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MORROW, E L. AND V G ERWIN Calcium influence on neuronal sensitvity to ethanol in selectively bred mouse
linecs PHARMACOL BIOCHEM BEHAV 24(4) 949-954, 1986 —Sensitivity to ethanol, as measured by blood ethanol
concentration at loss of nghting reflex, was increased significantly in SS but not LS mice following intracerebroventricular
(ICV) admimstration of calcium chlonde or A23187, a calcium ionophore Magnesium chlonide or lanthanum chlonde,
ICV, did not alter sensitivity to ethanol n esther SS or LS mice, further indicating a specificity for calcium cation Calcium
was without effect on sensitivity to halothane narcosis in LS or SS mice Endogenous brain calcium content was similar in
these mouse lines. and ethanol administration either in vivo or in vitro did not alter brain calcium concentration These
results indicate that differences in brain sensitivity to ethanol are mediated, 1n part, by genetic differences 1n calcium-
related processes and support the hypothesis that ethanol-induced narcosis may be due to alterations in calcium metabo-

hism 1in the CNS

Calcium Magnesium Ethanol Halothane

Sensitivity

Selective breeding

WHILE the neurochemical processes through which ethanol
ehcits its hypnotic action in the central nervous system
(CNS) have not been defined, elucidation of these mech-
amsms has been facilitated by the establishment of mouse
lines which differ in CNS sensitivity to the acute narcotic
actions of ethanol [7, 14, 19] Since these lines, long sleep
(LS) and short sleep (SS), have been selected for their sen-
sitivity (LS) or resistance (SS) to acute ethanol intoxication,
any measured physiological or biochemical differences
which exist should be related to their differential behavioral
response to ethanol Brain sensitivity differences to ethanol-
induced narcosis in these mouse hines have been highly cor-
related with the sensitivity of cerebellar purkinje cells to
ethanol [28,29] To date no comparable biochemical corre-
lates of the behavioral and electrophysiological effects of
ethanol have been observed Studies suggest differences
exist 1n central neurotransmussion, including receptor den-
sity [3], distinct ethanol-induced alteration in neurotransmit-
ter concentration, and receptor-coupled response [2, 3,9, 18,
22]

Several aspects of neurotransmission are calcium de-
pendent, including membrane permeability, mpulse
propagation, stimulus-secretion coupling, and receptor-
mediated response [26]. Early investigations reported the
acute administration of ethanol decreased calcium levels in

the brain [23,25] Although these investigations remain con-
troversial [8,15], ethanol exerts an effect on many biochemi-
cal processes which modulate the functional concentration
of intracellular calcium [10, 12, 13, 16, 24, 27, 30] Other
investigations demonstrated that by increasing brain calcium
levels through intracerebroventricular (ICV) admnistration
of this cation, ethanol-induced narcosis could be enhanced in
genetically heterogeneous mice and rats (4, S, 11]. These
results suggest that alterations in intracellular calcium me-
tabolism 1n the CNS may be involved in the behavioral man-
ifestation of acute ethanol intoxication

The purpose of this investigation was to examine the 1n-
fluence of exogenous admimstration of calcium as well as
other cations on the sensitivity of LS and SS mice to ethanol.
These studies are especially relevant in light of the evidence
suggesting a possible relationship of the genetically deter-
mined differential sensitivity with modest differences in neu-
rotransmission, since these discrete differences may be
magnified by ethanol-induced alterations in intracellular
calcium metabolism

METHOD

Anmmals

Male LS and SS mice as well as the genetically heteroge-
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BRAIN ETHANOL CONCENTRATION {mq/di:

FIG 1 Correlation of blood and brain ethanol concentrations in LS
and SS mice at LRR following administration of ethanol (7 g/kg. 1S,
or 10 g/kg. SS)

neous stock (HS) from which the lines were derived were
obtained from the Institute for Behavioral Genetics. Uni-
versity of Colorado. Boulder, CO The amimals were of the
35th generation and were tested at 50 to 80 days of age

Materials

The chemicals and supphes were as follows Absolute
ethanol, Aapen Alcohol and Chemical Co (Shelbywville. KY).
halothane, 2-bromo-2-chloro-1,1.1-trifluoroethane. contain-
ing 0 01 thymol, Ayerst (New York, NY). chloride salts of
calcium and magnesium, Maihnkrodt (St Lows. MO).
lanthanum chlonde. A D MacKay (Darien, CT), A23187,
alcohol dehydrogenase. B-nicotinamide adenine dinucleo-
tide, Sigma Chemical Co (St Lows, MO), Ready-Solv.
Beckman (Fullerton, CA). **Ca, New England Nuclear (Bos-
ton, MS). lanthanum oxide, Research Organic/Inorganic
Chemical Corp (Sun Valley, CA). [ethylenebis
(oxyethylene-nitrilo)] tetraacetic acid (EGTA). Eastman
Kodak Co (Rochester, NY)

Intracerebroventnicular Injections

Cations and the calcium 1onophore A23187 were adminis-
tered, ICV, to halothane-anesthetized mice using gross
anatomucal structures for needle placement such that an
equilateral triangle was visualized between the eye, the ear,
and the apex, located at intersection of bregma with the co-
ronal suture Injection was made 1 to 2 mm lateral to the
apex on bregma through the scalp using a 26-gauge needle
ensheathed with polyethylene tubing to alter the depth of
needle penetration Shight differences exist between LS and
SS mouse hines 1n depth at which the lateral ventricle occurs
To adjust for this difference, the polyethylene sleeve length
was cut so that the needle penetrated 2 S mm in the LS and 3
mm 1n SS line Injection volume was S wl and 1n the case of
multiple injections, total injection volume did not exceed 10
ul Placement of the solutions into the lateral ventricle was
verified routinely by post-mortem examination CaCl,,
MgCl,. and LaCl, were dissolved 1in 0 9 NaCl A23187 was
solubtlized 1n absolute ethano! and brought to the desired
concentration by dropwise addition of deionmized water so
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FIG 2 FEffect of varying calcium concentration on senstuivity ot 1.S
and SS mice to ethanol-induced narcosis Ethanol was administered
IG at 7 gikg (LS) or 10 g7kg (SS) S mun following ICV injectuion of Ca
Cl, or 0 %% NaCl (0 CaCl,) Values are mean=S E M Significantly
different from 0 CaCl, at p=20 05

that the final solvent concentration was 709 (v/v) Doses of
cations and the calcium ionophore A23187 were based on
previous investigations [4. 5, 11]

Diug Adnunistiation

Mice were admimstered ethanol ntragastncally (1G)
using a stainless steel feeding tube (Poppen and Sons, Inc .
New Hyde Park. NY) attached to a i-cc syringe IS min
following the imtial ICV injection of cations. A23187. 0 9%
NaCl or 709 ethanol LS mice received 7 gikg and SS mice
received 10 g/kg ethanol (60% v/v mm saline) The ume
schedules for calcium and ethanol administration were based
on a preliminary examination of the time course of distribu-
tion of ICV admunistered CaCl, (200 nmol) containing "*Ca
{specific acuvity 0 075 pCvumole CaCl, in final solution)
These studies were carried out 1n both LS and SS mouse
hines and revealed a similar biphasic disappearance of the
cation An mmtal rapid disappearance of calcium was ob-
served following ICV administration with only 32%¢ of cation
remarning at 15 min This rapid ehmination was followed by
a slower elimination rate over the next 60 min To insure that
a significant concentration of calcium was present during the
assessment of sensitivity a 15 min interval between ICV cal-
cium admimstration and 1G ethanol admimistration was cho-
sen This ime was maintained n the experimental protocols
with other cations and with the calcium 1onophore being
admimistered ICV pnor to calcium Concurrent cation ad-
ministrations were avolded in an effort to mimimize drastic
alterattons 1n osmolarty

In one expeniment. mice were administered halothane by
mhalation 15 min following ICV calcium administration
Mice were placed in a 2-hter jar into which halothane was
introduced as a 1 5% solution in O, using an anesthesia pump
(Ohio Medical Products. Madison. W)

Assessment of Sensutiviy, Recral Temperatin e

Sensitivity to ethanol or halothane was measured behav-
iorally as that time to onset of the loss of righting reflex
(LRR) following drug administration LRR was measured by
the mability of an amimal to right itself three times n 30 sec
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FIG 3 Effect of cations and A23187 on sensiivity of SS mice to
ethanol-induced narcosis Ethanol was administered (IG, 10 g/kg)
15 min following the ICV admimstration of CaCl, (125, 200, 400
nmol), MgCl, (200, 400 nraol) or 0 9% NaCl, A23187 (25 nmol) or
70% (v/v) ethanol (data not shown) followed 2 min later by ICV
CaCl, (125 nmol) or 0 9% NaCl, LaCl, (100 nmol) followed 5 min
later by CaCl, (200 nmol) or 0 9% NaCl, or LaCl, (200 nmol) fol-
lowed 5 mun later by CaCl, (400 nmol) or 0 9% NaCl (----BEC at
LRR in LS mice. 0 CaCl,) Values are mean S EM Number of
animals indicated 1n parentheses *Significantly different from 0
CaCl, at p<0 05

when placed on its back in a Plexiglas trough Time to LRR
was approximately 4 min in LS mice with ethanol (7 g/kg),
whereas SS mice did not lose righting reflex following IG
admimistration of 7 g/kg ethanol An ethanol dose of 10 g/kg
1G was required to produce a loss of nghting response in SS
mice Halothane-induced LRR occurred in SS and LS mice
within 4 min At this time blood samples were obtained by
retro-orbital sinus puncture, and the ammal was immediately
sacrificed and the brain removed for analysis of ethanol con-
centration.

Body temperature was determined using a telethermome-
ter (Bailey Instruments, Inc , Saddle Brook, NJ) The rectal
probe was lubricated and inserted 2.5 cm nto the rectum. To
determine the effect of ICV calcium administration on body
temperature, measurements were made immediately prior to
the ICV injection and at 15 min thereafter. Amimals were
maintained at an ambient temperature of 23° to 24°C

Analysis of Blood and Brian Ethanol and Halothane
Concentration

Ethanol concentration in blood and brain samples ob-
tamed at LRR was analyzed spectrophotometrically
(Beckman Instruments, Inc , Model 25, Irvine, CA) [17]
Blood halothane concentration at LRR was determined by
gas chromatography (Hewlett Packard, Model 5710A, Palo
Alto, CA) using a head-space technique [6]

Analysis of Brain Calcium Concentration

For whole brain calcium analysis, aliquots of 102
homogenates (w/v in 0.9% saline, 0.9% saline contaimming 103
M EGTA, or 0.4% ethanol) were diluted with one volume of
HNO, and La,O; so that the final concentration was 10%
HNO, and 2% La,0;. The remaining homogenate was cen-
trfuged at 150,000 x g for 1 hr. The pellet obtained was
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FIG 4 Effect of cations and A23187 on sensiivity of LS mice to
ethanol-induced narcosis Ethanol was admimstered (IG, 7 g/kg) 15
min following the ICY administration of cations or A23187 as de-
scribed n legend to Fig 3 *Significantly different from 0 CaCl, at
p<005

resuspended and the supernatant diluted with 1 volume
HNO; and La,0; to a final concentration of 10% HNO, and
2% La,O; Standards were prepared in the appropriate tissue
preparations using calcium carbonate. Samples were run in
duplicate and concentrations of calcium were determined
using a Perkin-Elmer 423 atomic absorption spec-
trophotometer (Danbury, CT) In one experiment animals
received 4 | g/kg ethanol intrapentoneally and were sac-
rificed S min after LRR Brains were removed and prepared
as described

Staustical Methods

The effect of 1ons and A23187 on ethanol sensitivity was
evaluated with a two-way analysis of vanance Significance
was determined using the Scheffé test. Body temperature
and brain calcium concentration were evaluated by Stu-
dent’s ¢-test for unpared data

RESULTS

Correlation of Blood and Brain Ethanol Concentration at
LRR Following Intragasiric Ethanol Admuustration

As demonstrated by regression analysis, blood and brain
ethanol concentrations (mg/dl) were highly correlated
(r=0.898, p<0.001) at LRR with this mode of drug adminis-
tration (Fig 1). Based on this analysis, brain sensitivity of
LS and SS mice was defined as blood ethanol concentration
(BEC) at LRR.

Effect of Varying Calcium Concentration on Sensivity of
LS and $S Mice 10 Ethanol-Induced Narcosis, Rectal
Temperature

In the absence of calcium, the differential sensitivity of
LS and SS mice to ethanol-induced narcosis 1s demonstrated
by BEC at which each line lost 1ts nghting reflex, 316.0+10.7
mg/dl and 517.0+25.1 mg/dl, respectively (Fig 2). In LS
mice, pretreatment with calcium was without effect on sen-
sitivity to ethanol at any concentration examined However,
adminmistration of 200, 400, and 600 nmol calcium, ICV, 15
min prior to ethanol, significantly increased the sensitivity of



952

g

S (DU B
2
TS
ZE ! I
T ouns .
rz jl |
9.
=
is | -
@ - : ;
@ :
g% ] |
o i .
S5 |
mé 17 I
=) 1 : |
. 8 jie RGNt

Col - + - +
2507 mc es!

LS SS

FIG 5 Effect of calcium on sensitivity of I.S and SS mice to
halothane-induced narcosis Halothane was adminstered as 1 5%
halothane 98 5% O, at a flow rate of 3 L/min, 15 min following the
ICV administration of CaCl, (200 nmol) or 0 9% NaCl Values are
mean+S E M Number of ammals indicated in parenthesis

SS mice Although a reversal of calcium-induced enhance-
ment of sensitivity appeared to occur at 600 nmol calcium,
this was probably a consequence of calcium toxicity Mice
exhibited tremors at this calcium concentration The 1n-
crease m sensitivity at 200 to 600 nmol calcium was man-
ifested by a significant decrease in BEC at LRR At these
concentrations of calcium SS mice exhibit an ethanol sen-
sivity comparable to that seen the LS hne, approximately
350 mg/dl A significant degree of hypothermia was seen 1n
the absence of ethanol 15 min following calcium (200 nmol)
admimstration. in both LS and SS mice However, there was
no difference between mouse lines in the extent of
hypothermia Both lines exhibited a 2 7+0 4°C decrease in
temperature

Effect of Cations and A23187 on Sensitvay of LS and S§
mice to Ethanol-Induced Narcoses

The results presented above demonstrate clearly that
ethanol sensitivity of SS mice 1s significantly enhanced by
pretreatment with calcium It was of interest to determine 1f
this effect was specific to calcium This was accomplished by
examining the effect of other cations, as well as the calcium
ionophore A23187 Magnesium 1s a divalent cation which
mimics the membrane-stabilizing properties of calcium This
1on at equimolar doses was ineffective 1n altering ethanol
sensittvity 1in 8S muce (Fig 3) Lanthanum which antago-
nizes calcium by blocking calcium channels [20] was also
without effect on ethanol sensitivity in SS mice in the ab-
sence of calcium Furthermore, concurrent administration of
lanthanum tn a | 2 molar ratio with calcium did not reverse
the calcium enhancement of ethanol sensitivity (Fig 3)
Administration of A23187 (25 nmol), ICV. in the absence of
added calcium resulted in a significant increase 1n sensitivity
of SS mice to ecthanol Concomitant administration of
A23187 (25 nmol) and calcium (125 nmol) also resulted 1n
increased ethanol sensitivity of SS mice The actions of
A23187 and calcium appear to be additive since administra-
tion of 125 nmol calcium in the absence of ionophore did not
alter sensitivity (Fig 3) It should be noted that A23187 was
dissolved 1in 709 (v/v) ethanol as described in methods and
ICV administration of vehicle (705 ethanol v/v) was used as
a control Although this concentration of ethanol 1s ex-
tremely high and some tissue damage 1s likely. 1t was the
only appropnate vehicle for the calcium 1onophore LS and
SS mice receiving 5 ul ICV, ethanol (705 v/v) recovered
from halothane anesthesia in a time equivalent to that of
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TABLE 1

TOTAL LEVELS AND DISTRIBUTION OF CALCIUM iIN LS,

AND SS MICE

Calciumt

Mouse Homogenizing Super-
Line Medium* Totalt natant Pellet
LS Saline 110 022 0 80
120 036 0 88
LS EGTA 109 070 062
115 072 059
SS Saline 107 02s 080
110 035 084
SS EGTA 105 020 079
109 049 069

*Either saline (0 9% NaCl) or 10 * M Disodium EGTA 1n saline
was used as the brain homogemzing medium

tAlquots of homogenate were taken for total calcium assays, and
remaining homogenate was centnfuged at 150,000 x g for 1 hr Cal-
cium content of the resulting supernatant and resuspended pellet
was then analyzed

tValues represent umoles calcium i1on per g brain wet weight
measured by atomic-absorption spectrometry Values represent 2
separate experiments using brains from 8 mice (LS or SS) pooled for
each expenment

TABLE 2

EFFECTS OF ETHANOL IN VIV AND IN VITRO CALCIUM
LEVELS IN HS MOUSE BRAINS

Calciumi
Homogenizing Ethanol Super-
Medium 1Pt Total natant Pellet
Saline - 115 026 078
110 022 0 89
Saline + 125 026 093
130 027 103
Ethanol - 120 017 105
124 019 098
Ethanol + 096 016 083
108 020 0 81

*Brain homogemizing medium was either saline (0 9% NaCl) or
0 4% ethanol in saline

*Ethanol (4 1 g/kg) was admimstered. [P, and amimals were sac-
rficed and brains homogemized 5 min after loss of nghting response

tValues are expressed as umoles calcium on per g brain wet
weight and represent 2 experiments with brains from 8 ammals
pooled for each experiment

ammals receiving ICV saline BEC at LRR n both mouse
lines administered ethanol (IG) subsequent to ICV ethanol
administration did not differ from that obtained in animals
adminmistered ICV saline prior to ethanol (data not shown),
indicating this concentration of ethanol ICV was not of func-
tional consequence in producing LRR

Administration of magnesium or lanthanum as well as
calcium was without effect on the sensitivity of LS mice to
ethanol (Fig 4) However, A23187 increased ethanol sen-
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sitivity when administered in combination with calcium (125
nmol), but had no significant effect on sensitivity of LS mice
when administered alone (Fig. 4)

Effect of Calcium on Sensitivity of LS and 8§ Mice to
Halothane-Induced Narcosis

The generahizability of the effect of calcium to potentiate
anesthesia 1n SS mice was examined by determining the 1n-
teraction of this 1on with halothane-induced narcosis Previ-
ous studies have demonstrated that LS and SS mice do not
differ 1n sensitivity to halothane-induced anesthesia (1] This
finding was confirmed in the present study by observing
similar blood halothane concentrations at LRR in LS and SS
mice (Fig 5) Administration of calcium 15 min prior to halo-
thane exposure had no effect on sensitivity to halothane
anesthesia in either mouse line (Fig 5)

Bramn Calcium Concentration in LS, SS, and HS mice

Total brain calcium concentration was identical in LS and
SS mice (Table 1) Furthermore, distnbution of brain cal-
cium between bound and free form appeared to be similar

As measured in HS mice, ethanol in vivo or in vitro did
not appear to alter total endogenous calcium levels 1n brain
or the distribution of calcium between free and bound forms
(Table 2)

DISCUSSION

Admiistration of calcium ICV enhanced the sensitivity
of SS but not LS mice to ethanol-induced narcosis The abul-
ity of calcium to potentiate the response of SS mice to
ethanol was indicated by a dramatic decrease in BEC mea-
sured at LRR, SS mice become virtually LS-like with respect
to BEC at loss of righting response. Increasing calcium con-
centration did not result in a further enhancement of sen-
sitivity, indicating maximum sensitivity had been attained
The resistance of LS mice, 1n ability of calcium to augment
sensitivity, also seems to indicate a maximum level of sen-
sitivaty.

The potentiation of ethanol sensitivity was unique to cal-
cium and appeared due to a specific rather than non-specific
mechanism  Magnesium, which, as calcium, has
membrane-stabilizing properties [26], did not alter ethanol
sensitivity The enhancement appears to occur through a
channel independent, intracellular process, inasmuch as the
calcium 1onophore A23187 in the presence or absence of
calcium augmented ethanol sensitivity in SS mice and lan-
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thanum was unable to antagonize it. These results are com-
parable to those of other investigations which have demon-
strated an increase in ethanol-induced sleep time 1n response
to calcium admimistration [4, S, 11]. However, these studies
found no significant difference between sex, strain, or ammal
species In contrast, we have demonstrated a differential re-
sponse to calcium pretreatment in LS and SS mouse lines.

Calcium elicits hypothermia in rodents when adminis-
tered centrally, and the hypothermia acts in synergy with
anesthetic agents to enhance anesthesia {21] In this investi-
gation, no difference in degree of hypothermia evoked by
calcium was observed between LS and SS mice and there-
fore does not appear responsible for differential enhance-
ment of ethanol sensitivity Another mechanism which might
be involved in the differential response 1s distinctions 1n en-
dogenous brain calcium levels between LS and SS lines
However, calcium concentration or distribution of calcium
between free and bound forms was similar in LS and SS
brains Furthermore, ethanol, i1 vivo orin vitro, did not alter
endogenous calcium levels It should be noted that small
changes (uM) 1n calcium concentrations or 1n its microenvi-
ronment would not have been detected by this method of
analysis

Calcium adminmistration was without effect on sensitivity
to halothane-induced narcosis. Since LS and SS mice do not
exhibit differential sensitivity to halothane {1], this lack of
response to calcium suggests that the differential effect of
calcium on ethanol-induced narcosis 1s in some way related
to the genetic determination of differential sensitivity of LS
and SS mice to ethanol

Demonstration of modulation of ethanol sensitivity by
calcium suggests that the mechanmism by which ethanol
causes intoxication is through an alteration in the mobiliza-
tion of intraneuronal calcium pools, especially those integral
to neurotransmission or membrane permeability The differ-
ential effect of calcium in modulating ethanol sensitivity in
LS and SS mice suggests that brain calcium metabolism 1n
these Iines 1s distinctly susceptible to interaction with
ethanol Investigation continues in the laboratory to eluct-
date potential sites of interaction of ethanol with calcium-
related processes in the CNS
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