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Abstract

In mouse neuroblastoma X rat glioma hybrid (NG108-15) cells, we examined whether rabies virus infection affects the voltage-depen-
dent Ca®* current (l,) and agonist-induced I, inhibition. The vira infection had little effect on the current—voltage relationship for
peak |, or on the late |-, that remained at the end of a 200-ms step depolarization. Noradrenaline and carbachol, via o ,-adrenoceptors
and muscarinic receptors, respectively, reduced |-, concentration dependently. The maximum effect of noradrenaline was attained at 10
wM with 19.4 + 1.8% inhibition of |-, which was significantly decreased to 9.9 + 1.3% after vird infection. The decrease was not
reversed with 100 ,.M noradrenaline, suggesting that it does not result from a decrease in agonist sensitivity of cells. The maximum effect
of carbachol (300 wM; 27.7 + 2.9% inhibition) remained unchanged, despite carbachol sharing intracellular signaling pathways with
noradrenaline. These results indicate that in NG108-15 cells, rabies virus infection does not ater the functional expression of
voltage-dependent Ca?* channels, but it attenuates the o ,-adrenoceptor-mediated |, inhibition, possibly through some change at the

receptor level. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Rabies virus infection induces the furious or paralytic
form of fetal nervous disorders in humans and a variety of
animals including dogs, cats, skunks, horses and bats. The
brain and spinal cord are shown to be predilection sites for
the viral infection. However, no or only minor histopatho-
logical changes are observed in the central nervous system
of infected humans and animals (Tirawatnpong et al.,
1989; Johnson, 1965). Therefore, it is believed that the
pathogenesis of rabies disease is due to functional impair-
ment of virus-infected neurons (Murphy, 1977).

Radioligand binding studies have suggested that rabies
virus infection reduces the distribution density and/or
agonist-binding affinity of plasma membrane receptors
specific for neurotransmitters such as acetylcholine, sero-
tonin, and opiates (Tsiang, 1982; Dumrongphol et al.,
1996; Ceccadi et al., 1993; Munzel and Koschel, 1981).
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There is a biochemical study suggesting that the viral
infection may disrupt coupling of opiate receptors to
GTP-binding proteins (G proteins) responsible for the in-
hibitory regulation of adenylate cyclase (Koschel and
Munzel, 1984).

Our recent study of the effects of rabies virus infection
on membrane currents of mouse neuroblastoma cells
showed that the functional expression of voltage-depen-
dent Na* channels and inward rectifier K* channels, but
not delayed rectifier K* channels, is reduced after vira
infection (Iwata et al., 1999). Such Na* and K* channels
sensitive to the virus are known to function in neurons as a
generator of the upstroke of action potentials and as a
determinant of the resting membrane potential, respec-
tively. Neurons also express voltage-dependent Ca?* chan-
nels which serve as a major pathway for Ca?* entry, when
they are excited, to trigger the release of transmitters. The
present study was designed to see whether functional
expression of this type of Ca?* channel is modified by
viral infection. The effect of rabies virus infection on
membrane current flowing through the Ca®* channels
(Ic)) was investigated in mouse neuroblastoma X rat
glioma hybrid (NG108-15) cells, which are known to
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express voltage-dependent Ca2* channels (Tsunoo et .,
1986) and to be sensitive to rabies virus (Munzel and
Koschel, 1981). NG108-15 cells express a ,-adrenoceptors
and muscarinic receptors, activation of which causes a
reduction of |-, via pertussis toxin-sensitive G proteins
(Docherty and McFadzean, 1989; Caulfield and Brown,
1991). This led us also to examine whether viral infection
affects receptor-coupled signal transduction, thus causing
I, inhibition.

2. Materials and methods
2.1. Cell culture

NG108-15 cells used for the present study were ob-
tained from the Laboratory of Veterinary Public Health,
Gifu University. They were grown in Dulbecco’s modified
Eagle's minimum essentiadl medium (from Nissui,
Toshima-ku, Tokyo, Japan) in an atmosphere of 5% CO,.
The growth medium contained fetal calf serum (10%),
penicillin (10 units/ml), streptomycin (0.01 g/ml), fungi-
zone (2.5 pg/ml), hypoxanthine (100 wM), aminopterin
(1 wM), thymidine (16 wM) and NaHCO, (0.1-0.15%).
To accelerate their differentiation before use in the experi-
ments, the cells were cultured in a medium for 10—20 days
with medium renewa every 2 or 3 days. The culture
medium contained reduced fetal calf serum (1%) and 1
mM dibutyryl cyclic AMP, but the other constituents were
the same as those of the growth medium.

2.2. Virus infection

Differentiated cells were removed from the bottom of
flasks by gentle shaking and then dispersed by drawing in
and out of a grass pipette. The cell suspension was cen-
trifuged at 1500 rpm for 5 min. The sedimented cells were
resuspended in fresh culture medium to give 2 x 10*
cells/ml and divided into two groups, one of which was
inoculated with rabies virus (RC-HL strain, Ito et al.,
1994) at an infection multiplicity of 50 plague forming
units per cell, and the other was mock inoculated as
control. Each of these cell suspensions was then seeded
into a 24-well plate containing poly-L-ornithine-coated
glass coverdips (14 mm in diameter) in aliquots of 0.5 ml
per well, and placed in a humidified atmosphere of 5%
CO, at 37°C for 2 days.

An indirect immunofluorescence technique was used to
detect intracytoplasmic rabies virus nucleoprotein (N pro-
tein), as previously described (Minamoto et a., 1994;
Iwata et al., 1999). Briefly, the cells incubated with or
without virus inoculum for 2 days were air-dried, and fixed
with cold acetone (—20°C) for 15 min. They were then
subjected to sequential immunostaining with a mouse mon-
oclonal anti-N protein (Laboratory of Veterinary Public
Health, Gifu University) followed by a fluorescein isothio-

cyanate-conjugated anti-mouse immunoglobulin G rabbit
antibody (ICN Immuno Biologicals, CA, USA).

All virus-inoculated cells expressed viral N protein
immunoreactivity, indicating their infection with the virus,
whereas mock-inoculated cells expressed no such immuno-
reactivity. The two groups of cells prepared were used as
virus-infected and uninfected cells for the following exper-
iments.

2.3. Ca2 + current recordings

A coverdip with virus-infected or uninfected cells was
placed in a 0.5-ml organ bath on the stage of an inverted
microscope (TMD, Nikon, Chiyoda-ku, Tokyo), and the
organ bath was washed with 5-10 ml of a physiological
sdt solution (PSS; the composition is given below) to
remove the culture medium and debris. The cells were then
equilibrated with the PSS for 5-8 min before current
recording.

Recordings of whole-cell membrane currents were made
at room temperature (23-27°C), using standard patch-
clamp techniques (Hamill et al., 1981). Patch pipettes had
a resistance of 3-5 M when filled with a pipette solu-
tion. Command voltage pulses were generated by an elec-
trical stimulator (SET-1201, Nihon Kohden, Shinjuku-ku,
Tokyo), and the resulting current signals were amplified by
a patch-clamp amplifier (CEZ-2300, Nihon Kohden) and
stored on a pulse code modulation data recorder (RD-111T,
TEAC, Musashino City, Tokyo) for analysis and illustra-
tion. Data analysis was performed on a computer (Macin-
tosh Performa 5320, Apple, Cupertino, CA, USA), using a
data acquisition and analysis instrument (MacLab4, ADIn-
struments, Castle Hill, NSW, Australia). The current sig-
nals were filtered at a cut-off frequency of 1 kHz and
digitized with a sampling rate of 10—20 kHz.

NG108-15 cells express Na* currents and K* currents
as well as I, in response to depolarizing step pulses
(Brown and Higashida, 1988). To detect I, aone, the
Na* current was blocked by tetrodotoxin (0.5 wM) added
to the bathing solution, and the K* current was blocked by
tetraethylammonium chloride (25 mM) added to the bathing
solution and by dialysis with a CsCl-rich solution included
in the patch pipettes (the composition is given below). The
amplitude of |, was estimated using a leak subtraction
method as follows. In each experiment, a 10-mV hyperpo-
larizing pulse was applied at a holding potential of —80
mV, and the amplitude of the resulting current was re-
garded as a leakage current for each 10-mV step. The
leakage current commensurate with the required step was
then subtracted from the inward current evoked by the
depolarizing step, assuming that the leakage did not rectify
over the potential range studied. The capacitive component
of the hyperpolarizing pulse-evoked current was integrated
and calculated as the membrane capacitance of the cell.

The values in the text are expressed as means + S.E.M.
with the number of cells (n) used for measurements.
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Statistical significance was tested using a Student’s un-
paired t-test and differences were considered significant
when P < 0.05.

2.4. Solutions and drugs

PSS used in the experiments had the following compo-
sition (mM): NaCl 100, tetraethylammonium chloride 25,
CsCl 5, CaCl, 2.5, MgCl, 1, glucose 25, 2-[4-(2-hydroxy-
ethl)-1-piperazinyl]ethanesulfonic acid (HEPES) 5 (titrated
to pH 7.4 with NaOH). The CsCl-rich pipette solution had
the following composition (mM): CsCl 120, NaCl 10,
MgCl, 2.5, NaGTP 0.1, glucose 5, HEPES 5, EGTA 0.05
(titrated to pH 7.2 with CSOH).

Tetrodotoxin, carbachol chloride, and ethylene glycol-
bis (B-aminoethyl ether) N,N,N’,N’-tetraacetic acid
(EGTA) were purchased from Wako (Osaka City, Osaka,
Japan), and N®, 2-O-dibutyryladenosine 3: 5-cyclic
monophosphate (dibutyryl cyclic AMP), 3-isobutyl-1-

40mV

-80mV B

infected

uninfected

100 ms

methylxanthine (IBMX), forskolin and noradrenaline were
from Sigma (St. Louis, MO, USA).

2.5. Application of drugs

Carbachol, noradrenaline, dibutyryl cyclic AMP, IBMX
or forskolin was extracellularly applied by replacing the
PSS bathing cells with drug-containing PSS several times
within some 10 s. EGTA was intracellularly applied by
allowing it to diffuse from the patch pipette filled with
EGTA-containing solution into the cell.

3. Reaults

3.1. Microscopic observation

Rabies virus-infected or uninfected NG108-15 cells pre-
pared on a coverdip were bathed in PSS and examined
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Fig. 1. Voltage-dependent Ca?* current (Ic,) in uninfected and infected NG108-15 cells. The cells were bathed in PSS to which tetrodotoxin (0.5 M)
and tetraethylammonium chloride (20 mM) were added, and held under voltage clamp at —80 mV using patch pipettes filled with a Cs-rich solution.
Tetrodotoxin served to block Na* currents and both tetraethylammonium chloride and Cs* to block K* currents. To activate |,, 200-ms step pulses to
potentials ranging from —70 to 40 mV in 10-mV increments were applied every 10 s (upper traces in A). (A) Superimposed recording traces of |,
evoked by the sequential step pulses in an uninfected and an infected cell. (B) Averaged current—voltage relationships of peak I, from 14 uninfected and
13 infected cells. (C) Averaged current—voltage relationships of late I, measured at the end of step pulses from the same uninfected and infected cells as
in (B). The symbols for both groups of cellsin (B) are applicable in (C). Each point in (B) and (C) indicates the mean + SE.M. (vertica lines).
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under a light microscope (X 400). On day 2 after virus
infection, there was no appreciable difference in morpho-
logical appearance between infected and uninfected cells,
as previoudy described for mouse neuroblastoma cells
(Iwata et al., 1999). Most of the cells (80-85%) had a
round cell body of 30 to 40 pwm in diameter with no visua
neurites. The remaining cells had one or more neurites of 5
to 100 wm in length and a greater variation in cell size.
Cells with a round shape of 30—40 p.m in diameter and no
neurites and which were separated from any neighboring
cells were chosen for the following patch-clamp investiga-
tion.

When observed on day 3 after virus infection, cells
seemed to be less able to attach themselves to the surface
of a glass coverdips, so that perfusing the organ bath with
PSS (Section 2.3 in Materials and methods) resulted in the
loss of many cells. Such situations are considered to
indicate some deterioration of cells (Ohashi and Komori,
1998). The remaining cells on the coverdip had smaller
cell bodies than desired, and their cell membranes were
less smooth than those of time-matched uninfected cells. In
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addition, it was difficult to establish the whole-cell patch-
clamp configuration in these cells. For these reasons, cells
infected with virus for longer than 2 days were not used
for the present study.

3.2. Effect of rabies virus infection on 1Ca

I, was recorded aternately from infected and unin-
fected cells under blockade of both Na*™ currents and K*
currents (see Materials and methods). Cells were held at
—80 mV and stepped every 10 s with 200-ms pulses to
potentials ranging from —70 to 40 mV in 10-mV incre-
ments. Fig. 1A shows superimposed recording traces of I,
evoked by the sequential step pulses in an uninfected cell
and in an infected cell. 1., reached a peak within 20 ms
after the beginning of step pulses and then declined. As the
stepped potential was increased, the amplitude of I,
increased over the negative range of the applied step
potentials, but decreased over the positive range of the
applied step potentials. Fig. 1B shows the averaged cur-
rent—voltage relationship for peak I, in 14 uninfected

20
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I I T
-7 -6 -5
log NA concentration (M)
30+
20+

10
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T T T
-5 -4 -3
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-6

Fig. 2. Effects of noradrenaline (NA) and carbachol (CCh) on I, in uninfected cells. I, was repeatedly elicited every 10 s using a 200-ms step pulse
from —80 to 0 mV, during which NA or CCh was applied in stepwise increasing concentrations (0.1, 0.3, 1, 3, 10, and 30 wM for NA and 3, 10, 30, 100,
300 and 1000 M for CCh) within 3 min. (A) and (C) Superimposed recording traces of |, before (control) and during the cumulative application of NA
or CCh, respectively. Either agonist concentration dependently reduced I,, in which the maximum inhibition was attained at 10 M for NA and 300 M
for CCh. (B) and (D) Concentration—response curves for the NA- and CCh-induced |, inhibition, respectively. The magnitude of I, inhibition is
expressed as a percentage of the control. Each point indicates the mean + S.E.M. (vertical lines) of the number of measurements indicated.
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cells and that in 13 infected cells, which amost overlap
each other over the whole range of step potentials. The
current—voltage relationships for the I, remaining at the
end of step pulses (late I,) are shown in Fig. 1C. The late
I, Was presumed not to contain a 1, component carried
through the low-voltage-activated Ca2* channels, because
this type of Ca2* channel is amost completely inactivated
within 100 ms of its activation (Kasai and Neher, 1992).
The current—voltage relationship for the late |-, was aso
not significantly different between infected and uninfected
cells (Fig. 1C).

The time course of inactivation of |, with a maximum
amplitude, which was €licited by stepping to 0 mV, could
be expressed by a two-phase exponential decay equation,
y=S -exp(—t/7)+S, exp(—t/7,), where y is the
current amplitude, t is time from the start of the step pulse,
S, and S, are apparent amplitudes at t = 0 of the fast and
slow inactivating current components, respectively, and 7,
and 7, are decay time constants for the two components.
In infected cells, mean values for S, 7;, S, and 7, were

236 + 29 pA, 33+ 2 ms, 302 + 60 pA and 1098 + 219 ms
(n=13), respectively. Each of these mean values was not
significantly different from the corresponding value in
uninfected cells (S, 258+ 42 pA; 7,, 41+5 ms; S,,
279 + 51 pA; 7,, 903 + 301 ms; n= 14).

Membrane capacitance was estimated from the capaci-
tive current evoked by a 10-mV hyperpolarizing pulse (see
Materials and methods). The mean value of 47.3 + 5.3 pF
(n=13) in infected cells was not significantly different
from that of 51.0 + 3.7 pF (n = 14) in uninfected cells.

These results showed that rabies virus infection had no
effect on the functional expression of voltage-dependent
Ca?* channels.

3.3. Effect of rabies virus infection on agonist-induced
inhibition of ICa

In NG108-15 cells, activation of o ,-adrenoceptors with
noradrenaline or muscarinic receptors with carbachol has
been shown to reduce |-, (Docherty and McFadzean,
1989; Caulfield and Brown, 1991). In fact, when nor-
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Fig. 3. Effect of rabies virusinfection on NA- and CCh-induced |, inhibition. The cellswere held at —80 mV and |, was elicited by 200-ms step pulses
to 0 mV. (A) and (C) Superimposed recording traces of |-, before (control) and after application of NA (10 M) in an uninfected and an infected cell, and
the corresponding traces before (control) and after application of CCh (300 wM) in another uninfected and infected cell, respectively. (B) and (D)
Comparison of |, inhibition by NA between uninfected and infected cells and similar comparison of |, inhibition by CCh, respectively. Each column
indicates the mean with one S.E.M. (vertical lines) of the number of measurements indicated in the column. Note that the 1.,-reducing effect of NA in

infected cells significantly (% P < 0.01) differed from that in uninfected cells.



84 M. lwata et al. / European Journal of Pharmacology 404 (2000) 79-88

adrenaline (0.1-30 w.M) or carbachol (3-1000 p.M) was
applied in stepwise increasing concentrations to uninfected
cells in which I, was dlicited every 10 s with a 200-ms
step pulse to 0 mV, both drugs reduced peak I, in a
concentration-dependent manner. With noradrenaline, 10
and 0.4 ..M were required to produce the maximum effect
and half-maximum effect (IC,), respectively (Fig. 2A and
B). The maximum percent inhibition of I, produced at 10
wM was 23.4 4+ 1.2% (n=5). With carbachol, the maxi-
mum effect was attained a 300 wM and 1Cg, was esti-
mated to be 17.8 uM (Fig. 2C and D). The maximum
percent inhibition of |, produced a 300 wM was 32.3 +
2.2% (n = 6), which was significantly greater (P < 0.05)
than the corresponding value for 10 wM noradrenaline.
The inhibitory effects of noradrenaline and carbachol were
reversible, and they were blocked by yohimbine, an o ,-
adrenoceptor antagonist (30 wM), and atropine, a mus-
carinic receptor antagonist (1 wM), respectively (data not
shown). In the following experiments, unless otherwise
stated, 10 wM noradrenaline and 300 wM carbachol were
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/ 1111111 |14/ 14
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used to inhibit I, evoked by stepping to 0 mV for 200
ms.

The inhibitory effect of noradrenaline on |, was tested
aternately in infected and uninfected cells (Fig. 3A). The
percent inhibition of |, varied from 4% to 16% among
different infected cells, giving a mean value of 9.9 + 1.3%
(n=15). This value was significantly smaller (P < 0.01)
than the corresponding value of 19.4 + 1.8% (8% to 33%,
n = 15) in uninfected cells (Fig. 3B). When noradrenaline
was applied at 100 M instead of 10 M to infected cells,
lc, was decreased only by 7.0 + 1.4% (n = 11). In unin-
fected cells, it was decreased by 16.2 + 1.5% (n = 13).

In contrast, the inhibitory effect of carbachol on I,
remained almost unchanged after the viral infection. The
percent inhibition of 1., was 27.3+2.1% (n=21) in
infected cells and 27.7 4+ 2.9% (n = 18) in uninfected cells
(Fig. 3C and D).

These results showed that rabies virus infection attenu-
ates o ,-adrenoceptor-mediated 1., inhibition without
changing muscarinic receptor-mediated |, inhibition.

40

% inhibition of Ica

T %%

NA CCh

50ms

Fig. 4. Effect of pre-displacement of the membrane potential on NA- and CCh-induced |, inhibition in uninfected cells. The cells were held at —80 mV,
and |, was elicited every 10 susing a 50-ms test pulse to 0 mV that was alternately preceded and not preceded by a 25-ms conditioning pulse to 100 mV
(seetop tracesin A). (A) Superimposed recording traces of |, €licited by the test pulses alone and with the conditioning pulse before and after application
of 10-w.M NA (middle traces) in a cell and before and after application of 300-..M CCh in another cell (bottom traces). (B) Summarized percent inhibition
of 1, by NA and CCh, in which open and hatched columns indicate the data for I, €licited by the test pulses without and with the conditioning pulse,
respectively. Each column shows the mean with one S.E.M. (vertical lines) for the number of cells indicated. %%, Significantly (P < 0.01) different from

the value for |, €licited by the test pulse aone.
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3.4. Characterization of noradrenaline- and carbachol-in-
duced [Ca inhibition

To gain insight into the mechanism by which the nor-
adrenaline-mediated inhibition of 1., was decreased after
vira infection, the effects of noradrenaline and carbachol
on |, were compared in uninfected cells.

In cells treated with 20 mM EGTA to strongly buffer
cytosolic Ca?*, noradrendine reduced |, by 21.2 + 3.7%
(n = 6) and carbachol reduced |, by 28.2 + 4.6% (n = 6).
The two mean values did not significantly differ from the
respective control values (19.4 + 1.8% for noradrenaline
and 27.7 4+ 2.9% for carbachol; see above). In cells treated
with forskolin (10 wM), an adenylate cyclase activator,
and IBMX (100 wM), a phosphodiesterase inhibitor, the
percent inhibition of I, of 17.2 4+ 4.3% (n= 3) for nor-
adrenaline and 25.2 + 3.8% (n = 4) for carbachol was not
significantly different from the corresponding control val-
ues.
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The agonist-induced 1, inhibition involving a direct
interaction of G proteins with Ca™ channels has been
described to be relieved by briefly stepping to 100 mV or
so (Swandulla et al., 1991). To test this, a 25-ms condition-
ing pulse to 100 mV was applied before stepping to a test
potential of 0 mV to evoke I,. The effect of noradrenaline
or carbachol on the 1., was compared to that on I,
elicited by the test pulse without the conditioning pulse
(see Fig. 4A and B). For noradrenaline, the percent inhibi-
tion of the former I, was 5.1 + 0.7% (n=11), a value
significantly smaller (P < 0.01) than the corresponding
value (23.3 + 2.3%) of the latter I, (Fig. 4B). Substan-
tialy similar results were obtained with carbachol. The
percent inhibition of I, elicited by the test pulses with
and without the conditioning pulse was 13.2 + 1.6% and
35.1 + 3.4% (n = 14), respectively (Fig. 4A and B).

Low-voltage-activated |-, was recorded separately from
high-voltage-activated |, using a two-pulse protocol such
that two 80-ms step pulses to —30 and 20 mV were
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Fig. 5. Determination of |-, components inhibitable by NA and CCh in uninfected cells. A low-voltage-activated |, and a high-voltage-activated 1.,
were successively evoked by a two-pulse protocol consisting of a pulse to —30 mV followed by another to 20 mV, as described by Kasai and Neher
(1992) (see top trace in A). (A) Superimposed recording traces of |, before (control) and after application of 10-uM NA in a cell (middle trace) and
those before (control) and after application of 300-,.M CCh in another cell (bottom trace). (B) Relative amplitudes of the low-voltage-activated |,
(IcaLya) and high-voltage-activated |, (lc,pva) €xpressed as percentages of the respective controls, after application of NA (upper graph) and CCh
(lower graph). The low-voltage-activated 1, was measured at its peak and the high-voltage-activated |, a 10 ms after the beginning of the step pulse to
20 mV. Each column shows the mean with one S.E.M. (vertica lines) of measurements for the number of cells indicated. %%, Significantly (P < 0.01)

different from the control.
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Fig. 6. Effects of a combination of NA and CCh on |, in uninfected cells. The cellswere held at —80 mV and I, was elicited every 10 s using a 200-ms
step pulse to 0 mV, during which either 10-uM NA or 300-wM CCh was first applied and then the other drug was applied in the presence of the first
agonist. (A) The time course of the change in I, amplitude during the application of NA followed by additional application of CCh. (B) The
corresponding time course during application of CCh followed by additional application of NA. In (A) and (B), the start of the first agonist application is
taken as time zero. (C) Summarized percent inhibition of I, by the initial application of NA or CCh aone (open column) and by the subsequent
application of both agonists (hatched column). Each column shows the mean with one S.E.M. (vertical lines) of measurements for the number of cells
indicated. Note that CCh further significantly (3%, P < 0.01) reduced I, in the presence of NA, but not vice versa.

applied successively with an interpulse interval of 10 ms,
as described by Kasai and Neher (1992) (see Fig. 5A). The
low-voltage-activated 1., was substantially unaffected by
noradrenaline and carbachol (Fig. 5A and B), but the
high-voltage-activated 1., was slowed in development and
decreased in amplitude (Fig. 5A). The amplitude of the
high-voltage-activated |-, measured at 10 ms &fter the
start of the second step pul se was decreased to 70.8 + 3.6%
(n = 13) by noradrenaline and to 48.3 + 5.6% (n = 10) by
carbachol (Fig. 5B). Both agonists seemed likely to exten-
sively suppress the high-voltage-activated Ca2* channel.
Carbachol, when applied during the continued reduction
of I, by noradrenaline, was still effective in decreasing
lco- The percent inhibition of I., by noradrenaine of
16.7 + 4.0% was increased to 34.1 4+ 3.8% (n=8) after
the additional application of carbachol (Fig. 6A and C).
This was also seen even when a higher concentration (100
wM) of noradrenaline was used (n = 2). However, when
carbachol was applied first, the subsequent application of
noradrenaline produced no further reduction of I.,. The
percent inhibition of |-, by carbachol alone was 32.5 +

4.0% (n = 7) and that €licited by the additional application
of noradrenaline was 32.9 + 4.4% (n = 7) (Fig. 6B and O).

These characteristics of the inhibition of 1., produced
by noradrenaline and carbachol did not indicate any differ-
ence in the mechanism of the action between these two
agonists, although noradrenaline had a lower ceiling activ-
ity than carbachol.

4, Discussion

NG108-15 cells have been shown to express |, carried
through low-voltage-activated and high-voltage-activated
Ca?" channels upon step depolarization (Tsunoo et al.,
1986). The low-voltage-activated |, is characterized by a
low-voltage threshold of some —50 mV for activation and
a fast inactivation with a time constant of a few tens of
milliseconds, and the high-voltage-activated |, by a less
negative voltage threshold of —30to —20 mV for activa
tion and a slower inactivation with a time constant of a
few seconds (Docherty, 1988; Kasai and Neher, 1992). In
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the present study, 1., was elicited by 200-ms step pulses
to various potentials, so that peak |, is thought to consist
of the two types of |,, of which the relative contributions
vary depending on different step potentials. However, |-,
measured at the end of step depolarizations (late I,) does
not contain the low-voltage-activated |.,, because this
type of |-, has been completely inactivated during the
early stepping period. There was no significant difference
in the current—voltage relationships for peak |-, and late
lc, between uninfected and infected cells. The inactivation
phase of I, could be described by a double exponential
function in which fast and slow decay time constants of
the two components were comparable with those reported
for the low-voltage-activated |, and for the high-voltage-
activated |, respectively (Docherty, 1988), and apparent
initial amplitudes remained unchanged after the viral infec-
tion. These findings suggest that the viral infection does
not lead to any change in the functional expression of the
two types of voltage-dependent Ca?* channel.

It is of interest that rabies virus infection can differently
modify the functional expression of different ion channels
in the plasma membrane: voltage-dependent Na*™ channels
and inward rectifier K* channels are sensitive to rabies
virus infection (Iwata et al., 1999), but delayed rectifier
K™* channels and low-voltage-activated and high-voltage-
activated Ca®* channels are insensitive. This could possi-
bly indicate that the virus infection causes selective func-
tional impairment of the plasma membrane and that it does
not act through a common mechanism that determines ion
channel expression.

The vira infection attenuated the ability of o ,-adrenoc-
eptors to inhibit I, with no change in the ability of
muscarinic receptors to inhibit 1.,. Noradrenaline and
carbachol were shown to act through a common mecha
nism independent of cytosolic Ca?* and cyclic AMP,
which suppresses the high-voltage-activated Ca?* channel.
These effects have previously been shown to be mediated
by pertussis toxin-sensitive G proteins (McFadzean and
Docherty, 1989; Higashida et al., 1990). The finding of
relief of noradrenaline- and carbachol-induced I(.,) inhi-
bition during membrane depolarization to 100 mV (see
Fig. 4) suggests the involvement of a direct interaction of
G proteins with Ca®" channels, as described for y-amino-
butyric acid-induced I, inhibition in chick sensory neu-
rons (Swandulla et al., 1991). The question of how the
viral infection can solely attenuate o ,-adrenoceptor-media-
ted I, inhibition remains to be answered. However, it is
possible that the site of action of the viral infection may be
located at the level of receptors rather than the downstream
signaling pathway. A possible explanation for the action of
the viral infection is inhibition of synthesis and/or intra-
cellular transport of o ,-adrenoceptor proteins and a de-
crease in the distribution of the receptor in the plasma
membrane. Radioligand binding studies have previously
suggested reduced specific binding sites for neurotrans-
mitters such as acetylcholine and serotonin in the cell

membrane (Tsiang, 1982; Ceccaldi et al., 1993). Another
possibility is that rabies virus infection impairs the func-
tion of o ,-adrenoceptors to activate G proteins responsible
for 1., inhibition. In NG108-15 cells, G protein coupling
of opiate receptors has been demonstrated to be disrupted
after infection with rabies virus (Koschel and Munzd,
1984). Recent mutagenesis studies of G protein-coupled
receptors including o ,-adrenoceptors have shown that a
point mutation of these receptors blocks interaction with G
proteins (Wess, 1993; Surprenant et al., 1992). Further
study is needed to identify the changes at the receptor level
caused by the viral infection, which result in the attenua-
tion of o ,-adrenoceptor-mediated 1., inhibition.

The vird infection for 2 days hardly had any effect on
the muscarinic inhibition of I.,. However, this does not
necessarily exclude the possibility that a longer infection,
if the cells survive, causes modulation of the muscarinic
effect. To test this, it will be necessary to carry out further
infection experiments with lower infection multiplicities
than used in the present study (50 plague forming units per
cell).

In the central nervous system, o ,-adrenoceptor-media-
ted inhibition of I, is believed to serve as a brake
mechanism to keep neurons such as noradrenergic neurons
from releasing their transmitters beyond physiological re-
quirements (Starke et al., 1989). Administration of o ,-
adrenoceptor antagonists induces increased aggressive or
anxious behavior in rats and monkeys, and accelerates
lidocaine-induced convulsions in mice, possibly through
excessive release of catecholamines (Haller et al., 1994;
Rosenblum et al., 1991; Altenburg and Farah, 1999). Thus,
the present finding of the reduced function of « ,-adrenoc-
eptors in inhibiting 1, may provide some insight into the
pathogenesis of rabies disease, which is accompanied by
hyperexcited symptoms such as aggressive behavior and
general convulsions (Hemachudha and Phuapradit, 1997).

In conclusion, in NG108-15 cells, rabies virus infection
causes no noticeable change in the functional expression of
voltage-dependent Ca?* channels, but it attenuates the
a ,-adrenoceptor-mediated inhibition of Ca?* channel ac-
tivity. The inhibitory effect may arise from some change at
the receptor level but not in the downstream signaling
pathway.
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