Pharmacology Biochemistry & Behavior, Vol. 21, pp. 539-543, 1984. © Ankho International Inc. Printed in the U.S.A.

0091-3057/84 $3.00 + .00

Neurohypophyseal Peptides Maintain
Tolerance to the Incoordinating
Effects of Ethanol

PAULA L. HOFFMAN*! AND BORIS TABAKOFF*{

*Alcohol and Drug Abuse Research and Training Program, Department of Physiology and Biophysics
University of Illinois at Chicago, Health Sciences Center
and tWestside VA Medical Center, Chicago, IL 60612

Received 3 February 1984

HOFFMAN, P. L. AND B. TABAKOFF. Neurohypophyseal peptides maintain tolerance to the incoordinating effects of
ethanol. PHARMACOL BIOCHEM BEHAV 21(4) '539-543, 1984.—Arginine vasopressin (AVP), lysine vasopressin
(LVP) and [des-9-glycinamide]LVP (DGLVP), administered systemically, delayed the disappearance of functional
tolerance to the motor-incoordinating effect of ethanol in mice. This result is consistent with previous findings that AVP
and related neuropeptides maintain tolerance to the sedative-hypnotic and hypothermic effects of ethanol, and suggests
that the peptides modulate the rate of disappearance of tolerance per se, rather than simply influencing the tests used to
evaluate tolerance. However, both the duration of tolerance to the incoordinating effect of ethanol, and the duration of
peptide maintenance of this tolerance, were less than those observed for tolerance to the hypnotic and hypothermic effects
of ethanol. Tolerance to various effects of ethanol clearly can develop and dissipate at different rates, and our results
suggest that the characteristics of the maintenance of ethanol tolerance by neurohypophyseal peptides are influenced, to
some extent, by the neural systems which mediate the expression of the functional tolerance which is being investigated.
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TOLERANCE to ethanol, as to other drugs, is defined as a
decreased response of an animal or human to a given dose of
ethanol, following previous exposure to ethanol [19].
Ethanol tolerance has recently been recognized to be a
complex phenomenon, the expression of which is influenced
by a number of physiological and environmental factors [19].
In particular, functional tolerance to various behavioral and
physiological effects of ethanol develops at different rates
[18, 19, 21], and the development and maintenance of
tolerance to each effect may involve changes in the function
of specific neurochemical systems.

It has previously been demonstrated that the
neurohypophyseal hormone, arginine vasopressin (AVP), as
well as structurally related peptides, can maintain functional
tolerance to the sedative-hypnotic and hypothermic effects
of ethanol in mice [2,6]. These peptides appeared to mod-
ulate tolerance per se, and not simply to influence the phys-
iological responses used to evaluate tolerance [2,5]. To
further assess the generality of maintenance of ethanol
tolerance by neurohypophyseal peptides, we have, in the
present study, evaluated the ability of AVP and other pep-
tides to maintain tolerance to a different effect of ethanol,
namely ethanol-induced incoordination, or ataxia, in mice.

METHOD

All peptides, with the exception of DGAVP and LVP,
were synthesized in the laboratory of Dr. R. Walter, De-
partment of Physiology and Biophysics, University of Il-
linois Medical Center, and were from the same batches used
in earlier studies [2,6,24]. The LVP used was from the lab-
oratory of Dr. V. du Vigneaud, and had been isolated from
porcine pituitary. [Des-9-glycinamide] AVP (DGAVP) was
supplied by Organon, Oss, Holland (Batch TN-738-AK;).
AVP had approximately 400 U/mg of rat pressor activity,
and LVP had about 240 U/mg of rat pressor activity [12].

Male C57Bl/6] mice (23-25 g) were used in all experi-
ments. Mice were housed six per cage under conditions of
controlled temperature (22=+1°C) and lighting (12-hour light/
dark cycle) for at least one week prior to being used in an
experiment. Ethanol was administered by a liquid diet tech-
nique used previously in our laboratories [15]. Briefly, mice
were individually housed and acclimated for one day to a
liquid diet containing Carnation Slender, vitamin supplement
(3 g/l; ICN Corp., Cleveland, OH), and sucrose (96.8 g/l)
{(conirol diet). For the next seven days, control mice contin-
ued to receive the same diet, while ethanol-treated mice
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were given a diet in which ethanol (7% v/v) equicalorically
replaced the sucrose. The amount of diet offered to the con-
trol animals was adjusted daily to match the average amount
consumed by the ethanol-consuming mice. On the morning
of the eighth day, all mice were again given control diet (i.e.,
the ethanol diet was withdrawn from ethanol-consuming
mice). This regimen produced functional ethano!l tolerance
and physical dependence (defined by the appearance of
previously-described withdrawal symptomatology [15]) in the
ethanol-treated mice. Withdrawal symptoms were monitored
at two-hour intervals for 12 hours following withdrawal [15].
At 24 hours after withdrawal, when overt withdrawal symp-
toms had dissipated, mice were tested for tolerance to the
incoordinating effects of ethanol, using an accelerating
Rotarod Treadmill for mice (Ugo Basile Co.) {8]. To assess
ethanol-induced motor incoordination, animals were placed
on the Rotarod for five minutes of acclimation with the
Rotarod moving at 3 rpm, and in the absence of acceleration.
If, on any particular day, a mouse was unable to maintain
itself on the Rotarod during this period, it was not utilized for
that day’s experiment. Acceleration was then begun (the
apparatus accelerates from 3 to 30 rpm over a period of five
minutes), and the time at which each animal fell from the
Rotarod was noted. If the animal did not fall, it was remaoved
from the apparatus after 800 seconds. The result (i.e, time to
fall) of this first test of the animals on the Rotarod will be
referred to throughout as the ‘‘pre-ethanol performance.”’
Following this test, animals were injected IP with ethanol. In
preliminary studies, a dose-response curve for the effect of
ethanol was determined using doses of 1.0 to 2.5 g/kg of
ethanol, and a dose giving approximately 70-80% impair-
ment in control animals (2.3 g/kg; 14.9% v/v solution) was
chosen for tolerance testing (see Table 1). Twenty minutes
after the ethanol injection, animals were again placed on the
rotating (but non-accelerating) Rotarod for one minute. Ac-
celeration was initiated, and the time at which each animal
fell was noted {maximum, 800 seconds). The result of this
second test of the animals on the Rotarod will be referred to
as the ‘‘post-ethanol performance.”’ The difference between
each animal’s pre- and post-ethanol performances was calcu-
lated as:

pre-ethanol performance —
post-ethanol performance

100
pre-ethanol performance

Percent Impairment =

so that each animal served as its own control. Any increase
in time on the Rotarod during the post-ethanol test was
socred as 0% impairment.

Tolerance testing took place at 9:00 a.m. and, following the
initial tolerance test (at 24 hours after withdrawal), groups of
control (C) and ethanol-withdrawn (E) mice were subdivided
into groups which received, at 4:00-6:00 p.m., a subcutane-
ous injection of peptide (C-AVP, C-DGAVP, C-LVP,
C-DGLVP, C-Oxytocin; and corresponding E-peptide
groups) or saline vehicle (C-Sal, E-Sal) [2, 5, 6]. Peptides
were dissolved in saline immediately prior to use, and were
administered at a dose of 400 nmole/kg body weight. Mice
continued to receive SC injections of peptide or saline once
daily in the evening for seven days, and were tested for
tolerance on the mornings (9:00 a.m.) of days two through
five anc day 8 after withdrawal.

A given experiment included two to three groups of
ethanol-treated mice and two to three groups of control mice
(i.e., a saline-treated group and either a group treated with
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TABLE |

DOSE-DEPENDENCE QOF ETHANOL-INDUCED MOTOR
INCOORDINATION MEASURED ON THE ACCELERATING
ROTAROD TREADMILL FOR MICE

Ethanol Dose

(g/kg) Percent Impairment
1] 11+ 6(17)

1.0 14+ 9 (8)

L5 2+ 9 (8)

2.0 60 = 12 (22)*
2.5 86+ 6 (9)*
AVP + 1.5 35+ B (10T

C57Bl mice were tested on the accelerating Rotarod prior to and
20 minutes after an IP injection of the indicated dose of ethanol.
Percent impairment refers to the difference in pre- and post-ethanol
performance of each animal; improved performance after ethanol
injection was rated as 0% impairment (for details, see text). AVP
(400 nmole/kg, SC) was administered 16 hours prior to testing wth
1.5 g/kg ethanol (**AVP+1.5"). Values represent mean = SEM;
numbers in parentheses are numbers of animals.

*p<0.01 compared to saline-treated mice (s-test).

tNot significantly different from mice treated with 1.5 g/kg of
ethanol alone; p<0.05 compared to saline-treated mice (z-test).

one peptide, or two groups treated with different peptides).
In general, there were ten to twelve ethanol-treated mice per
group, and six to ten control mice per group. Three or four
experiments were carried out using each peptide, with the
exception of DGLVP (one experiment). Data from E-Sal and
C-Sal groups were pooled over all experiments, and data for
each peptide group were pooled over all experiments using
that peptide. Therefore, each C-peptide group (except
C-DGLYVP) represents about 30 animals. The number of
animals in each E-peptide group is indicated in the legend to
Fig. 1. Statistical analysis of results was accomplished by the
use of analysis of variance (using the arcsin transformation
where appropriate) and the Tukey-Kramer test [16], or by
Student’s ¢-test. A value of p<<0.05 was considered as signif-
icant.

RESULTS

The mice showed a wide range of abilities to remain on
the Rotarod during the pre-ethanol performance. However,
the percent impairment produced by ethanol was less varia-
ble, and this impairment was dose-dependent in ethanol-
naive animals (Table 1). A dose of 2.3 g/kg of ethanol was
expected, from these preliminary results, to induce approx-
imately 70-80% impairment in control mice, and was used to
assess the development and maintenance of tolerance to
ethanol. The administration of AVP (400 nmole/kg, SC) to
untreated mice 16 hours prior to testing on the Rotarod (the
interval used in the chronic experiments) did not signifi-
cantly affect the response to ethanol (Table 1).

Ingestion of ethanol in a liquid diet for seven days re-
sulted in tolerance to the motor-incoordinating effect of
ethanol, when mice were tested at 24 hours after withdrawal
(Fig. 1). The dose of 2.3 g/kg of ethanol caused 25.7+2.3%
impairment (meantSEM; n=154) in the ethanol-treated
animals, compared to 87.9%1.3% impairment in the control
animals (n=79; p<0.001 compared to ethanol-withdrawn;
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¢-test). The impairment caused by ethancl in the liquid diet-
fed control mice was similar to what had been observed in
ethanol-naive mice (Table 1). In each chronic experiment,
control and ethanol-treated mice were tested once daily for
five days after withdrawal. The pre-ethanol performance of
the C-Sal group (n=34) improved over time, so that by five
days after withdrawal, many animals remained on the
Rotarod for the full 800 seconds prior to ethanol injection.
Treatment of control animals with AVP (n=34) did not alter
the rate of improvement in the pre-ethanol performance
(ANOVA,; effect of days, F(4,322)=13.36, p<0.001; effect of
treatment (saline or AVP), F(1,322)=0.59, NS; day X treat-
ment interaction, F(4,322)=0.52, NS). Although the pre-
ethanol performance of control mice improved over days,
the percent impairment produced by ethanol in the C-Sal
group did not change significantly over days (Fig. 1 and see
below). Similarly, daily treatment of control animals
(n=20-40 per group) with AVP, DGAVP, [8-
lysinejvasopressin (LVP) or oxytocin did not significantly
affect the response to ethanol on any day (ANOVA; effect of
days, F(4,688)=1.20, p<0.31; effect of treatment,
F(4,688)=2.35, p>0.05, day X treatment interaction,
F(16,688)=0.54, NS). While the effect of treatment appeared
to be marginally significant on the basis of the ANOVA,
analysis by the Tukey-Kramer test revealed that the re-
sponse to ethanol of each of the C-peptide groups was not
significantly different from that of the C-Sal group on any
day. There was insufficient DGL VP available to treat control
animals for longer than two days. However, there was no
significant difference in the response of the C-DGL VP group
compared to that of the C-Sal group on day 2 or 3 after
withdrawal (Student’s ¢-test).

The pre-ethanol performance on the Rotarod of the chron-
ically ethanol-treated mice did not differ significantly from
that of control mice on any day (ANOVA, effect of treatment
[E-Sal vs. C-Sal] F(1,275)=1.44; NS), and improved simi-
larly to the performance of control mice with daily testing.
However, in contrast to the control mice, percent impair-
ment caused by ethanol in these animals also changed over
time after withdrawal, as they lost tolerance to the motor-
incoordinating effect of ethanol. Thus, mice in the E-Sal
group became continuously more sensitive to the motor-
impairing effect of ethanol over five days after withdrawal
(Fig. 1). By the fourth day after withdrawal, the response of
these animals was no longer significantly different from that
of controls (Fig. 1; see statistical analysis in legend). In con-
trast, animals in the E-AVP group remained tolerant to the
motor-incoordinating effect of ethanol (i.e., the response of
ethanol-withdrawn, AVP-treated animals was significantly
different from that of control animals) on the fourth and fifth
days after withdrawal. The response of the mice in the
E-AVP group returned to the level of that of control mice by
eight days after withdrawal (Fig. 1). Very similar results
were obtained with animals in the E-LVP or E-DGLVP
groups (Fig. 1). On the other hand, ethanol-withdrawn mice
treated with oxytocin or with DGAVP lost tolerance at a rate
similar to that seen in the E-Sal group: i.e., oxytocin and
DGAVP did not maintain tolerance to the motor-
incoordinating effect of ethanol.

Since DGAVP had previously been found to maintain
tolerance to the sedative-hypnotic and hypothermic effects
of ethanol in mice [2,14], we assessed the chemical purity of
the batch of DGAVP used in the present study. Thin-layer
chromatography on silica gel in two solvent systems
(BuOH/HOAc/H,0[4:1:1]; BuOH/HOAc/H,O/Pyr[15:3;12:
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FIG. 1. Effect of neurohypophyseal peptides on dissipation of
tolerance to the motor-incoordinating effect of ethanol. Mice
were fed a liquid diet containing ethanol or an equicaloric
amount of sucrose (controls) for seven days. Tolerance to ethanol
was determined by measuring the difference in amount of time the
animals could remain on an accelerating Rotarod treadmill before
and after an injection (IP) of 2.3 g/kg of ethanol (percent impairment
produced by ethanol). Animals received the indicated peptide (400
nmole/kg) or saline once daily, beginning on the day after with-
drawal, as described in the text. Values represent the mean+SEM of
percent impairment produced by ethanol in mice in the C-Sal group
(0}, and the mean percent impairment (SEM left out for clarity) of
mice in the E-Sal (@) (n=70-79), E-AVP (A) (n=45-51), E-DGAVP
(A) (n=35-38), E-LVP () (n=33). E-DGLVP (W) (n=11) or
E-Oxytocin (#) (n=21-24) groups. Percent impairment on the first
day after withdrawal (V control; ethanol-treated Y) was determined
prior to peptide treatment. Ethanol-induced impairment in C-peptide
animals did not differ significantly from that in C-Sal animals at any
time (see text), and the data represents reponses of C-Sal animals
(n=79). The response of these control animals to ethanol did not
vary significantly over days (see text), All groups of ethanol-treated
animals gradually lost tolerance to ethanol, but at different rates
(ANOVA,; effect of days, F(4,1330)=57.64, p<0.001; effect of
treatment, F(6,1330)=31.04, p<0.001; treatment x day interaction,
F(24,1330)=845.31, p<0.001). Analysis by the Tukey-Kramer test
showed that all groups of ethanol-withdrawn animals remained
tolerant on the second and third days after withdrawal (*»<0.05,
compared to controls). On the fourth and fifth days after withdrawal,
animals in the E-AVP, E-LVP and E-DGLVP groups were still
tolerant (*p<0.05, compared to controls), while the response of
animals in the E-Sal, E-oxytocin and E-DGAVP groups was no longer
significantly different from that of controls, A single line on the
graph is used to represent the response of the tatter three groups. On
the eighth day after withdrawal, there were no significant differences
in response among the groups.
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10]), with detection by the chlorine-tolidine method [13], re-
vealed a single component. Amino acid analysis (ratios: Cys,
2.58; Tyr, 0.82; Phe, 0.99; Glx, 1.00; Asx, 0.98; Pro, 0.91; Arg,
0.96) indicated that the peptide was 91.5% pure.

DISCUSSION

AVP, as well as LVP and DGLVP, delayed the loss of
tolerance to the motor-incoordinating effect of ethanol. This
finding is consistent with previous observations that arginine
vasopressin and structurally related peptides can maintain
tolerance to the sedative-hypnotic and hypothermic effects
of ethanol in mice, as well as to the hypothermic and motor-
impairing effects of ethanol in rats [2, 6, 9, 14]. The results
support the hypothesis that the peptides modulate a mech-
anism underlying the maintenance of ethanol tolerance per
se, rather than affecting the particular behaviors that are
used to assess tolerance.

The liquid diet technique used in the present study in-
duces functional ethanol tolerance in the mice, and does not
produce metabolic tolerance [15]. In addition, we have pre-
viously shown that vasopressin treatment does not alter the
rate of ethanol metabolism during tolerance testing [4].
Therefore, the tolerance maintained by peptide treatment
can be defined as functional tolerance. The characteristics of
peptide maintenance of tolerance to the incoordinating ef-
fects of ethanol in mice are similar in many respects to those
of peptide maintenance of tolerance to the hypnotic and
hypothermic effects of ethanol [2, 6, 7]. Oxytocin is inactive
in maintaining tolerance to all of the tested effects of ethanol
in mice, while LVP and AVP are approximately equipotent
[2,6]. Previous dose-response and structure-activity studies
indicated that these differential responses to various pep-
tides were not simply a result of differences in peptide distri-
bution or metabolism after systemic injection, although such
factors could play a role, but most likely reflected interac-
tions with specific CNS peptide receptors [2,4]. In addition,
the fact that DGLVP, a synthetic peptide which was shown
to be essentially devoid of peripheral endocrinological activ-
ity [24], can maintain tolerance to the motor-incoordinating
effects of ethanol as well as to the other effects of ethanol [2],
is in line with a central site of action for the peptides in
modulating tolerance.

There are, however, some differences in the influence of
the peptides on tolerance to various effects of ethanol. One
major difference is the time course of peptide action. In our
previous studies, AVP maintained tolerance to the hypnotic
and hypothermic effects of ethanol at a constant level for as
long as it was administered, up to 15 days after withdrawal
[2,6]. However, tolerance to the motor-incoordinating effect
of ethanol in AVP-, LVP- and DGLVP-treated mice was
gradually lost during the five-day testing period, and even
when peptide administration was continued up to the
seventh day after withdrawal, the animals were no longer
tolerant on the eighth day. The time course for dissipation of
tolerance to the incoordinating effects of ethanol in saline-
treated mice (four to five days; Fig. 1) is also somewhat
shorter than that for disappearance of tolerance to the
sedative-hypnotic or hypothermic effects of ethanol (six to
nine days), when tolerance is produced by the identical lig-
uid diet protocol [2,15]. It is possible that the duration of
peptide action in maintaining tolerance to a particular effect
of ethanol is related to the rate of dissipation of that particu-
lar tolerance. Crabbe and Rigter, for example, found that
treatment of mice with DGAVP enhanced tolerance to the
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hypothermic effect of ethanol at one day after removal of
mice from an ethanol inhalation chamber, but not at two
days after withdrawal, [1,14]. In their studies, tolerance had
already dissipated in the vehicle-treated mice after one day
of withdrawal [1].

Another difference between the present study and our
previous work is the ineffectiveness of DGAVP in maintain-
ing tolerance to the incoordinating effect of ethanol. DGAVP
was previously found to be quite potent in maintaining
tolerance to the hypnotic effect of ethanol [2], and it is there-
fore unlikely that differences in uptake, metabolism or dis-
tribution of DGAVP, in comparison to the active peptides,
account for its ineffectiveness in the present study. The lack
of response to DGAVP in the present experiments is also not
simply due to the decreased peripheral endocrinological ac-
tivities of DGAVP, since DGLVP, which is also devoid of
these activities, was equally as active as AVP or LVP in
maintaining tolerance. For similar reasons, it seems unlikely
that the lack of the C-terminal glycinamide residue per se led
to the lack of potency of DGAVP, although it is possible that
there are very stringent structural requirements for mainte-
nance of the particular tolerance measured in this study.
While the DGAVP appeared to be relatively pure, as as-
sessed both by amino acid analysis and by thin-layer chro-
matography, it is quite difficult to accurately determine the
purity of such small peptides except by bioassay. Due to the
lack of peripheral activity of DGAVP, this was not possible.
We have previously found that different batches of
neurohypophyseal peptides can vary considerably in po-
tency [2], and one must be cautious in the interpretation of
negative results under these circumstances.

It has previously been demonstrated, using a moving-belt
apparatus which also measures motor incoordination, that
ethanol tolerance can develop more rapidly in animals which
are repeatedly tested under the influence of ethanol, com-
pared to animals which are tested prior to receiving ethanol
[10]. This phenomenon has been called ‘*behaviorally aug-
mented’” tolerance [10]. Although, in our experiments,
animals did improve with practice in their pre-ethanol per-
formance on the Rotarod, the control animals, whether
saline- or peptide-treated, did not develop tolerance to the
effect of ethanol during the five days of testing. Thus, behav-
iorally augmented tolerance was not evident in our testing
paradigm, and peptide treatment did not enhance the devel-
opment of behaviorally-augmented tolerance. The peptides
appeared only to delay the loss of tolerance which was al-
ready present in the ethanol-treated animals. It is of interest
to note that AVP treatment did not affect the rate of im-
provement in the pre-ethanol performance of control animals
on the Rotarod. Thus, this aspect of ‘‘learning’’ was not
modified by vasopressin, although there have been some re-
ports that nenrohypophyseal peptides can affect acquisition,
as well las retrieval, of learned responses [e.g., 11, 22,
23, 24]. ¢

In summary, our results are compatible with the hypoth-
esis that AVP and related peptides may modulate the activity
of neurochemical systems which are involved in the mainte-
nance of tolerance to many of the physiological and behav-
ioral effects of ethanol. We have previously discussed, with
respect to ethanol tolerance [20], a concept which also
applies to neurobiologic studies of memory, i.e., that of in-
trinsic and extrinsic neural systems which participate in con-
solidation and storage of memory [17]. This concept may
provide a framework for understanding vasopressin’s effects
on tolerance. Intrinsic systems are those which encode spe-
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cific information, e.g., tolerance to a particular effect of
ethanol, presumably by alterations in synaptic efficacy. Ex-
trinisic systems are those which can influence the develop-
ment, maintenance or expression of tolerance, but do not
encode tolerance in themselves [17,20]. Our previous studies
suggested a role for central noradrenergic systems both in
the development of functional tolerance to the hypnotic and
hypothermic effects of ethanol {20], and in the maintenance
of tolerance to these effects by vasopressin in mice [3]. Thus,
noradrenergic systems may be regarded as extrinsic sys-
tems which modulate tolerance, and which are, in turn,
modulated by vasopressin. However, differences in the
neuronal systems which directly influence the behavioral or
physiological functions which become tolerant to ethanol—

i.e., intrinsic systems——may contribute to differences in the
duration of functional tolerance, and in the length of time for
which neurohypophyseal peptides can prolong the expres-
sion of tolerance.
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