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Effects of “Nitrendipine” on Nitrous Oxide Anesthesia,
Tolerance, and Physical Dependence

S. J. Dolin, M.B.B.S., F.F.A.R.C.S., Ph.D.,* H. J. Little, M.Sc., Ph.D.t

Studies with ethanol have indicated that dihydropyridine-sensitive
calcium (Ca**) channels may be involved in the adaptation to pro-
longed exposure to ethanol. This study investigated the effects, in
mice, of the dihydropyridine Ca** antagonist, nitrendipine, on acute
tolerance to nitrous oxide after 60 min exposure to anesthetizing
concentrations, and also the withdrawal syndrome which occurred
following removal from nitrous oxide. Control mice were anesthe-
tized by nitrous oxide concentrations in the range 1.28-1.51 atmo-
spheres. Nitrendipine 10, 50, and 100 mg-kg™, i.p., produced a
dose-dependent potentiation of nitrous oxide anesthesia (P < 0.05
for nitrendipine 50 and 100 mg-kg™). Tolerance to nitrous oxide
anesthesia developed over 60 min (13% increase in EDy,, P < 0.05).
Concurrent administration of nitrendipine at all doses prevented
the development of nitrous oxide tolerance. After 60 min exposure
to nitrous oxide 1-1.5 atmospheres, all control mice showed handling
seizures, Nitrendipine diminished or prevented nitrous oxide with-
drawal seizures, in a dose-dependent manner (P < 0,05 for nitren-
dipine 50 and 100 mg+ kg™'). These results support the importance
of the role of dihydropyridine-sensitive Ca** channels in the mech-
anism of tolerance and dependence to central depressant drugs. They
also suggest that acute and chronic tolerance to sedative drug action
may share some common pathways, and that tolerance and physical
dependence may share a common mechanism through voltage-op-
erated Ca*™* channels. (Key words: Anesthetics, gases: nitrous oxide.
Ions: calcium, Pharmacology: nitrendipine, Tolerance, physical de-
pendence: nitrous oxide.)

ALTERED NEURONAL CALCIUM (Ca**) fluxes have long
been considered to play a central role in the mechanism
of general anesthesia. A variety of Ca** related neuronal
events, such as neurotransmitter release,’ postsynaptic
function,? and intracellular messenger function,® have
been shown to be affected by anesthetic drugs. However,
no particular neuronal event has been shown to be crucial
for the production of general anesthesia.

Evidence for the importance of altered intracellular
Ca*™* movements in the development of general anesthesia
is considerable but indirect. A number of anesthetic drugs,
including barbiturates,* ethanol,® and benzodiazepines,®
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have been shown to diminish depolarization-dependent
Ca™* uptake into synaptosomal preparations. In contrast,
it has been suggested that anesthetic drugs may cause an
elevation in intracellular Ca** concentrations, leading to
activation of Ca**-sensitive potassium and chloride con-
ductances, resulting in reduced neuronal excitability.”
Also, it has been proposed that anesthetic drugs may act
by increasing the sensitivity of endogenous Ca** binding
proteins in the absence of altered intracellular Ca** con-
centrations.®

Chronic exposure to sedative/anesthetic drugs results
in neuronal adaptation, which is expressed behaviorally
as tolerance, i.e., diminished effect of a constant drug dos-
age, and physical dependence, i.., hyperexcitability when
the drug is withdrawn. This has been shown to occur with
drugs with simple chemical structures, e.g., ethanol,® bro-
mide, and nitrous oxide,!° and also with drugs known to
undergo specific receptor-mediated interactions, such as
barbiturates,'! benzodiazepines, and opiates.

We have previously reported!? that calcium (Ca**) an-
tagonists increased the potency of a variety of structurally
dissimilar anesthetic drugs, including ethanol, pentobar-
bital, midazolam, and the inert gas argon. In addition, we
reported that Ca** antagonists diminished or prevented
the seizure component of the ethanol withdrawal syn-
drome.? In further biochemical studies, we have dem-
onstrated that increased dihydropyridine Ca** channel
number and function were associated with ethanol phys-
ical dependence,'® and proposed that these changes may
be part of the mechanism underlying the development of
tolerance and physical dependence. Concurrent admin-
istration of the Ca** antagonist, nitrendipine, with
ethanol, prevented the development of ethanol tolerance.

In this study, we have investigated the effects of the
dihydropyridine Ca** antagonist nitrendipine on nitrous
oxide anesthesia, the development of tolerance to the an-
esthetic effects of nitrous oxide over 1 h, and the seizure
component of the withdrawal syndrome seen after re-
moval of mice from a nitrous oxide environment. The
aim of these experiments was to determine whether or
not the observed interactions between Ca** antagonists
and ethanol applied to other anesthetic drugs, such as
nitrous oxide,

Materials and Methods

The methods for the experiments on nitrous oxide
anesthesia, tolerance, and withdrawal were based on pre-
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viously reported studies on mice.'* Male T.O. mice were
obtained specific pathogen free, provided with water and
rat chow, and maintained in a light-cycled environment.

Nitrendipine (Bayer U. K. Ltd.) was dissolved in water
and Tween 80 (0.5%) at 1, 5, and 10 mg- ml™!, respec-
tively. Three doses of nitrendipine were used: 10, 50, and
100 mg-kg™!. Concurrently tested control animals re-
ceived the vehicle injection only. Nitrendipine and vehicle
injections were given by the intraperitoneal route. Ni-
trendipine was given either 15 min or 2 h prior to nitrous
oxide. Two hours corresponded to the plateau of nitren-
dipine’s anticonvulsant action and its effects on blood
pressure, while 15 min approximated the peak of these
actions.!®'® To assess the effects on the nitrous oxide
withdrawal syndrome, nitrendipine was given 15 min be-
fore nitrous oxide administration. The effects of nitren-
dipine on tolerance development were assessed after this
pretreatment time and after nitrendipine administration
2 h prior to nitrous oxide. Once injected, the mice were
kept warm by the use of heating mats and overhead il-
lumination, maintaining rectal temperatures between 36—
37° C. Temperatures were monitored on some animals
prior to nitrous oxide administration.

Nitrous oxide (B.O.C.) is a gas that produces full gen-
eral anesthesia only at pressures greater than atmospheric.
A 20-1steel pressure chamber was used to assess tolerance
to nitrous oxide anesthesia. Physical dependence was de-
termined by assessing withdrawal seizures following 1 h
exposure to anesthetizing concentrations (pressures) of
nitrous oxide.

Animals were placed in a four-division rotating cage,
one mouse in each division. The cage could be rotated
by remote control and the mice observed through a win-
dow in the pressure chamber. Mice from different groups,
including concurrent controls, were placed in different
divisions of the rotating cage, on a random basis. The
mice were coded so that the treatment schedule of any
individual mouse was unknown during the observation.
Two mice, one control and the other treated with the
highest dose of nitrendipine, 100 mg- kg™, were placed
in a separate non-rotating cage within the pressure cham-
ber. These two acted as temperature controls; each had
a rectal thermistor temperature probe in situ. The rectal
temperatures were maintained at 36-37° C during the
course of the experiment, by adjusting the ambient tem-
perature within the pressure chamber. This was achieved
by the use of an internal water heating coil and an external
electric coil around the chamber. An ambient temperature
of 32-33° C was required within the chamber as nitrous
oxide at anesthetic concentrations produced a lowering
of the body temperature.

Once the animals were in the pressure chamber, 0.4
atmospheres of oxygen was added, so that oxygen would
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not be depleted by six mice in the chamber over the 60
min that the experiment lasted. Miller et al.'” reported
that oxygen concentrations between 0.2 and 2 atmo-
spheres did not affect the anesthetic potencies of a variety
of gases when measurements were made on three mice
in a 200-ml pressure chamber, over 60 min. It was as-
sumed that 0.4 atmospheres of oxygen in a much larger
chamber would be more than adequate. Nitrous oxide
was then added to a predetermined pressure between 0.5
and 1.5 atmospheres. Carbon dioxide and water produced
by the mice were absorbed by fresh soda lime and silica
gel, respectively, placed within the chamber in excess
quantity as assessed by color changes at the end of each
experiment. An electric fan was used to circulate all gases
within the chamber throughout the experiment. This also
ensured that soda lime and silica gel were well ventilated.

Loss of righting reflex was the behavioral endpoint used
to determine the presence of anesthesia. This technique
has been widely used for assessment of anesthesia in mice,
and there has been good agreement among various papers
for a variety of gaseous anesthetic agents.'” Each animal
was rolled onto its back in the rotating cage and allowed
60 s to regain the upright posture. Failure to do so within
the allotted time was taken as the criterion for anesthesia.
Loss of righting reflex was assessed at 5, 15, 30, and 60
min at each pressure of nitrous oxide and for each dose
of nitrendipine. Each treatment group at each pressure
of nitrous oxide contained eight mice, and a minimum of
four different pressures of nitrous oxide were used to
construct each dose-response curve. Each group of mice
was tested once only. Probit analysis was used to construct
dose-response lines of loss of righting reflex against pres-
sures of nitrous oxide. EDjo values were derived from
probit analysis. The effects of nitrendipine on nitrous ox-
ide anesthetic potency were assessed by comparison of
EDso values from nitrendipine treated with concurrent
controls. Tolerance to the effects of nitrous oxide on loss
of righting reflex was assessed by comparing EDj5 values
at 60 min with those at 5 min, within each treatment and
control group.

At the end of 60 min exposure to nitrous oxide, the
chamber was decompressed and flooded with oxygen to
prevent diffusion hypoxia,'® and mice were removed from
the nitrous oxide environment. Mild withdrawal seizures
were evoked by holding each mouse up by its tail. These
could be reliably reproduced in control mice following a
1-h exposure to nitrous oxide at pressures of 1 atmosphere
or greater. They were characterized by mild clonic sei-
zures of several seconds duration. The mouse adopted a
stereotypic pose consisting of crossed forepaws, splayed
back legs, and ears pointed backwards. These seizures
could be consistently elicited for up to 30 min after with-
drawal from nitrous oxide. These nitrous oxide seizures
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were similar to those described by Goldstein'® as handling
convulsions due to ethanol withdrawal in mice. In addi-
tion, an auditory stimulus (an electric bell, held above the
cage for 45 s) was applied to the mice after they had been
held by the tail to elicit handling seizures.

It is known that high pressure is itself a convulsant (at
pressures of helium of around 100 atmospheres),?**! and
in addition that high pressure can potentiate ethanol
withdrawal seizures.?® A separate control group was
therefore used to assess the effects of pressure on nitrous
oxide withdrawal seizures. This control consisted of
groups of eight mice treated with the vehicle injection at
the same time as the nitrous oxide groups. The pressure
control group was placed in a separate pressure chamber,
0.4 atmospheres of oxygen was added, and helium was
added to equal the pressure of nitrous oxide in the other
chamber. Helium is a gas without anesthetic properties.?®
Temperatures were maintained in an identical way to the
previous experiments. After 60 min of helium, the mice
were removed from the pressure chamber and held up
by the tail to determine whether any seizure activity could
be elicited. The auditory stimulus was applied for 45 s in
an attempt to elicit audiogenic seizures.

The results of the withdrawal experiments were com-
pared as numbers in each group that demonstrated seizure
activity, out of the total numbers. Statistical analysis was
by Fisher's exact probability test.

Results

Dose-response lines were constructed by probit analysis,
at 5, 15, 30, and 60 min of nitrous oxide exposure. Ex-
amples are shown in figure 1. The nitrous oxide dose-
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response lines from those animals treated with nitrendi-
pine were shifted to the left in a dose-dependent manner.
The dose-response lines were parallel, and residual vari-
ation was consistent with a binomial distribution.

The EDj, values for loss of righting reflex was derived
from the probit transformation of the dose-response
curves, and was the endpoint used to measure tolerance
to nitrous oxide anesthesia. EDgq values are shown in fig-
ures 2 and 3. Nitrendipine produced a dose-dependent
increase in nitrous oxide anesthetic potency that occurred
from the start of anesthesia and continued for the 1 h
that the experiment lasted. The increase in anesthetic po-
tency was statistically significant for those mice treated
with the higher doses of nitrendipine 50 and 100
mg - kg~'. When nitrendipine was given 15 min prior to
nitrous oxide, the effect on anesthetic potency increased
steadily over the 60 min of observation, except for the
lowest dose, 10 mg -« kg™! (fig. 2). When nitrendipine was
given 2 h prior to nitrous oxide (fig. 3), the effects on
anesthetic potency were stable over 60 min.

Tolerance to nitrous oxide anesthesia was assessed by
comparing the EDgq values at 5 min with EDjgo values at
60 min, both in control and nitrendipine-treated mice
(table 1). In control mice, significant tolerance to nitrous
oxide loss of righting reflex occurred between 5 and 60
min (P < 0.05). While nitrendipine decreased the EDsg
for nitrous oxide anesthesia, it also prevented the devel-
opment of tolerance to the anesthetic effects of nitrous
oxide,

The results of the effects of nitrendipine on withdrawal
seizures are shown in table 2. Nitrous oxide, at pressures
greater than 1 atmosphere, produced a reliable with-
drawal syndrome characterized by handling seizures. Ni-
trendipine given 15 min before the beginning of the ni-
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FIG. 2. Time course of the effects of nitrendipine on nitrous oxide
anesthesia in mice, when nitrendipine was given 15 min prior to nitrous
oxide. EDjg values for loss of righting reflex were obtained from dose-
response lines (fig. 1). Control mice were given a vehicle injection. *P
< 0.05, **P < 0.01 compared with concurrent controls, Chi-squared
analysis following probit analysis. O = Controls, O = nitrendipine 10
mg-kg™', ® = nitrendipine 50 mg-kg™', M = nitrendipine 100
mg- kg™l

trous oxide exposure reduced the incidence of withdrawal
seizures in a dose-dependent manner. This achieved sta-
tistical significance at the higher doses, 50 and 100
mg - kg™, Audiogenic seizures did not occur following
removal of mice from the nitrous oxide environment.

Asa control for pressure, the effects of 60 min exposure
to helium were compared with nitrous oxide at the same
pressures. The results are shown in table 3. Helium, 1.0
and 1.5 atmospheres, for 60 min, was not followed by
any withdrawal seizures. Therefore, the effect of pressure
alone did not contribute to the nitrous oxide withdrawal
seizures.
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Discussion

Tolerance can be defined as the diminution of the re-
sponses to a given concentration of drug after a period
of administration of the drug. The drug effect examined
in this paper was the anesthetic effect of nitrous oxide.
Tolerance was assessed over 60 min and may be described
as acute tolerance. The exact relationship between acute
and chronic tolerance to sedative/hypnotic drugs is un-
clear, as is the relationship between tolerance and physical
dependence. In the present work, the Ca** antagonists
have been used as a tool to investigate the role of voltage-
operated Ca** channels in tolerance to anesthetic drugs,
and perhaps help to define some common ground between
tolerance and physical dependence.

The methods for these experiments, designed to in-
vestigate the effects of Ca** antagonists on rapidly de-
veloping tolerance to nitrous oxide, were based on studies
on mice by Smith et al.'®?*2% Our results largely repro-
duced the results of Smith ¢t al. in the control groups (i.e.,
those not receiving nitrendipine). The lowest EDsq for
loss of righting reflex was after 5 min of nitrous oxide,
and peak was at 60 min. This is in slight contrast with
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FIG. 3. Time course of the effects of nitrendipine on nitrous oxide
anesthesia in mice, when nitrendipine was given 2 h prior to nitrous
oxide, EDsy values for loss of righting reflex were obtained from dose-
response lines (fig. 1). Control mice were given a vehicle injection. *P
< 0.05 compared with concurrent controls, Chi-squared analysis fol-
lowing probit analysis. 0 = Controls, O = nitrendipine 10 mg-kg™',
® = nitrendipine 50 mg-kg™!, W = nitrendipine 100 mg-kg™.
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TABLE 1, Tolerance to Nitrous Oxide Anesthesia: EDgy Values
+ SEM (Atmospheres) for Loss of Righting Reflex

NITRENDIPINE AND ANESTHESIA, TOLERANCE AND DEPENDENCE

TABLE 2. Nitrous Oxide Withdrawal Seizures (Incidence as
Numbers, Out of Total, Showing Handling Seizures)

%
Drug 5 Min 60 Min Difference

Control 1.85 1.51% +13
(0.04) 0.07)

Nitrendipine 1.36 1.31 -4
10 mg - kg™ (0.04) (0.05)

Nitrendipine 0.97 0.94 -3
50 mg-kg™! (0.04) (0.03)

Nitrendipine 0.83 0.85 +2
100 mg-kg™! (0.04) (0.03)

* P < 0.05, compared with results at 5 min. Dose-response lines
were compared by Chi-squared analysis for position following probit
analysis.

Smith et al.,?* who found that EDsy was at a maximum by
30 min, and did not increase thereafter. Also anesthetic
requirements did not increase after 30 min.?® However,
the difference between EDso at 30 and 60 min in our
results was not significantly different. The increase in EDsg
for loss of righting reflex caused by nitrous oxide occur-
ring between 5 and 60 min was 13% (P < 0.05), which
compared fivorably with results from Smith et al.,2* who
reported 22% increase in EDgo between 5 and 60 min.
Smith et al.**** used a different strain of mice from those
in the present results.

Several different doses of a single Ca** antagonist were
used in these experiments. Nitrendipine was chosen be-
cause we found previously that it had a greater effect on
anesthesia and withdrawal seizures, at the doses used, than
other Ca** antagonists we tested.®!2 Two pretreatment
times were chosen: 15 min and 2 h before administration
of anesthetic, to correspond with peak and plateau anti-
convulsant effects of nitrendipine.'®

When nitrendipine was given 15 min before nitrous
oxide, the EDj, fell progressively over 60 min after the
two higher doses of nitrendipine (50 and 100 mg - kg™).
This suggested that the effects of nitrendipine, in poten-
tiating nitrous oxide anesthesia, had not reached a plateau.
When nitrendipine was given 2 h before nitrous oxide,
the potency of the anesthetic was stable over 60 min. In
both experiments, nitrendipine, 50 and 100 mg-kg™!,
significantly potentiated nitrous oxide anesthesia, as ex-
pected from previous results using different anesthetics.'?
The potentiation of nitrous oxide anesthesia by nitren-
dipine, 100 mg - kg™, was in the order of 38-42%, which
was similar to that produced by ethanol, argon, and pen-
tobarbital.'?

Comparison of the EDgq values at 5 and 60 min after
nitrous oxide administration demonstrated development

Nitrous Oxide (Atmospheres)

Drug 1.0 1.22 1.36 L5
Control 8/8 8/8 8/8 7/
Nitrendipine

10 mg-kg™! 7/8 6/8 5/8 /1
Nitrendipine

50 mg- kg™ 0/8% 2/8* 1/8% 0/8*
Nitrendipine )

100 mg kg™ 0/8% 0/8*% 0/8% 0/8%

95

* P < 0.05, Fisher's exact probability test, compared with concur-
rently tested controls.

of tolerance; a higher EDjg value at 60 min indicated
tolerance. The pattern and degree of tolerance (+13%,
P < 0.05) was the same in both groups that were given
nitrous oxide alone. While the control EDg, value rose
steadily over the period of nitrous oxide administration,
the presence of nitrendipine, at all doses, prevented the
development of tolerance to nitrous oxide anesthesia. It
is interesting to note that, at 2 h, nitrendipine 10 mg+ kg™
prevented the development of tolerance to nitrous oxide,
but did not potentiate anesthesia, suggesting that the di-
hydropyridine-sensitive Ca** channels may be more im-
portant to the development of tolerance and physical de-
pendence than to the mechanism of anesthesia.

For several reasons, pharmacokinetic considerations
were not important in the interactions of nitrendipine
with nitrous oxide. First, nitrous oxide is not metabo-
lized,?” and, second, these experiments were conducted
at equilibrium, because nitrous oxide is very insoluble and
reaches equilibrium in brain in less than 10 min.?® Fur-
thermore, nitrendipine alone does not cause anesthesia.
In prev10us experiments, we showed that, at doses up to
1 g+kg™', nitrendipine did not result in loss of righting
reflex.'? Nitrendipine produces vasodilatation, an effect

TABLE 3. The Effects of Pressure on Withdrawal Seizures (the
Incidence of Withdrawal Seizures, as Numbers Out of
the Total, Showing Handling Seizures)

Pressure (Atmospheres)
of Each Gas
Drug 1.0 1.5
Nitrous oxide 8/8 7/7
Helium 0/8% 0/8%

* P < 0.05, Fisher's exact probability test, compared with results
for nitrous oxide.
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that must be considered as a possible explanation of these
data. This explanation was, in part, excluded by a previous
study!® in which a non-calcium antagomst vasodilator was
shown not to affect ethanol tolerance, in contrast to ni-
trendipine. The question of whether or not calcium an-
tagomsts were producing their effects via neuronal cal-
cium channels, rather than some other mechanism, was
addressed by a study on ethanol withdrawal using stereo-
isomers of the calcium antagonist PN200-110.?% The iso-
mer with proven calcium antagonist properties was effec-
tive against ethanol withdrawal seizures, while the other
isomer without calcium antagonist properties was inef-
fective.

The results from our studies suggest that voltage-de-
pendent Ca** channels may be involved in tolerance and
dependence. While Ca** uptake through voltage-depen-
dent Ca*™ channels has been shown to be decreased by
anesthetic drugs, including pentobarbltal and .ethanol,
tolerance develops to this effect after chronic drug ex-
posure,5 8 in parallel with increased in vivo EDsp for Ioss
of righting reflex. In contrast to these ﬁndmgs, Ca**
tagonists do not appear to affect Ca** uptake via voltage-
dependent channels in neuronal preparations under nor-
mial c1rcumstances,29 %0 in contrast to effects on vascular
tissue. However, concurrent administration of nitrendi-
pine prevented nitrous oxide tolerance, and dependence,
as was seen with our previous results on ethanol toler-
ance.'® Just as the presence of anesthetic agents seemed
to allow Ca** antagonists to produce depressant effects
on the CNS,'? it appears that, in the presence of the
“adapted” membrane, calcium antagonists may be per-
mitted to act. One possibility is that the Ca** channels
have been altered, by the structural membrane adaptation
to a configurational state that is favorable to binding by
Ca** antagonists,?’ thereby allowing the Ca** antagonists
to inhibit Ca** entry with resultant decrease in transmitter
release. We have reported that, following chronic expo-
sure to ethanol over a period of 7-10 days, there was an
increase in the numbers of dihydropyridine binding sites
in rat cerebral cortex.'®!® These binding sites have been
showri to be in close functional relationship to one species
of voltage-operatéd Ca** channels in neurons, the *“L”
type calcium channel.?*** An increase in the numbers of
voltage-dependent Ca** channels appears to be causally
related to ethanol tolerance as concurrent treatment of
ethanol and nitrendipine prevented ethanol tolerance,'®
and also prevented the increase in Ca** channel density.
It is entirely possible that the same process occurs with
short exposures to anesthetic drugs, such as nitrous oxide.

These results indicate that nitrous oxide tolerance and
dependence are affected by the dihydropyridine Ca*™* an-
tagonist, nitrendipine. Taken in conjunction with our
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previous results, it appears that acute tolerance seen with
nitrous oxide, and chronic tolerance seen with ethanol,
are both affected by Ca** antagonists. This indicates that
acute and chronic tolerance may be part of a continuum.
In addition, as both nitrous oxide tolerance and depen-
dence were prevented by nitrendipine, at the higher doses
used, these two phenomena may share a common. mech-
anistic pathway via neuronal voltage-sensitive Ca** chan-
nels.

References

1. Carmichael MJ, Israel Y: Effects of ethanol on neurotransmitter
release by rat brain cortical slices. ] Pharmacol Exp Ther 193:
824-833, 1975

2. Richards CD, White AE: Actions of anaesthetics on synaptic trans-
mission in the dentate gyrus. J Physlol (Lond) 252:241-257,
1975 .

8. Kuryama K, Israel MA: Effect of ethanol administration on cyclic
9',5".adenosine monophosphate metabolism in brain. Biochem
Pharmacol 22:2919-2922, 1973

4. Blaustein MP, Ector AG: Barbiturate inhibition of calcium uptake
by depolarized nerve terminals in vitro. Mol Pharmacol 11:369-
378, 1975 _

5. Harris RA, Hood WF: Inhibition of synaptosomal calcium uptake
by ethanol. J Pharmacol Exp Ther 213:562-568, 1980

6. Leslie SW, Friedman MB, Coleman RR: Effects of chlordiazepox-
ide on depolarization induced calcium influx into synaptosomes.
Biochem Pharmacol 29:2439-2443, 1980

7. Krnjevic K: Chemical nature of synaptic transmission in verte-
brates. Physiol Rev 54:418-540, 1974

8. Baker PF, Shapira HV: Anaesthetics increase light emission from
aequorin at constant jonized calcium. Nature 284:168-169,
1980

9. Little HJ, Dolin SJ, Halsey MJ: Calcium antagonists decrease the
ethanol withdrawal syndrome. Life Sci 39:2059-2065, 1986

10. Smith RA, Winter PM, Smith M, Eger EI: Tolerance to and de-
pendence on inhalational anesthetics. ANESTHESIOLOGY 50:
505-509, 1979

11. Okamoto M, Boisse NR, Rosenberg HC, Rosen R: Characteristics
of functional tolerance during barbiturate physical dependency
production. J Pharmacol Exp Ther 207:906-915, 1978

12. Dolin §J, Little HJ: Augmentation by calcium channel antagonists
of general anaesthetic potency in mice. Br J Pharmacol 88:909-
914, 1986

13. Dolin SJ, Hudspith M], Pagonis C, Little H], Littlton JL: Increase
in dihydropyridine sensitive calcium channels may underlie
ethanol physical dependence. Neuropharmacology 26:275-280,
1987

14. Koblin DD, Dong DE, Eger EI: Tolerance of mice to nitrous oxide.
J Pharmacol Exp Ther 211:317-3825, 1979

15. Little HJ, Dolin SJ: Lack of tolerance to ethanol after concurrent
administration of nitrendipine. Br J Pharmacol 92:606P,

16. Dolin SJ, Hunter A, Grant A, Little HJ: Anticonvulsant profile
of the dihydropyridine calcium antagonists nitrendipine and
nimodipine. Br ] Pharmacol 89:866P, 1986

17. Miller KW, Paton WDM, Smith EB, Smith RA: Physicochemical
approaches to the mode of action of general anaesthetics.

ANESTHESIOLOGY 36:339-351, 1972

18. Fink BR: Diffusion anoxia. ANESTHESIOLOGY 16:511-519, 1955

¥20Z Yoie €} uo 3sanb Aq 4pd gL000-000106861-27S0000/L¥2LLE/L6/1/0./Pd-8[01E/ABO|OISOYISBUE/WOD JIEUDIBA|IS ZESE//:dRY WOI) papeojumo]



Anesthesiology
V 70, No 1, Jan 1989

19,

20.

21,

22.

23.

24,

25,

26,

Goldstein DB: An animal model for testing effects of drugs on
alcohol withdrawal reactions. ] Pharmacol Exp Ther 183:14-
22,1972

Brauer RW, Goldman SM, Beaver RW, Sheehan ME: N,, Hs,
N3O antagonism of high pressure neurological syndrome in
mice. Undersea Biomed Res 1:59-72, 1974

Hunter WL, Bennett PB: The causes, mechanism and prevention
of the high pressure nervous syndrome. Undersea Biomed Res
1:1-28, 1974

Alkana RL, Finn DA, Galleisky GG, Stapin PJ, Malcolm RD:
Ethanol withdrawal in mice precipitated and exacerbated by
hyperbaric exposure. Science 229:772-774, 1985

Miller KW: The opposing physiological effects of high pressure
and inert gases. Fed Proc 36:1663~1667, 1977

Smith RA, Winter PM, Smith M, Eger EI: Rapidly developing
tolerance to acute exposures to anesthetic agents. ANESTHE-
SIOLOGY 50:496-500, 1979

Smith RA, Winter PM, Smith M; Eger EI: Convulsions in mice
after anesthesia. ANESTHESIOLOGY 50:501-504, 1979

Quasha AL, Eger EI: MAC, Anesthesia, Edited by Miller R]. New
York, Churchill-Livingstone, 1981, pp 257282

27.

28.

29.

30.

31.

32,

33.

NITRENDIPINE AND ANESTHESIA, TOLERANCE AND DEPENDENCE 97

Baden JM, Rice SA: Metabolism and toxicity of inhaled anesthetics,
Anesthesia. Edited by Miller RJ. New York, Churchill-Living-
stone, 1981, pp 383-424

Littleton JM, Little HJ: Dihydropyridine and the ethanol with-
drawal syndrome: Stereospecificity and the effects of Bay K
8644, Br J Pharmacol 92:663P, 1987

Nachshen DA, Blaustein MP: The effects of some organic calcium
antagonists on calcium influx in presynaptic nerve terminals,
Mol Pharmacol 16:579-586, 1979

Daniell LC, Barr EM, Leslie SW: Calcium uptake into rat whole
brain synaptosomes unaltered by dihydropyridine calcium an-
tagonists, ] Neurochem 41:1455-1459, 1983

Bean BP: Nitrendipine block of cardiac calcium channels: High
affinity binding to the inactivated state. Proc Natl Acad Sci USA
81:6388-6392, 1984

Nowycky MC, Fox AP, Tsien RW: Three types of neuronal calcium
channels with different calcium agonist sensitivity. Nature 316:
440-443, 1985

Gould R], Murphy KMM, Snyder SH: [*H}-nitrendipine labeled
calcium channels discriminate inorganic calcium agonists and
antagonists. Proc Natl Acad Sci USA 77:3656-3660, 1982

¥20Z Yoie €} uo 3sanb Aq 4pd gL000-000106861-27S0000/L¥2LLE/L6/1/0./Pd-8[01E/ABO|OISOYISBUE/WOD JIEUDIBA|IS ZESE//:dRY WOI) papeojumo]



