and by not treating the cultures with
ARA-C. In these cultures, the non-neuronal cells formed a monolayer
by 1 week. We observed no difference in the K currents cxpressed by
the neurons when cocultured with non-neuronal cells by either method.

Conditioned media. Alternatively, P1 neurons were grown in the ab-
sence of non-neuronal cells, but in the presence of media conditioned
by ganglionic non-neuronal cells. Conditioned medium (CM) was ob-
tained according to the method of Patterson and Chun (1977). Briefly,
ganglionic non-neuronal cells were grown to confluency, and the media
were harvested every 3—4 d, passed through a 0.2 um filter (Nucleopore),
and stored at —20°C. SCG neurons from Pl animals were grown in
culture in the presence of 60% CM, 40% growth media; NGF, rat serum
(5%), penicillin-streptomycin, glucose, glutamine, vitamins, and cofac-
tors were increased by 60% as if they were not present in the CM. Control
cultures (without CM) also had the ingredients of their growth media
increased by 60%; this had no effect on the K currents normally ex-
pressed by cultured neurons. As previously reported (Patterson and
Chun, 1977), CM had no effect on the survival of SCG ncurons in
culture.

Data recording and analysis. SCG neurons were voltage clamped using
whole-cell recording techniques (Hamill et al., 1981). All experiments
were done at room temperature (21-24°C) with a List EPC-7 amplifier.
Pipette resistances were 2-5 MQ and were filled with intracellular media
(described below). The current signal was balanced to zero with the
pipette immersed in the bathing solution. The seal resistances were
usually 5-20 G, and the series resistances (6—10 MQ) were usually
partly compensated (20-30%). A 386-based PC computer [AT class with
an EISA bus and running at 33 MHz with a 64K cache and an A/D
card (Omega)] was used to deliver the voltage-clamp steps and acquire
the membrane currents; the software for stimulation, data acquisition,
and analysis was written by Mr. A. Sherman (Alembic Inc., Montreal).

Membrane currents and voltages were filtered at 3 kHz with an eight-
pole Bessel filter (Frequency Devices, Inc.), sampled, displayed, and
stored on line. The durations of the voltage steps were either 125 msec,
or 6 and 10 sec: for 125 msec steps the data were sampled at 5-10 kHz,
whereas for the 6 and 10 sec steps, the data were filtered at 100 Hz and
sampled at 200 Hz.

To study voltage-gated K currents, inward and Ca-dependent currents
were blocked pharmacologically: Na currents were blocked with TTX
(1 uMm), and the external Na concentration was reduced to 2 mm and
replaced by 140 mm choline chloride; Ca currents were blocked by CoCl,
(2.0 mmM) and by lowering the external Ca concentration to 0.5 mm.
Furthermore, any neuron in which there was a suggestion of inadequate
space clamp, such as notches or oscillations, was excluded from this
study.

The voltage-gated outward current on SCG ncurons is made up of
threc different K currents (McFarlane and Cooper, 1992); a noninac-
tivating current (/. ), a fast transient A-current (,, ), and a slow transient
A-current (/,,). The method used to separate these three K currents has
been described previously (McFarlane and Cooper, 1992; see also
McFarlane and Cooper, 1991). Briefly, the three currents werc isolated
as follows. For /i, a depolarizing voltage step to +30 mV was delivered
from a V, of —10 mV, at this potential, /, can be activated, whereas
both /,,and /,, are inactivated. /, was corrected for leakage and capacity
currents by digitally adding the current evoked by an equivalent hy-
perpolarizing step. For /,,, I, evoked by depolarizing step to +30 mV,
from a V¥, of —10 mV, was subtracted from the outward current (/,,
and I, ) evoked by a depolarizing step to +30 mV from a V, of —40
mV (or —90 mV), and the current evoked by a hyperpolarizing step
from —10 to —40 mV (or —90 mV) was added to the record to remove
the leakage current. For I, currents evoked by a depolarizing voltage
step to +30 mV, from a ¥V, of —40 mV (/,, and /,), were subtracted
from the corresponding current evoked from a V, of =90 mV (/,,, ..,
and /,). The current evoked by a hyperpolarizing step from —40 to —90
mV was added to the trace. The voltage dependence of inactivation for
1, on neurons grown with non-neuronal cells, ciliary neurotrophic factor
(CNTF), or conditioned media was similar to P14 neurons, 15 mV
more positive than for P1 neurons. However, this shift did not affect
our measurements of /,,, which was always taken as the maximal /,,
current. The voltage dependence of activation and inactivation for /,,
and I, was the same in the different culture conditions.

To quantify the expression of each current, I,,,, I,,, and I, amplitudes
for each ncuron were measured and normalized to membrane capaci-
tance. The amplitudes were determined from the current evoked by a
voltage step to +30 mV after each current was isolated from the other
two as described above. For /,,, measurcments were made at the peak
current, which occurred within the first {0 msec. For /,,, measurements
were made at the plateau, 125 msec after the beginning of the step.
Mecasurements of I, were made at the end of a 10 sec voltage step to
+30 mV, at which time /,, had completely decayed. The membrane
capacitance (pF) was obtained by integrating the capacitative current
evoked by a 10 mV hyperpolarizing voltage step. Standard ¢ tests were
usced to compare differences between mean current densities.

Solutions. The ionic composition of the extracellular solution was 140
mM choline Cl, 2 mm NaCl, 5.4 mm KCl, 0.5 mm CaCl,, 0.18 mm
MgCl;, 10 mm HEPES (pH 7.4, adjusted with NaOH; BDH), 5.6 mm
glucose, 1 um TTX (Sigma), and 2 mm CoCl,. The pH was 7.3-7.4. The
intracellular pipette solution contained 5 mm NaCl, 140 mm KCI, 1 mm
MgCl,, 10 mm HEPES (pH 7.4, adjusted with KOH), 10 mM EGTA,
and 0.2 mm CaCl, (final free Ca concentration < 10-% m). The pH was
7.3-7.4.

Resuits

Figure 14 shows the total outward current from a rat SCG
neuron isolated from a P1 animal, after inward and Ca-activated
currents were blocked pharmacologically. The outward current
was evoked by depolarizing voltage steps, 125 msec (left) and
6 sec (right) in duration. As shown previously, the voltage-gated
outward current consists of three separate K currents: /,,, 1.,
and /, (McFarlane and Cooper, 1992). I,, is the predominant
current on Pl neurons. I,, shows little inactivation over 125
msec, but is seen to inactivate slowly over the course of 6 sec.
The rapidly inactivating current, /,., at +30 mV, is on average
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Figure . Voltage-gated K currents on
SCG neurons: total outward currents

expressed by acutely dissociated P1 (4)

A
: - v
90 +10 o

100

P14

and P14 (B) SCG neurons. Outward
currents were evoked by 125 msec de-
polarizing voltage steps in 20 mV in-
crements to +50 mV froma V, of —90
mV (left), and by 6 sec depolarizing steps
to +30 mV (right) from a V, of —90
mV (triangles), —40 mV, and — 10 mV
(circles). A, The P1 neuron expressed
all three voltage-gated K currents, with

|1nA

25 msec

only one-third the size of I,,. I, which can be seen in isolation
when a voltage step is given from a ¥, of — 10 mV, is the smallest
current, and its amplitude at +30 mV is one-fifth that of /..
Over the first 2 weeks of postnatal dcvelopment, /,, current
densities increase threefold, I,, densities decrease by 40%,
whereas I, densities remain unchanged (McFarlane and Cooper,
1992). An example of the total voltage-gated outward current
from a rat SCG neuron isolated from a 2-week-old (P14) animal
is shown in Figure 1B.

K currents on SCG neurons cocultured with non-neuronal cells

Contrary to development in vivo, I,and I, on P1 SCG ncurons
decrease significantly when the neurons develop in culture in
the absence of other cell types, suggesting that some factor(s)
necessary for the expression of these currents is missing in these
cultures (McFarlane and Cooper, 1992). One possibility is that
non-neuronal cells from the ganglion provide a factor(s) that
affects A-current expression. To test this, we measured K current
expression on P1 SCG neurons grown in culture with or without
ganglionic non-neuronal cells. Figure 2 shows examples of the
outward currcnts evoked by depolarizing voltage steps for two
representative P1 neurons, one cultured without non-neuronal
cells for 28 d (Fig. 2A4), and thc other from a sister culture where
the neurons were cocultured with non-neuronal cells (Fig. 2B).
Unlike neurons that develop without other cell types, the neu-
rons cocultured with ganglionic non-neuronal cells continue to
express both I,.and /,,.

Figure 2, C and D, shows the mean current densitics (pA/pF)
for 1,;, 1., and I for SCG neurons cocultured with or without
non-neuronal cells for 2 and 4 weeks. For neurons cultured
without non-neuronal cells (Fig. 2C), I.;and I, densities dropped
to low levels (<15 pA/pF) by 4 weeks, whereas I increased
fivefold (McFarlane and Cooper, 1992). In contrast, when neu-
rons were cocultured with non-neuronal cells (Fig. 2D), I, and
I densities remained at their P1 levels and did not change
significantly with time in culture (p > 0.1, 1 test). Similarly,
after 4 weeks, /,, current densities, which decreased 30—40% by
2 weeks (p < 0.01), were fourfold greatcr than on neurons grown
without non-neuronal cells. These results indicate that non-
neuronal cells can influence the expression of the threc voltage-
gated K currents.

1., as the predominant current. B, The
P14 neuron expressed a large /,,, with
smaller I,, and [/ currents. Current
traces on the left were corrected for leak-
age and capacity currents, and were fil-
tered at 1.5 kHz and sampled at 5 kHz.
Traces on the right were not corrected
for leakage current, and were filtered at
100 Hz and sampled at 200 Hz.
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In the above experiments, the neurons and non-neuronal cells
were dissociated first and then cocultured. In some experiments,
we cultured P neurons as explants to minimize the disruption
of the in vivo relationship between the neurons and the non-
neuronal cells. After 2 weeks, I,;and I densities on the neurons
in the explants were not significantly different (p > 0.1, ¢ test)
from those of P1 neurons cocultured with ganglionic non-neu-
ronal cells in dissociate cultures, as shown by the open symbols
in Figure 2D. I,, densities were 30% larger than for neurons
from cocultures with non-neuronal cells (p < 0.001), and in
fact, were comparable to I, densities on P1 neurons (p > 0.2).

Non-neuronal cell-conditioned media affect the expression of
K currents on SCG neurons in culture

To test whether non-neuronal cells exert their effects by a factor
secreted into the media, we grew P1 SCG neurons without non-
neuronal cells, but in the presence of medium that was first
conditioned by ganglionic non-neuronal cells. Figure 3 shows
the mean current densitics (pA/pF) for /., 1., and /I, on Pl
SCG neurons grown in culture for 28 d in different conditions;
the absence of non-neuronal cells, cocultured with ganglionic
non-neuronal cells, or cultured with media conditioned by non-
neuronal cells (CM). There is no significant difference (p > 0.1)
between the levels of 1, 1, and I, on P1 SCG neurons grown
either in the presence of non-neuronal cells, or in the presence
of media conditioned by these cells. These results suggest that
non-neuronal cells provide a soluble factor that influences the
expression of K currents on cultured P1 SCG neurons.

CNTF influences the expression of voltage-gated K currents

CNTF is found in high concentrations in non-neuronal cells of
the rat sciatic nerve (Lin et al., 1989) and has been shown to
influence the differentiation of sympathetic neurons (Saadat et
al., 1989). This raiscd the possibility that CNTF may be present
in the CM and influcnces the expression of I, /.., and /.
Therefore, we tested the effects of CNTF on the expression of
K currents by P1 SCG neurons developing in culture. As shown
in Table 1, I, .., and I, densities on neurons cultured in the
presence of 10 ng/ml of CNTF were not significantly different
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Figure 2. Non-neuronal cells influence K current expression in culture. 4 and B, Outward K currents expressed on P1 SCG neurons grown in
culture for 28 d, in the absence or presence of other cell types from the ganglion. The neuron cultured in the absence of other cell types (4) expresses
only I,, while the neuron in coculture (B) expresses all three K currents. Leff, Leak subtracted voltage-gated outward currents evoked by 125 msec
depolarizing steps in 20 mV increments up to +50 mV, from a ¥, of —90 mV. Currents were filtered at 1.5 kHz and sampled at 5 kHz. Right,
Non-leak-corrected outward currents evoked by 10 sec depolarizing steps to +30 mV from a ¥, of —90 mV (circles) and —10 mV (triangles).
Traces were filtered at 100 Hz and sampled at 200 Hz. C and D, Mean current densities (pA/pF) for I, I,,, and I, expressed on P1 neurons after
1, 14, and 28 d in culture with or without ganglionic non-neuronal cells. C, Mean I, and /,, current densities fall (***, p < 0.001) and I, increases
(***, p < 0.001) significantly for P1 neurons grown without other cell types. P1, n = 46; C14, n = 32; C28, n = 18. D, When Pl neurons are
cocultured with non-neuronal cells there is no loss of I, (p > 0.2) and no increase in I, (p > 0.1). I,, drops by 30-40% (**, p < 0.01), but is
fourfold greater (p < 0.001) than on neurons without non-neuronal cells. C14, n = 58; C28, n = 54. Open symbois represent the mean current
densities for I, I,,, and I, measured for P1 neurons grown in explant cultures for 14 d (n = 38). Errors are SEM and in some cases are smaller

than the symbols.

(p > 0.2) from those on neurons in the presence of media con- been established. Therefore, we were interested to know if P14

ditioned by the ganglionic non-neuronal cells.

P14 neurons grown in the absence of other cell types

We previously showed that I, undergoes a significant increase
in expression over the first 2 postnatal weeks (McFarlane and
Cooper, 1992), so that the total voltage-gated K currents on P14
neurons resemble those found in the adult (Galvan and Se-
dimeir, 1984; Belluzzi et al., 1985). As such, the disappearance
of I,;and I,, from P1 neurons in culture without other cell types
could be because the adult expression of A-currents has not yet

neurons would continue to express A-currents in culture under
similar conditions. Figure 44 shows the K currents for a P14
neuron that has developed in culture for 28 d without other cell
types, and demonstrates that P14 neurons continue to express
I, when grown in culture. Figure 4C shows the mean /,,current
densities with time in culture, and demonstrates that while /,;
decreases by about 30% over the first 2 weeks in culture, there-
after its expression remains constant. This is in contrast to the
loss of 1, that is observed when P1 neurons are grown without
non-neuronal cells, and suggests that over the first 2 postnatal



Table 1. Ciliary neurotrophic factor (CNTF) affects the expression
of voltage-gated K currents on P1 SCG neurons developing in culture

L L. Iy
(pA/pF) (pA/pF) (pA/pF)
Conditioned
media 232 +3 462 + 6 224 + 3
CNTF 229 +3 382 +3 16.5 + 1

Mean current densities (pA/pF) for I, .., and I, on P1 neurons grown in culture
for 14 d in the presence of non-neuronal cell-conditioned media (CM; n = 35),
or in the presence of CNTF (10 ng/ml; n = 58). The levels of 1,, I,,, and I, are
not significantly different on neurons grown in the presence of CNTF or in the
presence of conditioned media from ganglionic non-neuronal cells. Errors are
SEM.

weeks in vivo I,; expression not only increases, but loses its
dependence on a non-neuronal cell factor.

While cultured P14 neurons continue to express /,., the ma-
jority of P14 neurons express no detectable I, afier 4 weeks in
culture (Fig. 44). Figure 4C indicates that after 2 weeks in culture
the mean /,, density on P14 neurons drops by 60%, and con-
tinues to decrease such that after 4 weeks many neurons express
little or no I, (<10 pA/pF). This is similar to what is observed
for 1, on P1 neurons grown in culture without other cell types,
and suggests that unlike /,,, I,, expression on P14 neurons is
still dependent on a factor that is missing in these cultures. Also,
similar to what is observed for P1 neurons cultured without
their non-ncuronal cells, the mean I, density on P14 neurons
increases fivefold over the 4 weeks in culture.

P14 neurons grown in the presence of ganglionic non-neuronal
cells

When P1 SCG neurons are cocultured with non-neuronal cells
from the ganglion, they continue to express I,;and /,,. As such,
we were interested to know if a factor from non-neuronal cells
could similarly influence /,,and /,, expression on P14 neurons.
Therefore, we grew P14 neurons in culture with their non-neu-
ronal cells for 2—4 weeks. Figurc 4B shows the outward currents
from a P14 neuron that has been cocultured for 28 d with
ganglionic non-neuronal cells; this neuron cxpressed all three
voltage-gated K currents, /,,, /., and I. In fact, in two platings
(n = 50), after 4 weeks 50% of the ncurons expressed 1, at levels
comparable to those found on P14 neurons in vivo (>30 pA/
pF). These results suggest that the expression of /,, by P14
neurons depends on a factor provided by non-neuronal cells, as
for P1 neurons. In a third plating (n = 21), only 9% of the
neurons expressed I,, at >30 pA/pF; possibly, the density of
non-neuronal cells in these cultures was not sufficient to main-
tain I,, on these neurons. In fact, the ncurons in this plating
expressed the three K currents at levels comparable to those on
P14 neurons grown in culture without non-neuronal cells, and
therefore, the data from this plating were not pooled with data
from the two platings that did respond to non-neuronal cells.
Figure 4D shows the mean current densities (pA/pF) for I,
I.., and I, for the two platings where neurons responded to a

—

Figure 3. Conditioned medium from non-neuronal cells mimics the
effects of non-neuronal cells: mean current densities (pA/pF) for I, I,,,
and I on Pl neurons grown in culture for 28 d in the presence (n =
54) and absence (n = 35) of non-neuronal cells from the ganglion, and
on P1 neurons grown in the presence of conditioned media harvested
from non-neuronal cell cultures (n = 44). There is no significant differ-
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ence (p > 0.1, ¢ test) between the levels of I, I,,, and I, expressed in
P1 neurons grown either in the presence of non-neuronal cells, or in
media conditioned by non-neuronal cells. In both cases, I, and I, are
significantly greater (***, p < 0.001) and I, significantly smaller (p <
0.001) than the currents on neurons in culture without other cell types.
Errors are SEM.
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Figure 4. Expression of K currents on P14 SCG neurons in culture. 4 and B show outward currents from representative P14 neurons grown in
culture for 28 d without other cell types (4), or with ganglionic non-neuronal cells (B). Left, Total A-current (/,): currents were evoked by
depolarizing voltage steps in 20 mV increments up to +50 mV from a ¥, of —90 mV. I currents evoked by depolarizing steps to the same
command potentials, from a V, of —10 mV, have been subtracted 10 isolate the total A-current. Currents were filtered at 1.5 kHz and sampled at
5 kHz. Right, Non-leak-subtracted total outward current evoked by a 10 sec depolarizing step to +30 mV from V, values of —90 mV (circles) and
—10 mV (triangles). Currents were filtered at 100 Hz and sampled at 200 Hz. C and D, Mean current densities for I,;, 1,,, and I, on P14 neurons
grown in culture for 2—4 weeks without other cell types (C) or with non-neuronal cells (D). When P14 neurons are grown in the absence of other
cell types, I, drops by a third (***, p < 0.001), I increases fivefold (p < 0.001), while /,; on most neurons drops to low levels, Cl, n = 62; Cl4,
n=31; C28, n = 35. When P14 neurons are grown in the presence of non-neuronal cells from the ganglion, /,, levels drops by a third (p < 0.001)
after 2 weeks in culture, and thereafter the levels remain constant; I, levels are maintained; and /, levels increase two- to threefold. C14, n = 28,
C28, n = 50.

factor provided by non-neuronal cells. When neurons are grown rons grown with or without their non-neuronal cells show a
with their non-neuronal cells, the mean I,, current density is similar 30-40% drop in their mean /,, density (p > 0.2), sup-
>30 pA/pF, even after 4 weeks in culture, suggesting that /,, porting the idea that /,, expression is no longer dependent on
expression by P14 neurons in culture, as for Pl neurons, is a non-neuronal cell factor.

sensitive to a factor provided by non-neuronal cells. In addition,
I levels are twofold lower on P14 neurons cocultured with non-
neuronal cells than on neurons in sister cultures grown for 28 Figure 5 shows representative examples of the voltage-gated
d without non-neuronal cells (p < 0.001). In contrast, P14 neu- outward K currents expressed by Pl and P14 SCG neurons

SCG neurons coordinate their expression of 1, 1,, and I,
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maintained in culture without non-neuronal cells for different
periods of time, and demonstrates that the relative proportion
of 1, L., and I, varies for SCG neurons depending on their
developmental age and environment: some postnatal SCG neu-
rons express all three K currents (P1 and P14) but at different
relative levels, other neurons express only two of the voltage-
gated K currents (P1 in culture for 7 d, and P14 in culture for
28 d), while a third group only expresses I, (Pl in culture for
28 d). Since the relative proportions of I,,, I,,, and I, on SCG
neurons will influence these neurons’ electrical behavior, we are
interested to know if the neurons control I, I,,, and I levels
in an interdependent fashion. Figure 6 summarizes our results
on the expression of I, I.,, and I, on Pl and P14 neurons
developing in vivo or in culture, and suggests that the neuron
coordinates its expression of I,,, I,,, and I, such that changes
in one K current are compensated for by reciprocal changes in
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Figure 5. Representative examples of
outward K currents for P1 and P14 neu-
rons, and Pl and P14 neurons grown
in culture without non-neuronal cells
for different periods of time. Ten-sec-
ond voltage steps to +30 mV were given
1A from a V, of —10 mV (asterisks) and
n —90 mV (circles). Currents were not
corrected for leakage and were filtered
2 socs at 100 Hz and sampled at 200 Hz.

one or more of the other K currents. For SCG neurons devel-
oping in vivo, we observed a reciprocal relationship in the ex-
pression of /,; and I,; initially, /,, is high and decreases with
postnatal development, whereas [, is initially low and increases
over the same period. In contrast, when Pl or P14 neurons
develop in culture without other cell types, I, levels increase at
the same time as large decreases in one or two of the A-currents.
However, when P1 neurons are cocultured with non-neuronal
cells the ncurons continue to express A-currents and /, remains
low. Similarly, when the total A-current (/. +I,,;) does not change
significantly, as is the case for in vivo development, I, remains
constant.

If the level of each voltage-gated K current is independently
controlled, one would expect that the density of a given current,
for cxample I, would not depend on the densities of the other
two currents; however, we observed an inverse relationship be-
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postnatal development in vivo and in
culture. A shows schematic diagrams of
the changes in [, /,,, and I, mean cur-
rent densities on P1 SCG neurons de- B
veloping in vivo (top, left), in culture 100
with their non-neuronal cells (top, right),
in culture in the absence of their non- %0
neuronal cells (bottom, left),and on P14 8
SCG neurons developing in culture
without non-neuronal cells (bottom, 70
right). SCG neurons coordinately reg-
ulate their expression of the three dif- 60
ferent voltage-gated K currents such that 9
a decrease in one current is coupled to -~ 50
an increase in one of the other two cur- > 40
rents. B shows the results of over 250 «

P! neurons, either acutely dissociated, 20
grown in culture with or without non-
neuronal cells, or grown in the presence 20

of media conditioned by ganglionic non-
neuronal cells. For each SCG neuron
the size of the A-currents (I, and 1,,)
as a percentage of the total outward cur-
rent is plotted against the size of I, (pA/
pF). The solid line represents a linear
regression with a correlation coefficient
(r) of 0.73.

tween I, density and the contribution of the two A-currents to
the outward current. Figure 6B plots the A-currents (1At) as a
percentage of the total voltage-gated outward K current (It) ver-
sus I, density (pA/pF) for over 250 P1 SCG neurons from four
different conditions, and demonstrates an inverse relationship
between I, densities and I, densities; we showed a similar re-
lationship for neonatal rat sensory neurons (McFarlane and
Cooper, 1991). These results support the idea that there is an
intrinsic control mechanism that regulates the appearance of
different K channel types in the membranes of peripheral ncu-
rons in an interdependent fashion.

--
(-]

IK (pA/PF)

Discussion

This article extends our previous investigations on the expres-
sion of voltage-gated K currents by neonatal sympathetic neu-
rons in culture. In our earlier study (McFarlane and Cooper,
1992), we showed that 7, and /,, on Pl sympathetic neurons
decrease significantly over 2-3 weeks when cultured without
other cell types. Our results suggest that some factor(s) present
in vivo, but absent in thesc cultures, is necessary for the ex-
pression of I, and 7,.. In this article, we demonstrate that gan-



glionic non-neuronal cells influence the expression of these cur-
rents.

Ganglionic non-neuronal cells influence K current expression
in culture

When cocultured with ganglionic non-neuronal cells, P1 SCG
neurons continue to express I,.and /I,,. /,, mean currcnt density
does not change from Pl levels, and while /,, drops by a third
over the first 2 weeks in culture, after 28 d 1, is still expresscd
at levels four times greater than on neurons in culture without
non-neuronal cells. In addition, I, is expressed at low levels,
similar to that on P1 neurons.

Since non-neuronal cells in our cultures can prevent the loss
of I,,and I,,, and moreover prevent the increase in /., it suggests
that the non-neuronal cells are providing some factor(s) that
can affect K current expression by SCG neurons. The fact that
1., levels are 30% higher in explant cultures than in dissociated
cultures might be because I, is more sensitive to the concen-
tration of the non-neuronal cell factor, or alternatively, a gan-
glionic factor(s), other than non-ncuronal cells (Adler and Black,
1985), affects I, expression. The effects of non-neuronal cells
on K current expression by P1 SCG neurons are consistent with
those of Freschi (1983), who observed small rapidly inactivating
currents in SCG neurons cocultured with non-neuronal cells.
Several studies have demonstrated that ganglionic non-neuronal
cells can influence the differentiated properties of neurons
(Furshpan et al., 1982; Nawa and Sah, 1990), including ionic
channel expression (Cooper and Lau, 1986; Smith and Kessler,
1988; Clendening and Hume, 1990; Mandelzys and Cooper,
1992). In addition, studies on rat sympathetic neurons devel-
oping in culture indicate that neurons grown with non-neuronal
cells increase their expression of a Ca-activated K conductance
(O’Lague et al., 1978).

Our results suggest that the effects of non-neuronal cells on
K current expression are mediated by a secreted factor; we found
that media conditioned by non-neuronal cclls could mimic the
effects of non-neuronal cells in maintaining /,; and I,,, expres-
sion. CNTF has similar effects to those of conditioned media
on /,; and I, expression in culture, suggesting that the factor
provided by the ganglionic non-ncuronal cells could be CNTF.
In support of this idea, CNTF is found in high concentrations
in the non-neuronal cells of the rat sciatic nerve (Lin et al,,
1989), and influences sympathetic neurons to change their trans-
mitter phenotype (Saadat et al., 1989). However, the primary
structure of CNTF does not contain an amino-terminal signal
sequence, and therefore it is an unresolved question whether
CNTF is secreted by the cells in which it is expressed (Lin ct
al., 1989). In addition to CNTF (Saadat ct al., 1989), two other
factors have been identified that influence the neurotransmitter
phenotype of sympathetic neurons: cholinergic differentiation
factor or leukemia inhibitory factor (Yamamari et al., 1989),
and a soluble factor from rat sweat glands (Rao and Landis,
1990). It would be interesting to know whether these factors
influence the K currents expressed by sympathetic neurons.

There is evidence that second messenger systems may be
involved in controlling the expression of K currents on neurons
(Desarmenien and Spitzer, 1991). However, given the slow time
course for changes in the expression of K currents on nconatal
rat SCG neurons, it is unlikely that changes in K current density
reflect direct modulation of channel activity by second messen-
gers. It is more likely that transcriptional or translational events
control the synthesis of new channcls (O’'Dowd, 1983; Ribera
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and Spitzer, 1989). Given the slow time course of changes in K
current density, it would be difficult to test this possibility by
treating cultures with a transcription inhibitor (Ribera and
Spitzer, 1989). A more direct approach will be possible once
the K-channel genes expressed by SCG neurons have been iden-
tified.

It is probable that factors other than non-neuronal cells are
involved in controlling /,, expression. While SCG neurons co-
cultured with non-neuronal cells continue to express /,;and /,,,
they do not exhibit the in vivo developmental switch from an
I, toan I,,dominated outward current (McFarlane and Cooper,
1992). This might imply that when SCG neurons are removed
with their non-neuronal cells on P1, /,, expression is arrested
at this stage and requires some trigger to allow it to proceed to
a more adult stagc. We¢ have shown that ncither the in vivo
targets nor the innervating preganglionic spinal neurons provide
this trigger. In addition, we can rule out a role for growth factors
such as NGF, or CNTF, which when added to the cultures cause
none of the developmental changes in K current expression
obscrved in vivo. Other factors, possibly hormones, may act as
the trigger for changes in K currents; hormones are known to
have effects on many of the differentiated properties of neurons
(Recio-Pinto et al., 1986; Gould and Butcher, 1989), including
their clectrical excitability (Desnuelle et al., 1987; Mills and
Zakon, 1991; Joels and de Kloet, 1992).

It is possible that a factor from either the preganglionic nerves
and/or the target, while not the developmental trigger for I,
may have a role in regulating the level of /,;expression on SCG
neurons. In this regard, P14 SCG neurons, axotomized or de-
nervated on Pl, continue to express /,,, but at 20-30% lower
levels than control neurons (McFarlane and Cooper, 1992). In-
terestingly, we observed a similar 30% drop in the mean I,
density on P14 neurons in culture, independent of non-neuronal
cells.

Our results indicate that some of the factors influencing I,
expression may have distinct developmental periods during
which they can exert their effects. During the first 2 weeks of
postnatal development, SCG ncurons incrcasc their expression
of I, and decrease their expression of /,,, such that by P14 the
outward currents appear very similar to those reported for adult
SCG ncurons (Galvan and Sedlmeir, 1984; Belluzzi et al., 1985).
We have found that P14 neurons express /,, when grown in
culture without other cell types, in contrast to /,,on P1 neurons,
which disappears after 2 weeks under similar culture conditions.
These results suggest that the influence that increases /,, ex-
pression in vivo may also make this current less susceptible to
the non-neuronal cell factor; alternatively, I,, may need to be
expressed for a certain period of time (2 weeks) before its ex-
pression becomes independent of a factor provided by non-
ncuronal cells. In either case, the first 1-2 weeks of postnatal
development appear to be a critical period for /,, during which
its expression is increased and stabilized. A similar critical pe-
riod has been reported for the effect of NGF treatment on the
expression of dendrites by SCG neurons (Snider, 1988).

It appears that postnatal SCG ncurons do not control their
expression of /,; and I,, in the same manner. Unlike /,, /,, on
P14 neurons retains its P1 dependence on a non-neuronal cell
factor; when P14 neurons were cocultured with ganglionic non-
neuronal cells almost 70% of the P14 neurons continue to ex-
press I,,, and over half express /,, at densities greater than 30
pA/pF, levels comparable to the mean I, current density on
P14 neurons.
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Finally, our results suggest that SCG neurons coordinately
regulate their expression of I, /.., and I,. For example, we
observed that 7, increased over a period that coincided with a
decrease in the A-currents. In contrast, if the total A-current
level showed little change, the I density remained at its in vivo
level. These results suggest that /,, /,,, and I, levels on nconatal
SCG neurons depend on each other, such that a decrease in the
expression of one current leads to a compensatory increase in
the expression of the others. In support of this idea, we observed
a strong inverse relationship between 7, and I current densitics
such that neurons with high densities of I,, and /I, had low I,
densities, whereas neurons with small /,, and /,; densities had
large I densities. This finding is consistent with the hypothesis
that neonatal rat SCG neurons have intrinsic control mecha-
nisms to coordinate their control of the expression of different
voltage-gated K currents.
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