Increases in blood glucose levels also have
pathological effects that seem to be strongly

correlated to SN and have potentially im-

portant implications for diabetes. The loco-
motor activity of experimental animals -is
closely related to the activity of dopamine-
containing neurons (20). Yet, the ambula-
tory activity of streptozotocin-induced dia-
betic rats is decreased when the blood glu-
cose level rises (21). We would like to
propose that high glucose levels inhibit
Karp channels, depolarize SN terminals,
increase GABA release, and thereby also
extensively inhibit the activity of dopamin-
ergic neurons (21), resulting in a decrease of
ambulatory activity.
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Functional Properties of Rat Brain Sodium Channels
Expressed in a Somatic Cell Line

ToDD SCHEUER, VANESSA J. AULD, SHELLEY BOYD, JAMES OFFORD,
ROBERT DUNN, WILLIAM A. CATTERALL

Transfection of Chinese hamster ovary cells with complementary DNA encoding the
Rya sodium channel a subunit from rat brain led to expression of functional sodium
channels with the rapid, voltage-dependent activation and inactivation characteristic of
sodium channels in brain neurons. The sodium currents mediated by these transfected
channels were inhibited by tetrodotoxin, persistently activated by veratridine, and
prolonged by Leiurus a-scorpion toxin, indicating that neurotoxin receptor sites 1
through 3 were present in functional form. The Rys sodium channel « subunit cDNA
alone is sufficient for stable expression of functional sodium channels with the expected
kinetic and pharmacological properties in mammalian somatic cells.

ODIUM CHANNELS MEDIATE THE MA-

jor inward current responsible for the

upstroke of the action potential in
many excitable cells. Rat brain Na™ channels
are heterotrimeric proteins consisting of «,
B1, and B, subunits of 260, 36, and 33 kD,
respectively (1). A wide variety of neurotox-
ins affect Na* channel activity, and five
different toxin receptor sites on the rat brain
channel have been biochemically character-
ized (1). Three distinct subtypes of the rat
brain Na* channel a subunit, R;, Ry, and
Ry, have been cloned and sequenced (2, 3).
Expression of a subunits by injection of
mRNA into Xenopus oocytes has shown that
many Na* channel functions are mediated
by the o subunit alone (4-7). However,
high molecular weight brain mRNA or Ryia
mRNA direct the synthesis of Na* channels
with unusually slow inactivation kinetics
(7). Coexpression with size-fractionated
brain mRNA smaller than 4 kb is able to
accelerate inactivation, suggesting that a low
molecular weight brain protein is necessary
for rapid inactivation in oocytes (7). We
have stably expressed cDNA for the Ryja a
subunit in Chinese hamster ovary (CHO)
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cells, a mammalian cell line that lacks endog-
enous voltage-sensitive Na® channels, in
order to examine the physiological and
pharmacological properties of these chan-
nels in the genetic background of a mamma-
lian somatic cell.

CHO cells were cotransfected (8) with
pVA222 containing the coding region of
the Rjya Na* channel o subunit (7) in
vector pECE (9) and pSV2neo, a plasmid
conferring resistance to the antibiotic G418.
Control transfections with pECE lacking
the a subunit were also performed. Trans-
fectants were selected through multiple pas-
sages in the presence of G418 (§). Seven
independent stable G418-resistant cell lines
were isolated and analyzed for the presence
of the a subunit transcript by the ribonucle-
ase (RNase) protection procedure. Cell lines
PVAI and PVA4 expressed RNA that pro-
tected a 781-nucleotide (nt) cRNA anti-
sense transcript covering nucleotides 50 to
831 of the Ry 5' region (7) (Fig. 1A).
Northern (RNA) blots showed that these
two cell lines expressed mRNA species of
approximately 7.5 and 3.5 kb, which were
specifically recognized by an Rya cRNA
probe (Fig. 1B, lanes 3 and 4). Although
7.5 kb is the expected size for transcription
of the Ryja ¢cDNA in the pECE vector, the
3.5-kb species is truncated, possibly due to
premature termination of transcription or
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Table 1. Mean values for Na* currents in transfected cells. The number in parentheses is n.

Fragtion of Activation* Inactivation*
Cell active cells Mean Iy,
line (Ina > 20 (PA)
"bA) Vos (mV) k Vos (mV) k
CP1 0/6
PVAl 43/61 148 = 8 (19) -0.7 £ 09 (8) -9.1+0.5(8) —46.5 + 0.5 (9) 46+ 0409
PVA4 19/22 150 = 5 (8)

*Activation and inactivation curves were derived as described in the legend to Fig. 2B.

abnormal RNA splicing within the cDNA
expression unit. Cell line CP1, which was
transfected with vector only, did not have
detectable levels of mRNA encoding Na*
channels (Fig. 1B, lane 2). In contrast to the
transfected cells, rat brain neurons express
the full-length o subunit mRNA of 9.0 kb
(Fig. 1B, lane 1). Variation of the input
RNA to give comparable hybridization sig-
nals indicated that o subunit mRNA was
approximately 10% as abundant in trans-
fected cells as in rat brain. The RNase
protection experiments, which are sensitive
to even single nucleotide differences, con-
firm that the mRNA expressed in these
cells is transcribed from transfected Ryja
cDNA.

The expression of functional channels on
the cell surface was assayed by whole cell
voltage clamp (10, 11). Cells of the two o
subunit—transfected cell lines, PVA1 and
PVA4, generated inward currents that acti-
vated and then inactivated within 2 ms in
response to depolarizing voltage steps of
increasing size (Fig. 1C). Control transfec-
tants (CP1 cells) did not produce a similar
voltage-activated inward current (Fig. 1C
and Table 1). Voltage-activated inward cur-
rents were observed in greater than 70% of
the PVAL and PVA4 cells (Table 1). The
properties of these inward currents re-
mained stable through more than 27 pas-
sages.

The voltage-activated inward currents in
transfected cells were reversibly blocked by
80% in the presence of 100 nM tetrodotox-
in (TTX) (Fig. 1D) and completely blocked
by 200 nM TTX (n = 3). The presence of
these currents only in transfected cells, their
inhibition by TTX, their rapidly inactivating
time course, and their reversal potential near
+70 mV indicated that they were mediated
by Na™ channels encoded by the transfected
Rya ¢cDNA clone.

The mean peak Na* current was approxi-
mately 150 pA in both PVAI and PVA4
cells (Table 1), corresponding to the simul-
taneous activation of approximately 140
Na* channels with a single-channel conduc-
tance of 18 pS (12) per cell. Comparison
with the cell capacitance indicates a current
density of 9.0 pA/pF and a density of Na*
channels that are active during the peak
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current of 0.1 per square micrometer of cell
surface area. In contrast, similar estimates of
the density of active Na* channels at peak
current indicate that mouse neuroblastoma
cells have a Na* channel density of approxi-
mately 2 to 20 channels per square micro-
meter (13, 14), and the cell bodies of rat
central neurons have a channel density of 3
to 10 channels per square micrometer (15—
17). The expression of active Na* channels
in these transfected cell lines is much lower
than that in neuronal cells.

The voltage dependence of activation of
the Na* currents is consistent with the

properties of Na™ channels encoded by the
Ryja o subunit cDNA. In average current-
voltage (I-V) relations for peak inward Na*
current from PVA1 cells (Fig. 2A), inward
Na* current is first evident near —20 mV,
and peak inward current is achieved between
+10 and +20 mV. Activation curves de-
rived from peak currents (Fig. 2B) have half-
activation voltages near 0 mV. The peak
Na* current is activated at a voltage that is
10 to 20 mV more positive than peak Na*
currents recorded under similar conditions
in cultured embryonic rat brain neurons
(17), in different recording solutions in

Fig. 1. Functional expres- A B
sion of rat brain Na* chan- 7 89 10M 1
nels in transfected CHO
cells. (A) RNase protection.
Autoradiogram of a4 tran-
scripts  protected  from
RNase digestion in seven in-
dependent transfected CHO
lines. Cytoplasmic RNA
was isolated from detergent-
solubilized CHO cells by
NaOAc, pH 5, and precip-
itated by ethanol (30). CHO
RNA (15 pg), 10 pg of C
tRNA, or 2 pg of brain
poly(A)* RNA was hybrid-
ized to a 781-nt probe con-
taining nucleotides 50 to
831 (7) of the ajja mRNA
and treated with RNase A
and RNase T1 as described
(31). Denatured RNA du-
plexes were electrophoresed
on a 5% polyacrylamide gel.
Lane 1, size markers (tick
marks indicate 1018, 516/
506, and 394 nt); lane 2,
probe; lane 3, tRNA; lane 4,
brain poly(A)* RNA; lanes
5 to 11, transfected CHO lines PVA1 to PVA?7, respectively. (B) Messenger RNA blot. CHO cells
were transfected with pVA222 or the pECE vector, and stable cell lines were established as described
(9). RNA was isolated from cells by homogenization in guanidine thiocyanate and centrifugation
through CsCl (32). Total RNA (10 pg) was electrophoresed in agarose gels containing 2.2M
formaldehyde, transferred to nitrocellulose, and hybridized to a cRNA probe containing an insert
spanning nucleotides 3361 to 5868 of the Rya o subunit (7). Hybridization was performed in a
solution of 6X saline sodium citrate (SSC), 50% formamide, 50 mM tris-HCl, 10x Denhardt’s
solution, and 0.5% SDS at 68°C. After hybridization, the blot was washed at room temperature in 2x
$SC, 0.5% SDS, and in 0.2Xx SSC, 0.5% SDS at 68°C. After washing, the nitrocellulose filters were
exposed for autoradiography for 1 hour (lane 1) or 8 hours (lanes 2 to 4) at —80°C. Lane 1, total brain
RNA; lane 2, CP1 RNA; lane 3, PVA4 RNA; and lane 4, PVAL RNA. (C) Sodium currents in PVA1
(panel 1), PVA4 (panel 2), and CP1 (panel 3) cells. Inward Na™ currents were recorded during step
depolarizations to —38, —29, —19, -10, 0, 19, 38, 57, 77, and 86 mV for 16 ms from a holding
potential of —67 mV. Pulses +77 and +86 mV are omitted for PVA4 cell. Each voltage step was
preceded by a 200-ms long prepulse to —100 mV. Calibration: 2 ms; 100 pA. (D) Families of Na*
currents in PVAL cells evoked by voltage steps ranging from —40 to +50 mV (in 10-mV steps) before
(panel 1), during (panel 2), and after (panel 3) exposure to 100 nM TTX. Calibration: 2 ms; 100 pA.
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acutely isolated brain neurons (15, 16), or in
oocytes injected with brain polyadenylated
[poly(A)*] mRNA (7), Ryy mRNA (4), or
Ryy mRNA (5). A similar voltage depen-
dence was observed in every PVA1l and
PVA4 cell that was studied. As in CHO
cells, injection of Rja a subunit mRNA
into Xenopus oocytes yields Na™ channels
with peak currents at +10 to +20 mV (7).
The relatively positive voltage dependence
of activation of Rya Na* channels ex-
pressed in either oocytes or CHO cells re-
sults from a single conservative amino acid
change from leucine to phenylalanine at
position 860 in putative transmembrane
segment 1S4 (17a).

The decay of Na* currents during a sus-
tained depolarization was rapid in PVAl
cells with a 71/, of 0.7 ms at +10 mV (Fig.
2C). Inactivation time constants in PVA1
cells were similarly rapid at all potentials
tested (Fig. 2D). Steady-state inactivation of
the Na® current had an unusually steep
voltage dependence in PVAL cells (Fig. 2B
and Table 1). There was virtually no resting
inactivation at our normal holding potential
of —67 mV, whereas depolarization to —50
mV resulted in half-maximal steady-state
inactivation. The Na* channels were com-
pletely inactivated by —30 mV, and little or
no overlap of the activation and inactivation
curves was observed (Fig. 2B). Steady-state

Fig. 2. Properties of A
Na* currents in trans-
fected CHO cells. (A)
Mean, normalized Na*
current IV relation from
PVALl cells. Peak Na*
currents measured from
current families similar
to those shown in Fig.
1C were normalized to
peak current, averaged
on a voltage-by-voltage c
basis, and plotted as a
function of voltage dur-
ing the test pulse. Error

—60 -40 —20
— .

8

20 40 60 mV 1.0

Na* current resulting from such overlap
may contribute to the generation of bursts
of action potentials (18). Ryja Na™ channels
are unlikely to contribute significantly to
this aspect of neuronal excitability.

The time course of inactivation of Na*
currents resulting from expression of Rya
Na* channels in CHO cells is comparable to
that of Na™ currents in rat embryonic brain
neurons in cell culture (17) or acutely disso-
ciated adult rat central neurons (15, 16). In
contrast, Na® currents resulting from
expression of Ry in oocytes inactivate
much more slowly (7). Sodium currents
during a depolarization to +10 mV were
compared for Na* channels expressed in
PVAL cells (solid trace) or in oocytes (dot-
ted trace) (Fig. 2C) (7). In CHO cells,
currents inactivated within 1 to 2 ms,
whereas in oocytes, inactivation was incom-
plete by the end of a 16-ms pulse. Recovery
from inactivation in CHO cells was also
rapid because no decrease in peak currents
was seen during trains of pulses applied at 5
Hz. Sodium currents in oocytes injected
with only the Ryja o subunit mRNA dimin-
ish when stimulated with a similar protocol
(19). A protein of low molecular weight can
act to make the oocyte environment equiva-
lent to that of the CHO cell (7). Candidates
for this low molecular weight protein in-
clude B; or B, subunits, whose function

0.0 i — = A
-100 -80-60-40-20 0 20 40
V(mv)

w)

bars represent SEM. (B)
Normalized conduc-
tance-voltage (G-1) and
inactivation curves from
a PVAL cell. G-V curves
were obtained from Na*
current families recorded
as in Fig. 1C. Conduc-

N oW O

\
7 (ms)

\

1 o

0 o9
-30 0 30 60 90
V(mV)

tances, G (squares), were obtained from normalized peak current values, I, the test pulse voltage I, and
the measured I-V curve reversal potential V., according to the equation: G(V) = I/(V — V).
Inactivation curve was determined by using 200-ms long prepulses to the indicated membrane

potentials followed by a test pulse to +10 mV. Normalized peak currents are plotted as a function of

prepulse potential (triangles). Curves through the points arc least-squares fits normalized to 141 +
exp[(V — Vo.s)/k]}, where Vo s is the voltage of half-activation and k gives the steepness of voltage
dependence. Best fit values were as follows: Activation, Vo s = +2.0 mV, k = —7.55 mV; inactivation,
Vo.s = —45.96, k = 5.06. (C) Comparison of the time courses of Na* currents mediated by Ryja o
subunits expressed in PVAL cells and in Xenopus oocytes. Solid trace, inward current evoked by a
voltage pulse to +10 mV in a PVAI cell. Broken trace, approximate time course of In, in a Xenopus
oocyte at the same test potential, as reported (7). (D) Time constants of macroscopic inactivation of In.,.
Points were obtained by least-squares fits of single exponentials to the decline of Iy, during
depolarizations. Points represent the means of six to nine determinations except at +80 and +90 mV
where n = 2. Error bars (=SEM) in (A) and (D) are not shown when smaller than the symbol size.
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remains unknown, and modulatory proteins
such as protein kinases or enzymes involved
in other post-translational modifications.
Our results show that this low molecular
weight protein that is necessary for rapid
inactivation kinetics of R4 Na* channels in
oocytes (7) must either be endogenous or
unnecessary in the environment of the CHO
cell.

Sodium currents mediated by native Na™®
channels are blocked by TTX and saxitoxin
acting at neurotoxin receptor site 1, are
persistently activated by veratridine, ba-
trachotoxin, and other lipid-soluble toxins
acting at neurotoxin receptor site 2, and are
markedly potentiated and prolonged by
polypeptide a-scorpion toxins and sea
anemone toxins acting at neurotoxin recep-
tor site 3 (1). To test whether functional
receptor sites for these three classes of toxins
are present on Ryja a subunits, we examined
the effect of representative toxins on Na*
currents in transfected CHO cells. Tetrodo-
toxin inhibits Na* currents in PVA1 (Fig.
1D) and PVA4 cells. The 80% inhibition
observed at 100 nM is consistent with a
dissociation constant of 25 nM, in close
agreement with biochemical studies of brain
Na* channels (20).

Veratridine and related lipid-soluble neu-
rotoxins that act at neurotoxin receptor site
2 preferentially bind to activated Na* chan-
nels and cause persistent activation (21-25).
Their action is enhanced by repetitive activa-
tion of Na® channels. We examined the
effect of veratridine on Na™ currents record-
ed in PVAL cells (Fig. 3). The protocol was
designed to give a progressive increase in the
number of veratridine-modified channels.
Veratridine caused a sustained component
of inward Na™ current that was not inacti-
vated during the 16-ms test pulses. In addi-
tion, there was a pulse-by-pulse increase in
the sustained inward current recorded on
return to the holding potential after each
pulse (Fig. 3A, arrow). This current repre-
sents inward Na* movement through per-
sistently activated Na* channels, which is
increased at the negative holding potential
(—100 mV) in comparison to the test po-
tential because of the greater electrical driv-
ing force for Na™ influx.

Veratridine acts on native Na* channels
by preventing inactivation and by shifting
activation to more negative potentials (21—
25). The combination of these effects pre-
vents channel closing on repolarization and
causes the sustained inward Na™ current.
We also found that the voltage dependence
of activation for veratridine-modified Na™
channels expressed from Rjja ¢cDNA was
shifted to more negative membrane poten-
tials. A population of veratridine-modified
channels was generated by ten successive
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depolarizations as in Fig. 3A. After each
pulse train, a test pulse was applied to a
variable test potential. The voltage depen-
dence of veratridine-modified Na* channels
obtained in this way was strongly displaced
in the negative direction in comparison to
control (Fig. 3B), as has been reported for
veratridine acting on native Na™ channels
(22, 25).

Polypeptide toxins from Old World scor-
pions, called a-scorpion toxins, remove or
greatly slow Na* channel inactivation (1,
14, 26-28). Purified a-toxin from the scorpi-
on Leirus quinquestriatus slowed inactivation
of Ryia Na* channels expressed in CHO
cells (Fig. 3C). The rapid inactivation of
Na* currents at positive test potentials is
most strikingly affected. The slowing of
inactivation allowed greater peak Na* cur-
rents to be attained at each test potential
(Fig. 3C) and caused a shift of the voltage
dependence of Na* channel activation to
more negative membrane potentials (Fig.
3D). These effects are consistent with the
actions of a-scorpion toxin on other mam-
malian nerve cells (14, 28).

Our results show that only the o subunit
of the Na™ channel is necessary for expres-
sion of functional Na* channels in CHO
cells. Sodium channels composed of this
single subunit are inhibited by TTX acting

Fig. 3. Toxin effects on Na* A
channels expressed in CHO
cells. (A) Currents recorded 0

at neurotoxin receptor site 1 and persistently
activated by veratridine acting at neurotoxin
receptor site 2. Their inactivation is slowed
by Leiurus a-scorpion toxin acting at neuro-
toxin receptor site 3. These results show that
the Rja o subunit ¢cDNA is sufficient to
encode neurotoxin receptor sites 1 through
3 in functional form.

Leiurus toxin binds to a site near the
contact regions of the o and B subunits and
photoreactive derivatives covalently label
both of these subunits while specifically
bound (7). The site of covalent attachment
of Leiurus toxin to the o subunit has been
localized to the major extracellular loop in
homologous domain I of the a subunit (29).
Our data provide evidence that the function-
al receptor site for a-scorpion toxins is
located on the a-subunit and confirm that
the primary binding site for that toxin is on,
not just near, the o subunit.

The stable transfection of ion channel
genes into mammalian cell lines offers im-
portant experimental advantages. It will al-
low the study of a single ion channel subtype
in cells of simple morphology and constant
genetic background. In addition, individual
ion channel subtypes can be expressed in
diverse biological environments that may
alter their functional properties. Expression
of individual ion channel subtypes in somat-

during ten successive depolar- N
izations from a holding poten- @
tial of —100 to +20 mV ap- 7
plied at 5 Hz in the presence El

) 10 y 20ms
i i 10 .
of 100 wM veratridine. Cur- 1

rent traces shown were re-
corded during pulses 1 to 5,
7, and 10 as indicated next to
each trace. Each trace repre- C
sents the pulse-wise average of
five successive pulse trains
separated by 30-s to 1-min
quiescent intervals. Similar
trains of control pulses caused
no pulse-wise changes in peak
or holding current. (B) Volt-
age dependence of veratri-
dine-modified Na* channels.
Control G-V curve (open
squares) was obtained as de-

{*c‘—;::—r -30 mV
@ -20
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: 1100 pA
10 ms

-120 -80 -40
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scribed in Fig. 2B. During exposure to 100 wM veratridine, approximate mean conductances (filled
circles) were obtained by developing a population of veratridine-modified channels by using a train of
ten successive, 2-ms-long pulses as in (A). Membrane potential was then stepped to —160 mV for 17
ms followed by pulses to the test potentials shown. Veratridine-modified channels close slowly in
comparison to the 17 ms spent at —160 mV and therefore remain open during the subsequent test
pulses. Peak current values were measured and transformed into normalized conductances as in Fig. 2B.

(C) Effect of the a-scorpion toxin from L. quinguestriatus on Na™ currents. The time course of inward
Na™ current was measured at the indicated test potentials (at right) before and during exposure to
purified L. quinquestriatus toxin (33). At each membrane potential, the larger Na™ current was recorded
in the presence of L. quinguestriatus toxin. After control recordings, 2 wl of 70 wM toxin was added near
the cell. Toxin concentration for uniform distribution in the bath volume was 140 nM. (D) G-V
relations before and during exposure to L. quinquestriatus toxin. Same experiment as in (C). Conductance
values (unnormalized) and fit curves were obtained as in Fig. 2B. Best fit values were as follows: control
(open circles), Vo.s = —0.45 mV, k = —8.9 mV; L. quinquestriatus toxin (closed squares), Vs = —9.9

mV, k = =7.7mV.
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ic cell lines with different receptor and sec-
ond messenger pathways may. provide a
novel approach to analysis of the regulatory
mechanisms controlling channel activity.

REFERENCES AND NOTES

1. W. A. Catterall, Annu. Rev. Biochem. 55, 953
(1986); Science 242, 50 (1988); ISI Atlas Sci. Phar-
macol. 2, 190 (1988).

. M. Noda et al., Nature 320, 188 (1986).

T. Kayano et al., FEBS Lett. 228, 187 (1988).

. M. Noda et al., Nature 322, 826 (1986).

H. Suzuki et al., FEBS Lett. 228, 195 (1988).

. A. L. Goldin et al., Proc. Natl. Acad. Sci. U.S. A. 83,

7503 (1986).

. V.J. Auld et al., Neuron 1, 449 (1988).

. The full-length rat ITA cDNA (7) was inserted into
the Bgl II site of the mammalian expression vector
pECE (9) to generate pVA222. In this construct
transcripts encoding the rat IIA ¢cDNA originate
from the simian virus 40 early promoter. The pECE
(10 wg) and pSV2neo (2 pg) vectors were cotrans-
fected into CHO cells as a calcium phosphate precip-
itate [P. J. Southern and P. Berg, J. Mol. Appl.
Genet. 1, 37 (1982)]. The transfected cells were
treated with G418 (400 pg/ml) to select stable cell
lines essentially as described by Ellis et al. (9). Seven
stable cell lines were obtained (PVAIL through
PVA?7).

9. L. Ellis et al., Cell 45, 721 (1986).

10. O. P. Hamill et al., Pfluegers Arch. 391, 85 (1981).

11. Transfected CHO cells were maintained in RPMI
medium supplemented with 10% fetal calf serum
and selected continuously in the presence of G418
(400 pg/ml). Cells were studied with the whole cell
variant of the patch clamp technique. Electrodes
were formed from hematocrit tubing (VWR Scien-
tific, Philadelphia, PA) and had resistances of 1 to
1.5 megohms when filled with standard intracellular
solutions. Currents were recorded with a standard
patch clamp amplifier (List EPC7). Linear leak and
capacitance were cancelled internally. Approximately
70% of series resistance was compensated. Remain-
ing linear capacitance and leak were cancelled by
subtracting scaled pulses obtained in a voltage range
where no inward currents are activated. For some
pulses, capacity transients still saturated at the pulse
transitions and resulted in incomplete transient can-
cellation. I-V curves in the absence of Iya were
linear. In most cases 4 to 16 individual current
records were averaged to produce the traces shown.
Currents were filtered at 7 to 10 kHz, digitized at 20
us per point, and stored for later analysis (Basic-
Fastlab, Indec Systems, Sunnyvale, CA). Extracellu-
lar solution contained 150 mM NaCl, 5 mM KCl,
1.5 mM CaCl,, 1 mM MgCl,, 10 mM Na Hepes,
and 5 mM glucose, pH 7.4. Intrapipette solution for
transfected CHO cells was 90 mM cesium aspartate,
60 mM CsCl, 5 mM NaCl, 5 mM Na EGTA, and 2
mM Mg ATP (adenosine triphosphate), pH 7.4.
TTX (Sigma) and veratridine (Aldrich) were main-
tained in aqueous stock solutions.
12. W. Stuhmer et al., Eur. Biophys. J. 14, 131 (1987).
13. W. H. Moolenaar and I. Spector, J. Physiol. (Lon-
don) 278, 265 (1978).

14. T. Gonoi, B. Hille, W. A. Catterall, J. Neurosci. 4,
2836 (1984).

15. P. Sah et al., ]J. Gen. Physiol. 91, 373 (1988).

16. J. Huguenard, O. P. Hamill, D. A. Prince, J.
Neurophysiol. 59, 778 (1988).

17. J. Coombs et al., Biophys. J. 53, 542a (1988).

ON oUW

17a.V. J. Auld et al., Proc. Natl. Acad. Sci. U.S.A. 87,
323 (1990).

18. C. E. Stafstrom et al., J. Neurophysiol. 53, 153
(1985).

19. A. L. Goldin et al., Soc. Neurosci. Abstr. 14, 598
(1988).

20. W. A, Catterall, C. S. Morrow, R. P. Hartshorne, J.
Biol. Chem. 254, 11379 (1979).

21. W. Ulbricht, Ergeb. Physiol. Biol. Chem. Exp. Phar-
makol. 61, 18 (1969).

22. M. D. Leibowitz, J. B. Sutro, B. Hille, J. Gen.
Physiol. 87, 25 (1986).

23. J. B. Sutro, ibid., p. 1.

24. T. A. Rando, G. K. Wang, G. R. Strichartz, J.
Pharmacol. Exp. Ther. 29, 467 (1986).

REPORTS 857



25. , J. Gen. Physiol. 93, 43 (1989).

26. E. Kopenhofer and H. Schmidt, Pfluegers Arch. 303,
133 (1968).

27. G. K. Wang and G. Strichartz, J. Gen. Physiol. 86,
739 (1985).

28. G. E. Kirsch, A. Skattebgl, L. Possani, A. M.
Brown, ibid. 93, 67 (1989).

29. F.J. Tejedor and W. A. Catterall, Proc. Natl. Acad.
Sci. U.S.A. 85, 8742 (1988).

30. C. D. Rasmussen, R. C. M. Simmen, E. A. Mac-
Dougall, A. R. Means, Meth. Enzymol. 139, 642
(1987).

31. D. A. Melton, P. A. Kreig, M. R. Rebaliati, T.
Maniatis, Nucleic Acids Res. 12, 7035 (1984).

32. V. Glisin, R. Crkvenjakov, C. Byus, Biochemistry 13,
2633 (1973).

33. W. A. Catterall, J. Biol. Chem. 251, 5528 (1976).

34, We thank W. Newerly-Abranow for guidance and J.
C. Roder for use of tissue-culture facilities and
reagents. Supported by grants from the Medical
Research Council of Canada and the Multiple Scle-
rosis Society of Canada to R.J.D., NIH research
grants NS 15751 and NS 25704 to W.A.C., and a
postdoctoral fellowship from the Multiple Sclerosis
Society to J.O.

24 August 1989; accepted 20 November 1989

Subcellular Calcium Transients Visualized by Confocal
Microscopy in a Voltage-Clamped Vertebrate Neuron

ARTURO HERNANDEZ-CRUZ,* FRANCISCO SALA,T PAUL R. ADAMS

Confocal laser-scanned microscopy and long-wavelength calcium (Ca?*) indicators

were combined to monitor both sustained and rapidly dissipating Ca?*

gradients in

voltage-clamped sympathetic neurons isolated from the bullfrog. After a brief activa-

tion of voltage-dependent Ca®*

channels, Ca’* spreads inwardly, and reaches the

center of these spherical cells in about 300 milliseconds. Although the Ca?* redistribu-
tion in the bulk of the cytosol could be accounted for with a radial diffusion model,

local nonlinearities, suggesting either nonuniform Ca**

entry or spatial buffering,

could be seen. After electrical stimulation, Ca®* signals in the nucleus were consistently
larger and decayed more slowly than those in the cytosol. A similar behavior was

observed when release of intracellular Ca?*

was induced by caffeine, suggesting that in
both cases large responses originate from Ca?*

release sites near or within the nucleus.

Thcse results are consistent with an amplification mechanism mvolvmg Ca**-induced
Ca?* release, which could be relevant to activity-dependent, Ca®*-regulated nuclear

events.

HE SPATIAL DISTRIBUTION OF IN-

tracellular Ca®" after excitation in

nerve cells depends on the location
and density of Ca?* channels, as well as
buffering, sequestration, and release of Ca**
within the cytoplasm. The dynamics of in-
tracellular Ca?* are relevant to the kinetics
of Ca**-activated membrane conductances
and other Ca**-regulated processes, such as
transmitter release, release of intracellular
Ca®*, and activation of enzymes and genes
(1). Time resolution in the order of millisec-
onds and spatial resolution in the micron
range are required to monitor rapid local
changes in the Ca?* concentration ([Ca®*])
associated with nerve excitation and to thus
overcome the blurring effects of diffusion.
We have used confocal microscopy to moni-
tor the redistribution of the intracellular
[Ca®*] ([Ca®*];) after the entry of Ca**
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through voltage-gated Ca?* channels and its
release from caffeine-sensitive intracellular
stores (2).

Confocal fluorescence microscopy has
several advantages over conventional mi-
croscopy for Ca?* imaging (3). (i) The
narrower depth of field allows better visual-
ization of intracellular details by eliminating
out-of-focus signals. (i1) A substantially im-
proved lateral spatial resolution is expected.
(iif) Measurement errors due to path-length
variations are minimized because a small and
relatively constant volume of the cell is
sampled throughout the focal plane. This
last feature is particularly relevant, because
currently available long-wavelength Ca**
indicators are not suitable for the determina-
tion of absolute Ca’* concentrations by
ratio imaging (4, 5).

We measured the [Ca®*]; of dissociated
bullfrog sympathetic neurons under voltage-
clamp conditions so as to allow precise
control of transmembrane Ca?* influx. The
Ca’* indicator fluo-3 (4) was used to moni-
tor changes in [Ca’*];. We rountinely used
two image acquisition modes. In the frame-
scanning mode (FSM), an image frame can
be collected in 1 s. Steady or slowly chang-

ing gradients throughout the cell were mon-
itored with this method. In the line-scan-
ning mode (LSM), the monitored region of
the cell was reduced to a narrow “slot” by
scanning the beam in only one spatial di-
mension. Because of the small number of
pixels acquired per cycle (384 in most cases),
a temporal resolution of 5 ms or less was
achieved, without the loss of spatial resolu-
tion. LSM images contain detailed spatio-
tcmgoral information of the changes in
[Ca**); that occur during the formation of
thc image. Thus, the changes in [Ca®*]
across the cell (horizontal axis) can be fol-
lowed as a function of time (vertical axis).

In the example shown in Fig. 1, a brief

* current groduccd an inward “wave” of

mcrcascd [Ca**] that reached the center of
the cell in ~300 ms. Subsequently, [Ca®"]
equilibrated across the cell, returning to
resting values within 6 to 8 s. Although the
[Ca%"] transients in the periphery were fast-
er and larger than those at the center of the
cell (Fig. 1, G and H), those near the cell
membrane, although rapid, were attenuated
because of cell curvature. Both Ca?* tran-
sients and Ca®' currents were absent in
Ca**-free external solution or after superfu-
sion with 100 wM Cd?*. These observations
represent, to our knowledge, the first experi-
mental confirmation of the stimulus-in-
duced, rapidly dissipating spatial Ca** gra-
dients in the cytoplasm that had been previ-
ously modeled theoretically (6).

The basic features of Ca?* dynamics after
a brief period of Ca** entry could be mim-
icked with a diffusion model (7). Our for-
mulation differs from previous radial diffu-
sion models (6) in that it includes both
mobile and stationary Ca** buffers (one of
the mobile buffers being the dye itself), as
well as a Ca>" extrusion mechanism (8).
Peripheral Ca?* transients decay in two
phases: an early phase, lasting about 300 ms
and due mainly to diffusional redistribution
across the cell, and a late phase, lasting for
seconds and reflecting slow buffering and
membrane extrusion. Spatial gradients
across the cell are absent during the late
phase. Under our experimental conditions
and on the time scale of interest, fluo-3
seems to be the dominant fast Ca?* buffer.
The model predicts that the early phase
would be slower and the late phase would be
more rapid in the absence of dye; this
follows from the Ca®*-transporting proper-
ties of the diffusible exogenous buffer. Also,
Ca®* transients should be considerably larg-
er throughout the cell in the absence of dye.
A complex interplay between mobility, ca-
pacity, and affinity of intracellular buffers
determines the time course, magnitude, and
spreading of Ca** signals in the cytoplasm
7).
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