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ABSTRACT Mice of the C57BL strain, given continuous
access to 10% alcohol and plain water, with unlimited food
and no stress, frequently drink enough alcohol to produce in-
toxicating levels in the blood. Nevertheless, this behavior does
not appear to replicate the essential features of human alcohol-
ism since the drinking lacks serious toxic effects and the intoxi-
cation occurs only as transient episodes in association with ho-
meostatic consumption of fluid and food. It is suggested that
continuous monitoring of intake and estimation of the concen-
tration of alcohol in blood, which are now technically feasible,
will permit distinction between alcoholic-type drinking and a
simple licking for the flavor of alcohol in beverage concentra-
tion.

Consumption of alcohol by human alcoholics is both volun-
tary and excessive. Despite suffering from gastritis, loss of
social status from repeated episodes of intoxication, and
progressive deterioration of health, a severe alcoholic is like-
ly to drink compulsively until death. The question that has
occupied us and many other investigators is whether study
of animals under laboratory control might shed some light on
this self-destructive behavior. To date no complete counter-
part of human alcoholism-life-threatening toxicity from
voluntary intake-has been found in animals, although
many partial models of the disease are available (1-16).
The hope of understanding the basic cause of alcoholism

through study of animals could be illusory since human moti-
vation involves cognitive stresses that are not known to oc-
cur in animals. If such stress is the essential determinant of
alcoholism, then animal studies will always be peripheral to
the main problem, limited to analyzing the consequences
rather than the causes of excessive drinking. On the other
hand, this view may be too pessimistic. Some animals, such
as the mice used in the present study, choose to drink solu-
tions of alcohol in preference to plain water. Animals under
constraints that force them to greater intakes of alcohol than
they would exhibit if an unlimited supply of water and food
were available show some of the toxic effects seen in alco-
holics, but what is not known is whether these animals drink
alcohol for its pharmacological effect or as a source of calo-
ries (17).
The toxic effects of alcohol depend on its concentration in

vulnerable tissues and on accumulation of toxic metabolites.
These variables, in turn, involve a number of scale factors,
such as rates of ingestion, distribution, and elimination. The
differences in scale between species are substantial, and no
single scale factor adequately describes the differences. The
mass of a mouse is only 0.0004 times that of a man. Although
the water content per unit body weight (and therefore the
volume of distribution for alcohol) is about the same in the
two species, the metabolism of alcohol per unit weight dif-

fers by a factor of about 5 and the rate of total oxidative
metabolism per unit weight differs by a factor of about 15.
Thus, the ingestion of a given quantity of alcohol per unit
body weight does not have the same metabolic significance
in man and mouse. To compare the pharmacological im-
pacts, a measurement of intake is not sufficient; one needs
to know the resultant concentrations of alcohol in body wa-
ter over periods of many days.

Monitoring the changes in concentration associated with
voluntary ingestion also permits some inferences on motiva-
tion. If voluntary consumption of alcohol sustains an intoxi-
cating level in blood, then the drinking behavior would be
consistent with a belief that the intoxicating effects of alco-
hol were reinforcing. In the absence of a functionally signifi-
cant degree of intoxication it would seem unlikely that the
animals had been drinking to achieve this neurological ef-
fect.
The present report describes a method to monitor the con-

centration of alcohol in blood of undisturbed mice drinking
voluntarily. The data provide partial answers to the above
questions.

MATERIALS AND METHODS
Male mice of the C57BL/6J strain (obtained from The Jack-
son Laboratory) were chosen because of their genetically de-
termined preference for solutions of alcohol in beverage con-
centration as an alternative to plain water. Some 30 ship-
ments of these animals have been received in the course of
the present experiments, which have extended over a period
of 3 years. In general, the animals have shown a pronounced
preference for alcohol; the average ratio of 10% alcohol solu-
tion to total fluid consumption in different batches has var-
ied from about 60% to 90%.
The mice were housed individually in plastic cages located

in a quiet, temperature-controlled (24 ± 1PC) room with a 12
hr:12 hr light/dark cycle. Pelleted Mouse Chow (Purina. Lab
Chow, no. 5001) was available ad lib. After arrival in the
laboratory, weighing 20-25 g (age, about 8 wk), each batch
was acclimated to the environment by 2-6 weeks' residence
before being used in any experiment.

Details of the equipment developed in our laboratory for
continuous monitoring of fluid consumption by mice have
been described (18). In brief, each lick on the metal spout of
an inverted fluid bottle is detected electronically and regis-
tered in a microcomputer. Depending on the design of an
experiment, one to three bottles containing different solu-
tions are provided to each mouse, and the lick count at each
channel is accumulated over intervals of 1-60 min. The data
produced by 144 channels over periods of weeks to months
are stored on computer diskettes for subsequent analysis,
including conversion of lick counts into volume equivalents
by calibration factors. The 144 channels in this system ac-
commodate experiments involving large enough blocks of
replicate animals for statistical analyses.
A micromethod for repeated determination of alcohol in
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blood of mice was needed. The technique of bleeding from
the cut tail was found to be seriously inaccurate for study of
the rapid changes in concentration of alcohol in blood associ-
ated with spontaneous drinking (19). Samples taken from the
retroorbital venous plexus (20) into heparinized capillary
tubes have proven satisfactory. This procedure is surprising-
ly well tolerated by the animal and provides reliable samples
of blood circulating in metabolically active organs. After the
capillary tubes, sealed with wax, are centrifuged to separate
plasma, a 0.3-1. sample of plasma is taken into a calibrated
microsyringe for injection through a precolumn into a gas
chromatograph equipped with a recording integrater (19).
Triplicate determinations of plasma alcohol concentration by
this method have shown a coefficient of variation of about
3%. Because the volumes of blood are small (5-20 Al), multi-
ple samples can be taken over a period of 1-6 hr without
significant change in hematocrit.
To provide a continuous measure of tissue exposure to al-

cohol during voluntary consumption without disturbing the
animals, an indirect method for estimating alcohol in circu-
lating blood has been developed. Equations reflecting the
dynamics of intake of alcohol and elimination from the
bloodstream were formulated. When the lick/volume ratio,
and the rates of absorption, distribution, ahd elimination
have been calibrated by appropriate measurements, the con-
centration of alcohol in body water can be estimated from
the observed rate of consumption of alcohol. In critical ex-
periments, blood samples must be taken periodically for de-
termination of alcohol content and used for adjustment of
parameters to individual animals.
A three-compartment model, representing gastrointestinal

tract, rapidly mixing body water, and slowly mixing body
water, is sufficient for calculation. Suppose that a mouse in-
gests alcohol at a constant rate (I) during a short time inter-
val (H). If the flux from gut to blood is proportional (K1) to
the quantity of alcohol in gut, then the mean flux, Fm, into
the bloodstream during the interval is

Fm = I + {(Fo - I).[1 - exp(-HK,)]}/HKI,

in which Fo is the flux at the beginning of the interval and K1
is the fractional rate of absorption. Alcohol in blood is equili-
brated into total body water at a rate proportional, K2, to the
difference (Cl - C2) between its concentration in blood and
its concentration in the slowly mixing compartments and [as
shown by Wilkinson (21)] is eliminated from the body at a
rate formally equivalent to Michaelis-Menten kinetics:

dc1 =Fm-+V1 y m K2(C1 - C2) - MC1/(B + Cl)

in which V is total body water (V = V1 + V2). Deviations
from this approximation during the first 10 min after inges-
tion can be used to estimate parameters in the second equa-
tion. Computer programs, based on the Runge-Kutta meth-
od of numerical integration (22), have been used for solving
the differential equations, and nonlinear least square calcula-
tions have given best values for the parameters.
The rapidity of mixing of alcohol into almost all of body

water after absorption is a consequence of the rapid circula-
tion of blood in mice. The cardiac output of a resting 30-g
mouse is =10 ml/min. (The rate of oxygen consumption by
the animal is about 1.5 ml/min and the arteriovenous differ-
ence in concentration of oxygen cannot be much greater than
about 0.15 ml/ml.) Since the total body water in a 30-g
mouse is about 20 ml, the circulation of water,-and-thereforre
the potential exchange frequencylfor solutes between blood
and body water, is about 50%/min. Likewise, potential ex-
change frequencies for different tissues can be estimated
from the local rates of oxygen consumption. Assuming that
the diffusion coefficient of alcohol in tissue water is compa-
rable to that of oxygen, the average half-time of equilibration
of alcohol in arterial blood with alcohol in total body water is
-1.4 min. For the most actively perfused tissues (brain, liver
and other visceral organs, and endocrine tissues) the half-
time is <1 min. Tail, with limited circulation relative to its
water content, is at the other extreme; at usual room tem-
perature the half-time for equilibration of tail water with al-
cohol in arterial blood may be as long as 30 min (20). Muscle
is intermediate in equilibration rate, depending on physical
activity. In a mobile unanesthetized mouse, the half-time ap-
pears to be no greater than a few minutes.

RESULTS
As illustrated by Fig. 1, the calculated concentration of alco-
hol in circulating blood fluctuates rapidly with voluntary
drinking-a finding confirmed in the present study by sever-
al hundred analyses of samples taken at critical times. A
wide fluctuation is easily demonstrated in the alcohol-prefer-
ring C57BL mice, with a mean daily intake of about 5 mg of
alcohol per kg of body weight and a night/day intake ratio of
about 4. During almost every night the concentration of alco-
hol in their blood rises to pharmacologically significant lev-
els, although not for extended periods of time.
Of immediate interest is the association between level of

alcohol in blood (and therefore in brain and other active tis-
sues) and subsequent drinking behavior. Surprisingly, there
appears to be none. If the pharmacological action of alcohol
had been reinforcing, the temporal pattern of drinking should
have been better adapted to maintenance of an intoxicating

V2 d2= K2(Cl - C2),

in which M is maxmial metabolic rate and B is a constant
with dimension of concentration (analogous to Vmax and Kim
respectively, in enzyme kinetics).
These equations of course require sufficiently accurate

and stable values of the parameters to be of any use. Fortu-
nately, absorption from the gut and mixing of alcohol into
most of body water of the mouse are quite rapid (total half-
time, <5 min) relative to the rates of ingestion and metabo-
lism. The second equation therefore can be neglected on a
time scale of 10 min or longer. This reduces the problem to a
single equation in which all variables are directly measur-
able:

V dc, = Fm - MC1/(B + C1),dt
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FIG. 1. Typical 24-hr patterns of voluntary consumption and
concentration of alcohol in blood plasma of a mouse. The lower pan-
el shows the intake, measured in licks, of 10% alcohol per 6-min
period. The continuous curve in the upper panel is the estimated
concentration; the four points on this curve (a, between hr 6 and 7)
were measured values. The room was dark between 6 and 18 hr.
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concentration. On the other hand, if intoxication had been
aversive, then the peaks in concentration should have been
eliminated by slowing the ingestion of alcohol or by avoiding
the substance entirely. In fact, the animals did neither. Their
patterns of drinking appear to reflect a taste preference for
alcohol in beverage concentration, without regard to its
pharmacological effects. This conclusion is supported by
previous experiments in which clearance of alcohol was re-
tarded by administration of the alcohol dehydrogenase inhib-
itor 4-methylpyrazole. Animals so treated continued to drink
considerable amounts of alcoholic solution, despite excep-
tionally high and sustained concentrations of alcohol in
blood (23).

Further evidence against a pharmacological motive in con-
sumption of alcohol is given by the statistical association be-
tween intakes of alcoholic solutions and plain water. Al-
though the total fluid intake (sum of alcoholic solution and
water) varies from hour to hour, the intakes of the two fluids
generally vary in parallel. If alcohol were being consumed
for its pharmacological effect, one would expect its intake to
be dissociated in time from the homeostatically determined
need for water. This was not the case in the animals that we
have observed.
The cumulative exposure of internal tissues to alcohol can

be defined by a measure that reflects both intensity and du-
ration. Using the calculated concentrations of alcohol in
plasma as a function of time, one can compute the cumula-
tive statistical distribution in time of exposure to various
concentrations. Fig. 2 shows the estimated number of hours
within the 24-hr cycle during which alcohol was at or above
the concentration shown on the abscissa. From the perspec-
tive of an experimenter, this curve also shows the probabili-
ty of finding a concentration of alcohol at or above any given
level if a sample of blood is taken at a random time. Since the
biological effects of toxins differ for different temporal pat-
terns of exposure, it seems likely that a knowledge of this
statistical distribution will be needed for analysis of events at
the molecular level. As a practical matter, it is evident from
the rapid fluctuations in concentration that occasional sam-
ples of blood taken from mice are an inadequate measure of
the toxic effects of voluntary drinking.

Fig. 2 shows the markedly different degrees of cumulative
exposure in mice and men. The curves in the lower left quad-
rant of the diagram were calculated from data on six typical
mice voluntarily ingesting alcohol at a daily rate of 4-6 g/kg.
The curves in the upper region were derived from data on
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FIG. 2. Exposure of internal tissues to alcohol during a 24-hr
period of voluntary consumption. The curves are cumulative statis-
tical distributions of plasma alcohol concentration over time. They
show the number of hours that alcohol in plasma was at or above the
concentration indicated in the abscissa. The curves in the lower left
quadrant were obtained from data on six typical mice with a pro-
nounced preference for alcohol. The curves in the upper region were
calculated from data on four alcoholic men who were permitted to
drink, ad lib, on a metabolic ward for 18 of the 24 hr.

four severely alcoholic men who were permitted to drink 80
proof Vodka, ad lib, up to but not exceeding 1 liter per day
for a limited time on a metabolic ward (personal communica-
tion, Enoch Gordis). Under these conditions they consumed
3.5-4.3 g/kg per day. Because of the lower rate of clearance
by man relative to the C57 mouse [23 mg/dl per hr for man
(24) vs. 109 mg/dl per hr for mouse (unpublished data)], the
tissues of alcoholics were exposed to alcohol at much higher
concentration than the tissues of mice, despite the lower
dose taken by man. Mice, therefore, are protected from
acute toxicity by high rate of clearance, even when consum-
ing very large doses of alcohol.
Man is further disadvantaged relative to mouse in chronic

exposure. Although the rate of clearance of alcohol from
blood is less for man than for mouse when calculated per unit
volume of plasma (or per unit body weight), it is significantly
higher in man when oxidation of alcohol is related to total
oxidative metabolism. The alcoholic man thus is in double
jeopardy. Not only is he at hazard from the acute toxic ef-
fects of alcohol because of slow clearance from body water
but he is also in danger of metabolic overload after clearing
the substance since the metabolites of alcohol must pass
through the oxidative chain before final elimination. The ra-
tio of maximal clearance of alcohol (expressed in calories) to
basal metabolic rate (in the same units) is about 0.6 for man
and 0.2 for mouse.
These discrepancies in scale factors obviously preclude a

simple modeling of alcoholic toxicity in mice. Although the
toxicity of sustained concentrations of alcohol can be dem-
onstrated in mice if intake is forced and clearance is inhibit-
ed, the reduction in clearance rate reduces the probability of
overload by metabolites, which in the long term may be the
more serious clinical hazard. Indeed, the accelerated metab-
olism of alcohol by alcoholics, while diminishing acute ef-
fects, may in fact enhance the danger of liver disease; when
an alcoholic acquires an increased capacity to clear alcohol,
he also becomes able to produce a greater excess of acetate
to distort metabolism and promote accumulation of fat in liv-
er. Mice are unsuitable subjects for modeling this phenome-
non, which can be observed in primates (25, 26) with a ratio
of alcohol clearance to metabolic rate more comparable to
that of man.

DISCUSSION
Because mice can consume so much greater quantities of al-
cohol without toxic effects, it becomes necessary to ask
whether this consumption is relevant to the concerns of clini-
cians treating alcoholics. Ingestion of a substance as a food
or flavor is of little interest medically if it does no harm.
Preference without toxicity does not constitute a model of
alcoholism (27).

Nevertheless, the central question in the disease of alco-
holism is the motivation for drinking. This can be studied to
some extent in mice, and the findings might be relevant to
human behavior. Is alcohol consumed as a food or a drug?
More precisely, is the pharmacological effect of alcohol rein-
forcing under any circumstances? If conditions can be found
in which some mice drink large amounts of alcohol at abnor-
mal times of day and in such a pattern as to sustain an intoxi-
cating blood level, it might be inferred that the motivation for
drinking was pharmacological rather than homeostatic. The
mice that we have studied so far have not shown this behav-
ior. They have consumed alcohol during the normal noctur-
nal episodes of eating and drinking. Although the concentra-
tion of alcohol in their blood frequently reached intoxicating
levels, the exposure was not sustained. During the 12-hr pe-
riod of light in the room, consumption of alcohol was mini-
mal and only trace concentrations could be found in circula-
tion.
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The failure of the mice to sustain a pharmacologically
effective concentration of alcohol in blood cannot be attrib-
uted to an inability to drink a sufficient volume of 10% alco-
hol. Similar mice have been observed to consume much
greater volumes of 5%o sucrose or 0.1% saccharine. In fact, if
the mice in the present study had ingested as much 10% alco-
hol as those ingesting these more highly preferred solutions,
their intake of alcohol would have exceeded capacity for
clearance and the concentration in blood would have risen in
a few hours to the level of coma and death.
Although the discrepancy in metabolic scale factors ap-

pears to rule out the possibility of defining alcoholism in
mice by the same criteria as in man, an alternative definition
of abnormal drinking is possible and this encourages us to
continue the search for conditions under which it might oc-
cur. With continuous monitoring of the consumption of alco-
hol when animals have unlimited access to plain water and
alcohol iii beverage concentrations, with no restriction on

food, and with continuous estimation of the concentration of
alcohol in body water, nonhomeostatic drinking of alcohol
should become apparent. Consumption of substantial quanti-
ties at abnormal times, uncorrelated with the normal pattern
of eating and drinking, would suggest a pharmacological de-
terminant. If the atypical pattern of intake is specific for al-
cohol and sustains an intoxicating concentration in blood,
the inference of alcoholic-type drinking would be strength-
ened. With these criteria it is possible that models can be
found with greater relevance to the compulsive drinking of
humans than those obtained by selecting animals that simply
like the taste of the beverage.

Professor Enoch Gordis (Mt. Sinai Medical School) kindly provid-
ed data from his metabolic studies of alcoholic men. The work was
supported in part by a grant from the John L. and Helen Kellogg
Foundation.
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