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Effects of caroverine and diltiazem on synaptic
responses, L-glutamate-induced depolarization and
potassium efflux in the frog spinal cord
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1 The frog spinal cord was used to determine the characteristics of the actions of caroverine and
diltiazem, two organic Ca2*-antagonists, on synaptic responses and L-glutamate-induced depolar-
ization.

2 Caroverine and diltiazem (10~%M) depressed the dorsal root potential (DR-DRP) induced by
electrical stimulation of an adjacent dorsal root. Diltiazem also depressed the ventral root potential
(DR-VRP), whereas caroverine augmented both the polysynaptic component in the ventral root
reflex and the size of the DR-VRP.

3 The root potentials induced by high frequency stimulation (20 Hz, for 1s) were markedly
depressed by these Ca?*-antagonists at a concentration of 1074 M.

4 When the preparation was perfused with normal medium, the compounds depressed L-
glutamate-induced depolarizations in ventral and dorsal roots.

5 In preparations treated with tetrodotoxin (TTX) (2 x 10~7 M), the antagonizing actions of the
drugs against L-glutamate-induced depolarizations in the ventral root were markedly reduced or
abolished, while significant antagonizing actions on the depolarization in the dorsal root were still
observed.

6 The increase in extracellular K* activity induced by L-glutamate in the TTX-treated preparation
was significantly reduced by the compounds.

7 Caroverine and diltiazem had no effect on the presynaptic nerve spike and on the focal synaptic
potential induced by a single stimulation of a dorsal root; however, the focal synaptic potential
induced by high frequency stimulation (20 Hz, 1 s) was attenuated.

8 Motoneuronal action potentials were abolished by the drugs, while the excitatory postsynaptic
potential remained unaffected.

9 The present results suggest that caroverine and diltiazem are not specific L-glutamate antagonists
in the frog spinal cord, but that they block the initiation of an action potential without affecting
presynaptic nerve conduction, transmitter release or transmitter-receptor interactions. The inhibit-
ory effects of these compounds on L-glutamate-induced K*-efflux are discussed with reference to
their Ca?*-antagonizing actions.

Introduction

Recent studies on the crayfish neuromuscular junc-
tion have shown that certain organic Ca2*-
antagonists, diltiazem and caroverine, block the po-
tential induced by L-glutamate but have no inhibitory
effects upon the excitatory junctional potentials
(Ishida & Shinozaki, 1980; 1983). Such differential
effects of the substances upon L-glutamate-induced
and synaptically evoked potentials calls into question
the widely-held view that L-glutamate is the excitat-

ory synaptic transmitter at the crayfish neuromuscu-
lar junction (Takeuchi & Onodera, 1973; Atwood,
1976). Since L-glutamate is also regarded as a likely
candidate for the excitatory neurotransmitter of the
vertebrate central nervous system (cf. Nistri & Con-
stanti, 1979), the question raised by the experiments
in crayfish should also be examined in this system.
Since L-glutamate-induced depolarizations are ac-
companied by an influx of Ca?* as well as of Na*
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(Ramsey & Mcllwain, 1970; Onodera & Takeuchi,
1976; Sonnhof & Biihle, 1981; Kudo & Oka, 1982),
the differential actions of Ca2*-antagonists on L-
glutamate-induced and synaptically evoked poten-
tials may be related to the Ca®*-dependent actions of
L-glutamate.

In the present study we used the frog spinal cord in
order to clarify the mode of action of caroverine and
diltiazem on vertebrate central neurones. The effects
of these compounds were tested on L-glutamate-
induced depolarization and on synaptic activity, and
it was found that the Ca%*-antagonists had inhibitory
actions on membrane excitability and the L-
glutamate-induced efflux of K*, but seemed to have
no direct action in antagonizing L-glutamate.

Methods

Isolated, intra-arterially perfused spinal cord
of the bullfrog

The technique for preparing the isolated, intra-
arterially perfused spinal cord of bullfrogs (Rana
catesbiana) was similar to that described by Kudo et
al. (1975). The spinal cord was isolated and arranged
in a chamber kept at room temperature. A glass
cannula having a tip diameter of about 200 um was
inserted into the anterior spinal artery for perfusing
the spinal cord with amphibian Ringer solution of the
following composition (mM): NaCl 115, KCl1 2.7,
CaCl, 1.8 and glucose 5.5. The pH was adjusted to
7.6 by the addition of NaHCOj3. The perfusion rate
was about 0.3 ml min 1.

Recording of the root potentials and root reflexes
by the sucrose gap method

The sucrose gap method used in the present study has
been described in detail previously by Kudo et al.
(1975). Briefly, the 9th or 10th ventral and dorsal
roots were arranged in two separate pools separated
by a stream of sucrose, thus isolating the spinal cord
and the peripheral stumps of the ventral or dorsal
roots by a sucrose gap. Potential differences between
the spinal cord and the peripheral root stumps were
detected by a pair of Ag-AgCl electrodes and re-
corded by a two pen d.c. recorder (Technicorder,
Type 3047, Yokokawa). An adjacent dorsal root was
stimulated by a pair of Ag-AgCl electrodes (0.1 Hz,
duration 0.5 ms, 3-8 V, Nihonkohden SEN 3101).

Microelectrode study
Field potential The focal synaptic potential and pre-

synaptic nerve spike were recorded according to the
method used in rat spinal cord (Ono et al., 1979). A

dorsal root (9th) was stimulated submaximally
(0.2Hz, duration 0.05ms) and the focal synaptic
potential and presynaptic nerve spike were recorded
by a glass microelectrode filled with 1M NaCl, in-
serted through the ventral surface of the spinal cord
to a depth of approx. 1000 um.

Intracellular recording The resting membrane poten-
tial and action potentials of motoneurones evoked by
stimulation of a dorsal root (orthodromic) or a ventr-
al root (antidromic stimulation) were detected by
glass microelectrodes filled with 1 M potassium cit-
rate (20-30 MQ resistance).

Potassium-sensitive microelectrodes were prepared
according to the technique described by Walker
(1971) and Vyskocil & Kriz (1972), and modified by
Kudo (1978). The potassium-sensitive microelec-
trode was filled with 0.5 M KCl, with a 200-500 um
long column of Corning ion exchanger resin
(477317) in its tip. The reference electrode was filled
with solution of 0.15M NaCl. The tips of these elec-
trodes were assembled as close as possible together
under microscopic observation and were fixed in
position with wax. Extracellular potassium activity of
the spinal cord was measured at depths of between
1000 and 1250 um from the ventral surface of the
spinal cord.

Drugs and application system

Drugs used were: caroverine fumarate, 1-(2-
diethylaminoethyl)-3-(p-methoxybenzyl)-1,2-dihy-
dro-2-quinoxalinone fumarate (Mitsubishi Chemical
Industries), diltiazem (Tanabe), monosodium L-
glutamate (Wako Pure Chem.), y-aminobutyric acid
(Wako Pure Chem.) and tetrodotoxin (Sankyo Co.).

Test drugs were dissolved in a Ringer solution and
applied by exchanging the normal solution with one
containing drugs using an electric valve system
(Anger-Branswick, Model 373) connected to a timer
device. Amino acids were dissolved in normal Ringer
solution and were applied once every 5 min through
fine polyethylene cannulae inserted into an arterial
cannula using a microtubepump (LKB Multiperpex
pump 2115) and timer-controlled microelectric val-
ves (Anger-Branswick Model 336).

Results

Effects on evoked root potentials, reflexes and
L-glutamate-induced depolarization

As shown in Figure 1 and Table 1, caroverine
(10~*M) significantly reduced the amplitude of the
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Figure 1 Effects of caroverine on ventral and dorsal root potentials and reflexes and on L-glutamate-induced
depolarizations. (a) Effect of caroverine (10~ 4M) on ventral and dorsal root potentials and reflexes induced by
stimulation of the dorsal root. Upper traces: dorsal root potentials and reflexes. Lower traces: ventral root potentials
and reflexes. These potentials were averaged (five traces) by a s §nal averager, the output of which was recorded by

an X-Y recorder. (i) Before the application of caroverine (10~*M); (ii) 20 min after application; (iii) 30 min after
washing. (b) Effects of caroverine on root potentials and L-glutamate-induced depolarxzatlons Upper trace dorsal
root potentials. Lower trace: ventral root potentials. At the dot, L-glutamate (5 x 1073M,0.1 ml; 5 x 10”7 mol) was
injected (once every 5 min).

Table 1 Effects of caroverine and diltiazem on ventral and dorsal root potentials evoked by electrical stimulation
and by L-glutamate in normal medium

Root potentials
(mV)
Electrically L-Glutamate-
evoked induced
Compounds Dose (M) n VRP DRP VRP DRP
Control 5 2.3+0.7 2.1+'0.6 3.0+x04 2.0%+0.3
Caroverine 1074 2505 1.2+0.4* 1.8+0.4 0.8+0.2**
Control 5 2.1+x04 2.3+0.3 3.2+04 23105
Diltiazem 1074 0.8+0.3* 1.1£0.5* 2.3%0.6 1.5+0.2*

Means of amplitudes of root potentials observed just before the application (control) and following 20 min of
application of test compounds are indicated with s.e. * and **: Statistically significant difference from control:
P<<0.05 and P<<0.01, respectively (paired ¢ test).
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Figure 2 Effects of caroverine on ventral and dorsal root potentials evoked by high frequency stimulation.
Stimulation (20 Hz, for 15s) of 9th dorsal root. Upper and lower traces indicate dorsal and ventral root potentials,
respectively. (i) Before the application of caroverine (10~*M); (ii) 10 min after application; (iii) 30 min after

washing.

dorsal root potential (DR-DRP) and reflex (DR-
DRR) induced by the stimulation of an adjacent
dorsal root. Although the first spike potential of the
ventral root reflex (DR-VRR) was also reduced mar-
kedly within 20min of the drug application, the
amplitude of the ventral root potential (DR-VRP)
and the late polysynaptic component of DR-VRR
were markedly augmented. However, the root po-
tentials induced by high frequency stimulation
(20 Hz, for 1 s) were markedly reduced by caroverine
(Figure 2 and Table 2). The minimum effective dose
of the drug was 1075M. When a dose of 3 x 1075M
was applied, it caused an augmentation of the DR-
VRP (166.7+31.2% of the predrug, control re-
sponse). However, at a concentration of 3 x 107*M,
caroverine abolished the DR-VRP within 20 min. On
the other hand, diltiazem (10~*M) significantly re-
duced both DR-DRP and DR-VRP as well as the
root potential induced by high frequency stimulation
(Table 2). Unlike caroverine, this compound had no
facilitatory effects on the DR-VRP at doses ranging

from 1075 to 3 x 107*M. The effects of caroverine
and diltiazem were partially reversed by washing for
30 min with drug-free Ringer solution.

As shown in Table 1, caroverine and diltiazem
(107*M) reduced the amplitude of L-glutamate-
induced depolarizations in the dorsal root (primary
afferent terminal) and in the ventral root
(motoneurone). The effect on the maximum amp-
litude of the depolarization in the ventral root was
not statistically significant. However, both these sub-
stances abolished the L-glutamate-induced after-
discharges in the motoneurone and shortened the
time course of the depolarization (Figure 1b). Thus,
if the percentage inhibition was calculated based
upon the ‘area under the curve’ of the L-glutamate-
induced depolarization, marked inhibitory effects of
these drugs were recognized in the ventral root as
well as in the dorsal root. Caroverine and diltiazem
(10~*M) had a negligible effect on the response to
GABA of the ventral and dorsal roots.

As shown in Figure 3b,c and Table 3, caroverine

Table 2 Inhibitory effects of caroverine and diltiazem on root potentials evoked by high frequency stimulation of

the dorsal root

Compounds Dose (M)
Caroverine 1074
Diltiazem 1074

% Inhibition of potentials

VRP DRP
60.1+16.1 77.2%£8.9
66.4 8.5 68.6t£7.9

Percentage inhibition by the compounds of root potentials evoked by high frequency stimulation (20 Hz, for 1 s) was
calculated based upon the amplitudes of root potentials observed after a 10 min application of test agents; responses
before the application were taken as control.
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Figure 3 Effects of caroverine on L-glutamate-induced K*-efflux and root potentials in the tetrodotoxin-treated
preparation. At the dot, L-glutamate (5 x 1073 M, 0.1 ml; 5 x 10”7 mol) was injected once every 5 min: (i) Before the
application of caroverine (10~ *M); (ii) 20— 30 min after application; (iii) 20—30 min after washing.

and diltiazem (107%M) significantly reduced L-
glutamate-induced depolarization in the dorsal root
while having no significant effect on L-glutamate-
induced depolarization in the ventral root, in the
preparation treated with tetrodotoxin (TTX)
(2 x1077"M).

Effects on the L-glutamate-induced increase in
extracellular K* activity

As shown by Kudo & Fukuda (1976), L-glutamate
caused a marked increase in extracellular K* activity.
In the TTX-treated preparation, a one shot injection
of L-glutamate (5x1073M, 0.1ml; 5 x 10~"mol)
caused more than 1 mM equivalent increase in ex-
tracellular K+ activity (Table 3 and Figure 3a). Such
anincrease in K* activity was significantly reduced by
the application of caroverine and diltiazem (10~ M).

This effect was accompanied by a significant decrease
in the size of the dorsal root depolarization.

Effects on presynaptic nerve spike and focal
synaptic potential

Extracellular microelectrode recording was used in
four spinal cords to test the effects of caroverine and
diltiazem on presynaptic nerve conduction and the
focal synaptic potential. Caroverine and diltiazem
(107*M) had little effect on the presynaptic nerve
spike and the focal synaptic potential induced by a
single stimulation (Figure 4a). By contrast, the focal
synaptic potential induced by high frequency stimu-
lation (20 Hz, 20s~!) was markedly reduced while
the presynaptic nerve spike remained unaffected
(Figure 4b).

Table 3 Effects of caroverine and diltiazem on L-glutamate-induced potentials and alteration of extracellular

K *-activity in the tetrodotoxin (TTX)-treated preparations

Compounds Dose (M) n
Control 5
Caroverine 1074
Control 4
Diltiazem 1074

Root potentials
(mV)

VRP DRP [K*]o (mMm)
2.3%0.5 2.0+0.2 1.1+0.2
2.410.5 1.5+0.1* 0.6*0.2*
2.8%£0.6 24104 1.6+'0.3
2.9+0.7 1.7+02* 0.5%0.1**

Means of amplitudes of root potentials and increase in K*-activity observed just before the application (control) and
following 20 min of application of test compounds are indicated with s.e. * and **: Statistically significant difference
from control, P < 0.05 and P <0.01, respectively (paired ¢ test).
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Figure 4 Effects of caroverine on the field potential induced by a single, or by high frequency stimulation of the
dorsal root. (a) The field potential evoked by a single stimulation of the dorsal root (five traces superimposed). (b)
The field potential evoked by high frequency stimulation (20 Hz, for 1s) (20 traces superimposed). Filled circle
indicates presynaptic nerve spike. Open circle indicates focal synaptic potential. (i) Before the application of
caroverine (10 ~*M); (ii) and (iii) 10 min and 20 min after application, respectively; (iv) 30 min after washing.

Effect on the motoneurone

The action potential generated in a motoneurone, by
stimulation of the dorsal root or by antidromic stimu-
lation of the ventral root was inhibited by caroverine
(107*M) in five motoneurones of five separate spinal
cords tested (Figure 5). Within 10 min of the applica-
tion of caroverine, the overshoot of the action poten-
tial was reduced and the notch of the initial segment
spike potential became visible in its rising phase,
while the falling phase was slightly prolonged. Within
20 min the action potential was nearly abolished;
however the excitatory postsynaptic potential re-
mained unaffected (Figure 5a). The action potential
elicited by antidromic stimulation was also abolished
within 20 min of the drug’s application (Figure 5b).
These effects of caroverine were reversed completely
within 30 min following washing. Similar inhibitory
actions on the action potentials were observed in
preparations treated with diltiazem (107*M) (two
neurones tested).

The membrane resistance measured by passing
constant current pulses (5x 107°A) through one
barrel of a double barrel microelectrode was slightly
increased within 20min of the application of
caroverine (107*M) (9.5%/2.1% increase, n = 3).

Discussion

Caroverine and diltiazem inhibited L-glutamate-
induced depolarizations in normal medium. Further-
more, these compounds inhibited the DR-DRR, the
DR-DRP and the first spike potential in the DR-
VRR. However, the effects of these substances upon
the L-glutamate-induced potential in ventral roots
were abolished after treatment with TTX. The results
are indicative that the apparent antagonistic actions
of these organic Ca?* antagonists against L-
glutamate in normal media are not attributable to the
specific action on L-glutamate at its receptor.

The presynaptic nerve spike and the focal synaptic
potentials were not affected by caroverine and dil-
tiazem at concentrations sufficient to block the
evoked root potentials and L-glutamate-induced de-
polarization. Excitatory postsynaptic potentials were
not affected by these drugs, but the initiation of an
action potential was suppressed. The action potential
evoked by antidromic stimulation of the ventral root
was also blocked by the compounds. These results
lead us to speculate that caroverine and diltiazem
interfere with the initiation of action potentials in
spinal neurones by blocking Na*-channels in a man-
ner similar to that described for other organic Ca2*-
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Figure 5 Effects of caroverine on action potentials recorded intracellularly. (a) Action potentials evoked by
orthodromic stimulation of the dorsal root. (b) Action potentials evoked by antidromic stimulation of the ventral
root. (i) Before the application of caroverine (10~*M)j; (ii) and (iii) 10 min and 20 min after application, respectively;

(iv) 30 min after washing.

antagonists (Nachshen & Blaustein, 1979). The ef-
fective depressant action of caroverine and diltiazem
on focal synaptic potentials and root potentials in-
duced by high frequency stimulation seemed to
parallel the effects of these substances on the after-
firing induced by L-glutamate. The fact that highly
activated neurones are more sensitive to the drugs
than are less active ones, suggests the increased sus-
ceptibility of active (open) channels to these agents,
as suggested previously by Ishida & Shinozaki
(1983). Alternatively, such differences in sensitivity
may be attributed to their Ca%* antagonizing action;
Ca?* influx into the rapidly responding presynaptic
nerve terminal exhibiting a high demand for Ca2*
influx compared with the case of single stimulation,
was reduced.

The antagonistic actions of caroverine and dil-
tiazem upon the effects of L-glutamate in normal
media may be explained as a result of the inhibition of
interneurones which are excited by the acidic amino
acid, causing recruitment. However, in TTX-treated
preparations, these compounds inhibited dorsal root
depolarizations induced by L-glutamate by approx.
30%. The extracellular K* activity measured simul-

taneously in the dorsal horn was reduced by more
than 50%. If the L-glutamate-induced depolarization
in dorsal roots was the result of elevated K+ activity
produced by the excitation of postsynaptic receptors,
as suggested by Evans (1980), the inhibitory effect of
caroverine and diltiazem on dorsal root depolariza-
tion can be ascribed to reduced extracellular K*
activity. The potassium permeability at the neuronal
membrane has been shown to be increased by an
injection of Ca2* (Meech, 1974) and Parod & Putney
(1978a,b) have described the receptor-mediated
Ca?* influx which controls membrane permeability
to K*. The inhibitory effect of caroverine and dil-
tiazem on extracellular K+ activity may be explained
by their inhibitory actions on Ca?* influx induced by
L-glutamate.

The effects of caroverine were qualitatively similar
to those of diltiazem except for the augmentation of
late polysynaptic components in the ventral root
potential. Such an augmentation was never observed
in the dorsal root. Although the membrane resistance
gradually increased by about 10% after 20 min of
caroverine application, this effect was too small and
too slow to account for such a drastic and fast de-
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veloping augmentation of ventral root potentials.
Since motoneurones receive inhibitory as well as
excitatory input from interneurones, the evoked re-
sponses in the normal condition consisted of the
summation of excitatory and inhibitory actions.
Thus, apparent excitatory effects may be induced by
a preferentially suppressant action of caroverine on
inhibitory interneurones. As primary afferent termi-
nals receive input from interneurones having excitat-
ory actions, the effect of caroverine on the dorsal root
may appear to be solely inhibitory. However, we
have no evidence to support this speculation.

In conclusion, caroverine and diltiazem were not
specific L-glutamate antagonists in the frog spinal
cord, but they blocked the initiation of the action
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