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MICELI, D. AND J. LE MAGNEN. Relations between metabolic and nervous tolerance towards ethanol in naive and
chronically intoxicated rats. PHARMAC. BIOCHEM. BEHAYV. 10(3) 329-334, 1979.—Interindividual differences in blood
alcohol elimination rates indicating metabolic tolerance (MT) were determined in adult male Wistar rats following the
injection of ethanol via chronically implanted intra-jugular catheters. Nervous tolerance (NT) was measured using a
behavioral test based on the latency of drinking in 20-hr water-deprived rats following the IV injection of a challenge dose of
ethanol. Individual elimination rates varied between 0.312 and 0.570 mg/ml/hr (mean + SE: 0.427 + 0.006) and drinking
latencies (1/NT) between 45 and 255 min (mean=125 + 12). MT and NT determinations performed on the same animals
indicated no correlation between the initial degrees of tolerance. In one experiment, MT and NT measurements were
obtained prior to and following chronic IV pulsed-administration (4 days) of either ethanol or physiological saline. In
comparison to controls, the ethanol-treated rats showed both a significant increase (22.7%) in MT (p<0.01) and a reduction
(66.8%) in the latency (1/NT) of drinking (p <0.05). The extrapolation of BALs present at the onset of drinking indicated the
concomitant increase in MT of ethanol-treated animals to be negligible in accounting for the observed increase in NT and
that the latter was more likely attributable to adaptive changes in CNS sensitivity. Another experiment attempted to
investigate the time course of development of MT in rats during continuous IV ethanol infusion (5-9 days). Mean daily MT
values were calculated on the basis of 24-hr BAL samplings and known quantities of ethanol administered. The results
indicated an initial adaptive increase in MT occurring within 48 hr and attaining rates about as high as 35% above initial
values. This phase was usually followed by a rapid decrease in MT below that of initial levels and associated with elevated
BALs and loss of body weight due to reduced food intake. The possible role played by the MT and NT factors in the
defense mechanisms involved in preference and aversion conditioning and regulating the voluntary consumption of ethanol
in the naive and chronically intoxicated animal are discussed.
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ALCOHOL dependence does not develop in the majority of
human subjects and in most animal species offered ethyl
alcohol since the amounts ingested are less than those which
would ultimately produce symptoms of chronic intoxication.
One possible explanation for such self-controlled intake is
linked to the physiological mechanisms regulating the selec-
tion of food and fluids and involve the conditioning of prefer-
ences and aversions depending on the post-ingestive effects
[37]. In the latter control process regarding ethanol, as-
sociated with its aversive central effects [2, 3, 17], two criti-
cal and genetically determined factors appear to be the
metabolic and nervous tolerance which the organism man-
ifests toward ethanol. Whereas metabolic tolerance (MT)
defines the capacity for ethanol elimination and thereby the
likelihood of the drug to exert its effects on the target recep-
tors at the CNS level, nervous tolerance (NT) reflects basic
CNS sensitivity to the ethanol stimulus. It is therefore im-
portant to examine the manner in which these tolerance fac-
tors [12] influence the establishment of the pathophysiologi-
cal process, the subsequent modifications which they
undergo during chronic intoxication and their interrelations
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at the various stages in the induction of physical depend-
ence.

Several studies have indicated identical MTs to be found
among animals or strains exhibiting rather different degrees
of NT [8, 34, 35] whereas other data have demonstrated a
positive correlation between MT and NT in the naive animal
[1]. Similarly inbred strains of mice differing on the basis of
ethanol-induced sleep times [10] have been shown to exhibit
an inverse relationship between this parameter and the level
of hepatic alcohol dehydrogenase activity [36,43]. In man
there is evidence of marked intra- and inter-racial differences
in sensitivity towards alcohol, such as the greater alcohol
intolerance displayed by Orientals compared to Occidentals;
however, the physiological basis for these differences has
yet to be clearly elucidated [4, 6, 32, 39].

Besides the study of initial relations between MT and NT
in the naive subject, other investigations have focused on the
respective alterations in the two tolerances in response to
chronic ethanol administration. Although it is commonly ac-
cepted that NT increases after prolonged ethanol treatment,
data regarding MT have been more divergent, with reports of
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increases ([7, 18, 24, 46] rat; [13, 23, 25] man) and no change
({121,38] rat; [22] man).
The aim of the present investigations was to re-examine in

the same rats both the initial relations between NT and MT
and the changes in tolerance resulting from the chronic

intravenous (I'V) administration of ethanol. The intravenous
route offered precise control of the parameters of intoxica-
tion (dose, frequency) thereby standardizing the treatments.
Moreover, by using a continuous I'V infusion paradigm, the
daily MT levels could be calculated on the basis of single
daily BAL samplings and known quantities of ethanol ad-
ministered. Consquently the time course of development of
MT could be studied throughout the chronic intoxication
period.

METHOD

The experiments were performed on adult male Wistar
rats weighing between 300 and 479 g (aged 12-22 weeks)
depending on the experiment. They were individually
housed in cylindrical Plexiglas cages equipped with a system
from programmed continuous infusion of either ethanol or
saline solutions via catheters chronically implanted into the
right external jugular vein [45]. The IV preparation used is
essentially that reported by Nicolaidis et «f. [27]. A daily
12/12 hr dark/light cycle was maintained throughout all ex-
periments. Food and water were available ad lib except
where otherwise indicated.

Determination of Metabolic Tolerance (MT)

Acute injection procedure. MT measures were obtained by
determining the rate of disappearance of ethanol from the
blood following the I'V administration of a 1.5 g/kg dose pre-
pared from 95% ethanol diluted in physiological saline (2.1
ml). The ethanol was infused via the intra-jugular catheter
during 5 min at a constant rate of 0.42 ml/min using a motor-
driven syringe. One hundred ul blood samples were col-
lected through the catheter at 15, 60, 120, 180 and 240 min
after the end of the injection. In order to prevent against
contamination of the samples, the catheters were filled with
viscous polyvinylpyrrolidone (PVP) solution after each
sample and drained before each sample [45]. Blood ethanol
concentrations were measured using an enzymatic method
(NAD-ADH). The best-fit line was determined by the
method of least mean squares and the slope taken as the
mean blood ethanol elimination rate or MT in mg/ml/hr.

Chronic infusion procedure. This method provided a meas-
ure of MT changes during the course of chronic treatment.
After an initial measure of the ethanol elimination rate using
the acute injection procedure, the ethanol concentration in
the blood at time zero could be extrapolated from the line of
best-fit and subsequently Widmark’s *‘r’’ value representing
the volume of distribution of ethanol in relation to total body
mass could be calculated (r=A,/C,; where A, is the quantity
of ethanol injected in g/kg and C, is the blood ethanol con-
centration at time zero in g/1). Consequently, with the acute
injection method the ethanol elimination rate in g/l/hr re-
ferred to as B;,=A,/r-t’ (where t’ is the time in hours re-
quired to eliminate the total quantity of ethanol injected (A,)
from the body [11,33]). In the situation involving chronic
ethanol infusion, any change in blood ethanol concentration
occurring during a given time interval (t) is directly related to
the quantity of ethanol administered (A/r) and that elimi-
nated (83)), i.e.: dC/dt=Q~-Q, (where, respectively, Q; and Q,
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represent the rate of rise and fall in ethanol concentration
within the compartment). Inversely, as employed in the pres-
ent study, the amount of ethanol eliminated every 24 hr (¢)
could be calculated on the basis of the known amounts of
ethanol infused and the sampling of 24 hr BALs
(B, =A/r~(C-C,); or Q,=Q~dC/dt).

Determination of Nervous Tolerance (NT)

The behavioral test used for assessing NT in the rat is
based on a measure of the latency of onset of drinking requir-
ing a standing-upright position after water-deprivation and
following the injection of a challenge dose of ethanol [26].
Each NT determination extended over a 2-day period. At
10:00 a.m. on the first day (Habituation day) 20-hr water
deprivated animals received an injection (IP) of 2.1 ml
isotonic saline. Twenty minutes later they were placed in the
testing apparatus and the latency of drinking onset was re-
corded. At 2:00 p.m. the rats were returned to their home
cages and again water-deprived until 10:00 a.m. the next day
(Test Day). At this time the testing procedure was repeated
after a saline injection which now contained 1.5 g/kg of
ethanol. Again drinking latency was recorded as an indica-
tion of nervous tolerance (1/NT).

Experiment 1

The purpose of this experiment was to determine the
overall range of interindividual differences in MT using the
acute injection procedure (N=67). Twenty-two rats repre-
senting a uniform wide distribution of MT rats (0.35-0.55
mg/ml/hr) were selected to undergo testing for NT in order to
examine possible relationships between the initial degrees of
tolerance manifested.

Experiment 2

The aim of this experiment was to determine MT and NT
in both the naive animal and following chronic ethanol ad-
ministration. The experiment extended over a 16-day period.
Twelve rats received their first NT test on Days 1 and 2.
Intrajugular catheters were implanted on Day 5 and the
chronic treatment period was begun on Day 8 and lasted 4
days. The animals were divided into two groups; 6 rats were
infused with ethanol (Group E) and 6 rats with physiological
saline (Group C). The chronic treatment consisted of 6
intermittent-pulsed injections per day, at 4-hr intervals and
each lasting 5 min. Animals of Group E received 1.5 g/kg of
ethanol per injection contained in 2.1 ml of saline for a total
daily dose of 9 g/kg. The MT measure using the acute injec-
tion procedure was performed on all rats following the first
and last injection of the chronic treatment series. NT after
chronic treatment was re-tested on Days 15 and 16.

Experiment 3

In this experiment the time course of MT changes was
investigated throughout the period of chronic ethanol treat-
ment (continuous infusion procedure). After implant of
intra-jugular catheters an initial determination of MT was
performed according to the acute injection procedure. Two
days later, infusion with ethanol was started at 2:00 p.m. and
100 ul blood samples were collected through the catheter,
after rinsing with PVP, at this same time every day for the
duration of the chronic treatment (4-9 days). In one group of
animals weighing 300-330 g (Group A, N=5), the individual
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TABLE 1

EXPERIMENT 2. SUMMARY OF THE RESULTS OBTAINED REGARDING METABOLIC TOLERANCE (MT) USING

THE ACUTE INJECTION PROCEDURE AND NERVOUS TOLERANCE (NT=1/LATENCY) AS MEASURED IN THE

DRINKING TEST. PRE- AND POST-TREATMENT MT AND NT LEVELS AS WELL AS BODY WEIGHTS ARE
ILLUSTRATED FOR BOTH ETHANOL-TREATED (GROUP E) AND SALINE-TREATED (GROUP C) ANIMALS

Pre-Treatment

E 0.436 = 0.015
Ethanol Elimination Rate
(mg/ml/hr) C 0.459 = 0.021
E 117 + 25

Drinking Latency
(min) C 111 + 20

E 3450 =18
Body Weight
C 3455 =13

doses of ethanol administered during the first 24 hr were set
just above the amounts that each animal could theoretically
eliminate as estimated in the preceding acute injection situa-
tion. On subsequent days (Days 1-7), all doses were pro-
gressively increased in steps of 1 g/kg/day over 2-day periods
(Fig. 1). In another group weighing 398-479 g (Group B,
N=6), the individual doses were adjusted regardless of initial
MT levels and generally in ascending order from 7-11
g/kg/day. The length of treatment varied with each animal
depending on the rate of onset of severe signs of intoxication
(unconsciousness, weak respiration and heart-beat, absence
of swallowing or eyeblink reflex; coma [19]). The ethanol
infusion was stopped in comatose rats although in some
cases the treatment was continued using a much lower dose
(Fig. 2).

RESULTS

Experiment |

Marked inter-individual differences in MT and NT were
observed in the naive animal. MT as determined with the
acute injection procedure varied between 0.312 and 0.570
mg/ml/hr (mean: 0.427 + 0.006, N=67). The drinking laten-
cies provided by the NT test ranged from 45 to 255 min
(mean: 125 = 12, N=22). No significant correlation was
found between NT and corresponding MT values measured
in the same animals (r'=0.14).

Experiment 2

The results for ethanol-treated (Group E) and saline-
treated (Group C) rats are shown in Table 1. Differences
between Group E and Group C in their modified response to
ethanol were found to be significant with regard to both MT
and NT. Wilcoxon t-tests comparing differences between
pre- and posttreatment scores yielded a significant effect on
both tolerances for Group E animals (p<0.05) whereas no
significant consequences of the treatment was found for
Group C.

The mean body weights recorded before chronic treat-
ment (Day 1) were 345.0 g = 18 for Group E and 345.5
g * 13 for Group C. The post-treatment weights observed on
the last day of the experiment (Day 16) were respectively
336.5 g + 18 and 346.5 g = 12 indicating an avzrage weight

Post-Treatment % Change Significance
(Mann-Whitney)
0.535 = 0.019 +22.7
p<0.01
0.448 = 0.026 - 24
43 + 20 -63.8
p<0.05
93 * 27 -16.0
336.5 = 18 -24
346.5 * 12 + 0.2
501
40;
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FIG. 1. Experiment 3. Group A (N=5). Graphic representation
showing the mean daily blood alcohol levels (BAL) measured
throughout the period of chronic ethanol treatment (solid line
curve). The daily doses administered (continuous infusion proce-
dure) ranging from 8.7 to 11.7 g/kg/day are illustrated at the bottom
of the figure. Theoretical mean BALs for the first few days of
chronic treatment assuming no change from initial MT levels (acute
injection procedure) are represented by the broken line curve.

loss of 8.5 g in Group E animals and a very slight gain in
weight for the rats of Group C. It should be mentioned that
all Group E animals showed withdrawal signs such as
hyperexcitability, tremor and audiogenic convulsions [19]
after the cessation of ethanol administration.
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FIG. 2. Experiment 3. Group B (N=6). Individual data obtained using the chronic infusion procedure for the determination
of daily MT rates (histograms); the curves show the daily body weights recorded during the chronic treatment period.
Maximal MT rates averaged 25.6% above pre-treatment levels (In).

Experiment 3

The mean ethanol elimination rate as determined initially
with the acute injection procedure was 0.420 = 0.008
mg/ml/hr for the rats of Group A. Figure 1 shows the mean
daily BALs measured during the chronic treatment period as
well as some theoretical BALs, that is, those expected based
on initial MT values and assuming no change in rate
(C~C,=A/r-B,t; see Method). The BALs were observed
to rise more or less steadily up until Day 5, and subsequently
exhibited a sharp increase during the final two days. At this
stage BALSs as high as 5.5 mg/ml were attained and all rats
were comatose. The daily MT rates derived according to the
continuous infusion procedure indicated an overall increase
in MT as of the second day of treatment (0.495 + 0(.018
mg/ml/hr, p<0.05; Mann-Whitney U test) and attained a
maximum of 0.568 = 0.004 mg/ml/hr on Day 6 (35.2%,
p<0.01). MT was then observed to decline suddenly on the
last day to 0.479 = 0.025 mg/ml/hr, a 15.7% reduction
(» <0.01) compared to the previous day. The progressive in-
crease in BALs were accompanied by a reduction in food
and water intake. Virtually no consumption occurred on
Days 6 and 7.

The individual data obtained for rats of Group B are pre-
sented in Fig. 2 where the histograms and curves show the
daily estimated MT values and body weights respectively.
For all animals, an increment in MT levels was observed by
the second day of treatment and the maximal rates averaged
25.6% above the pre-treatment levels. The increases in MT
noted during the initial stages of the treatment coincided with
moderate alterations in body weight. Overall, the daily in-

creases in MT averaged 0.026 mg/ml/hr = 0.005 and were
associated with a slight mean reduction in body weight of
0.7 = 1 g per day. Similarly, as in Group A, MT rates de-
creased as the intoxication proceeded, and this was again
associated with a drop in body weight. Overall daily de-
creases in MT averaged 0.124 mg/ml/hr = 0.028 and coin-
cided with a mean loss in body weight of 13.0 = 2 g per day.

DISCUSSION

The present data demonstrate significant increases in
metabolic tolerance induced by chronic ethanol treatment.
Whereas such modifications were observed after 4 days of
intermittent pulsed ethanol administration (Experiment 2),
with the continuous infusion method (Experiment 3) in-
creases in MT were already apparent 48 hr following the
onset of treatment.

The relative increases in MT observed in Experiments 2
(22.7%) and 3 (35.2 and 25.6%) are compatible to those pre-
viously reported [24,40] employing different methods and du-
rations of chronic administration. Nevertheless, other
ethanol treatments have generated even more striking eleva-
tions in metabolic rate: about 509 [18], 52.2% [46], 54-58%
{71, 68% [9] rat; >100% [5], mouse). In human subjects, MT
enhancement has been observed after a period of chronic
ethanol ingestion: 68% [23] and higher rates of MT: >100%
[13] have been demonstrated in recently drinking alcoholics
compared to controls.

It is difficult to explain the differences in the potential for
MT adaptation reported. It is likely that, in addition to
such factors as dose and pattern of ethanol administration
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the duration of treatment is critical in the induction of MT.
Consequently, saturation of the adaptive processes involved
might not have been achieved within the relatively short
period of chronic injections of Experiment 2. The results of
Experiment 3 point to another variable, the nutritive state of
the animal, which could interfere with adaptive MT proces-
ses. Although initial adaptive increases were noted, these
were found to be readily reversible. Prolonging the intoxica-
tion period in all cases led to rapid drops in MT, often attain-
ing levels far below those present prior to the treatment.
Furthermore, reduced MT rates coincided with a marked de-
crease in food intake and body weight. This is consistent
with the well-established role of nutritive factors in affecting
the individual’s capacity for ethanol elimination [14, 28, 29,
38, 44, 47]. In this regard, it should be noted also that the
ethanol-treated animals of Experiment 2 exhibited a loss in
body weight relative to controls. The nutritional differences
between groups imply that, although the MT rates were sig-
nificantly increased after exposure to ethanol, the values ob-
tained may in fact be underestimated and may not be indica-
tive of the actual potential for metabolic adaptation. Differ-
ences in both the parameters of intoxication used, as well as
in the control of nutritive factors, could underlie some dis-
crepancies in reports regarding both the direction and degree
of MT changes induced by chronic ethanol administration.
The results of Experiment 2 demonstrated a significant
increase in NT (63.8%) after 4 days of ethanol treatment.
This phenomenon of acquired tolerance (nervous tolerance)
has been examined extensively in the literature, and the re-
ports vary widely with regard to the periods of ethanol ad-
ministration employed for the development of tolerance (see
[12] for review). The differences in the data may result from
differences in the alcohol doses, in the particular behavioral
criteria used and the species examined. In the rat, such
adaptive changes have been observed following durations of
ethanol exposure similar to those used in the present study
[16, 19, 20], although maximal tolerance has been shown to
be attained only after 2-3 weeks [12,16] using progressively
increasing daily doses up to 9 g/kg. Regarding the minimum
time required to observe the phenomenon Majchrowicz and
Hunt [20] using repeated ethanol intubations noted a build-
up in tolerance as early as the first day of treatment. How-
ever, in comparing NT data derived from studies involving
such short periods of intoxication, the distinction between
acute and chronic tolerance must be kept in mind. In the
present study NT was retested 3 days after the termination of
the chronic treatment and thus measured long term effects.
In time course studies, such carry-over effects of tolerance
have been observed to last 2-3 weeks following the cessation
of alcohol treatment [12,16]. A better comparison of the var-
ious findings would be possible in the light of more detailed
information regarding the respective time course of acquisi-
tion and loss of tolerance depending on the pattern of ethanol
administration (single, repeated or intermittent, continuous)
and the relationship between acute and chronic tolerance.
Signs of physical dependence were observed following 4
days of ethanol treatment (Experiment 2) which is compati-

ble with exposure times previously reported [19,20] to pro-
duce the phenomenon. Withdrawal signs were associated
with both increased (Experiment 2) and decreased (Experi-
ment 3) levels of MT, thus suggesting no relation between
modifications in this factor and the development of physical
dependence. Other data, consistent with this view, were de-
rived from experiments in which rats undergoing 1.5 day of
ethanol intoxication using the intermittent pulsed-infusion
schedule subsequently demonstrated an increase in MT
without revealing any of the signs of physical dependence
characterized by Majchrowicz [19].

A comparison of the various MT and NT values obtained
indicated no relation between the two tolerance factors in the
naive animal however both were enhanced following chronic
ethanol treatment. This suggests that MT values measured in
either the naive or previously intoxicated animal largely re-
flect CNS sensitivity toward ethanol. Nevertheless it would
be inappropriate to disregard the MT contribution, particu-
larly when comparing subjects exhibiting large differences in
their rates of ethanol elimination such as the extremes re-
corded in our sampling (0.570 and 0.312 mg/ml/hr). Assuming
equal degrees of ‘‘manifest”” NT as determined by behav-
ioral testing, the subject with the higher rate of ethanol
elimination would in actual fact have a lower ‘‘real’”” NT
because of the relatively lower BALs present and the shorter
total duration of ethanol exposure. Consequently the effect
of MT should be assessed and taken into account in correct-
ing for manifest nervous tolerance.

An attempt to quantify the relative contribution of either
tolerance factor to the adpative NT changes observed in the
animals of Experiment 2 can be made by extrapolating the
BALs present at the time of drinking onset in the NT test. By
substituting the mean latency values provided by the NT
tests performed prior to and following the chronic treatment
into the corresponding linear equations for blood ethanol
elimination, NT can be expressed in terms of BALs correct-
ing for concomitant variations in MT. Accordingly, the pre-
and post-treatment values obtained are respectively 89.25
and 148.88 mg/100 ml for Group E and 92.38 and 109 mg/100
ml for Group C representing mean NT increases of 66.8 and
18.2%. The similarity between the latter tolerance values and
those obtained using drinking latency alone suggests that,
under the present experimental conditions, the manifest NT
increase is more the result of CNS adaptation than a less
effective ethanol stimulus due to more rapid metabolism.

Because NT reflects the intensity of the postingestive ef-
fects of ethanol it may be linked to the defense mechanism,
such as those intervening in taste aversion conditioning,
which would provide protection against excessive alcohol
consumption (toxicophobia). There is evidence that mouse
strains which avoid drinking ethanol exhibit a higher sen-
sitivity to the depressant central effects of the drug [10, 30,
31, 41, 42]. Thus NT would appear to constitute the critical
factor regarding both the initial degree of voluntary accep-
tance to drink alcohol and the secondary alterations in such
acceptance induced by chronic intoxication.
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