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Augmentation by calcium channel antagonists of
general anaesthetic potency in mice
S.J. Dolin & H.J. Little'

Division of Anaesthesia, Clinical Research Centre, Watford Road, Harrow, Middlesex

1 The effects of three kinds of calcium channel antagonists on the anaesthetic potencies of ethanol,
pentobarbitone and argon were examined in mice.
2 Ethanol and pentobarbitone anaesthetic potencies in mice were significantly increased by
verapamil 10 mg kg- 1, flunarizine 40 mg kg-' and nitrendipine 100 mg k&-'.
3 Argon anaesthetic potency was significantly increased by nitrendipine 50mg kg- and 100mg kg-'
in a dose-related fashion.
4 Even at very high doses the calcium channel antagonists did not produce anaesthesia by themselves.
5 At the doses used the calcium channel antagonists did not affect the blood concentrations of
ethanol, 2 h, or pentobarbitone, 15 min, after anaesthetic administration.

Introduction

Calcium has long been suspected of being of con-
siderable importance in the mechanism of general
anaesthesia. Suggestions of possible important sites of
action have included changes in neurotransmitter
release, altered post-synaptic function, membrane
fluidity effects and changes in cyclic nucleotide levels.
While these have all been shown to be affected by
calcium concentrations, none in particular has been
shown to be the crucial process for production of the
state of general anaesthesia.
Some authors have suggested that anaesthetics

cause reduced availability of functional intracellular
calcium in synaptic terminals. Pentobarbitone (Blaus-
tein & Ector, 1975) and ethanol (Harris & Hood, 1980)
have been shown to diminish uptake of calcium into
depolarized synaptosomes. Ethanol has been shown to
decrease calcium entry via voltage-dependent chan-
nels (Lynch & Littleton, 1983) and also via voltage-
independent channels (Stokes & Harris, 1982). On the
other hand Baker & Shapira (1980) suggested that
anaesthetics increased sensitivity of endogenous cal-
cium binding proteins in the absence ofany alterations
in intracellular calcium levels, while Krnjevic & Lisi-
ewicz (1972) suggested that a rise in intracellular
calcium activated calcium-sensitive forms of K+ and
C1- permeability systems resulting in reduced
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neuronal excitability.
There have been some recent significant advances in

the pharmacology ofneuronal calcium channels. High
affinity binding sites have been demonstrated for a
variety of calcium channel antagonists including
nitrendipine, nimodipine, verapamil and diltiazem.
These binding sites are thought to be a part of, or to be
in close proximity to calcium channels. They have
been demonstrated in a variety of tissues including
brain (Murphy and Snyder, 1982; Glossman et al.,
1985).
We have investigated the effects ofthree structurally

diverse calcium channel antagonists on the in vivo
anaesthetic potencies of a variety of anaesthetic
agents.
The calcium channel inhibitors we used were a

dihydropyridine, nitrendipine, a phenylalkylamine,
verapamil, and a diphenylalkylamine, flunarizine. We
have investigated their effects on anaesthetic potencies
of a barbiturate (pentobarbitone) of an alcohol (eth-
anol) and of an inert gas (argon).

Methods

Male T.O. mice (25-35 g) were used in all ex-
periments. All animals were fresh from specific-path-
ogen-free unit, kept in controlled light cycled rooms,
and fed rodent chow.
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Anaesthetic potency estimations

Animals were pretreated with the calcium channel
antagonists nitrendipine, 100mg kg- ', and flun-
arizine, 40 mg kg- 1, 2 h before anaesthetic administra-
tion. Verapamil, 10mg kg- 1, was given 15 min before
the anaesthetic drug. Concurrent control groups were
used in each experiment. All were then placed in cages
on heated mats with overhead illumination, and all
rectal temperatures were maintained in the range
36.5°C-37.50C by monitoring a selection of mice, and
adjusting heat sources appropriately.

Following anaesthetic administration, animals were
assessed for loss of righting reflex by an observer who
did not know the pretreatment given to each animal.
For pentobarbitone and ethanol anaesthesia each
animal was assessed by placing it on its back at 5 min
intervals until awake. Failure to regain the upright
posture within 60s was taken as the criterion for
anaesthesia. A minimum of four doses of each anaes-
thetic were studied. Ten mice were used in each group
for both controls and those given calcium channel
inhibitors. Each animal was used once only.

For argon anaesthesia animals were pretreated with
nitrendipine 50mgkg-' or 100mgkg-', 2h before
argon administration. The mice were placed in a
rotating cage, with 4 divisions, inside a 20 litre steel
pressure chamber. Oxygen was supplied to 0.5 atmos-
pheres and argon added at a rate of 3 atmospheres per
min to the predetermined pressure. An equilibration
time of 15 min was chosen, based on preliminary
experiments. At the end of equilibration time, loss of
righting reflex was assessed by rolling the mouse onto
its back in the rotating cage by remote control, and
allowing it 60 s to regain the upright posture. A second
pressure was then chosen and a second assessment
made after a further 15 min. Each mouse was used
once, at each of 2 pressures; eight mice were used per
group. One half was assessed firstly at a low pressure
followed by a higher pressure and the other half
conversely. A minimum of 4 different pressures were
used for each calcium channel antagonist. A separate
control and a separate treated mouse were used for
rectal temperature monitoring in every experiment.
They were kept in another cage in the chamber
adjacent to the rotating cage; rectal temperatures were
maintained at 370C±0.5±C by the alteration of
ambient temperature using water-filled heating coils
inside and electrical heating outside the pressure
chamber.
Raw data, as numbers out of 10, (8 for argon

experiments), with loss of righting reflex, at each
anaesthetic dose were then analysed by probit analysis
(Ross, 1980) to construct dose-response curves. Lines
of best fit were compared using Chi-squared analysis,
with results expressed for position, parallelism and
heterogeneity.

Effects of high doses

A range ofdoses ofcalcium channel inhibitors up to 10
times the doses used in the anaesthetic experiments
were administered to groups of at least 6 mice.
Animals were kept on a warming mat with overhead
illumination, to maintain rectal temperature close to
37C without overheating. Rectal temperatures were
monitored in all animals. Groups were observed on
the bench, loss of righting reflex was assessed and any
mortality noted over 24 h.

Blood concentrations

In order to determine whether changes in anaesthetic
potency were due to altered metabolism of anaesthetic
agents by calcium channel antagonists, blood levels of
anaesthetics were measured after a standard dose.
Nitrendipine 100mgkg-' was injected 2h before
anaesthetic administration; control animals receiving
corresponding vehicle injection. Eight animals were
used in each group. Ethanol 2 g kg-' was injected and
the animal temperatures kept at 37TC. Two hours later
the animals were killed and blood samples taken from
the carotid arteries. Two hours is on the declining part
of the concentration curve and changes here would
reflect altered ethanol metabolism (Goldstein, 1984).
We have shown, in other studies, that the effects of
nitrendipine 100mgkg-' last for 6-8h. Pentobar-
bitone was administered at a dose of 40 mg kg-' and
blood samples were taken after 15 min. It was found
that at 45 min post injection, blood levels of pentobar-
bitone were too low to be reliably detected, so the
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Figure 1 Dose-response curves for pentobarbitone
anaesthesia at 15min after anaesthetic administration.
The lines were constructed using probit analysis. The left
hand axis is percentage anaesthetized: as measured by
loss of righting reflex. The right hand axis gives corre-
sponding probit values. Concurrent controls (0) were
compared with animals pretreated with nitrendipine
100 mg kg-' (A) and flunarizine 40mg kg-' (-) both at
2 h before anaesthetic administration. Each point re-
presents n = 10 mice. Significance levels are shown in
Table 1.
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earlier time was used. Blood samples (ethanol) or
plasma samples (pentobarbitone) were analysed by
gas-liquid chromatography. Internal standards were
isopropanol for ethanol and tetraphenylethylene for
pentobarbitone. A flame ionization detector was used
and the areas under the curves were compared.

Drugs used

The calcium channel inhibitors used were nitrendipine
(Bayer U.K. Ltd.), verapamil (Abbott Laboratories,
U.K.) and flunarizine (Janssen Pharmaceutica, Bel-
gium). The anaesthetic agents were pentobarbitone
B.P. 10-30mgkg-1 (May and Baker Ltd.), ethanol
1.8-3.3 g kg-' (AnalaR quality, James Burrough,
dissolved 20 ml per 100 ml distilled water) and argon
8-18 atmospheres (British Oxygen Company).

All drugs, where appropriate, were dissolved in
water and Tween 80 (polyoxyethylene sorbitan mono-
oleate, Sigma) one drop per 10ml of distilled water.
Nitrendipine suspensions were made up under red
safe-light. Controls received corresponding volumes
of water and Tween. All drugs, except argon, were
administered via the intraperitoneal (i.p.) route.

Results

for 15 min following administration of the anaesthetic
agent. Results are expressed as percentage anaesth-
etized on a probit scale versus log dose of anaesthetic
agent. Nitrendipine and flunarizine, produced a cons-
istent shift to the left of the dose-response curves
compared with concurrent controls, which is an
increase in anaesthetic potency. Verapamil (not illus-
trated) also produced a shift to the left for both
anaesthetic agents. All dose-response curves were
parallel except the nitrendipine plus pentobarbitone
curves. There was no significant heterogeneity, i.e. any
residual variation was consistent with binomial sam-
pling.
The argon dose-response curves are shown in Figure

2. The curves are for two doses of nitrendipine (50 and
100 mg kg -) against concurrent controls. There is a
shift to the left of the curves, i.e. an increase in
anaesthetic potency. The argon curves are for a single
time at the end of a 15 min equilibration period for
each pressure. These curves are parallel and the data
were not heterogeneous.

ED50 values for anaesthetic potency

From the dose-response curves, ED50 values have been
derived for all values along with 95% fiducial limits.
Table I gives the results for pentobarbitone, ethanol

Dose response curves

Dose-response curves for pentobarbitone and ethanol
were constructed for each 5 min interval until animals
were awake. Examples of dose-response curves for
pentobarbitone are shown in Figure 1. The curves are
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Table 1 Effects of calcium channel antagonists on
anaesthetic potency

A Pentobarbitone (mg kg- ', 15 min after anaesthetic ad-
ministration)
Drugs
Controls A
Verapamil (10mg kg- )
Controls B
Nitrendipine (100 mg kg- ')
Flunarizine (40 mg kg- ')

U-en
00 L0 O B Ethanol (g kg-', 20 min a

o1 Drugs
Controls A

- -2 Verapamil (10 mg kg-')
Controls B

-L.-3 Nitrendipine (100mg kg-')
16 20 Flunarizine (40mgkg-')

s

Figure 2 Dose-response curves for argon anaesthesia
following equilibration for 15 min at each pressure. The
lines were constructed using probit analysis. The left hand
scale is percentage anaesthetized corresponding to
probits on the right hand scale. Concurrent controls (0)
were compared with animals given nitrendipine
100mgkg-' (A) and nitrendipine 50mgkg-' (0) 2h
before pressurization. Each point represents n = 8 mice.
Significance levels are shown in Table 2.

ED50
27.3
23.1**
28.1
13.9**
23.2**

Fiducial limits
25.9-29.1
21.6-25.1
26.5-29.8
11.7-15.8
21.9-25.0

after anaestnetic aaministrauon)
ED50
3.3
3.0*
3.2
2.1***
2.7***

Fiducial limits
3.1- 3.5
2.7- 3.1
3.1- 3.3
2.0- 2.3
2.5- 2.9

C Argon (Atmospheres, 15 min equilibrium time)
Drugs ED50 Fiducial limits
Controls 15.5 14.6-16.5
Nitrendipine (50mg kg -') 11.4*** 10.2-12.5
Nitrendipine (100 mg kg- ) 8.8*** 6.7-10.2

*P<0.05; **P<0.01; ***P<0.001 in compar-
ison with concurrent controls, using Chi-squared
analysis for position of parallel lines following
probit transformation.
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and argon anaesthesia. The ED50 values for anaesth-
etic potency were all significantly lowered by the
calcium channel inhibitors. The degree ofpotentiation
by nitrendipine varied between anaesthetic agents,
being greatest for pentobarbitone, less for argon, and
least for ethanol.

Time courses ofpentobarbitone andethanol anaesthesia

The full time courses of changes in anaesthetic
potency, as measured by percentage change in ED50,
for pentobarbitone and ethanol are shown in Figure 3.
There was a consistent decrease in anaesthetic ED50
values when animals treated with the three calcium
channel antagonists were compared with concurrent
controls. This potentiation occurred from the onset of
anaesthesia until the experiment finished owing to
awakening of the animals.

High doses of calcium channel antagonists

At a dose of I g kg-' of nitrendipine the animals
(n = 8) remained still, but did not lose their righting
reflex. No other behavioural changes were seen, but
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death occurred in all cases about 6 h after drug
administration.
At the dose of flunarizine 400 mg kg-' all animals

(n = 6) experienced clonic seizures and died approx-
imately 1 h after drug administration.
A dose of 20 mg kg-' of verapamil resulted in the

death of 5 out of 10 mice within 5 min of administra-
tion without overt behavioural changes.
At lower doses of each of the calcium channel

inhibitors than described above there were no overt
behavioural changes and there was no mortality.

In no case did any animal lose its righting reflex
prior to death.

Blood concentration of anaesthetic agents

Blood concentrations of ethanol and plasma concen-
trations of pentobarbitone are presented in Table 2.
There were no significant differences in anaesthetic
concentrations between animals pretreated with
nitrendipine at 100mg kg-' and those receiving con-
trol injections at the times examined.

Discussion

>* The calcium channel antagonists nitrendipine, flun-
\.*<* * - arizine and verapamil, at the doses used, significantly

=|0* * ** increased the anaesthetic potencies of pentobarbitone
\ ***** and ethanol, as measured by ED50 for loss of righting

reflex. In addition, nitrendipine increased the anaesth-
A etic potency ofthe inert gas argon, in a dose-dependent

manner.
All of the dose-response curves for anaesthesia were

parallel, with the exception of nitrendipine and pen-
tobarbitone anaesthesia. We know that the bar-

0 5 10 15 20 25 biturates have a multiplicity ofneuronal actions which
b could contribute to the different pattern seen in the
1 U *--*-*< - latter case (Goldring & Blaustein, 1980).
1 \ * Table 2 Blood concentrations of anaesthetic

\1 * *--- n *agents following pretreatment (2 h) with nitren-
\***I*** *** *** dipine 100mg kg-'

-30-\AA.._ A A

-40 i * *** * ***
I
0 5 10 15

Time (min)
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Figure 3 The time course of changes in (a) pentobar-
bitone and (b) ethanol anaesthetic potencies, as expressed
by percentage change in EDso. All results are compared
with concurrent controls. The mice were pretreated with
verapamil 10mg kg-' (U) at 15min; flunarizine
40mg kg- ' (-) or nitrendipine 100 mg kg-' (A) at 2 h
before anaesthetic administration. Each point represents
n = 10 mice. Levels of significance are *P<0.05;
**P<0.01; ***P<0.00I compared to concurrent con-
trols.

Drug
(a) Ethanol (2 h, 2 g kg'-')
Controls (n = 8)
Nitrendipine (n, = 8)
100mgkg-

Blood
concentrations
(± s.e.mean)

77 ± 5mg 100ml-'
83 ± 8mg 100ml-'

(b) Pentobarbitone (5 min, 40mg kg-')
Controls (n = 8) 19.3 ± 1.0 tg ml-'
Nitrendipine (n = 8) 20.7 ± 1.0 pg ml- '
lOOmgkg-'

P>0.l

P>0.l

Statistical comparison by Mann Whitney U test.

C-
0-
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The calcium channel antagonists, even at doses up
to 10 times those used to determine anaesthetic
potency changes, did not themselves produce a state of
anaesthesia. The increases in anaesthetic potency
could not be accounted for by interference in the
metabolism of pentobarbitone or ethanol.
The doses of the calcium channel inhibitors that we

used were based partly on doses used by other authors
to demonstrate central nervous system effects (Ashton
& Wauquier, 1979; Van Reempts et al., 1983) and
partly on our own preliminary studies. We found that
the dose ofverapamil was limited by mortality at doses
greater than 10mg kg-' and the dose of flunarizine to
be limited by excessive hypothermia above
40mg kg-'. Owing to the different doses of the three
calcium channel antagonists used it is difficult to draw
conclusions about their relative efficacies on anaesth-
etic potency.

In general, calcium channel antagonists when given
alone, have little effect on neuronal preparations.
Daniell et al. (1983) could find no changes in calcium
uptake into rat brain synaptosomes in the presence of
dihydropyridine calcium channel antagonism, at con-
centrations up to 10 gM. Middlemiss & Spedding,
(1985) observed that neuronal calcium channels were
susceptible to blockade by calcium channel antagon-
ists only when the channels were activated by Bay
K 8644 (a dihydropyridine which increases opening of
calcium channels). Nachshen& Blaustein (1979) noted
a decrease in synaptosomal calcium uptake in the
presence of verapamil and methoxyverapamil (D-600,
50-100 gM) but also noted that sodium channels were
equally affected. Very few central nervous system
effects have therefore been demonstrated for the
calcium channel antagonists, although considerable
recent interest has been generated in neuronal actions
(Spedding & Middlemiss, 1985). In vitro studies are
required to elucidate the interactions between the
calcium channel antagonist, and anaesthetic agents.
As described in the Introduction, some anaesthetics

decrease calcium entry into synaptic areas. It is
possible that calcium channel antagonists enhance this
process by further diminishing synaptic calcium entry.
Our results suggest that changes in calcium
movements may be involved in the production of
general anaesthesia. The spectrum of anaesthetic
agents whose potencies are affected by the calcium
channel inhibitors suggests this may be a non-selective
effect, in that it is affecting some basic mechanism
underlying the production of a state of general anaes-
thesia. The calcium channel antagonists themselves do
not produce a state ofgeneral anaesthesia. No obvious
sedative effects of the doses used in the anaesthetic
experiments were seen when exploratory locomotor
activity was measured, (Little, Dolin and Halsey,
unpublished observation) and no overt behavioural
effects were seen at the doses used in the present study.

This suggests that the presence of anaesthetic agents
may alter the state of the calcium channel. These can
exist in a variety of states: open, closed or inactive, and
the calcium channel antagonists, in cardiac tissue,
appear to block only channels which remain in the
inactivated form for enough time to allow drug
binding (Bean, 1984). It may be that while neuronal
calcium channels are not normally in this state the
presence of anaesthetics may allow calcium channels
to remain inactivated long enough for the calcium
channel inhibitors to produce further channel inhibi-
tion and thereby potentiate the effects of the anaesth-
etic agents. In addition, there have been shown to be at
least three different types of calcium channels
(Nowycky et al., 1985) in neuronal tissue; anaesthetics
may have selective effects on these.

Higher doses of the calcium channel antagonists
were required than are needed to produce their
cardiovascular effects. The dose of nitrendipine
100mg kg-1 is at the top of the range used to treat
hypertensive rats and on its own produced a modest
(25%) fall in blood pressure in non-hypertensive rats
(Knorr & Garthoff, 1984). In vitro evidence (see
above) suggests that central nervous system calcium
channels require higher doses than smooth muscle
channels to demonstrate effects (Daniell et al., 1983).
We have excluded a pharmacokinetic interaction in
the enhanced potencies of ethanol and pentobar-
bitone, drugs which are known to be extensively
metabolised. Argon, being an inert gas, is not metabol-
ised. There are still a number ofunanswered questions,
for example whether or not altered cerebral blood flow
may have contributed to the changes seen. We are at
present undertaking the measurement of brain levels
of anaesthetic agents to determine this and intend also
to examine the effects of other non-calcium channel
antagonist vasodilators on anaesthetic potency. In
addition, we are examining the effects on anaesthetic
potency by the calcium channel activator Bay K 8644
to elucidate further the pharmacology of the calcium
channel in the central nervous system.

In conclusion these results suggest that effects on
calcium channels may contribute to the production of
general anaesthesia. As the calcium channel antagon-
ists produced no overt behavioural effects at the doses
which increased general anaesthesia potency, and in
vitro studies show few neuronal effects, we suggest that
anaesthetic agents alter the state of the calcium
channel protein (possibly via an effect on the lipid of
the cell membrane), allowing the calcium channel
antagonists to act.

We would like to thank Bayer UK Ltd. for supplies of
nitrendipine; Janssen Pharmaceutica for flunarizine and
Abbott Laboratories Ltd. for verapamil. S.J.D. is funded by
W.A. and M.G. Saw Medical Research Fellowship from the
University of Western Australia. We are grateful to Dr M.J.
Halsey for valuable discussion.
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