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Development of Excitable Membrane Properties in Mammalian

Sympathetic Neurons

Jeanne M. Nerbonne and Alison M. Gurney?

Department of Pharmacology, Washington University Medical School, St. Louis, Missouri 63110

Using the whole-cell patch-clamp recording technique, rest-
ing membrane potentials (RPs), action potential (AP) wave-
forms, and the properties of voltage-activated inward Na*
{l.) and Ca?+ (l.,) currents and outward K* (1,,l) currents
were examined in embryonic and neonatal rat superior cer-
vical ganglion (SCG) neurons as a function of time during
development in vivo and in vitro. The passive and active
membrane properties of neonatal SCG cells examined <24
hr after isolation were similar to those described previously
for adult SCG neurons and for neonatal SCG cells maintained
for several weeks in culture. Since recordings were obtained
within hours of cell dissociations, it is assumed that the
results reflect the membrane properties of neonatal SCG
neurons in vivo at the time of isolation. When neonatal cells
were examined as a function of time (up to =~2-3 weeks) in
vitro, neither RPs nor AP waveforms varied measurably. Al-
though absolute (inward and outward) current amplitudes
increased in cells maintained in vitro, in parallel with in-
creases in cell size, no changes in the time- or voltage-
dependent properties of the currents were observed. Similar
results were obtained for cells isolated on or after embryonic
day 18.5 (=E18.5). The membrane properties of E14.5-16.5
SCG cells examined <24 hr after isolation, in contrast, were
significantly different: mean |., density was higher, and APs
were broader than in =E18.5 cells, and, in addition, |, was
absentin these cells. When E14.5-16.5 cells were examined
after =1 week in vitro, I, densities and AP waveforms were
indistinguishable from those in =E18.5 SCG neurons, and |,
was present. These studies reveal that rat SCG neurons are
electrophysiologically mature early in development. Even |,
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which seems to be the last voltage-gated current to develop,
appears well before birth. As the appearance of |, correlates
with decreased membrane excitability and AP shortening, it
seems likely that the development of |, either reflects or
regulates a marked change in the overall input and output
properties of developing sympathetic neurons.

Although there is little information available about the devel-
opment of membrane excitability in the mammalian nervous
system, developmental changes in excitable membrane prop-
erties have been described in other systems (for review, see
Spitzer, 1983, 1984). In spinal cord neurons from Xenopus lae-
vis, for example, action potential (AP) durations shorten mark-
edly during development both in vitro and in vivo (Spitzer and
Lamborghini, 1976; Baccaglini and Spitzer, 1977). AP short-
ening in these cells has been attributed to changes in the ionic
basis of the AP. At early times, APs depend primarily on Ca?*
influx, whereas later, Na* entry predominates (Spitzer and Lam-
borghini, 1976; Baccaglini and Spitzer, 1977; Blair, 1983). The
functional increase in Na* conductance reportedly requires pro-
tein (Blair, 1983) and RNA (O’Dowd, 1983) syntheses, and it
appears to be the relative number of Na+* and Ca?* channels, as
well as the total number of Na* channels, that vary (Blair, 1983;
Spitzer, 1984; O’Dowd et al., 1988). Although it is often as-
sumed that this developmental pattern is universal, there have
been few systematic studies in other systems to document this
assumption and, in fact, exceptions to this general rule have
been reported. In avian neural crest cells, for example, devel-
opmental increases in Ca2* current amplitudes and in the Ca?*-
dependent component of the AP have been described (Bader et
al., 1983a, b). In addition, although APs shorten during the
development of Ambystoma spinal neurons, this change is ac-
companied by an increase (not a decrease) in Ca?* current den-
sity (Barish, 1986).

Developmental variations in AP waveforms could also result
from changes in outward K+ currents and/or in resting mem-
brane properties instead of, or in addition to, changes in inward
currents. Increases in K+ current density in Ambystoma spinal
neurons (Barish, 1986), for example, appear to account for the
AP shortening observed during the development of these cells.
Recently, developmental increases in the densities of Ca?*-de-
pendent and Ca?*-independent K+ currents (O’Dowd et al., 1988),
as well as increased Ca?* sensitivity of K+ channels (Blair and
Dionne, 1985), also have been described in Xenopus sensory
neurons. It seems likely that these effects could also account for
or contribute to the observed developmental changes in AP
waveforms in these cells (Spitzer and Lamborghini, 1976; Bac-
caglini and Spitzer, 1977). In other preparations, such as Dro-
sophila flight muscle, developmental changes in K+ currents that
correlate with reshaping the AP also have been described (Sal-



koff, 1981; Salkoff and Wyman, 1983). Taken together, these
studies suggest not only that inward and outward currents can
change during development but also that the precise develop-
mental sequence may not be stereotyped in all cells.

The principal obstacle to electrophysiological studies of the
developing mammalian nervous system has been the small sizes
of the neurons and the resultant difficulties associated with im-
paling cells with intracellular microelectrodes. With the advent
of “tight-seal” (patch-clamp) recording techniques (Hamill et
al., 1981; Sakmann and Neher, 1984), it now is possible to study
AP waveforms and membrane currents reliably in small cells.
This methodology also allows more effective separation and, as
a result, more complete characterization of ionic currents than
was previously possible. Here, we report the results of studies
that employed the whole-cell recording technique to measure
resting membrane potentials (RPs), APs, and membrane cur-
rents in superior cervical ganglion (SCG) neurons during de-
velopment in vivo and in vitro. The SCG was selected for two
reasons: (1) previous studies have characterized the physiolog-
ical properties of mature (i.e., adult) cells (Galvan and Sedlmeir,
1984; Belluzzi et al., 1985a, b; Marrion et al., 1987) and of
neonatal SCG neurons maintained in long-term culture (O’-
Lagueetal., 1978a,b; Wakshull et al., 1979; Higgins and Burton,
1982; Freschi, 1983), and (2) the morphological development
of the ganglion in vivo has been studied in detail (Rubin, 1985a-
¢). The results reveal that electrically excitable membrane prop-
erties in mammalian sympathetic neurons are highly developed
by late embryonic life.

A preliminary report of a portion of this work has been pub-
lished previously as a rapid communication (Nerbonne et al.,
1986).

Materials and Methods

Preparation of cultures. Dissociated embryonic and neonatal rat SCG
neurons were prepared using procedures similar to those previously
described (Mains and Patterson, 1973; Wakshull et al., 1979; Hawrot,
1980; Johnson and Argiro, 1983). Briefly, ganglia were dissected and
incubated in Ca?*, Mg**-free Hanks’ balanced salt solution containing
0.5% trypsin (Gibco) at 37°C for 30 min. After transferring into Eagle’s
minimum essential medium supplemented with 10% defined horse se-
rum (Hyclone, inactivated by heating at 56°C for 30 min), penicillin/
streptomycin (Gibco, 100 units/ml), 20 mm glutamine, and 1 ug/ml 7S
nerve growth factor, cells were dispersed by gentle trituration (Johnson
and Argiro, 1983) and plated at ~3000 cells/cm? on rat tail collagen.
Within ~6 hr of plating, cells adhered to the substrate and began to
extend processes. Cultures could be maintained for up to 6 weeks with
medium changes every 2-3 d. In cultures maintained for longer than 5
d, the growth of non-neuronal cells was inhibited by the addition of 10
uM cytosine arabinoside (ARAC) to the medium for 48 hr on day 4.
Alternatively, dissociated cells could be plated in the presence of ARAC,
although with embryonic cultures, this procedure resulted in the death
of a substantial number of neurons. In some experiments, dissociated
SCG neurons were plated on monolayers of cultured rat cortical astro-
cytes (Raff et al., 1979). Within 2-3 hr, cells adhered to this substrate,
and process outgrowth was evident. Although we are not certain why
adhesion and process outgrowth are accelerated when cells are plated
on astrocytes, similar results have been obtained with other neuronal
cell types (J. M. Nerbonne and J. Doyle, unpublished observations). In
the experiments here, the use of astrocyte monolayers (as substrates)
facilitated measurements of APs, RPs, and voltage-activated ionic cur-
rents in developing SCG neurons within the first 2-3 hr after dissocia-
tion.

Timed-pregnant Wistar and Sprague Dawley rats were obtained from
Hilltop Lab Animals, Inc. (Scottdale, PA) and Chappel Breeders, Inc.
(St. Louis, MO), respectively. Embryonic age was determined by count-
ing the first day after mating and the appearance of a sperm-positive
plug as embryonic day 0 (EO). Since some variation in the total gestation
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period was observed, embryos were staged also by external appearance
(Christie, 1964). Embryonic ages (E14.5-20) assigned here reflect the
latter method of staging; we assume these assignments to be accurate
to within ~0.5 day. Timed-pregnant rats were killed, and embryos were
delivered by cesarean section. Neonates were used within 24-48 hr of
delivery.

Immunohistochemistry. The monoclonal antibody 192-IgG (Chandler
et al., 1984), purified from mouse ascites fluid, was provided by E.M.
Johnson, Jr. (Washington University, St. Louis, MO), and immuno-
histochemistry on dissociated SCG cultures was performed as described
by Taniuchi et al. (1986). Affinity purified biotinylated horse antimouse
IgG (heavy- and light-chain specific, preabsorbed to remove cross-reac-
tivity to rat IgG), avidin DH, and biotinylated alkaline phosphatase H
were obtained from Vector Laboratories (Burlingame, CA) as part of
an ABC kit (AK-5200), as were the reagents for visualizing the avidin-
biotin alkaline phosphatase complex (SK-5200).

Before staining, dissociated SCG cultures were fixed in 4% paraform-
aldehyde in 0.10 M phosphate buffer (PB) at pH 7.2 overnight at 4° C.
Following washing with PB, cultures were incubated for 1 hr in PB
containing 5% heat-inactivated horse serum (HS) before exposure to
192-IgG (5 pg/ml in PB with 5% HS) for 1-2 hr. The primary antibody
was removed, and the cultures were washed several times with PB before
a 1 hr incubation with the secondary antibody, biotinylated horse an-
timouse IgG (1ug/ml in PB with 5% HS). After washing several times
with PB over 10 min, cultures were incubated with a complex of avidin—
biotinylated alkaline phosphatase for 1 hr, followed by a 15-min ex-
posure to alkaline phosphatase substrate II, which produced a brown—
black reaction product. All incubations were performed at 22°C. Cul-
tures were visualized and photographed directly and later mounted for
permanent storage.

Electrophysiological recordings. The whole-cell recording method
(Hamill et al., 1981) was employed to measure RPs, APs, and ionic
currents. The voltage/current-clamp circuit was provided by a Dagan
(Model 8900) patch-clamp/whole-cell clamp with a 1 G@Q feedback re-
sistor. Recording pipettes were fabricated from flint glass, and the shanks,
up to the tips, were coated with Sylgard to reduce pipette capacitance.
Pipettes, after fire-polishing, had tip diameters of 0.5 to 1.0 um and
resistances of 2-4 MQ when filled with recording solution (see below).
After formation of a high-resistance (giga) seal between the recording
electrode and the cell membrane, pipette capacitances were compen-
sated electronically before establishing the whole-cell configuration. Se-
ries resistances, estimated from the decay of the whole-cell (uncom-
pensated) capacitative transients, were generally 1.5-2 x pipette resistance
(Marty and Neher, 1983). Since series resistances could be compensated
by =90%, voltage errors (resulting from the uncompensated series re-
sistance) are expected to be small: <5 mV for currents of <8 nA. The
results presented here are uncorrected. Series resistance compensation
was checked at regular intervals during the course of each experiment,
and data were discarded if increases in series resistance were evident.
Linear leakage currents were subtracted before data were digitized and
stored. All experimental parameters, e.g., holding potentials (HPs), test
potentials, and the timing and durations of experimental trials, were
controlled with an IBM PC equipped with an analog interface (Model
20009, Tecmar Co.). Current signals were filtered at 3 kHz, digitized,
and stored on floppy disks. The P-CLAMP software package (Axon
Instruments) was used in data acquisition, and data analyses were per-
formed using either P-CLAMP or ASYSTANT (Macmillan Software).

For RP and AP measurements, bath solutions contained (in mmy):
NaCl, 140; CaClz, 5; KCl, 4; MgClz, 2; Hepes, 5; glucose, 5; pH 7.4.
Recording pipettes were filled with (in mm): KCl, 140; Hepes, 5; glucose,
5; and EGTA, 0.5-10, at pH 7.3. In some experiments, ATP at 3 mm
and GTP at 100 um were also added. Variations of these solutions were
employed in voltage-clamp experiments. Although more stable record-
ings were obtained in low (0.5-2.0 mm) EGTA pipette solutions sup-
plemented with ATP and GTP, neither the addition of nucleotides nor
the EGTA concentration influenced the waveforms of the currents or
APs. Inward currents were separated from overlapping outward K+
currents by replacing the KCl in the recording pipettes with isotonic
CsCl. In most cases, the Cs*, apparently via intracellular dialysis, ef-
fectively blocked >95% of the total outward current. The fast, inward
Na current (I,) was suppressed by the addition of 1-2 um TTX to the
bath or by inactivation at depolarized HPs (=30 to —50 mV). Under
these conditions, the slow inward calcium current (I,) was studied. I,
was isolated by blocking I, (>95%) with CoCl, (5 mm) included in a
low (1 mm) Ca?* bath solution; extracellular Ca?* could not be removed
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completely since this resulted in unstable recordings, presumably be-
cause the cells became leaky. Outward currents, recorded with 140 mm
KCl in the pipettes, were usually measured after blockade of I, and L.
The fast, transient “A” current (I,) and the slower activating, i.e., “de-
layed,” current (I,) were routinely separated by varying HPs and test
potentials. In some experiments, separation of I, and Iy was facilitated
by the addition of tetracthylammonium (TEA) chloride (isosmotic re-
placement for NaCl) or 4-aminopyridine (4-AP) to the bath. In exper-
iments conducted in normal Ca?* bath solution, the sums of Ca>*-
dependent and Ca?*-independent outward K+ currents were measured.
In general, stable recordings of APs, RPs, and voltage-gated (inward
and outward) currents were obtained from embryonic and neonatal SCG
cells for 20-60 min. All recordings were obtained at 20-22°C.,

The effects of 1-3 mm 4-AP on the waveforms of outward K+ currents
and APs were evaluated during electrophysiological recordings by pres-
sure applications from small (2—4 um) puffer pipettes placed within ~25
um of the cell surface. In all experiments, two puffer pipettes were
employed: (1) the experimental pipette contained the test drug in bath
solution, and (2) the control pipette contained bath solution. Drug so-
lutions were prepared immediately before use by diluting frozen stocks
in the appropriate bath solution.

Cell membrane capacitances were measured by integrating the ca-
pacitative current transients evoked during small (5-20 mV) hyperpo-
larizing or depolarizing voltage clamp steps. These measurements were
used to calculate membrane surface areas (Sakmann and Neher, 1984)
from which cell diameters were estimated, assuming the cells to be
spherical. Cell sizes, current densities, etc., are presented as mean +
SD. The statistical significance of apparent differences among cells iso-
lated at various development times or among cells maintained for vary-
ing times in vitro was evaluated by applying the Student’s ¢ test, and p
values are presented. Rate constants for outward current activation were
determined from single exponential fits to the rising phases of the cur-
rents after the first few milliseconds. The current waveforms were ana-
lyzed .in this way to provide reliable estimates of the time course of
outward current activation for qualitative comparisons of different cell
populations. These analyses do not reflect any underlying mechanistic
interpretation about current properties. Rate constants are presented as
mean + SEM.

Results

Cell cultures

As previously demonstrated (Wakshull et al., 1979; Johnson
and Argiro, 1983), SCG neurons enzymatically dissociated from
neonatal and late embryonic (E18-20) rat pups survive, extend
processes, and make synaptic contacts in vitro. Similar proce-
dures allowed dissociation of E14.5-18 ganglia. Mechanical
methods for dispersing cells (Johnson and Argiro, 1983) were
unreliable in our hands. Although attempts were made to isolate
ganglia at earlier stages, it was not possible to distinguish the
SCG from other nearby ganglia before =E14.5. This probably
is not surprising, since the SCG, first detectable at E12-14, does
not coalesce into a well-separated ganglion until E14-16 (Rubin,
1985a). In fact, in dissociated cultures prepared at E14.5-16.5,
several morphologically distinct cell types were evident, only
one of which resembled SCG neurons isolated at =E18. As it
seemed likely that the unidentified cells arose from nearby gan-
glia removed with the SCG, binding to the monoclonal antibody
192-1gG, directed against the NGF receptor (Chandler et al.,
1984), was examined. In dissociated cultures prepared from
E14.5-16.5 ganglia, =30% of the cells did not stain with 192-
IgG, whereas essentially all (=95%) neurons in =E18 SCG cul-
tures were 192-IgG positive. Although false positives might be
expected owing to the apparent presence of NGF receptors on
neurons not derived from the neural crest, there is no evidence
for false negatives, since all sympathetic neurons appear to stain
with 192-I1gG (Richardson et al., 1986). As a result, it seems
unlikely that neurons that did not stain with 192-IgG were
derived from the SCG (Richardson et al., 1986). In cultures

prepared on or before E16.5, neurons that were similar in ap-
pearance to mature SCG neurons were also 192-IgG positive.
This observation supports the contention that SCG neurons can
be readily identified, even in mixed cultures. In physiological
studies on <E16.5 cultures, cell appearance was used to judge
which cells were SCG neurons, and only those cells were com-
pared in the present study.

Voltage-dependent currents

Previous electrophysiological studies on dissociated SCG neu-
rons were performed on cells derived from neonatal and late
embryonic ganglia after =2-3 weeks in culture (O’Lague et al.,
1978a, b; Wakshull et al., 1979; Higgins and Burton, 1982;
Freschi, 1983). Recordings from early embryonic and freshly
dissociated cells were accomplished here by employing the “tight-
seal,”” whole-cell recording technique (Hamill et al., 1981), and
within 2-3 hr of plating, RPs, APs, and voltage-activated cur-
rents could be measured. This time corresponded to the time
required for cells to adhere to the substrate, and recordings were
not attempted earlier. Although SCG neurons isolated at E20-
neonatal were significantly (p < 0.001) larger than those dis-
sociated at E14.5-16.5 (Table 1), there were no differences in
the ease with which high resistance membrane-pipette seals and
whole-cell recordings were obtained.

When neonatal SCG cells were examined within a few hours
of dissociation, depolarizations to potentials positive to —30
mV from HPs between —40 and —90 mV revealed inward and
outward currents. Although attempts were made to compare the
waveforms of the total depolarization-activated currents in
E14.5-neonatal SCG cells, differences among cells were difficult
to quantify, since inward and outward current components over-
lapped. As a result, in all subsequent experiments, the properties
of the individual current components were examined in isola-
tion. Voltage-dependent inward currents were measured with
Cs* in the pipettes. Depolarizations from an HP of —80 mV
revealed a transient Na* current (I,,) and a more slowly acti-
vating, noninactivating, Ca?* current (I,). Similar results have
been reported previously for dissociated neonatal SCG cells after
=3 weeks in vitro (Freschi, 1983) and for adult SCG neurons
(Galvan and Sedlmeir, 1984; Belluzzi et al., 1985a, b). It seems
certain that I, underlies the rapidly rising phase of the AP in
these cells (O’Lague et al., 1978a, b; Higgins and Burton, 1982;
Freschi, 1983). In neonatal SCG cells, I, was blocked by the
addition of TTX to the bath. Although there was some vari-
ability in the concentration (1-3 um) required to suppress Iy,
amplitudes by =95%, there did not appear to be any TTX-
insensitive components of I,. After suppression of I,, depo-
larizations from HPs of —50 to —60 mV revealed I.,, which
resembled Ca?* currents described previously in a variety of
neurons (Hagiwara and Byerly, 1981; Kostyuk, 1981), including
rat SCG cells (Freschi, 1983; Belluzzi et al., 1985b; Wanke et
al., 1987; Hirning et al., 1988). Although it is not clear if I,
contributes to the rising phase of the AP, voltage-dependent
Ca?+ influx influences AP waveforms in SCG cells via the ac-
tivation of Ca?*-dependent outward K+ currents, which underlie
the afterhyperpolarization phase of the AP (Freschi, 1983; Ka-
wai and Watanabe, 1986; Marrion et al., 1987). Depolarization-
activated outward K+ currents (I,,,) were measured after I, and
I, were blocked by the addition of TTX and Co?* to the bath;
the waveforms of I, were similar to those described previously
in adult (Galvan and Sedlmeir, 1984; Belluzzi et al., 1985a, b;
Marrion et al., 1987) and long-term cultured neonatal (Freschi,
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Tms Figure 1. Voltage-gated Na* currents

in developing SCG neurons. With 5 mm
Co?* in the bath to block I, and 140
mM Cs* in the recording pipettes to
block outward K+ currents, whole-cell

Na~ currents (I,,) were measured in de-
veloping SCG neurons within the first
24 hr of isolation during depolariza-
tions to potentials between —50 and
+50 mV from HPs of —80 (left panels)
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itive to =—40 mV and peaks at =+10
mV. I, waveforms in E20 (4) and E16
(B) SCG cells are indistinguishable.
During depolarizations from an HP of
—40 mV (right panels), I, waveforms
are similar, although current ampli-
tudes are reduced significantly (=5-
fold). Peak I, amplitudes in E14.5-16.5
and E20 SCG cells (<24 hr after iso-
lation) were measured as a function of
test potential and normalized to the
current evoked at +10 mV in the same
cell. Mean normalized I, values
(£SEM)forE14.5-16.5(0, n=11)and
E20-neonatal (@, n = 17) SCG neurons
(=24 hr in vitro) are plotted as a func-
tion of test potential in C. Time to peak
In, values (from the onset of the de-
polarization) were measured as a func-
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1983) SCG neurons. Since these preliminary studies revealed
that the properties of voltage-gated inward and outward currents
in neonatal SCG cells (=24 hr after isolation) were (qualita-
tively) similar to those described previously in mature SCG
cells, subsequent experiments were aimed at more quantitative
comparisons of current properties as a function of time during
development in vivo and in vitro.

Voltage-gated sodium currents

In E20-neonatal SCG cells examined 4-24 hr after isolation,
I, was evoked during depolarizations to potentials between
—50 and +50 mV from HPs of —40 to —80 mV (Fig. 1). From
an HP of —80 mV (Fig. 14), I, begins to activate positive to
~—40 mV and peaks at =+10 mV. The waveforms of I,
evoked from an HP of —40 mV (Fig. 1A4) are similar, although
absolute current amplitudes are reduced due to steady-state in-
activation. Since these cells were examined within a few hr
of dissociation, it is assumed that currents measured reflect the

16.5 (O, n = 10) and E20 (@, n = 13)
SCG neurons <24 hr after isolation are
plotted in D.

0 10 20
Tost Potential (mV)

30 40

properties of I, in vivo at the time of isolation. Similar I,
waveforms were recorded in E16.5-18.5 (not shown) and E14.5—
16.5 (Fig. 1B) SCG cells 4-24 hr after dissociation. In addition,
the normalized current-voltage relations for I, (Fig. 1C), as well
as the kinetics of I, activation (Fig. 1D) and inactivation (not
shown) in E14.5-16.5 and E20-neonatal SCG cells were indis-
tinguishable. Because the rising phases of the currents evoked
at potentials positive to =+20 mV are not well resolved, the
time to peak determinations (Fig. 1D), as well as absolute I,
amplitudes, may be underestimated at the more positive test
potentials. If this were the case, small differences in kinetics or
current-voltage relations at positive test potentials might have
gone undetected. Nevertheless, the similarities in the kinetic
and voltage-dependent properties of I, (at least up to the peak
of the IV relation) in cells isolated at E14.5-birth suggest that
the properties of Iy, do not vary significantly during this de-
velopmental period in vivo.

In spite of similarities in current properties, there were large
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Table 1. Variations in cell size in developing SCG neurons

Table 2. Inward current densities in developing SCG neurons

Cell Peak I, Peak I,
Age at Time capacitance  Cell diameter Age at density+* density®<
isolation in vitro (pF)=* (um)=* n isolation in vitro (PA/um?) n  (pA/um?) n
E20-neonatal <24 hr 11.3+£7.3 17.8 £ 6.6 36 E20-neonatal <24 hr 44+24 16 057023 12
4896 hr 18.7 + 8.6 23.7 + 5.6%c 27 48-96 hr 4.8 2 030£0.09 13
5-8d 30.2 £ 11.7  30.5 + 5.6« 8 1-3wk NDr 0.37 = 0.13 6
2-3wk 646+ 30.1 440+11.0 6 E14.5-16.5 <24 hr 6.3+24 10 1.04 £0.66¢ 22
E14.5-16.5 =24 hr 6.1 £3.9 13.3£4.3+ 64 48 hr 5.6 2 0.67 2
48-96 hr 9.1+53 16.3 £ 5.0¢c 15 1-2wk ND- 0.35 £ 0.11 8
5-8d 18.5+74 242 £5.5¢ 19 ¢ Determined during depolarizations to +10 mV from an HP of —80 mV.
2-3wk 508=+182 395%+74 9

« Cell capacitances were measured and cell diameters were calculated as described
in Materials and Methods.
* Values are mean + SD.

< Comparisons were made between the mean diameters of SCG cells that were
isolated at E14.5-16.5 and E20-neonatal and maintained for the same time (i.e.,
4 < 24 hr, < 48-96 hr, or / 5-8 days) in vitro. In all cases, cells isolated at E14.5-
16.5 were significantly (¢ < 0.001, ¢p < 0.001, /p < 0.02) smaller than those
isolated at E20-neonatal.

variations in absolute I, amplitudes among cells isolated at the
same developmental time. In E20-neonatal cells examined <24
hr after isolation, for example, peak I, amplitudes (at +10 mV)
evoked from an HP of —80 mV varied =~ 10-fold over the range
of 0.7 to 7.3 nA (mean = 3.4 nA; median = 2.7 nA; n = 16).
A similar, although narrower, range was observed in E14.5~-
16.5 cells <24 hr after isolation, and peak I, amplitudes were
0.7-3.6 nA (mean = 2.4 nA; median = 2.2 nA; n = 10). Peak
Na+ current densities (Table 2) in E14.5-16.5 and E20-neonatal
cells also were similar; the slightly larger mean peak I, density
(6.3 pA/um?) for the E14.5-16.5 cells is not statistically signif-
icant (p > 0.05). These results suggest that Na* channel expres-
sion is fully developed in SCG neurons as early as E14.5 (and
perhaps earlier) and that Na* current density does not vary
significantly between E14.5 and E20 in spite of large increases
in cell size (Table 1). To test this hypothesis, attempts were
made to evaluate I, densities in SCG neurons developing in
vitro. Although I, amplitudes increased markedly in SCG cells
maintained for 48 hr to 2 weeks in vitro, quantitative measure-
ments of I, were complicated by the lack of spatial control of
the membrane voltage owing to the extensive elaboration of
processes in these cells. The data presented in Table 2 for cells
examined at 48-96 hr in vitro reflect the small number of cells
in which voltage-clamp control was evident. Although few cells
could be analyzed, no differences in peak I, densities were
apparent.

Voltage-gated calcium currents

Inward Ca?* currents (I.,), evoked during depolarizations to
potentials between —20 and +50 mV from an HP of —50 mV,
were examined in E20-neonatal SCG cells <24 hr after isola-
tion. In these cells, I, rises to a peak in 5-10 msec and inac-
tivates only slightly (=20%) during 125 msec depolarizations
(Fig. 24). I, was partially inactivated at HPs positive to —50
mV, with complete inactivation observed at an HP of ~—10
mV. The waveforms of I, in E14.5-16.5 SCG cells examined
<24 hr after isolation were similar (Fig. 2B). Since I, was
observed in all embryonic and neonatal SCG neurons examined
within hours of isolation, it seems certain I., was present in
these cells in vivo at the time of dissociation from the intact

»For n > 2, values are mean + SD. Averages are given for n =2,
¢ Determined during depolarizations to +20 mV from an HP of —50 mV,

4 Mean peak I, density was significantly (p < 0.05) higher in E14.5-16.5 (than in
E20-neonatal) SCG cells examined =24 hr after isolation.

*ND, not determined.

ganglia. In addition, the normalized current-voltage relations
for I, (Fig. 1C) and the kinetics of I, activation (not shown)
in E14.5-16.5 and E20-neonatal cells (<24 hr after isolation)
are indistinguishable. The properties of I, are similar to those
of the “high-voltage threshold” (Carbone and Lux, 1984) or
“L”-type (Nowycky et al., 1985; McCleskey et al., 1986; Fox et
al., 1987a, b) Ca?* currents/channels previously described in a
variety of excitable cells, including sympathetic neurons (Wanke
et al., 1987; Hirning et al., 1988). During depolarizations from
more hyperpolarized HPs (—70 to —90 mV), there was also an
inactivating Ca** current component evident in some cells. Sim-
ilar observations made previously have been attributed to the
presence of “N”-type Ca?* currents/channels (Wanke et al., 1987,
Hirning et al., 1988), similar to those described in DRG neurons
(Nowycky et al., 1985; McCleskey etal., 1986; Fox et al., 1987a,
b). We have not examined the developmental properties of this
current type. In agreement with previous reports (Wanke et al.,
1987; Hirning et al., 1988), we find no evidence for the presence
of “low-voltage threshold” (Carbone and Lux, 1984) or “T”-type
(Nowycky et al., 1985; Fox et al., 1987a, b) Ca?* currents/chan-
nels in rat SCG neurons. '

Although similar in neonatal and embryonic SCG cells, the
waveforms of I, measured here (Fig. 2, 4, B) are different from
those reported previously for cultured (4-6 weeks) neonatal
(Freschi, 1983) and adult (Belluzzi et al., 1985b) SCG neurons.
In those studies, I, activated and inactivated rapidly, and the
current-voltage relation for I, peaked between —20 and 0 mV.
In order to determine if these differences could be attributed to
developmental changes in I, properties or, alternatively, to the
different recording conditions employed, I., waveforms were
evaluated under conditions similar to those used in the mi-
croelectrode studies. With K+ in the recording pipettes and 30
mM TEA in the bath to block outward K+ currents, depolari-
zations revealed inward currents that peaked at =0 mV and
decayed =50% within 125 msec. In addition, net outward cur-
rents were observed during large depolarizations (data not
shown). These observations suggest that 30 mm extracellular
TEA was insufficient to suppress all (voltage- and Ca2*-depen-
dent) outward K+ currents in isolated SCG neurons and that
the whole-cell recording configuration is preferable for quanti-
tative studies, since it allows direct measurement of I, (in the
absence of contaminating outward K+ currents).

As observed for I,, there were significant differences in the
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Figure 2. Voltage-gated Ca?* currents
in developing SCG neurons. With the
Co?* in the bath replaced by 5 mm Ca?*
and 2 um TTX added to block Iy,
whole-cell Ca?* (Ic,) currents were
evoked during depolarizations to —20
to +50 mV from an HP of —50 mV.
The waveforms of I, in neonatal (4)
and E14.5 (B) SCG cells measured <24
hr after isolation are indistinguishable.
I, amplitudes in E14.5-16.5 and E20-
neonatal SCG cells (<24 hr after iso-
lation) were measured as a function of
test potential and normalized to the
current evoked at +20 mV in the same
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absolute amplitudes of 1., among SCG neurons isolated at the
same developmental time. For E20-neonatal cells examined
<24 hr after isolation, for example, peak I, amplitudes at +20
mV evoked from an HP of —50 mV varied ~10-fold, over the
range 0.10 to 1.0 nA (mean = 0.50 nA; median = 0.31 nA; n
= 12). Similar variations were seen in E14.5-16.5 cells, with
peak I, amplitudes ranging from 0.10 to 1.1 nA (mean = 0.35
nA; median = 0.25 nA; n = 22). After normalizing for differences
in cell sizes (Table 1), mean I, density was significantly (p <
0.05) higher in E14.5-16.5 than in E20-neonatal cells (Table
2). These results suggest not only that the expression of I,
channels is fully developed as early as E14.5 but also that I,
densities decrease during development in vivo between E14.5
and birth, as the cells increase in size. In addition, peak I,
densities continued to decrease significantly (p < 0.01) to =0.35
pA/um? in both E14.5-16.5 and E20-neonatal cells maintained
in vitro (Table 2). In contrast, neither the kinetics nor the volt-

cell. Mean normalized I, values were
then determined and are plotted in C
for E14.5-16.5 (O, n = 23) and E20~
neonatal (@, n = 12) cells; error bars
represent =SEM. D, Similar analyses
of 1., waveforms in E14.5-16.5 SCG
cells as a function of time in vitro do
not reveal any significant differences in
the voltage dependence of I, for cells
examined =24 hr (O, n = 23) and 1-2
weeks (A, n = 9) after isolation; error
bars represent +SEM.

age-dependent properties (Fig. 2D) of I, varied significantly in
cells developing in vitro (or in vivo).

Voltage-dependent outward currents

With K+ in the pipettes, depolarizations from HPs between — 30
and —100 mV revealed net outward currents (I,,,) in neonatal
SCG cells examined <24 hr after isolation. Although the ab-
sence of TTX distorted the rising phases of I, there did not
appear to be a component of I, that was dependent on Na*
influx (Bader et al., 1985). In contrast, the rates of rise, as well
as the peak and the steady-state amplitudes of I, were sensitive
to extracellular Ca?+ (Fig. 3). With 10 mm Ca?* in the bath, I,
evoked from an HP of —50 mV rose to a peak in a few milli-
seconds and inactivated only slightly during 125 msec depolar-
izations (Fig. 34); in some cells, an inward current (presumably
I..) was also apparent (Fig. 34). When extracellular Ca?* was
reduced to 1 mym and 5-10 mm Co?* was added to the bath, the
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Figure 3. Ca?-dependent and Ca?*-
independent components of outward K+
current in a neonatal SCG cell. Currents
were evoked during depolarizations to
potentials positive to —20 mV from an
HP of —50 mV. The recording pipette
contained 140 mm KCl. 4, With 10 mm
Ca?* in the bath to maximize I, total
voltage- and Ca?*-activated K+ currents
(as well as I.,) were measured. B, The
bath was then replaced with a solution
containing low (1 mm) Ca?* and 5 mMm
Co?*, and (Ca?*-independent) K+ cur-
rents were measured. In the presence of
extracellular Ca?* (4), I, was largerand
activated faster than when I, was
blocked (B). The difference (C) between
the currents in B and A4 reflects the sum
of I, and Ca?*-activated currents.

rates of activation and the amplitudes of I, were reduced (Fig.
3B). The Ca?*-dependent component of L. (Fig. 3C), which has
been termed I. (Galvan and Sedlmeir, 1984), was determined
by subtraction of I, waveforms recorded in the presence of
Co?* (Fig. 3B) from those measured in its absence (Fig. 34).
The properties of I are qualitatively similar to those reported
previously for adult SCG neurons (Galvan and Sedlmeir, 1984).
I has a time course similar to that of I, and appears to follow
directly the time course of Ca?+ influx. Although we have not
examined the properties of I. quantitatively, I. was observed
in all E14.5-16.5 (n = 6) and E20-neonatal (n = 11) SCG cells
examined =24 hr after isolation under the recording conditions
described above, and the properties of I. were qualitatively
similar in these cells. Absolute I. amplitudes were variable,
presumably as a result of variations in I,

After 1. is blocked, the waveforms of I, in neonatal SCG
cells (=24 hr after isolation), similar to those described previ-
ously in mature SCG neurons (Freschi, 1983; Galvan and Sed!-
meir, 1984; Belluzzi et al., 1985a), vary with HP (Fig. 4) and
appear to comprise two distinct outward current components;

InA [AC]
150004 T8

+30
=10
-80mY

(1) a rapidly activating, transient component, termed I, (Hagi-
wara et al., 1961; Connor and Stevens, 1971a, b; Adams et al.,
1980; Segal et al., 1984; Rogawski, 1985) and (2) a slowly ac-
tivating, sustained component, similar to the delayed rectifier,
I (Adams et al,, 1980; Latorre et al., 1984). The differing time-
and voltage-dependent properties of I, and I were exploited to
evaluate their respective contributions to the total (Ca2*-inde-
pendent) voltage-activated outward K+ currents in developing
SCG cells. Peak (which reflects I,) and plateau (which reflects
Ix) outward current amplitudes were measured during depolar-
izations to potentials between —40 and +60 mV from an HP
of —80 mV. Although the plateau current, i.e., Iy, did not decay
significantly during prolonged (=200 msec) depolarizations,
preliminary experiments revealed that I, amplitudes were re-
duced when voltage steps were presented at <2-sec intervals.
Since these observations suggest that I, channels undergo steady-
state inactivation over the same potential range that channels
open and, in addition, that recovery from steady-state inacti-
vation is slow, voltage steps were presented at =35-sec intervals
to allow quantitative analyses of I, Normalized current-voltage
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relations for I, and I in E20-neonatal <24 hr in vitro revealed
that the amplitudes of both components increased with increas-
ing depolarization with no apparent saturation over the poten-
tial range of —40 to +60 mV (Nerbonne et al., 1986). Similar
results were obtained when currents were evoked from an HP
of —50 mV, although, in this case, I, amplitudes were markedly
reduced, apparently as a result of steady-state inactivation (Ner-
bonne et al., 1986). The absolute amplitudes of I, and I, in
E20-neonatal SCG cells (=24 hr in vitro) varied among cells.
I, evoked at +10 mV from an HP of —80 mV, for example,
varied from 0.88 to 3.3 nA (mean = 2.0 nA; median = 2.0 nA;
n = 13), and I, during the same step, varied from 0.60 to 2.6
nA (mean = 1.3; median = 1.2; n = 13). These ranges are smaller
than those observed for inward current amplitudes. Absolute I,
and I, amplitudes increased in E20-neonatal cells maintained
in vitro as the cells increased in size (Table 1), and although
mean I, density (Table 3) in these cells did not vary markedly,
1, density decreased (Table 3) significantly (p < 0.001) during
the first few days after plating. Neither the kinetics nor the
voltage-dependences of I, or I, were altered in cells examined
at different times after isolation.

Although a Ca**-dependent component of I, has been de-
scribed in adult SCG neurons (Galvan and Sedlmeir, 1984), it
was not clear if a similar conductance pathway is present in
E20-neonatal cells. To examine this possibility, I, waveforms
in the presence and absence of extracellular Ca?* were mea-
sured during depolarizations to potentials between —30 and
—10 mV (where there is little or no activation of I) from an

Figure 4. Voltage-gated Ca?*-inde-
pendent outward K+ currents in a neo-
natal SCG cell. Whole-cell Ca**-inde-
pendent K+ currents were evoked (at
5-sec intervals) during 125 msec de-
polarizations to test potentials between
—30 and +50 mV from HPs of —70
mV (4), —50 mV (B), and —35 mV
(C). The bath contained 2 uMm TTX and
10 mMm Co** to block I, I, and I,
and the recording pipette contained 140
mum KCL The voltage-clamp paradigms
are indicated below the current records.
At more depolarized HPs (C), the
evoked currents are dominated by the
slower activating, noninactivating I.
When the cell was held more hyper-
polarized (4, B), the fast, transient I,
was apparent, and the currents mea-
sured reflect the sum of I, and Iy.

HP of —90 mV. Subtraction of these records revealed only
inward currents. Since Ca?* currents evoked during depolari-
zations to —30 to —10 mV are small (see Fig. 2), it might be
suggested that a Ca**-dependent component of I, (even if
present) might not have been revealed in these experiments.
Although we cannot eliminate this possibility based on these
studies alone, no Ca?*-activated transient outward currents are
evident in these cells following intracellular Ca?* jumps in the
presence of the photolabile Ca?* chelator, Nitr-5 (Gurney et al.,
1987).

Table 3. Outward current densities in developing SCG neurons

Age at Time I, density=* I density=*
isolation in vitro (pA/um?) n  (pA/um?) n
E20-neonatal =24 hr 1.00 + 0.27¢ 13 0.67 =0.25 13
48-96 hr  0.55+ 024 14 0.60 +0.42 14
5-6d 059 +0.14 8 0.78+025 8
El14.5-16.5 <24 hr 0.51 £ 0.35 44
48-96 hr  (1.54)7 0.69 +0.54 13
5-8d 059 +£0.38 18 0.55+0.36 18

¢ Determined during depolarizations to +10 mV from an HP of —80 mV.
 Values are mean + SD.

¢ There was a significant (p < 0.001) decrease in mean 1, density in E20-neonatal
cells examined 48-96 hr after isolation compared to that measured in cells <24
hr in vitro.

4 A peak outward current (corresponding to I,) was measured in 3 of 13 cells
examined; this value reflects the average of those 3 cells.
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Figure 5. Variations in I, in devel-

oping SCG neurons. Whole-cell Ca**-
independent K* currents, evoked dur-
ing depolarizations from HPs of —80
mV (left panels) and —50 mV (right
panels), were measured as described in
the legend of Figure 4. 4, Outward cur-
rent waveforms evoked from HPs of
-80 and —50 mV in an E14.5 SCG
neuron ~6 hr after plating are indistin-

guishable (compare left and right B
panels), suggesting that I, was not pres-

ent in this cell. Similar results were ob-
tained in all cells (n = 44) isolated at
E14.5-16.5 and examined <24 hr in
vitro. B, When E14.5-16.5 cells were

examined after several days in vitro,
outward current waveforms varied with
the HP (B), and 1, was evident during
depolarizations from —80 mV (left
panel). Similar resuits were obtained in

all (n = 18) E14.5-16.5 SCG cells ex- F

amined 5-8 days after isolation. -80mV|

Substantial variations in I, waveforms were observed in
E16.5-18.5 SCG cells. In only =50% of the cells was 1, evident.
In addition, when E14.5-16.5 SCG cells (n = 44) were examined
<24 hr after dissociation, I, was not evident, and the waveforms
of I, evoked during depolarizations from HPs of —50 and —80
mYV were indistinguishable (Fig. 54). When SCG cells isolated
at E14.5-16.5 were examined after 5-7 days in vitro, in contrast,
the waveforms of I, varied as a function of HP, and I, was
evident on depolarizations from hyperpolarized potentials (Fig.
5B). These observations suggested that I, was not present in
SCG neurons isolated at E14.5-16.5 and that I, developed in
these cells if maintained iz vitro for several days. Alternatively,
if the amplitudes of I, were small relative to I, it might be that
1, was obscured (rather than absent) in E14.5-16.5 SCG cells.
In order to evaluate this possibility, the rates of outward current
activation (see Methods) evoked from an HP of —80 mV were

Table 4. Rate constants for outward current activation in developing
SCG neurons

k(sec—l)a,b
Test Neonatal E14.5-16.5 14.5-16.5-
potential <48 hr <48 hr 5-8 days
(mV) (n=16) (n=49) (n=17)
=20 316 = 28 - -
-10 444 + 22 828 346 + 34
0 530 = 26 101 = 11 446 + 31
10 631 £ 29 114 + 12 583 + 33
20 693 + 33 134 + 12 666 + 46
30 792 + 63 142 + 13 814 + 48
40 899 + 104 155 £ 13 878 + 71
50 972 + 105 166 + 15 1010 + 90

a k values were measured (see Materials and Methods) for currents evoked from
an HP of —80 mV.

# Values are mean + SEM.

2nA
25ms
20 0
10 -somyf— 0

examined in E14.5-16.5 and E20-neonatal SCG cells within 24
hr of isolation and as a function of time ir vitro. As I and I,
activation rates differ by approximately an order of magnitude
(Fig. 4), the apparent rates of total outward current activation
should vary as a function of the relative contributions of I, and
I.. Analyses of the rates of outward current activation in E20-
neonatal SCG cells revealed that the rate constants were voltage-
dependent (Nerbonne et al., 1986), increasing with increasing
depolarization (Table 4). Similar results were obtained for E18.5-
20 SCG cells, .and no significant differences in activation rate
constants were evident in these cells studied up to ~3 weeks in
vitro (not .shown). Analyses of the rates of I, activation in
E14.5-16.5 SCG cells =24 hr after isolation, in contrast, re-
vealed rate constants ~6-fold smaller (Table 4). These obser-
vations are consistent with the suggestion that I, is absent in
SCQG cells isolated at E14.5~16.5. The rates of I, activation in
these cells, therefore, are determined by I,. When E14.5-16.5
SCG cells were examined after =1 week in vitro, the rate con-
stants for outward current activation were increased =6-fold
and were similar to those measured in neonatal cells <24 hr in
vitro (Table 4), suggesting that I, was now functional in these
cells.

In contrast to the observed variations in I, in developing SCG
cells, there were no measurable differences in the voltage-de-
pendent properties of I, among SCG neurons isolated at dif-
ferent developmental (E14.5-neonatal) times (Fig. 64) or for
embryonic cells maintained in vitro (Fig. 6 B). The kinetic prop-
erties of I (Table 4) also were indistinguishable (Nerbonne et
al., 1986). The absolute amplitudes of Iy in E14.5-16.5 SCG
cells =24 hr in vitro were similar, although somewhat more
variable, than those measured in E20-neonatal cells (see above).
Ix amplitudes in E14.5-16.5 cells examined <24 hr after iso-
lation varied over the range 0.10 to 2.2 nA (mean = 0.45 nA;
median = 0.30 nA; n = 44). Nevertheless, Iy densities in these
cells were not significantly different from those measured in
E20-neonatal cells (Table 3) and, in addition, did not vary sig-
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Figure 6. Normalized current-voltage relation for I, in developing SCG neurons. Outward currents were evoked during depolarizations from an
HP of —80 mV, as described in the legend of Figure 4. The amplitudes of the currents remaining at 125 msec (i.e., the plateau) were measured in
individual cells and normalized to the currents evoked at +10 mV in the same cell. 4, Mean normalized current-voltage relations for I, in E14.5—
16.5 (O, n = 44) and E20-neonatal (@, » = 13) SCG cells <24 hr after isolation are indistinguishable. B, Similar results were obtained for cells
examined at various times during development in vitro. The normalized current-voltage relations for I in E14.5-16.5 SCG cells <24 hr (O, n =

44), 48-96 hr (O, n = 13), and 5-8 days (4, n = 18) in vitro superimpose.

nificantly in cells maintained for varying times in vitro (Table
3). Taken together, these observations reveal no evidence for
any significant developmental changes in I in SCG neurons.

Resting membrane potentials and action potentials

With normal bath solution and 140 mm KCl in the recording
pipettes, RPs and AP waveforms were measured in isolated SCG
cells. In early and late embryonic SCG cells, RPs (Table 5) were
similar to those measured previously using microelectrode
techniques in adult (Galvan and Sedlmeir, 1984; Belluzzi et al.,
1985a) and long-term cultured neonatal (Higgins and Burton,
1982; Freschi, 1983) SCG neurons. For E20 SCG cells examined
<24 hr after isolation, RPs varied over a range of =30 mV,
with a mean (£SD) value of —53 = 8 mV (Table 5). No sig-
nificant differences in RPs were evident among cells evaluated
over approximately 1 week in vitro (Table 5). As cells were
examined within hours of isolation, it is assumed that the data
reflect the RPs of cells in vivo at the time of dissociation.

In E20-neonatal cells, APs evoked by brief depolarizing cur-
rent injections (via the recording pipettes) were similar to those
described previously in adult (Galvan and Sedlmeir, 1984; Bel-
luzzi et al., 1985a) and long-term cultured neonatal (Higgins
and Burton, 1982) SCG neurons. APs (Fig. 74) were charac-
terized by fast activation, somewhat slower repolarization, and
prolonged afterhyperpolarization. In general, AP waveforms were
quite stereotyped, although differences in (AP) amplitudes and
durations were observed that appeared to correlate with differ-
ences in RPs. AP waveforms were similar in cells examined 3~
7 days after isolation (not shown). As reported previously for
mature SCG cells (Higgins and Burton, 1982), E20-neonatal
SCG cells could be stimulated to fire APs repetitively during
prolonged current injections. Maximal firing frequencies were

observed in the range of 15-30 Hz. In the presence of TTX (1
um), it was more difficult to evoke APs, unless outward K+
currents were also partially suppressed. APs (when evoked) were
slower to rise, reduced in amplitude, and, in some cells, pro-
longed. When Ca?* influx was blocked by the addition of Co?*
to the bath in the absence of TTX, in contrast, neither the rising
phases, the peak amplitudes, nor the currents required to evoke
APs were significantly affected, although AP afterhyperpolar-
izations were eliminated or markedly reduced. These results sug-
gest that both Na* and Ca?* influx are important in determining
AP waveforms in developing, as in mature (Higgins and Burton,
1982; Freschi, 1983; Galvan and Sedlmeir, 1984; Belluzzi et al.,
1985b; Kawai and Watanabe, 1986; Marrion et al., 1987), SCG
neurons.

The waveforms of APs in <E16.5 SCG cells examined <24
hr after isolation were similar (although not identical) to those
described above. The rising phases of APs in E16 and E20 SCG
cells, for example, were indistinguishable, although the initial
phase of AP repolarization was slower in E16 cells, and APs

Table 5. Resting membrane potentials in developing SCG neurons

Age at Time
isolation in vitra RP (mV)- Range (mV) n
E20 =24 hr -53+8 -38to —66 24
24-48 hr -53+9 —40 to —68 23
48-72 hr =55+ 11 -35t0 —74 18
4-5d -53+8 —32to —68 25
El6 <24 hr =50+ 10 —35t0 =70 19
4-6d -53+8 —381t0 —70 18

¢ Values are mean + SD.
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Figure 7. AP waveforms in developing SCG neurons. Whole-cell APs in dissociated E16 (4) and E20 (B) SCG neurons =20 hr after isolation.
Both cells had RPs of ®—52 mV. APs, evoked at 10-sec intervals by depolarizing current pulses delivered via the patch pipettes, were recorded
on different time scales in the left and right panels of 4, B. The zero potential level is indicated by the dashed lines. For the E16 SCG neuron (4,
left panel), a 2 msec, 100 pA current pulse evoked an AP with an APD,, (see text) of 4.1 msec. For the E20 cell (B, left panel), in contrast, a 2

msec, 200 pA current pulse evoked an AP with an APD,, of 2.7 msec.

were somewhat broader (Fig. 74). Comparison of AP durations
in E16 and E20 SCG cells <24 hr after isolation, in fact,
revealed that the time required for 50% (APD,,) and 90% (APD,,)
repolarization to the RP were significantly (p < 0.001) longer
for E16 cells. APD,, (mean = SD) values, for example, were
4.6 + 1.7 and 3.1 + 0.4 msec for E16 (n = 15) and E20 (n =
18) SCG cells, respectively. In addition, it is of interest to note
that significantly (p < 0.001) smaller currents were required to
evoke APs in E16 than in E20 SCG cells. During brief (3 msec)
depolarizing current injections, the minimal current (mean *+
SD) required to evoke APs in E16 and E20 SCG cells <24 hr
in vitro was 135 + 44 (n = 10) and 241 += 76 (n = 14) pA,
respectively. Although it might be suggested that this difference
is attributable to differences in cell input resistances, this pos-
sibility seems unlikely, since input resistances (mean * SD) in
E16 and E20 SCG cells examined <24 hr after isolation were
1.73 + 0.86 GQ (n = 13) and 1.45 £ 0.83 GQ (n = 11), re-
spectively. These values are not significantly different. That
smaller currents are required to evoke APs in E14.5-16.5 SCG
cells seems likely to reflect the absence of I, in these cells.
Because I, activates rapidly on membrane depolarization, this
conductance pathway is expected to counter depolarization-ac-
tivated increases in inward (mostly Na*) currents. In the absence
of 1, therefore, cells would be expected to be more excitable,

i.e., smaller currents should bring a cell to threshold when I, is
functional.

As previously demonstrated in mature SCG cells (Belluzzi et
al., 1985b), marked changes in AP waveforms in late embryonic
and neonatal SCG cells were also observed as a function of
membrane potential (Fig. 8). It seems unlikely that variations
in RPs account for the differences in AP waveforms in E16 and
E20 SCG cells (Fig. 7), since no significant differences in RPs
were observed among cells isolated at E16 and E20 or in SCG
cells maintained for varying times in vitro (Table 5). In addition,
the cells in Figure 7 both had RPs of =—52 mV. Nevertheless,
AP waveforms evoked from rest in E16 SCG cells do resemble
those elicited in older cells from more depolarized membrane
potentials.

Previously, based on variations in AP durations with mem-
brane potential, it was proposed (Belluzzi et al., 1985a) that I,
rather than other voltage- (I) or Ca?*- (I.) dependent K+ cur-
rents, underlies AP repolarization in SCG neurons. According
to this model, AP durations at different membrane potentials
are determined by the (variable) contribution of I,. At more
depolarized membrane potentials, APs are broader as I, chan-
nels undergo steady-state inactivation, whereas at more hyper-
polarized membrane potentials, APs are shortened as steady-
state inactivation of I, channels is removed (Belluzzi et al.,
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Figure 8. Variations in AP wave-

forms with membrane potential in an
E20 SCG neuron. Recording condi-
tions were as in Figure 7, except that
the membrane potential of this cell was
varied by injecting hyperpolarizing (B,
C) or depolarizing (E, F) current. The
amplitudes of the DC currents injected
are indicated on the right of the current
records. The zero current records (4, D)
reflect the RP (—45 mV) of this cell.
The zero potential is indicated by the
dashed line. The cell was hyperpolar-
ized to —57 mV in B and —72 mV in
C and depolarized to —38 mV (E) and

1985a). The variations in AP waveforms as a function of mem-
brane potential observed here (Fig. 8) are consistent with the
predictions of this model. If I, plays this role in SCG neurons,
its absence in <E16.5 cells could account for the broadened
APs in these cells (Fig. 7).

In an attempt to evaluate directly the role of I, in AP repo-
larization, the effects of 4-AP on AP waveforms in E20 SCG
neurons were examined, as 4-AP has been suggested to suppress
1, preferentially in some cells (Thompson, 1977; Adams et al.,
1980; Segal et al., 1984; Rogawski, 1985). Consistent with pre-
vious observations (McAffee and Yarowsky, 1979), brief puffer
applications of 4-AP (1-3 mm) resulted in AP prolongation (Fig.
94). In this cell, the APD,, increased from 3 to 5.2 msec fol-
lowing 4-AP application. These observations support a role for
I, in AP repolarization in SCG cells. In ~30% of the cells
examined, however, 4-AP also reduced afterhyperpolarization
amplitudes (Fig. 94), suggesting that 4-AP has effects on K*
currents in addition to I,. This was confirmed in voltage-clamp
experiments (Fig. 9B), since puffer applications of 4-AP (1-3
mm) also partially suppressed 1. These observations complicate
interpretation of the effects of 4-AP on the AP. As I, almost
certainly contributes to AP repolarization, the broadening of

—34 mV (F) before depolarizing cur-
rent injections that evoked APs. Simi-
lar variations in AP waveforms were
observed in all E20 SCG cells (n = 26)
examined.

the AP (Fig. 94) by 4-AP may be partially attributed to suppres-
sion of I, (in addition to I,). Unfortunately, this possibility is
difficult to examine in any detail in the absence of more specific
blockers of I, and I,,. Perhaps as more specific K* channel block-
ers or toxins (Pappone and Cahalan, 1987) become available,
it will be possible to delineate the precise role(s) of I, and Iy in
AP repolarization in SCG neurons.

Discussion

The results presented here demonstrate that electrically excit-
able membrane properties in neonatal and late embryonic
(=E18.5) rat SCG neurons are similar to those described pre-
viously in mature SCG cells (Freschi, 1983; Galvan and Sedl-
meir, 1984; Belluzzi et al., 1985a, b; Marrion et al., 1987).
Electrophysiological recordings were obtained within hours of
cell dissociations and are assumed to reflect the in vivo mem-
brane properties of these cells at the time of isolation. When
these cells were examined after varying times in vitro, the ab-
solute amplitudes of voltage-gated inward and outward currents
were increased, although no significant differences in the time-
or voltage-dependent properties of the currents and no mea-
surable changes in RPs or AP waveforms were observed. Taken
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Figure 9. Effects of 4-AP on AP waveforms and voltage-gated K+
currents in E20 SCG neurons. 4, APs were measured as described in
the legend of Figure 7. This cell had an RP of =—65 mV. The control
AP, recorded before application of 4-AP, is indicated by the asterisk.
Following puffer application of (3 mm) 4-AP for 30 sec, the AP was
broadened. Similar results were obtained in 6 other E20 SCG cells. B,
Outward currents, evoked during depolarizations to potentials between
—10 and +40 mV from an HP of —50 mV were measured as described
in the legend of Figure 4. Control K* currents are indicated by the
asterisks. Following a 30-sec application of (3 mm) 4-AP, the peak of
the outward current is less evident, suggesting substantial block of I,.
In addition, attenuation of the plateau current (Iy) also is observed.
Similar results were obtained in 8 other E20 SCG neurons, in which
puffer applications of 1-3 mm 4-AP resulted in =50% suppression of
the peak outward K* current.

together, these observations suggest that SCG neurons are elec-
trophysiologically mature well before birth. Although this con-
clusion is in apparent conflict with at lease one previous study
(Smith et al., 1982), more recent work (Rubin, 1985a, b, c)
suggests that the SCG is well developed early in embryonic life:
Axon outgrowth from the SCG was evident at E14.5 (Rubin,
1985a), dendritic outgrowth was observed at E15.5 (Rubin,
1985b), and, perhaps most interesting, synaptic transmission
could be measured as early as E14.5 (Rubin, 1985c).

In spite of the increases in absolute current amplitudes, mean
I, (Table 3) and I, (Table 2) densities appeared to decrease in

E20-neonatal cells during the first 4 days in vitro. Owing to the
difficulties associated with maintaining adequate spatial control
of the membrane voltage in cells that have elaborated processes,
however, it might be suggested that these observations should
be interpreted with some caution. Poor voltage control could
result in underestimates of current amplitudes and thereby result
in apparent reductions in current densities. Although we cannot
eliminate this possibility unequivocally, it should be noted that
no significant variations in mean I density (Table 3) were ev-
ident in cells examined at similar times after isolation, and, in
addition, no further decreasesin I, or I, densities were observed
in E20-neonatal SCG cells examined after =4 days in vitro
(Tables 2 and 3) in spite of continued increases in cell size (Table
1). As a result, we favor the interpretation that the results reflect
developmental decreases in I, and I, densities in these cells.
This interpretation (at least for I.,) is supported by the obser-
vation that mean peak I, density measured in E14.5-16.5 SCG
cells <24 hr after isolation was significantly higher (Table 2)
than in E20-neonatal cells. In addition, mean I, density in
E14.5-16.5 cells also decreased over time in vitro.

When compared with the results obtained in late embryonic
and neonatal SCG cells, several additional differences in excit-
able membrane properties were evident in E14.5-16.5 SCG
neurons examined within the first 24 hr after isolation. In par-
ticular, although other voltage-activated currents were mea-
sured, I, was not evident in these cells. In addition, although
input resistances were similar, smaller currents were required
to evoke APs and APs were broader in these cells thanin =E18.5
SCG cells. Although it seems likely that I, was absent in vivo
at the time the cells were dissociated from the ganglia, it might
also be argued that the cells were damaged during the isolation
procedure, resulting in the loss of I, channels. Although we have
no direct evidence on this point, we think this possibility un-
likely for several reasons. First, other voltage-activated currents,
e.8., Ina, I, and I, were readily measured in these cells, and
the time- and voltage-dependent properties of these currents
were indistinguishable from those measured in =E18.5 SCG
cells. In addition, when SCG cells isolated at E14.5-16.5 were
evaluated after =~5-8 days in vitro, I, was present. The appear-
ance of I, in vitro, therefore, paralleled the apparent time course
of development of I, in vivo. As a result, we favor the interpre-
tation that I, was not measured in E14.5-16.5 SCG neurons at
the time of isolation because this conductance pathway had not
yet developed in these cells in vivo.

In some molluscan neurons (Connor and Stevens, 1971a, b),
I, is involved in regulating repetitive firing. It seems unlikely
that this is the primary function of I, in rat SCG neurons for
several reasons. For example, in response to prolonged current
injections, SCG neurons displayed a very limited range of firing
rates with maximal frequencies of <30 Hz. Repetitive firing,
therefore, does not seem to be a prominent feature of SCG
neurons. In addition, the observation that firing frequencies in
E14.5-16.5 SCG cells (in which I, was not apparent) were not
significantly different from those in late embryonic and neonatal
cells implies that neither the ability to fire APs repetitively nor
the maximal firing frequency can be influenced significantly by
the presence or the functioning of I,. It has been suggested
(Belluzzi et al., 1985a) that I,, rather than I, or I, is the K+
conductance pathway primarily responsible for AP repolariza-
tion in mammalian sympathetic neurons. If this were the case,
the absence or suppression of I, should be clearly reflected in
the AP waveform. APs would be expected to be prolonged rel-



ative to APs evoked when I, is functional. The findings that
APs were broader in the presence of 4-AP and at depolarized
membrane potentials, where I, is inactivated, are consistent
with this postulated role for I, in AP repolarization. Further-
more, the observations that (1) APs were broader in E14.5-16.5
(which lack 1,) than in =E18.5 SCG cells =24 hr in vitro, (2)
APs in E14.5-16.5 SCG cells maintained for several days in
vitro repolarized more rapidly than APs in freshly isolated cells,
and, (3) developmental changes in AP waveforms occurred over
a time course that paralleled the time course of appearance of
1, also support a role for I, in repolarization of the AP. Thus,
it seems reasonable to conclude that I, is an important deter-
minant of AP repolarization in rat SCG neurons and, in addi-
tion, that the appearance of I, during the embryonic develop-
ment of these cells results in reshaping AP waveforms. An
additional, presumably important, role for I, in some cells ap-
pears to be to regulate (or ‘limit’) excitability (Connor and Ste-
vens, 1971b; Segal et al., 1984; Storm, 1986). Since I, activates
on membrane depolarization at relatively hyperpolarized po-
tentials and current activation is rapid, this conductance path-
way will oppose increases in inward currents, thereby ‘limiting’
or slowing depolarization. In the presence of 1,, therefore, the
time and/or the current required to reach the threshold to evoke
an AP are expected to increase, and experimental observations
support this suggestion (Connor and Stevens, 1971b). The ob-
servation here that smaller currents were required to evoke APs
in E14.5-16.5 than in =E18.5 cells (=24 hr after isolation) is
consistent with there being a similar (important) role for I, in
SCG neurons.

It would have been interesting to evaluate the electrophys-
iological properties of embryonic SCG neurons at earlier times
during development, particularly to evaluate the possibility that
Na* current density and/or Na* current properties might vary
during early development, as has been described in other sys-
tems (MacDermott and Westbrook, 1986; O’Dowd etal., 1988).
Unfortunately, this was precluded by the difficulties associated
with recognizing and isolating the SCG at earlier times (Rubin,
1985a). As noted previously, even in cultures prepared at E14.5-
16.5, morphologically distinct cell types were evident, suggesting
contamination by cells not derived from the SCG. This hy-
pothesis was supported by the observation that ~30% of the
neurons in E14.5-16.5 cultures did not bind 192-IgG, the mono-
clonal antibody directed against the NGF receptor (Chandler et
al., 1984), indicating that these cells were most likely not sym-
pathetic neurons (Richardson et al., 1986).

Previous studies in Xenopus spinal cord neurons also revealed
changes in AP waveforms during development (Spitzer and
Lamborghini, 1976; Baccaglini and Spitzer, 1977). Although the
observed changes (in AP waveforms) in these cells were largely
attributed to developmental variations in inward Na* and Ca?*
currents (Spitzer and Lamborghini, 1976; Baccaglini and Spitz-
er, 1977; Blair, 1983; Spitzer, 1983, 1984), more recent studies
have revealed developmental changes in the amplitudes of volt-
age- and Ca?*-dependent K+ currents (O’Dowd et al., 1988), as
well as in the Ca?*-sensitivity of Ca®*-dependent K+ channels
(Blair and Dionne, 1985). Most likely these changes are also
important in reshaping AP waveforms in these cells (O’Dowd
et al., 1988). In Ambystoma spinal neurons, developmental
changes in outward K* currents also appear to be important in
altering AP waveforms (Barish, 1986). Similarly, in Drosophila
flight muscle, although I, appears early in development (Salkoff,
1981), a Ca2*-sensitive fast outward current, termed I,cp, which
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is important in AP repolarization in the adult muscle, develops
late (Salkoff, 1983). It seems certain that there is not a single
pattern or sequence that is followed in all systems during the
development of membrane excitability. Rather, it seems more
reasonable to assume that the developmental changes that occur
in neuronal membrane properties and the processes that regulate
these changes are variable in different cells. It may also be that
the detailed pattern followed during the development of excit-
able membrane properties is specific for a particular cell type
and its physiological function. We anticipate that approaches
similar to those employed here will help to clarify these points
in a variety of neuronal cell types in the developing mammalian
nervous system.

References

Adams, D. J., S. J. Smith, and S. H. Thompson (1980) Ionic currents
in molluscan soma. Annu. Rev. Neurosci. 3: 141-167.

Baccaglini, P. 1., and N. C. Spitzer (1977) Developmental changes in
the inward current of the action potential of Rohon Beard neurones.
J. Physiol. (Lond.) 271: 93-117.

Bader, C. R., D. Bertrand, and A. C. Kato (1983a) Membrane currents
in a developing parasympathetic ganglion. Dev. Biol. 98: 515-519.
Bader, C. R., D. Bertrand, E. Dupin, and A. C. Kato (1983b) Devel-
opment of electrical properties of cultured avian neural crest. Nature

305: 808-810.

Bader, C. R., L. Bernheim, and D. Bertrand (1985) Sodium-activated
potassium current in cultured avian neurons. Nature 317: 540-542.

Barish, M. E. (1986) Differentiation of voltage-gated potassium current
and modulation of excitability in cultured amphibian spinal neurones.
J. Physiol. (Lond.) 375. 229-250.

Belluzzi, O., O. Sacchi, and E. Wanke (1985a) A fast transient outward
current in the rat sympathetic neurone studied under voltage clamp
conditions. J. Physiol. (Lond.) 358: 91-108.

Belluzzi, O., O. Sacchi, and E. Wanke (1985b) Identification of delayed
potassium and calcium currents in the rat sympathetic neurone under
voltage clamp. J. Physiol. (Lond.) 358: 109-130.

Blair, L. A. C. (1983) The timing of protein synthesis required for the
development of the sodium action potential in embryonic spinal neu-
rons. J. Neurosci. 3: 1430-1436.

Blair, L. A. C., and V. E. Dionne (1985) Developmental acquisition
of Ca?*-sensitivity by K+ channels in spinal neurones. Nature 315:
329-331.

Carbone, E., and H. D. Lux (1984) A low voltage-activated calcium
conductance in embryonic chick sensory neurons. Biophys. J. 46:413-
418.

Chandler, C. E., L. M. Parsons, M. Hosang, and E. M. Shooter (1984)
A monoclonal antibody modulates the interaction of nerve growth
factor with PC12 cells. J. Biol. Chem. 259: 6882-6889.

Christie, G. A. (1964) Developmental stages in somite and post-somite
rat embryos, based on external appearance, and including some fea-
tures of the macroscopic development of the oral cavity. J. Morphol.
114:263-286.

Connor, J. A., and C. F. Stevens (1971a) Voltage-clamp studies of a
transient outward current in gastropod neural somata. J. Physiol.
(Lond.) 213: 21-30.

Connor, J. A., and C. F. Stevens (1971b) Prediction of repetitive firing
behaviour from voltage clamp data on an isolated neurone soma. J.
Physiol. (Lond.) 213: 31-53.

Fox, A. P., M. C. Nowycky, and R. W. Tsien (1987a) Kinetic and
pharmacological properties distinguishing three types of calcium cur-
rents in chick sensory neurones, J. Physiol. (Lond.) 394 149-172.

Fox, A. P., M. C. Nowycky, and R. W, Tsien (1987b) Single-channel
recordings of three types of calcium channels in chick sensory neu-
rones. J. Physiol. (Lond.) 394: 173-200.

Freschi, J. (1983) Membrane currents of cultured rat sympathetic
neurons under voltage clamp. J. Neurophysiol. 50: 1460-1476.

Galvan, M., and C. Sedlmeir (1984) Outward currents in voltage-
clamped rat sympathetic neurones. J. Physiol. (Lond.) 356: 115-133.

Gurney, A. M., R. Y. Tsien, and H. A. Lester (1987) Activation of a
potassium current by rapid photochemically generated steps of intra-
cellular calcium in rat sympathetic neurons. Proc. Natl. Acad. Sci.
USA 84: 3496-3500.



3286 Nerbonne and Gurney » Membrane Excitability in Developing SCG Neurons

Hagiwara, S., and L. Byerly (1981) Calcium channels. Annu. Rev.
Neurosci. 4: 69-125.

Hagiwara, S., K. Kusano, and N. Saito (1961) Membrane changes of
Onchidium nerve cell in potassium-rich medium. J. Physiol. (Lond.)
155: 470-489.

Hamill, O. P., A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth
(1981) Improved patch-clamp techniques for high resolution re-
cording from cells and cell-free membrane patches. Pfluegers Arch.
391: 85-100.

Hawrot, E. (1980) Cultured sympathetic neurons: Effects of cell-de-
rived and synthetic substrata and development. Dev. Biol. 74: 136~
151.

Higgins, D., and H. Burton (1982) Electrotonic synapses are formed
by fetal rat sympathetic neurons maintained in a chemically defined
culture medium. Neuroscience 7: 2241-2253.

Hirning, L. D., A. P. Fox, E. W. McCleskey, B. M. Olivera, S. A. Thayer,
R.J. Miller, and R. W. Tsien (1988) Dominant role of N-type Ca2*
channels in evoked release of norepinephrine from sympathetic neu-
rons. Science 239: 57-60.

Johnson, M. L., and V. Argiro (1983) Techniques in the tissue culture
of rat sympathetic neurons. Methods Enzymol. 103: 334-337.

Kawai, T., and M. Watanabe (1986) Blockade of Ca-activated K con-
ductance by apamin in rat sympathetic neurones. Br. J. Pharmacol.
87:225-232,

Kostyuk, P. G. (1981) Calcium channels in the neuronal membrane.
Biochim. Biophys. Acta 650: 128-150.

Latorre, R., R. Coronado, and C. Vergara (1984) K+ channels gated
by voltage and ions. Annu. Rev. Physiol. 46: 485-495.

MacDermott, A. B., and G. L. Westbrook (1986) Early development
of voltage-dependent sodium currents in cultured mouse spinal cord
neurons. Dev. Biol. 113: 317-326.

Mains, R. E., and P. H. Patterson (1973) Primary cultures of disso-
ciated sympathetic neurons. 1. Establishment of long-term growth in
culture and studies of differentiated properties. J. Cell Biol. 59: 329~
345.

Marrion, N. V., T. G. Smart, and D. A. Brown (1987) Membrane
currents in adult rat superior cervical ganglia in dissociated tissue
culture. Neurosci. Lett. 77: 55-60.

Marty, A., and E. Neher (1983) Tight-seal whole-cell recording. In
Single Channel Recording, B. Sakmann and E. Neher, eds., pp. 107~
122, Plenum, New York.

McAfee, D. A, and P. J. Yarowsky (1979) Calcium-dependent poten-
tials in the mammalian sympathetic neurone. J. Physiol. (Lond.) 290:
507-523.

McCleskey, E. W., A. P. Fox, D. Feldman, and R. W. Tsien (1986)
Different types of calcium channels. J. Exp. Biol. 124: 177-190.

Nerbonne, J. M., A. M. Gumey, and H. R. Rayburn (1986) Devel-
opment of the fast, transient outward K* current in embryonic sym-
pathetic neurones. Brain Res. 378: 197-202.

Nowycky, M. C., A. P. Fox, and R. W. Tsien (1985) Three types of
neuronal calcium channels with different calcium agonist sensitivity.
Nature 316: 440-443.

O’Dowd, D. K. (1983) RNA synthesis dependence of action potential
development in spinal cord neurones. Nature 303: 619-621.

O’Dowd, D. K., A. B. Ribera, and N. C. Spitzer (1988) Development
of voltage-dependent calcium, sodium, and potassium currents in
Xenopus spinal neurons. J. Neurosci. 8: 792-805.

O’Lague, P. H., D. D. Potter, and E. J. Furshpan (1978a) Studies on
rat sympathetic neurons developing in cell culture. I. Growth char-
acteristics and electrophysiological properties. Dev. Biol. 67; 384-
403.

O’Lague, P. H., E. J. Furshpan, and D. D. Potter (1978b) Studies on
rat sympathetic neurons developing in cell culture. II. Synaptic mech-
anisms. Dev. Biol. 67: 404-423.

Pappone, P. A., and M. D. Cahalan (1987) Pandinus imperator scor-
pion venom blocks voltage-gated potassium channels in nerve fibers.
J. Neurosci. 7: 3300-3305.

Raff, M. C., K. L. Fields, S.-I1. Hakomori, R. Mirsky, R. M. Pruss, and
J. Winter (1979) Cell type-specific markers for distinguishing and
studying neurons and the major classes of glial cells in culture. Brain
Res. 174: 283-308.

Richardson, P. M., V. M. K. Verge Issa, and R. J. Riopelle (1986)
Distribution of neuronal receptors for nerve growth factor in the rat.
J. Neurosci. 6: 2312-2321.

Rogawski, M. A. (1985) The A-current: How ubiquitous a feature of
excitable cells is it? Trends Neurosci. 8: 214-219.

Rubin, E. (1985a) Development of the rat superior cervical ganglion:
Cell maturation. J. Neurosci. 5: 673-684.

Rubin, E. (1985b) Development of the rat superior cervical ganglion:
Ingrowth of preganglionic axons. J. Neurosci. 5: 685-696.

Rubin, E. (1985¢c) Development of the rat superior cervical ganglion:
Initial stages of synapse formation. J. Neurosci. 5: 697-704.

Sakmann, B., and E. Neher (1984) Patch clamp techniques for studying
ionic channels in excitable membranes. Annu. Rev. Physiol. 46:455-
472,

Salkoff, L. B. (1981) Outward currents in developing Drosophila flight
muscle. Science 212: 461-463.

Salkoff, L. B. (1983) Drosophila mutants reveal two components of
fast outward current. Nature 302: 249-251.

Salkoff, L. B., and R. J. Wyman (1983) Ion currents in Drosophila
flight muscles. J. Physiol. (Lond.) 337 687-709.

Segal, M., M. A. Rogawski, and J. L. Barker (1984) A transient po-
tassium conductance regulates the excitability of cultured hippocam-
pal and spinal neurons. J. Neurosci. 4; 604-609,

Smith, P. G., T. A. Slotkin, and E. Mills (1982) Development of
sympathetic ganglionic neurotransmission in the neonatal rat. Pre-
and postganglionic nerve response to asphyxia and 2-deoxyglucose.
Neuroscience 7: 501-507.

Spitzer, N. C. (1983) The development of neuronal membrane prop-
erties in vivo and in culture. In Developing and Regenerating Verte-
brate Nervous Systems, P. Coates, ed., pp. 41-59, Liss, New York.

Spitzer, N. C. (1984) The differentiation of membrane properties of
spinal neurons. In The Cellular and Molecular Biology of Develop-
ment, 1. B. Black, ed., pp. 95-106, Plenum, New York.

Spitzer, N. C., and J. E. Lamborghini (1976) The development of the
action potential mechanism of amphibian neurons isolated in culture.
Proc. Natl. Acad. Sci. USA 73: 1641-1645.

Storm, J. (1986) A-current and Ca-dependent transient outward cur-
rent control the initial repetitive firing in hippocampal neurons. Bio-
phys. J. 49: 369a.

Taniuchi, M., H. B. Clark, and E. M. Johnson, Jr. (1986) Induction
of nerve growth factor receptor in Schwann cells after axotomy. Proc.
Natl. Acad. Sci. USA 83: 4094-4098.

Thompson, S. H. (1977) Three pharmacologically distinct potassium
channels in molluscan neurones. J. Physiol. (Lond.) 265: 465-488.
Wakshull, E., M. 1. Johnson, and H. Burton (1979) Postnatal rat
sympathetic neurons in culture. I. A comparison with embryonic

neurons. J. Neurophysiol. 42: 1410-1425.

Wanke, E., A. Ferroni, A. Malgaroli, A. Ambrosini, T. Pozzan, and J.
Meldolesi (1987) Activation of a muscarinic receptor selectively
inhibits a rapidly inactivated Ca?* current in rat sympathetic neurons.
Proc. Natl. Acad. Sci. USA 84: 4313-4317.



