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SMOLEN, T. N. AND A. C. COLLINS. Behavioral effects of ethanol and salsolinol in mice selectively bred for acute
sensitivity to ethanol. PHARMACOL BIOCHEM BEHAYV 20(2) 281-287, 1984.—The effects of intracerebral injection of
salsolinol, the condensation product of dopamine and acetaldehyde, were compared in LS and SS mice selectively bred for
differential sleep time following an intrapetitoneal injection of ethanol. Salsolinol differentially affected open-field activity
in the two mouse lines. Low doses of salsolinol increased open-field activity in the SS line; no such effects were obtained in
the LS line. Larger doses decreased activity in both lines but the LS mice were more sensitive to this effect. Similar effects
on open-field activity have been reported for ethanol in these same lines of mice. A 40 ug dose of salsolinol increased
ethanol-induced sleep time in both lines but the increase was greater in the LS line. With lower doses of salsolinol the
duration of ethanol-induced sleep time decreased in SS mice and increased in LS mice. This effect of salsolinol on sleep time
most likely involves some CNS mechanism since salsolinol did not alter ethanol elimation rate in the two lines of mice. A
more severe and prolonged hypothermia daveloped in LS mice following injections of salsolinol or equal doses of ethanol;
however, equi-hypnotic doses of ethanol klicited similar hypothermic responses. Taken together, these data support a

possible role for salsolinol in ethanol's actions.
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TETRAHYDROISOQUINOLINE alkaloids (TIQs) are
compounds formed by the condensation of catecholamines
with aldehydes. Increased interest in TIQs has developed
over the past decade following reports suggesting a linkage
between TIQs and a number of disease states, including
parkinsonism, phenylketonuria, and ethanol and opiate
addiction [3, 8, 12, 13, 19, 20]. It has been hypothesized that
the TIQ salsolinol, which is formed by the condensation of
dopamine with acetaldehyde, may contribute to some of the
behavioral and physiological effects of ethanol [6. 7, 10, 11,
27, 28]. Church and co-workers [6], using mice selectively
bred for differences in response to ethanol, bave reported
differences in shuttle box activity following salsolinol admin-
istration. Additionally, salsolinol, alone and in combination
with ethanol, has been shown to induce and prolong ethanol
narcosis in mice (5,211.

In the present study, we tested the hypothesis that sal-
solinol mediates some of the behavioral and physiological
effects of acute ethanol treatment. This hypothesis was
tested with Long Sleep (LS) and Short Sleép (SS) mice
selectively bred for differences in their behaviobral response
(ethanol-induced sleep time) to an acute dose of ethanol [22].
These lines of mice differ in their central nefvous system
(CNS) sensitivity to ethanol and thus provide a useful ge-
netic tool for testing hypotheses concerning the actions of
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ethanol [14,18]. If salsolinol mediates the acute response to
ethanol, then these lines of mice should respond differen-
tially to both the behavioral and physiological effects of sal-
solinol. The studies which follow examined the effects of
salsolinol on open-field activity, body temperature, ethanol
sleep time and ethanol elimination rate, and provide addi-
tional evidence that TIQs contribute to or share ethanol-like
properties.

METHOD
Animals

The subjects consisted of equal numbers of male and
female LS and SS mice, 65+10 days of age which were
group-housed in a room with a conventional 12 hr light:dark
cycle. Ad lib food and water was available in their home
cage. All mice were drug-naive prior to testing and each
subject received only one test.

Synthesis of Salsolinol-HBr

Dopamine-HCI (3.8 g, Sigma Chemical Co.) and acetal-
dehyde (2.0 g) were dissolved in 200 ml of distilled water in a
dark bottle and stirred at room temperature, in the dark, for
three days. The solution was then evaporated to dryness
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TABLE 1
THE EFFECT OF LOW DOSES OF SAL.SOLINOL ON ETHANOL SLEEP TIME

Sleep Time (min)

Dose Long Sleep Short Sleep
of
Salsolinol Males Females Males Females
0 849 = 7.3 787+ 5.9 66.7 = 6.2 62.2 = 4.6
20) (20) (20) (20)
40 ug 161.1 + 9.7* 149.6 = 8.6* 114.2 = 10.4* 88.9 + 7.6
(20) (20) (20) (20)
1 ng 129.7 2 12.1* 89.0 = 30.5 43.4 £ 14.0* 42.0 = 17.8*
(7N (6) (5) (5)
1 pg 127.7 = 23.3* 101.3 + 18.9* 376 - 8.7* 40.8 = 9.5*
(6) (7) (5 (6)

Tabled values represent mean sleep time in minutes + SEM. The numbers in parentheses repre-
sent the sample size for each group. Salsolinol was administered immediately following an IP
injection of ethanol (2.5 g/kg for LS mice and 4.1 g/kg for SS mice).

*Significantly different from respective 0 dose, p<0.01.

under a vacuum at 25°. The residual yellowish oil was dis-
solved in 5-10 ml of constant-boiling hydrobromic acid (J. T.
Baker Co.). This solution was covered and allowed to crys-
tallize over several days in a freezer set at —20°. The result-
ing precipitate was collected and dried under a vacuum at 25°
using phosphorus pentoxide (J. T. Baker Co.) as a dessicant.
The yield varied between 30-80%. Salsolinol prepared in this
manner co-chromatographed with salsolinol samples ob-
tained from other laboratories as tested by high performance
liquid chromatography (HPLC) with electro-chemical detec-
tion and by gas chromatography with an electron capture
detector. Similarly, the salsolinol synthesized as described
above yielded the appropriate mass spectrum when analyzed
using a gas chromatograph coupled to a mass spectrometer.

Open-Field Apparatus and Testing Procedure

Open-field activity was monitored using a white Plexiglas
enclosure approximately 90 cm square. The floor was di-
vided into 36 squares by rows of five photoelectric cells.
Interruption of the photoelectric beam by the mouse engaged
a two-channel counter. In order to minimize confounding of
locomotor activity with Hall’s [16] measure of rodent *‘emo-
tionality,”” open-field testing in this study was conducted
under red light. All activity was tested between 1300 and
1630 hours. Mice were removed from their home cages and
placed in a clear enclosure in one corner of the apparatus.
After a 30 sec acclimation period, the photocells were ac-
tivated and the counter engaged. The number of squares
crossed during a 3 min test period was used as the activity
score. The open-field was cleaned thoroughly with water
between tests.

Prior to measuring activity, the mice were lightly
anesthetized with ether and injected with 10, 20. 25, 30 or 40
ug of salsolinol-HBr. The salsolinol-HBr was delivered
intracerebrally (IC) [15) in 5 ul of artificial cerebrospinal
fluid (CSF, containing 154 mM NaCl, 3.35 mM KCl, 1.33
mM CaCl,, 1.15 mM MgCl,, 0.12 mM NaH,PO,, 0.46 mM
Na,HPO,, 0.22 mM urea, 3.39 mM glucose, adjusted to pH
7.0 with NaOH) using a 27 gauge. 3 mm needle attached to a
25 ul Hamilton syringe. Test injections of hematoxylin dye

confirmed the site of injection to be in or near the lateral
ventricle. Subjects were tested 25 min following injection to
minimize the effects of the anesthesia. Three control groups
were tested: untreated controls; etherized, non-injected; and
etherized, injected with CSF.

Fthanol-Induced Sleep Time

Ethanol-induced sleep time was assessed following an in-
traperitoneal (LP) injection of either a 4.1 g/kg (SS mice) or
2.5 g/kg (LS mice) dose of ethanol. These are doses which
we have found give nearly equal sleep times in the two lines
of about 70 min duration. By adjusting the concentrations of
ethanol such that SS mice were administered 0.013 ml/g body
weight and LS mice 0.01 ml/g body weight, the two lines
were administered similar volumes of ethanol. Following
loss of the righting response (about two min), the mice were
injected IC with either salsolinol-HBr (1 pg to 40 ug), or the
artificial CSF, in a 5 ul volume. The mice were placed on
their backs in V-shaped plastic troughs. Sleep time was
judged terminated when the animals could right themselves
three times within 30 sec.

Determination of Body Temperature

The drug-free basal temperature of each mouse was
measured rectally with a 2.5 cm thermal probe attached to a
Digitec HT-5810 digital thermometer. Immediately after, the
mice were injected with either ethanol (2.5 g/kg or 4.1 g/kg,
IP) or salsolinol (40 ug in 5 ul of CSF, IC, following light
etherization) and returned to their home cages. Their body
temperatures were recorded, as described above, at 30, 90,
150 and 210 min post injection. Thus, each subject’s tem-
perature was measured five times—once pre- and four post-
treatment. Four control groups were tested: untreated con-
trols; etherized mice; etherized and injected with CSF; and
saline-injected controls.

Ethanol Elimination Studics

Ethanol elimination rates were determined under two
conditions: either LS and SS mice received only an IP injec-
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tion of 2.5 g/kg or 4.1 g/kg ethanol, respectively; or, in addi-
tion to the IP injection of ethanol, the mice also received an
IC injection of 40 ug of salsolinol immediately following loss
of the righting response. A 40 ul blood sample was obtained
from the retroorbital sinus of each animal at 30 min, 1, 2 and
4 hours following ethanol or ethanol plus salsolinol treatment
and was added to 0.96 ml of 0.01 mg% isopropyl alcohol, the
internal standard. All samples were stored on ice in stop-
pered 16x100 mm Vacu-tainer® tubes (Becton Dickinson
and Co.) until analyzed by ‘‘*head space’’ gas chromatogra-
phy. The ethanol content of each sample was determined by
incubating the samples for 15 min at 60°. A 1 ml aliquot of the
gas phase from each tube was withdrawn using an air tight
gas syringe and injected onto a 6 ft column (4 mm i.d.) of
Porapak Q (100-120 mesh) in a Beckman GC-45 gas chro-
matograph equipped with a flame ionization detector. The
inlet temperature was maintained at 110°, the column and
detector temperatures were 150° and 190°, respectively. The
gases and their flow rates were as follows: helium, 55
ml/min; air, 300 ml/min; and hydrogen, 45 ml/min. Peak
areas were determined by the method of triangulation and
compared with ethanol standards which were prepared and
analyzed daily. Ethanol elimination rates were estimated for
each animal by calculating the slope of the best fit line de-
rived from the data obtained for the four time points.

Statistical Analysis

Data were analyzed by analysis of variance. Post hoc
comparisons were made using either the Tukey B {33] or
Duncan’s Multiple Range Test [4] for significant differences
among means. Hartley's F_,, Test [17] was used to deter-
mine the homogeneity of variances. Because of the large
difference in sample size, the data found in Table 1 were
analyzed using a -test to determine the difference between
two independent means [33].

RESULTS
Open-Field Activity

The effect of salsolinol on open-field activity is sum-
marized in Fig. 1. There were no significant differences
among the SS control groups, however, LS ether and ether/
CSF control groups were significantly different from LS
untreated controls. Ether and ether in combination with CSF
caused a significant increase in open-field activity. Because
of the significant effect of ether/CSF treatment on open-field
activity, all drug treatments were compared to this control
group in both lines. The main effects of line (genotype) and
treatment (drug dose) were found to be highly significant
following two-way analysis of variance, F(1,446)=452.3,
p<0.001; F(8,446)=142.4, p <0.001. Clearly LS and SS mice
differ in their response to salsolinol. The LS mice are more
sensitive to the depressant effects of this drug on open-field
activity: a 25 ug dose produced a 96% drop in LS activity
relative to their ether/CSF controls, while S§ mice experi-
enced only a 63% decrease in activity. At the highest doses
(30 and 40 ug salsolinol) LS and SS mice showed little activ-
ity. However, they were neither ataxic nor catatonic and
would move about briefly during attempted transfers into
and out of the apparatus.

Sleep Time

A three-way analysis of variance of sleep time scores re-
vealed significant effects of line and treatment which are
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FIG. 1. The effect of salsolinol on open-field activity. Each value is
the mean+SEM of 24 mice per group except the basal activity
scores which are based on 40 mice per group: (O) untreated, basal
activity scores; (A) ether controls; (O) at the 0 ug dose, represents
the ether/CSF controls. 2Significantly different from LS, p<0.05;
bSignificantly different from LS, p<0.01; Significantly different from
respective ether/CSF treated control, p<0.05.

summarized in Fig. 2. There were no significant differences
between males and females, thus scores were collapsed
across sex for the sake of clarity. As can be seen from Fig. 2,
there were no significant differences between the ethanol
and ethanol/CSF controls. However, the increase in sleep
time following ethanol plus salsolinol treatment was highly
significant, F(4,380)=28.98, p<0.001. Although sleep time
was potentiated in both lines, the increase was greater for LS
than for SS mice; an 89% increase vs. 57% increase, respec-
tively, F(1,380)=49.38, p<0.001.

Table 1 presents preliminary results on the effects of
lower doses of salsolinol on ethanol-induced sleep time. Two
interesting observations emerged from this study: first, com-
parable sleep times were observed within each line for these
lower doses, thus a clear dose-response relationship was not
evident; and second, LS and SS mice were differentially
sensitive to these low doses, i.e., ethanol-induced sleep time
decreased in SS mice and increased in LS mice when com-
pared to the sleep time of controls.
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FIG. 2. The effect of salsolinol on ethanol-induced sleep time. Each
bar is the mean sleep time score in minutes+SEM of 40 mice. LS
mice were injected with 2.5 g/kg ethanol and SS mice, 4.1 g/kg.
Salsolinol (40 ug) and CSF were administered. IC, immediately fol-
lowing loss of the righting response. 2Significantly different from
respective ethanol group, p<0.001; "Significantly different from SS
mice, p<0.001.

Body Temperature

With respect to body temperature, sex differences were
not consistent or marked among treatments or time points,
therefore, the data were collapsed across sex for analysis.
Figures 3 and 4 summarize the results of this experiment.
Four control groups were tested: untreated controls;
etherized; etherized and injected with CSF; and saline-
injected controls. Although there were slight differences
among the control groups in the initial body temperature,
there were no significant differences among controls in the
change in body temperature seen after the various control
treatments, with one exception. The SS etherized/CSF-
injected control group had significantly (p <0.05) lower body
temperatures at 30 and 90 min compared to the remaining
three control groups but was significantly different (p <0.05)
from the saline controls only at 150 and 210 min. Because of
this variability, the etherized/CSF-injected control group
was used in all subsequent salsolinol comparisons for both
LS and SS mice. Similarly, the saline-injected control was
used in all ethanol comparisons.

One of the major findings of this study was that LS mice
are more sensitive to salsolinol than are SS mice (Fig. 4). The
LS mice lost an average of 3.7°, and the SS mice 2.5°, 30 min
following a IC injection of salsolinol, F(1,76)=11.4, p<0.01.
Also, the time course of the return to pre-drug body tempera-
ture took longer in the LS compared to the SS line.

In addition to differential sensitivity to the hypothermic
effects of salsolinol, the LS and SS lines of mice also differ in
sensitivity to the hypothermic effects of ethanol. This result
is in agreement with previous reports for these same lines of
mice [2,25]. When the mice are given doses of ethanol which
yield almost equivalent sleep times (2.5 g/kg for LS and 4.1
g/kg for SS) they do not differ in their hypothermic response
(Fig. 4). However, the fact that such drastically different
doses are required to produce nearly identical responses un-
derscores the tremendous difference in sensitivity apparent
in this hypothermic response. Interestingly, when given
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FIG. 3. Hypothermia control comparisons. (hexagon) untreated
controls; (A) ether/CSF controls; (@) ether controls; () saline con-
trols. Saline control groups contained 10 mice/line, all other groups
contained 20 mice/line. 2Significantly different from respective con-
trols, p<0.05: PSignificantly different from saline controls only,
p<0.05.

equivalent doses of ethanol (4.1 g/kg for both LS and SS
mice) the two lines still do not differ in the initial hypother-
mic response seen at 30 min but dramatic differences are
seen at later time points. The thermoregulatory ability of the
LS mice breaks down completely and may partially explain
the high mortality rate observed at this dose.

Ethanol Elimination

Salsolinol, given in conjunction with ethanol, did not alter
ethanol elimination in any of the treatment groups (Fig. 5).
This suggests that the increase in ethanol-induced sleep time
seen following salsolinol administration is due to a CNS ef-
fect. Examination of the data in Fig. 5 reveals a sex differ-
ence in both lines of mice. Females eliminated ethanol more
rapidly than did males. although this attained statistical sig-
nificance only among LS mice. This finding agrees with a
previous report on inbred mice [9] but not for heterogeneous
stock mice [1].
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FIG. 4. The effect of salsolinol and ethanol on bady temperature.
Each time point represents the mean of 20 mice/line except for the
saline controls which are based on 10 mice/lineftime point. Standard

errors are uniformly+1% of the graphed values. ( — — —) ether/
CSF (upper graph) or saline (lower graph) controls; (—) respective
experimental groups; (— -— - — ) LS mice administered 4.1 g/kg

ethanol. Except where noted, all drug-treated mice were signifi-
cantly different from the respective controls, p<0,05. *Nor signifi-
cantly different from respective controls. PSignificantly different
from SS mice, p<0.05.

The selection pressure applied to the LS mice has re-
sulted in tremendous CNS sensitivity to the 4.1 g/kg dose of
ethanol. Under the conditions of this study there was virtu-
ally 100% mortality four hours following ethanol injection.
Estimation of ethanol elimination rates in these dying
animals proved to be unreliable and thus are not reported.

DISCUSSION

The results of this investigation extend earlier reports of a
differential sensitivity of the LS and SS mice to salsolinol
[5,6]. We found, in agreement with Church ¢ al. [6], that
salsolinol treatment results in a dose-dependént decrease in
open-field activity. More importantly, differential effects
which are genotype-dependent have been dempnstrated. The
LS mice are more sensitive to the depressant effects of sal-
solinol while a biphasic effect is clearly apparent in the SS
line: low doses of salsolinol stimulate open-field activity
while higher doses depress activity. The biphasic effect is
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FIG. 5. The effect of salsolinol on blood ethanol elimination rate.
The doses administered were identical to those outlined in Fig. 2.
The elimination rate in mg%/hour was calculated from the slope of

the regression line for each subject. The graphed values represent
the average of 12 subjects/sex/line/treatment + SEM.
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similar to that seen with ethanol and several other de-
pressants which produce activation rather than depression
following administration of low doses [26,30]. Sanders and
co-workers [30] demonstrated that SS mice are more sensi-
tive to the activating properties of ethanol, while LS mice
appear to be more sensitive to the depressant effects. The SS
line of mice were more active in an open-field arena follow-
ing an IP injection of a low dose of ethanol than were LS
mice. Thus, these data support the hypothesis that qualita-
tive differences exist in salsolinol sensitivity in LS and SS
mice which are not unlike those demonstrated for ethanol.

Qualitative differences in salsolinol sensitivity were also
observed in the ethanol sleep time experiments. For the LS
mice, a synergistic action was observed between salsolinol
and ethanol in the potentiation of ethanol-induced narcosis.
In the SS mice, low doses of salsolinol blocked the effect of
ethanol and reduced sleep time (Table 1). At the 40 ug dose
of salsolinol the difference between LS and SS mice does not
appear to be striking—a mere 30%—until one remembers
that LS mice were treated with a much lower dose of ethanol
(2.5 g/kg for LS compared to 4.1 g/kg for SS mice). Adminis-
tration of 4.1 g/kg ethanol in conjunction with 40 ug of sal-
solinol led to virtual 100% mortality among LS mice. Simi-
larly, differences between the LS and SS lines were much
greater at the lower salsolinol doses. These data imply that
differential sensitivity to salsolinol formed as a consequence
of ethanol administration could explain the differences in
sleep time seen in the LS and SS mice. This supports the
hypothesis of a role for salsolinol in the mediation of the
acute effects of ethanol.

The rate of ethanol elimination in LS and SS mice was not
altered by the co-administration of salsolinol. This finding
suggests that the increase in ethanol sleep time following
salsolinol treatment may be due to an increase in CNS sen-
sitivity to the depressant effects of these drugs. However,
we have not ruled out the possibility of an affect of salsolinol
on pharmacokinetic or physiological parameters, such as
volume of distribution or cerebral blood flow, which could
also explain our results.

A sex difference in the rate of ethanol elimination was
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detected in LS but not SS mice. Male LS mice metabolized
ethanol more slowly than LS females. Gender differences in
ethanol elimination rates have been previously reported for
inbred mice [9] but not for heterogeneous stock (HS) mice
[1]. This is thought to be due to linkage or random fixation of
genes affecting ethanol elimination rates during the course of
inbreeding. It is interesting that the inbred strains which
show sex differences were used in the development of the
HS mice [23], and the HS mice were subsequently used as
the foundation population from which the LS and SS mice
were developed. The LS and SS mice are maintained as a
closed breeding population. The inbreeding which occurs as
a result of this breeding paradigm could have resuited in
linkage or fixation of genes in the LS line of mice.

The major finding of the hypothermia experiment was
that the LS mice are more affected by both salsolinol and
ethanol than are SS mice. These results suggest that the two
drugs are acting via similar mechanisms. However, ethanol
produced a far more severe and long-lasting depression of
body temperature than did salsolinol: by 210 min post-
injection the body temperature of ethanol treated LS mice
continued to decline. Although the difference in the response
to these two drugs could be a reflection of differences in their
sites of action, a more likely explanation is that the differ-
ences in the time course of the response is related to the
difference in metabolism of these drugs. Ethanol is more
slowly eliminated than is salsolinol [24].

The LS and SS mice have been selectively bred for dif-
ferential sensitivity to ethanol, thus genetic theory predicts
that these lines of mice should differ only with regard to
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those traits related to their sensitivity to ethanol. The obser-
vation that these two lines of mice also differ in response to
salsolinol suggests that some of the effects of acute ethanol
treatment could arise as a result of salsolinol formation. Al-
ternatively, salsolinol might affect the same neurochemical
events or neuronal pathways as does ethanol. If so. the
difference in response between the LS and SS mice could
arise because of a differential rate of salsolinol metabolism
following intracerebral injection. However, data currently
available (Smolen and Collins, submitted) does not suggest a
difference in salsolinol elimination under these conditions.
Therefore, the results reported here are supportive of a role
for salsolinol in the actions of ethanol. The major issue as to
whether or not salsolinol formation occurs in vivo in ""phys-
iologically relevant’ amounts as a consequence of ethanol
administration remains controversial. Furthermore, it has
been impossible to predict with any degree of certainty the
exact concentration of salsolinol that might be formed fol-
lowing ethanol administration. Weiner [32] has calculated
the upper limit to be approximately 1 ng/g of brain tissue.
This value is based on estimated concentrations of dopamine
and acetaldehyde available in brain for formation of sal-
solinol and on the assumption that a steady-state condition
exists. The 1 pg dose of salsolinol, found to have behavioral
effects in the present study, is well below Weiner's calcu-
lated upper limit. Our lack of knowledge concerning the site
of drug action precludes our ability to measure the concen-
tration of salsolinol at this site. Nevertheless, studies of sal-
solinol’s actions may provide insights into the mechanisms
by which ethanol exerts its effects.
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