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Early Enhancement of Calcium Currents by H-ras
Oncoproteins Injected into Hermissenda Neurons

CARrRLOS CoLLIN, ALEX G. PAPAGEORGE, DouaLAas R. Lowy,

DANIEL L. ALKON

Influx of calcium through membrane channels is an important initial step in signal
transduction of growth signals. Therefore, the effects of Ras protein injection on
calcium currents across the soma membrane of an identified neuron of the snail
Hermissenda were examined. With the use of these post-mitotic cells, a voltage-
sensitive, inward calcium current was increased 10 to 20 minutes after Harvey-ras
oncoproteins were injected. The effects of oncogenic Harvey ras p21 protein (v-Ras)
occurred quickly and were sustained, whereas the effects of proto-oncogenic ras
protein (c-Ras) were transient. This relative potency is consistent with the activities of
these oncoproteins in stimulating cell proliferation. Thus, this calcium channel may be

a target for Ras action.

HE ras PROTO-ONCOGENES (c-ras)
T encode highly conserved, membrane-

associated low molecular weight
(21,000) proteins with guanosine triphos-
phatase (GTPase) activity, which serve a fun-
damental, but as yet poorly defined, function
in the control of cell growth and development
(1). Genes with point mutations encode
modified proteins (an oncogenic form of Ras,
v-Ras) with impaired GTPase activity, which
inhibits their normal shut-off mechanism and
causes sustained activation of unknown Ras
targets, which probably leads to oncogenic
transformation. Intracellular injection of
c-Ras or v-Ras into certain quiescent cell lines
induces pinocytosis and membrane ruffling
(2) and, eventually, cell growth or transfor-
mation (3). The earliest reported effect after
injection of Ras is an increase in pH within
10 min of injection with v-Ras but not c-Ras.
This effect was attributed to a stimulation of
the Na*/H™* antiporter (4). Activation of
phosphoinositide metabolism is also induced
rapidly after injection of Ras (1), but this
effect occurs with other oncogenes as well (5).
Ras proteins are also involved in cellular
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growth induced by platelet-derived growth
factor (PDGF) or epithelial growth factor
(EGF) (6). Activation of EGF receptors in-
duces early intracellular events similar to
those induced by Ras injection: stimulation
of phospholipid metabolism and an increase
in intracellular pH, as well as transient in-
creases in intracellular Ca®>* concentration
(7). In fact, Ca®>*-free extracellular medium
inhibited Ras-mediated pinocytosis and
membrane ruffling in NIH 3T3 cells (2),
suggesting that Ca®>" influx through mem-
brane channels may be a crucial initial step in

Ras transduction of growth signals. Ca®* and
Na* (8) channels are down-regulated in cell
lines transformed by Ras. Because proto-
oncogenes, including ras, are also expressed in
nervous tissue and they have been suggested
to have a role in neural signaling and modi-
fication (9-11), we studied the effects of in-
jections of Ras on voltage-sensitive inward
Ca?* currents in a fully differentiated, quies-
cent neuron from Hermissenda.

Under two-electrode voltage clamp of the
giant left pedal 1 neuron LP, (150 to 200
pm diameter), we isolated a sustained volt-
age-dependent inward current carried by
Ca®*. This Ca®>* current was maximally
activated by positive steps to 10 mV, from a
holding potential of —60 mV, but it could
also be activated by less positive commands
(for example, to —40 mV) from more neg-
ative holding potentials (for example, —100
mV). Such characteristics are similar to
those of Aplysia neurons (12). The Ca®*
current inactivated with a very long time
constant (>500 ms) and was blocked by
external application of cadmium or nifedi-
pine, ruling out the possibility that it was
due to a covert K* outward current or other
inward current. Typical recordings are
shown in Fig. 1. For our experiments, the
inward current was elicited by depolarizing
steps to 0 mV before and after iontophoretic
injections of v-Ras and c-Ras, with 10 mM
Ba?* as the charge carrier. By pressure-
injecting different concentrations of Ras
into LP, (2 bar, 0.1 Hz, 50-ms pulses), we
determined that the minimum concentra-
tion required to detect any effect on the
Ca?* currents was 150 pg/ml and 300 pg/
ml for v-Ras and c-Ras, respectively. Be-
cause an increased leakage conductance and
a rundown in Ca®>* conductance of more
than 20% was observed 20 min after pres-
sure-injection, iontophoresis with negative
current pulses (—10 nA, 10 min) was sub-

Fig. 1. Typical voltage-

A B
=30 mv ) 1 mM Cd?* clamp recordings (22) of
voltage-sensitive  inward

-60 mV

Ca?* currents (Ic,) from
Hermissenda LP; neurons.
Ba?* (10 mM) substituted
0 for Ca®*, and there was 3 M

CsCl, in the microelec-

trodes. (A) Current-voltage
60 (I-V) relation from a —60
mYV holding potential (Vg);

this current was maximally activated at 10 mV and showed little

1,
o
&b
o
o
w
o

70  inactivation. The I-V relation was derived from the traces above and

mv from traces in Fig. 2A, which were recorded 30 min after injection

of c-Ras (300 pg/ml) and v-Ras (150 pg/ml). The current had an
apparent reversal potential of —62 mV and could also be activated
at more hyperpolarized potentials from a Vg of —100 mV with very
similar kinetics (not shown). O, Control; @, c-Ras; V, v-Ras. (B)
Effect of Ca®*-channel blockers on Ic,. Nifedipine (10 pM)
transiently and Cd®>* (1 mM) irreversibly reduced I, elicited by
depolarizing steps to 0 mV. Current transients in this figure were
digitized at 500 ws/point.
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sequently used to inject Ras into the neuron.

Twenty minutes after v-Ras (n = 5) and
30 min after c-Ras (n = 5) injections (Fig.
2A), Ca?* current amplitudes began to in-
crease progressively from baseline (mean +
SD) to 60.5 + 7% for v-Ras and to 31.6 =
5% for c-Ras (Fig. 2B). Control injections
with buffer alone ot a combination of 300
pg/ml heat-inactivated c-Ras and v-Ras (n =
7) had no effects (Fig. 2A). Ca®>* current
amplitudes returned spontaneously to base-
line within 40 min after c-Ras injection, but
remained increased at 40 min after v-Ras
injections.

To examine the temporal relation be-
tween Ca®" current increases and previously
shown K*-current reductions after Ras in-
jections (10, 11), LP, K™ currents were also
evaluated. The early, rapidly activating and
inactivating voltage-dependent outward
K™ current (I, and the later, Ca®>*-depen-
dent outward K* current (Ix.c,) were
elicited with cesium-free microelectrodes
and in the absence of blockers of these K*
channels in the external medium, 4-ami-
nopyridine (4-AP) for I, and Ba’>* for
Ix.ca- Superimposed current traces elicited
at —20 and 0 mV depolarizing steps before
and after 150 pg/ml v-Ras injections are
shown in Fig. 3A. The K* currents were
minimally activated with voltage steps to
—20 mV, allowing clear observation of the
inward Ca®>* current. Steps to 0 mV re-
vealed the K* currents. The small inward
current increased first after 20 min, with-

A

c-Ras v-Ras
Control
30 min
45 min

Fig. 2. Effects of c-Ras, v-Ras, and control injec-
tions on inward I, carried by Ba?*. (A) Progres-
sive increases in current amplitude after ionto-
phoresis with an electrode filled with c-Ras (300
pg/ml) or v-Ras (150 pg/ml). From an initial
peak amplitude of 50.2 + 3 nA (n = 17), the
currents increased to 61.4 + 5.9 nA (n = 5) 30
min after c-Ras injection and to 80.5 + 5.1 nA (n
= 5) 60 min after v-Ras injection. A heat-inacti-
vated (90°C for 60 min) mix of 300 pg/ml c-Ras
and v-Ras, or buffer alone (not shown), was
without effect after 60 min (n = 7). Rundown of
Ic, was minimized to less than 7% by 60 min
under this recording condition, but reached more
than 30% for longer time periods. The I-V rela-

out any appreciable change in the ampli-
tude of either K* current. Forty minutes
after injection, I, was reduced; 60 min
after injection, Iy , also appeared to be
reduced. Even 60 min after injections, the
Ca?* currents remained increased in ampli-
tude (Fig. 3B). These Ca®*-current in-
creases were comparable to those observed
with Ba®" substitution and in the presence
of the K*-channel blockers.

The results reported here are consistent
with the known biological activity of both
forms of Ras. The lower GTPase activity of
v-Ras, which may lead to sustained effects
(13), could explain its faster and more pro-
longed action on Ca®* channels. The delay
before Ras affects the currents is consistent
with the need for post-translational modifi-
cation of Ras before it can bind to the cell
membrane and become biologically active
(2, 14). At least two possible mechanisms
could explain the Ras effects on the Ca®*
current. First, as suggested for other G
proteins, Ras could directly regulate Ca**
channels (15). Alternatively, other molecular
steps such as activation of a phospholipid
pathway (1, 5) could be required prior to
Ca?*-channel activation. Similarly, Ras
could act directly or indirectly on the K*
channel. An indirect mechanism might in-
volve, for example, the activation of a Ca®*-
sensitive enzyme [such as protein kinase C
(PKC)] secondary to the Ras-induced en-
hancement of Ca®>* influx or phospholipid
metabolites. Indeed, Ras can generate PKC-

Heat-inactivated-Ras

Control
Control 30 min
20 min 60 min
45 min

D
o
L
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o
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Mean increase in I 2+
*
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tion was unchanged as was the leak conductance (measured with 20-ms opposite polarity steps) after
injections. (B) Time course of Ras-mediated Ii, increase. Data points are mean percent amplitude
change + SD of I, after v-Ras (n = 5), c-Ras (» = 5), and heat-inactivated c-Ras and v-Ras
microinjections (# = 7) at 10-min intervals. Two-tailed ¢ tests between control and experimental points
at 20 min for v-Ras and 30 min for c-Ras were performed. O, Control; @, c-Ras; V, v-Ras; *, P < 0.01.
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dependent and PKC-independent signals
(16).

To examine the involvement of PKC in
the Ras-mediated regulation of ion chan-
nels, we treated LP, cells with 10 pM
staurosporine, a PKC inhibitor (17). Since
in dorsal root sympathetic ganglion cells,
treatment with 50 pM H7 or 100 pM
sphingosine causes a marked reduction of
the Ca?* current, we did not use these
agents. Staurosporine had no detectable ef-
fect on v-Ras-induced Ca®*-current in-
creases, suggesting that the effect on Ca®*
channels is not mediated by PKC (Fig. 3C).
By contrast, the v-Ras—induced reduction of
K* current was inhibited by staurosporine

Fig. 3. Effect of Ras on K* currents. (A) The two
superimposed current traces were elicited before
(control) and after a v-Ras (150 pg/ml) injection,
at the labeled time intervals with 500-ms depolar-
izing steps from —60 to —20 mV (left column)
and from —60 to 0 mV (right column). Artificial
sea water contained 10 mM Ca?* and 100 mM
TEA. Current was digitized at 500 ps/point. Left,
I, was elicited with depolarizing steps to —20
mV, where submaximal activation of I, is not
masked by activation of outward current and was
again markedly increased at 20 min after v-Ras
injections [all values are mean (nA) * SDJ: con-
trol, 5.9 + 3.2; after 20 min, 16 + 3, n = 4.
Right, a voltage-sensitive, rapidly activating and
inactivating outward current, peaking at 10 to 20
ms, and blocked by 4-AP (I,) and a later, sus-
tained outward current blocked by internal Cs2*
measured at 250 ms (I, x) were not changed
after 20 min. The small decrease in I, x at 20 min
was not significant and was probably caused by an
increase in inward current. (B) I, remained
elevated 60 min after v-Ras (150 p.g/ml) injection
(left); I, but not I, x began to decrease at 40
min (right): control I, 76 * 5; at 40 min, 44 *
4. Sixty minutes later, I, x was also reduced:
control I, x 25 * 2; at 60 min, 18 *+ 3. (C)
Effect of pretreatment with 10 uM staurosporine
(prepared in dimethylsulfoxide) on the v-Ras—
induced increase in I, and K* currents. Data are
from 60 min after a 150 pg/ml v-Ras injection (n
=7).
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treatment. Thus Ras may be acting on K*
channels via PKC activation. The PKC-
independent nature of Ras-induced en-
hancement of Ca®>* conductance is consis-
tent with a PKC-independent pathway for
cell growth signal transduction (16).

A voltage-sensitive influx of Ca®* has
been implicated in the regulation of cellular
processes such as those occurring during cell
growth, development, and differentiation
(18-20). Enzymatic programs that regulate
cell growth are activated by intracellular
Ca?* concentration in the micromolar
range, which can be brought about by re-
gional clustering of L-type Ca®* channels,
leading to high local concentrations of Ca®*
(19). Similarly, enhancements of voltage-
dependent Ca®* conductances could pro-
vide an additional mechanism by which
extracellular growth signals are initiated via
ras oncogene activation.

Ras activation of voltage-sensitive Ca®*
channels in differentiated neurons may be an
initial step in the expression of Ras function.
Several proto-oncogenes are expressed in
post-mitotic cells (1); our results are consis-
tent with their potential role in transmem-
brane signaling. An analogous role in a
learning context may be played by the low
molecular weight G protein, cp20, which
increases after classical conditioning (21)
and causes marked K™ current reductions
quite similar to the reductions following Ras
injection into type B cells in Hermissenda

(11).
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Hot Spots for Growth Hormone Gene Deletions in
Homologous Regions Outside of Alu Repeats

CINDY L. VNENCAK-JONES AND JOHN A. PHILLIPS III

Familial growth hormone deficiency type 1A is an autosomal recessive disease caused
by deletion of both growth hormone—1 (GHI) alleles. Ten patients from heteroge-
neous geographic origins showed differences in restriction fragment length polymor-
phism haplotypes in nondeleted regions that flanked GHI, suggesting that these
deletions arose from mdependent unequal recombination events. Deoxyribonucleic
acid (DNA) samples from nine of ten patients showed that crossovers occurred within
99% homologous, 594—base pair (bp) segments that flanked GH1. A DNA sample
from one patient indicated that the crossover occurred within 454-bp segments that
flanked GH1 and contained 274-bp repeats that are 98% homologous. Although Alu
repeats, which are frequent sites of recombination, are adjacent to GH1, they were not
involved in any of the recombination events studied. These results suggest that length
and degree of DNA sequence homology are important in defining recombination sites

that resulted in GH]1 deletions.

growth hormone deficiency (IGHD)

type 1A have a complete absence of
growth hormone (GH) and frequently de-
velop immune intolerance to exogenous GH
(1-3). The molecular basis of this autosomal
recessive disorder is the deletion of both
GH1 alleles. Although the incidence of
IGHD type 1A is unknown, ~35 unrelated
cases from 15 countries have been reported.

I NDIVIDUALS WITH FAMILIAL ISOLATED

C. L. Vnencak-Jones, Departments of Pathology and
Pediatrics, Vanderbilt Unwversity School of Medicine,
Nashville, TN 37232.
J. A. Phillips III, Departments of Pediatrics and Bio-
chemistry, Vanderbilt University School of Medicine,
Nashville, TN 37232.

Differences in geographic origin of patients
and the heterogeneity seen in restriction
fragment length polymorphism (RFLP)
haplotypes in nondeleted sequences that
flank GH1 suggest that these deletions rep-
resent independent recombinational events.
The GHI locus has been mapped by in
situ hybridization to chromosome 17q22-
24 and is normally present at the 5’ end of
the 66.5-kb human GH gene cluster. The
GH gene cluster includes (5’ to 3') GH1,
chorionic somatomammotropin pseudo-
gene-1 (CSHP1), chorionic somatomam-
motropin-1 (CSH1), growth hormone-2
(GH2), and chorionic somatomammotro-
pin—2 (CSH2), as well as 48 Alu repeats (4,
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