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Abstract
Voluntary oral ethanol consumption in rodents is generally limited by strong taste-aversion in
these species. Historically, this has been overcome by combining ethanol with a sweetener,
typically sucrose or saccharine, and then slowly ‘fading’ away the sweetener. While useful in most
instances, this approach has not proven as successful for some inbred strains of mice (e.g. DBA/
2J) despite consistent evidence in the literature that these same strains express strong conditioned
place preference for intraperitoneal- or intragastric-administered ethanol. Importantly, DBA/2J
mice express a polymorphism in a ‘sweet’ taste receptor subunit gene that reduces the potency of
sweet substances in these mice. We hypothesized that the presence of this polymorphism might
help explain the contrasting behavioral findings of weak voluntary oral ethanol consumption
following sucrose-fade yet robust conditioned place-preference for ethanol in this strain. To test
this, we compared ethanol consumption initiated by either a ‘traditional’ sucrose-fade or a fade
from an alternative tastant, monosodium glutamate (MSG). We found that in both C57BL/6J and
DBA/2J mice the MSG-fade produced robust increases in home-cage ethanol consumption relative
to the traditional sucrose-fade. This increased ethanol intake following MSG-fade was evident
across a range of ethanol concentrations. Our findings suggest the potential utility of the MSG-
fade to establish stable voluntary oral ethanol consumption in mice, particularly ethanol ‘non-
preferring’ strains like DBA/2J, and lend additional support to the notion that ethanol consumption
in DBA/2J mice is limited by pronounced taste aversion.
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Introduction
A central question in ethanol use/abuse is defining the central mechanisms that control the
motivation to drink. Both taste and the subsequent post-ingestion pharmacological effects of
the consumed ethanol are believed to be substantial contributors to the motivation to drink in
non-dependent animals. C57BL/6J (B6) mice will voluntarily consume >10g/kg of 10%
ethanol during 24hr home cage access when they prefer ethanol to water by ≈70% (Belknap
et al., 1993; Yoneyama et al., 2008). Conversely DBA/2J (D2) mice drink ≈1g/kg of 10%
ethanol and chose water over ethanol by ≥80% (Belknap et al., 1993; Yoneyama et al.,
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2008). Similar strain differences are evident in operant models of oral ethanol self-
administration (Risinger et al., 1998). In contrast, D2 mice learn to discriminate IP ethanol
from saline in almost half the time required by B6 mice (Shelton and Grant, 2002) and have
more robust conditioned place preference for IP-administered ethanol (Cunningham et al.,
1992; Gabriel and Cunningham, 2008). Both strains selectively respond for IV-administered
ethanol at similar rates (Grahame and Cunningham, 1997). These findings suggest that the
taste of ethanol may be a significant factor limiting oral ethanol consumption by inbred
mouse strains like D2.

The combination of ethanol with naturally rewarding tastants can engender significantly
greater ethanol consumption compared to ethanol alone. For example saccharin increases
home cage ethanol consumption in both B6 and D2 mouse lines (Belknap et al., 1993;
Yoneyama et al., 2008). The response to sweetened ethanol is dramatically strain-dependent
(Yoneyama et al., 2008), suggesting that the biological mechanisms controlling ethanol and
ethanol+sweet consumption may be genetically influenced (Phillips et al., 1994). B6 and D2
mice express distinct forms of the Tas1R3 gene which appears to govern the distinct
saccharin preference in these mouse strains (Bachmanov et al., 2001; Max et al., 2001).
Alterations in the TAS1R3 taste receptor protein reduces the sensitivity to sweet tastants
(Inoue et al., 2007) and to ethanol (Blednov et al., 2008) but does not alter consumption of
sodium chloride, quinine, or monosodium glutamate (Inoue et al., 2007). This suggests that
reduced ‘behavioral’ efficacy of sucrose- or saccharine-related sweeteners to initiate ethanol
consumption in D2 or other ‘non-drinking’ strains may be related to the diminished
‘biological’ efficacy of sweet tastants at taste receptors expressed in these strains.

Monosodium glutamate (MSG) is a unique tastant contributing to the ‘umami’ or savory
flavor in protein-rich foods. MSG is preferred relative to water across a range of
concentrations in two-bottle choice tests on different mouse lines (Bachmanov et al., 2000).
Importantly, the biology of umami taste may involve numerous taste receptors including
both the T1-family of receptors (Chen et al., 2009) and variants of the metabotropic
glutamate receptors expressed by taste cells on the tongue (Monastyrskaia et al., 1999; San
Gabriel et al., 2009). This suggests that genetic polymorphisms that reduce sweet taste might
not similarly impact MSG consumption (Bachmanov et al., 2000). In the current study we
test the hypothesis that MSG can be used to initiate ethanol consumption in inbred mouse
lines.

Materials and Methods
Subjects

C57BL/6J (B6) and DBA/2J (D2) male mice were purchased at 5 weeks of age from the
Jackson Laboratory (Bar Harbor, ME, USA) and housed individually on a reversed light/
dark cycle (7am lights off). Food and water (exceptions noted below) were provided ad
libitum. Animals were individually housed without any manipulation for four days to allow
them to recover from any shipping-related stress. Animals were handled daily throughout
the remainder of the study. All procedures were approved by the WFU IACUC and were
consistent with the NIH Guide for the Care and Use of Animals.

Procedures
Two-bottle Choice—D2 or B6 male mice (n=16/strain) were individually housed and
given access to 25ml graduated bottles (0.2ml accuracy) containing either water or water
containing various concentrations of MSG (25mM, 50mM, 100mM, 200mM, and 400mM)
as the only liquid source. Different concentrations of MSG were tested in ascending order on
separate weeks. Water and tastant bottle positions were alternated each day. We made daily
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measures of the total volume consumed from each ‘bottle’ (to the nearest 0.2ml) and animal
weight. Individuals whose consumption differed >25% on one side of the home cage versus
the other were excluded from the two-bottle choice data analysis for that particular
concentration (see Results). Total daily MSG and water intake were measured and used to
calculate total fluid intake (MSG+water volume) and MSG preference ratio (MSG volume/
total fluid volume).

For the ethanol drinking experiments, mice were randomly assigned to sucrose- or MSG-
fade groups. Individuals were first tested using a four-day, 24hr two-bottle choice paradigm
in the home cage similar to that described above. During this ‘choice’ period, the only fluids
available for consumption on the home cage were water and either 10% sucrose in the
sucrose-group or 100mM monosodium glutamate (MSG) in the MSG-group. 10% sucrose
was chosen since it has been previously shown to engender near maximal consumption in
both B6 and D2 mice (Lewis et al., 2005; Pothion et al., 2004). Prior to this study, MSG has
not been as extensively studied in D2 mice (see Figure 1). Animals having any side bias (see
above) during the two-bottle drinking period were excluded from the data shown in Table 1
but were kept in the ethanol drinking studies that followed (see below) since these latter
experiments involved consumption from only a single bottle.

Limited Access Ethanol Self-administration in the Home Cage—For the sucrose-
or MSG-fade and ethanol self-administration in the home cage, we used a variant of the
single-bottle ‘drinking in the dark’ (DID) protocol (Rhodes et al., 2005). Two-hour access to
the drinking ‘bottle’ (5ml serological pipette, 0.1ml accuracy) began 30min after the
beginning the dark phase (lights-off at 7:00am) for 5 days a week with no access during the
weekends. Standard home-cage drinking bottles were removed during this period and total
volume consumed from 5ml drinking tubes was measured at the end of the access period.
Food was kept in the home cage during the two-hour access, and standard water bottles were
replaced immediately after the drinking session.

Following introduction to the tastants during a four-day, continuous access, two-bottle
choice period (above), mice were first given 2hr DID access to the tastant (100mM MSG or
10% sucrose) alone for two consecutive days. During the ethanol fade-in period (see Fig. 2),
all mice were subsequently given access to mixtures of 100mM MSG or 10% sucrose plus
increasing concentrations of ethanol (2, 4, and then 5%) with access at each concentration
spanning at least two consecutive days. During the following tastant fade-out period MSG or
sucrose concentrations in the 5% ethanol mixture were decreased to 75mM or 7.5%
(respectively), to 50mM/5%, to 25mM/2.5%, to 10mM/1%, and finally to 5% ethanol alone
for all mice in this experiment. Access to each tastant concentration + 5% ethanol was again
given on at least two consecutive days. Novel ethanol/tastant combinations were never
introduced on Mondays with some ethanol+tastant combinations therefore being given on
three days interrupted by weekends where no drinking took place. Both the ethanol fade-in
and the sucrose/MSG fade-out periods together lasted four weeks. At the end of the tastant
fade-out period all animals were then given access to 5% ethanol alone, followed by 10%
ethanol, then 15% ethanol for five consecutive days (Tue, Wed, Thur, Fri, and Mon) at each
concentration. This procedure was performed on two different cohorts of animals (n=8 in
each). The sucrose- and MSG-experiments in each strain were run in parallel.

Statistics—Data were expressed as either mean ‘preference’, mean volume of liquid
consumed (in milliliters), or as mean intake expressed as grams consumed per kilogram
body weight per 2hr DID session (g/kg/2hr). Standard two-way ANOVA was used to
analyze most data; and, the Tukey-Kramer multiple comparisons test was used post-hoc to
identify significant differences across main factors where appropriate. Asterisks (*) and
pound-signs (#) denote significant differences across individual factors that were identified
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with this post-hoc analysis. For some experiments, paired student’s t-test was used as noted
in the results. Statistical significance for all analyses was defined as P<0.05.

Results
Two Bottle-Choice Drinking: MSG and Water

Since MSG drinking in the D2 strain has not been extensively explored, our initial
experiment was designed to define an MSG concentration for future fade-studies that
produces similar levels of intake/preference between B6 and D2 mice. In a standard two-
bottle choice paradigm executed in the home cage where separate cohorts of 8 male mice
from the D2 and B6 lines (n=16 for each strain) were given weekly access to water and
water containing ascending concentrations of MSG (25mM, 50mM, 100mM, 200mM, and
400mM), we found that the volume of MSG consumed by both strains was very similar
across MSG concentrations less than 200mM. Two-way ANOVA (repeated measures) found
a significant interaction between strain and MSG concentration (P<0.001, F=52.5, DF=4). A
Tukey-Kramer post-hoc multiple comparison test of these data found a significant difference
between the strains at the 400mM MSG concentration (Fig. 1A, *** -- P<0.001). This later
finding suggests that the significant interaction between strain and MSG was mainly related
to the difference in consumption at this highest MSG concentration. There was also a
significant increase in water consumption by both strains as MSG concentration increased
(P<0.001, F=82.1, DF=4, repeated measures two-way ANOVA) but no significant
strain×concentration interaction and no difference between B6 and D2 strains (P>0.05,
F=0.08, DF=1 for strain and F=1.5, DF=4 for the interaction). MSG concentrations greater
than 100mM significantly increased 24hr water intake (Fig. 1B, # -- at least P>0.05, Tukey-
Kramer post-hoc). Given that water intake was not significantly difference between strains,
total fluid consumption (MSG plus water, Fig. 1C) and MSG preference ratio (Fig. 1D) were
very similar to MSG consumption alone. We subsequently selected 100mM MSG for the
tastant-fade studies since it produced nearly identical consumption/preference measures in
B6 and D2 mice and did not dramatically alter water consumption in either strain.

MSG- and Sucrose Fade to 5% Ethanol
Two-bottle Choice Drinking—For the ethanol drinking studies using the tastant-fade
procedure, we familiarized mice with drinking from bottles and to the individual tastants
themselves by initially exposing them to 10% sucrose or 100mM MSG using a four day,
24hr two-bottle choice test in the home cage. In the sucrose groups, only one out of sixteen
D2 mice consistently drank more (>25%) from one side of the home cage than the other
while none of the B6 mice expressed any observable ‘side preference’. In the MSG groups,
one of the sixteen D2 mice and two of the sixteen B6 mice consistently had a side-
preference. Animals exhibiting side-bias were excluded from the two-way analysis. With
strain and tastant representing the two independent variables in this study (Table 1), we
found significant interactions between these factors for several of the dependent variables
including the volume of tastant consumed (P<0.001, F=210.4, DF=1), water intake (P<0.01,
F=8.5, DF=1), total fluid intake (P<0.001, F=111.5, DF=1), and tastant preference ratio
(P<0.001, F=34.7, DF=1). In general, these interactions appear to be driven by sucrose-
groups which drank significantly larger volumes of the tastant compared to MSG-mice
(Tukey-Kramer post-hoc test; P<0.001). This tended to reduce water intake to some degree
but the effect on water intake was significant only for B6 mice (P<0.001, Tukey-Kramer).
When measured at the end of the two-bottle choice period, sucrose-D2 mice weighed
significantly less than their B6 counterparts. Importantly D2 mice also arrived from the
vendor with substantially smaller body weights (14.9±0.3g; P<0.001, t=2.2, DF=62, t-test)
compared to B6 mice (18.6±0.2g) despite being a similar age at the beginning of the study
(~5 weeks).
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Fade-In to 5% Ethanol—Immediately following the two bottle choice test, all animals
(n=32 in each strain, n=16 for each tastant per strain) were subjected to a modified ‘drinking
in the dark’ (Rhodes et al., 2005) protocol for five days each week as described in the
methods section. Animals were initially given limited access to the same tastant (sucrose or
MSG) they experienced during the four-day two-bottle choice period and subsequently to
ethanol concentrations increasing from 2% (v/v), 4%, and finally 5% (Fig. 2). For ethanol
intake by D2 mice (g/kg/2hr), there was a significant interaction between the type of tastant
mixed with the ethanol and ethanol concentration (P<0.01; F=5.7, DF=2, repeated measures
two-way ANOVA). Importantly, ethanol intake was significantly less in MSG-D2 compared
to sucrose-D2 at every ethanol concentration tested (Fig. 3A, *** -- P<0.001, Tukey-Kramer
post-hoc multiple comparison test). There was also a significant increase in ethanol intake
when moving from 2% to 4% ethanol (not shown, P<0.001, Tukey-Kramer) but only in the
sucrose-D2 mice. Individual data points in Figure 3 represent mean intakes across individual
animals averaged over the two-to-three days of consumption at each ethanol concentration
(see Methods).

Compared to the D2 mice, a slightly different pattern of intake by B6 mice emerged across
the increasing ethanol concentrations. As with the D2 data, the data points in Fig. 3C
represent mean intakes or consumption levels across the 2–3 days B6 animals were given
access to a particular ethanol concentration. Intakes (g/kg/2hr) increased for both MSG- and
sucrose-fade B6 mice. Repeated measures two-way analysis did not find any significant
interaction between the type of tastant and ethanol concentration, although there were
significant main-effects of both ethanol concentration (P<0.001; F=122.3, DF=2) and the
type of tastant used in the fade (P<0.001, F=229.8, DF=1). Along the concentration-factor,
B6 ethanol intake initially increased when ethanol concentrations increased from 2% to 4%
(P<0.001, Tukey-Kramer) and then stabilized when ethanol concentrations increased from
4% to 5% (P>0.05). Importantly, ethanol intakes were greater in sucrose-B6 mice compared
to MSG-B6 mice at all three ethanol concentrations (Fig. 3C, *** -- P<0.001, Tukey-Kramer
post-hoc).

Tastant Fade-out—After increasing the ethanol concentration to 5%, the amount of
sucrose or MSG in the mixture was reduced across a range of defined concentrations. In D2
mice, we again found that ethanol intakes were relatively stable in MSG-mice compared to
their sucrose counterparts. There was a significant interaction between the type of tastant
and the tastant concentration (P<0.001, F=36.6, DF=5, repeated measures two-way
ANOVA) with ethanol intakes converging towards similar levels. There were significant
differences between MSG- and sucrose-D2 mice occurring only at the four highest tastant
concentrations (Fig. 3B, ** -- P<0.01 and *** -- P<0.001, Tukey-Kramer post-hoc multiple
comparison test), but not at the lowest two concentrations (P>0.05). Along the
concentration-factor (data not shown), we found significant differences between the two
highest sucrose concentrations (10% and 7.5%) and the lower sucrose concentrations
(P<0.01 or greater, Tukey-Kramer) but no significant differences between the MSG
concentrations tested here.

Despite greater ethanol intakes overall, the pattern of ethanol intake by B6 during the tastant
fade-out appeared qualitatively similar to the D2 data. There was a significant interaction
between tastant concentration and the type of tastant (P<0.001, F=40.4, DF= 5, repeated
measures two-way ANOVA) with significant differences between sucrose and MSG at the
four highest concentrations tested (Fig. 3D, *** -- P<0.001, Tukey-Kramer multiple
comparison post-hoc). There was also a significant concentration-dependent decrease in
ethanol intake along the concentration factor for both sucrose and MSG (not shown, P<0.05
or greater, Tukey-Kramer post-hoc).
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Concentration-Dependent Ethanol Consumption
Immediately following the sucrose- and MSG-fade period, animals were given access to
increasing concentrations of ethanol alone on consecutive weeks. As indicated in the
Methods section, ethanol concentrations were changed on Tuesdays in a given week to
avoid introducing a novel concentration immediately following a weekend when animals did
not drink. For daily 5% ethanol drinking by D2 mice (Fig. 4A), ethanol intake (g/kg/2hr)
was not significantly different across the different tastant-histories (closed symbol=Sucrose
fade; open symbol=MSG-fade) and there was no significant interaction between tastant and
day of the week (P>0.05, repeated measures two-way ANOVA). However, there was a
significant effect of day of the week (P<0.001, F=11.7, DF=4, repeated measures two-way
ANOVA) with drinking on Monday being significantly higher than any other day of the
week (P<0.05 or greater; Tukey-Kramer multiple comparison post-hoc test). At higher
ethanol concentrations, there were still no interactions between day of the week and tastant
history although now there emerged significant main-effects of each factors for both 10%
(P<0.01, F=10.0, DF=1 for tastant history; P<0.001, F=4.8, DF=4 for day) and 15% ethanol
(P<0.01, F=11.6, DF=1 for tastant; P<0.01, F=3.9, DF=4 for day). Despite the significant
main-effect of day at both ethanol concentrations, post-hoc multiple comparisons (Tukey-
Kramer) of the 10% ethanol data did not identify any specific day of the week with
significantly greater intake across each tastant (P>0.05). For 15% ethanol however, intake
was significantly lower on Tues relative to Wed and Thur in only the sucrose-D2 animals
(P<0.05). Importantly, ethanol intake by MSG-D2 mice was consistently larger compared to
sucrose-D2 on most days for both 10% and 15% ethanol (Fig. 4A, * -- P<0.05, ** -- P<0.01,
*** -- P<0.001, Tukey-Kramer).

To provide a more concise picture of ethanol concentration-dependent drinking engendered
by the sucrose- and MSG-fade, we analyzed mean intake data for individual animals across
Tuesday through Friday during weekly drinking at a given ethanol concentration. Mondays
were excluded from this analysis to avoid confounds related to any ‘weekend off’ changes in
consumption. Analysis of these ‘weekly’ intake (g/kg) data in D2 mice revealed a significant
interaction (P<0.001, repeated measures two-way ANOVA) between ethanol concentration
and the type of tastant used for the fade. Specifically MSG-D2 mice had significantly greater
ethanol intakes (g/kg/2hr) than sucrose-D2 mice at both the 10% (P<0.01) and 15%
(P<0.001) concentrations (Fig. 4B, Tukey-Kramer post-hoc multiple comparison test).
Across the concentration factor, intakes were significantly greater in the MSG-D2 mice as
ethanol concentration increased (not shown, P<0.001, Tukey-Kramer); however intakes in
sucrose-D2 mice appeared concentration-independent (P>0.05).

Like the D2 mice, the MSG-fade also increased ethanol intake in B6 mice relative to the
sucrose-fade. For daily drinking summaries at 5% ethanol (Fig. 4C), we again found a
significant main-effect of day of the week (P<0.001, F=31.2, DF=4, repeated measures two-
way ANOVA) but not tastant history nor any interaction between these factors (P>0.05).
Like the D2 mice, Monday intakes following a weekend of no drinking were significant
larger than intakes during the rest of the week for both sucrose- and MSG-B6 mice (not
shown; P<0.001, Tukey-Kramer post-hoc multiple comparisons test). For 10% ethanol (g/
kg/2hr), the significant main-effect of day remained (P<0.05); and there emerged a
significant main-effect of tastant history (P<0.001) without any interaction between factors
(P>0.05, repeated measures two-way ANOVA). The main-effect of day appeared to be
driven primarily by the significant intake differences between Monday and the preceding
Tuesday (not shown; P<0.05, Tukey-Kramer). Importantly, there were also significant
differences between ethanol intake of sucrose- and MSG-B6 mice on three out of five
drinking days (Fig. 4C; * -- P<0.05, ** -- P<0.01, *** -- P<0.001, Tukey-Kramer). Finally,
during daily sessions with 15% ethanol, there was a significant interaction between day and
tastant history (P<0.001). Post-hoc multiple comparisons found significant differences
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between tastants on two out of five drinking days (Fig. 4C; *** -- P<0.001, Tukey-Kramer).
‘Weekly’ ethanol intake across the tastant- and ethanol concentration-variables likewise had
a significant interaction between these factors (P<0.01, repeated measures two-way
ANOVA). Along with a significant increase in ethanol intake as concentration increased
across the concentration factor (not shown, P<0.001, Tukey-Kramer post-hoc multiple
comparison test), ethanol intakes were also significantly greater in MSG-B6 mice relative to
sucrose-B6 animals at both the 10% and 15% ethanol concentrations (Fig. 4D; *** --
P<0.001, Tukey-Kramer post-hoc).

The significant strain-dependent difference in the body weights noted in the two-bottle
choice dataset was also present at the end of the 15% ethanol access period (not shown,
P<0.001, two-way ANOVA). However, there was no significant difference in body weight
between sucrose-D2 (24.2±0.5grams) and MSG-D2 mice (24.8±0.6grams; P>0.05) or
sucrose-B6 (27.6±0.5 grams) and MSG-B6 animals (27.6±0.4 grams; P>0.05, Tukey-
Kramer).

Discussion
In the current study we have shown that an alternative tastant, monosodium glutamate
(MSG), can be used during a traditional fade-out procedure to initiate limited-access ethanol
drinking in the home cage by C57BL/6J (B6) and DBA/2J (D2) male mice. In our hands, the
MSG-fade produces higher levels of ethanol intake than a sucrose-fade in both inbred
strains. This suggests that the MSG-fade might be a very useful tool to produce increased
ethanol self-administration in mouse strains traditionally considered to be ‘ethanol non-
preferring’. For example, the level of ethanol consumption in D2 mice with a MSG-history
in our study was substantially greater than intakes reported for this strain in the literature
even with much longer DID limited access (Rhodes et al., 2007).

During the extended two bottle choice experiment between varying concentrations of MSG
and water (Fig. 1), we were able to identify a MSG concentration (100mM) that engendered
similar consumption volumes and preferences in both B6 and D2 mice. For the B6 mice, our
results are similar to previous work with the related C57BL/6ByJ and C57BL/6-CrSLC
stains (Bachmanov et al., 2000;Yamamoto et al., 2009). MSG drinking by D2 or related
strains of mice has not been as extensively studied. Klotus and Blizard reported that D2
mice did not prefer MSG to water in a 6-hour limited-access two bottle choice test (Kotlus
and Blizard, 1998). However, this study employed a slightly higher MSG concentrations
(150mM) than that defined as producing the optimum preference (100mM) in the current
work. The older mice used in the former study might have also contributed to any
differences between our studies.

The four-day two bottle choice exposure prior to the ethanol fade largely paralleled the
MSG intake data from the long term study. This dataset clearly shows that both 10% sucrose
and 100mM MSG were more preferred than water in both B6 and D2 mice. However,
sucrose preference/intake was much more robust than MSG preference/intake in both
strains. We initially chose 10% sucrose for our studies because it engendered similar
preferences between B6 and D2 in the literature (Lewis et al., 2005; Pothion et al., 2004).
Although the four day two bottle choice exposure might have directly influenced the
subsequent fading results or the ethanol self-administration findings, the differences in
preference between sucrose and MSG in either strain did not ultimately predict the level of
ethanol intake. For example, sucrose was clearly the most preferred tastant in both strains
yet the MSG-fade produced higher levels of ethanol intake in each. Likewise, D2 mice had a
greater MSG preference than B6, while B6 had a greater sucrose preference that D2. B6
mice ultimately had higher ethanol intake levels regardless of their tastant-history. Finally,
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sucrose and MSG intake or preference during the four day initial exposure did not correlate
with ethanol intake. This suggests to us that the initial tastant preference or any tastant-
specific nutritive contribution ultimately makes a relatively minor contribution to the
consumption of ethanol alone following the fade.

The MSG or sucrose/ethanol fade procedure yielded a number of novel observations that
deserve additional discussion. First, MSG-D2 mice appear more sensitive to increasing
ethanol concentrations since they were able to maintain constant ethanol intakes across a
relatively narrow range of ethanol concentrations (Fig. 3A). Given that both strains have
higher intakes with the sucrose/ethanol mixture compared to the MSG/ethanol mixture, this
data might suggest that sucrose better ‘masks’ the taste of ethanol. This interpretation would
complement our findings of higher preference levels for sucrose compared to MSG in both
strains (Table 1). Finally, it is also noteworthy that the ethanol intake in D2 mice during the
MSG fade-out was relatively constant (Fig. 3B) throughout the same period where ethanol
intake in MSG-B6 decreased in a concentration-dependent fashion (Fig. 3D). This strain
difference could be regulated by a number of distinct neurobehavioral mechanisms. For
example, a number of important studies from the Cunningham laboratory have shown that
D2 mice more readily acquire conditioned place preference for IP- administered ethanol
(Cunningham et al., 1992;Gabriel and Cunningham, 2008;Gremel et al., 2006). This
suggests that the pharmacological salience of ethanol may be more pronounced in the D2
strain relative to B6.

Finally, we found that the ethanol intakes by B6 and D2 mice following the sucrose- and
MSG-fade were dramatically altered by the ethanol concentrations that animals were
allowed to consume. During this study, we noted that 5% ethanol consumption on Mondays
following a weekend of no drinking produced significantly greater intakes in both strains.
Although similar results were not forth-coming with the 10% and 15% ethanol drinking, this
pattern of consumption appears similar to the ‘alcohol deprivation effect’ where ethanol
consumption/self-administration is increased following brief periods of experimentally
forced abstinence (Geiger and Barker, 1976; Khisti et al., 2006; Sparta et al., 2009).
Conversely, while there was no difference between MSG- and sucrose-groups at the 5%
ethanol concentration, both B6 and D2 mice with a MSG-fade history had statistically larger
ethanol intakes than sucrose-fade mice during drinking of the higher (10–15%) of ethanol
concentrations. It is also apparent from our data that ethanol intakes by B6 mice were much
more robust than by D2 mice, but only at ethanol concentrations higher than 5%. This
finding is generally consistent with a large body of literature describing differences in
voluntary ethanol consumption in these strains across different self-administration
paradigms (Belknap et al., 1993; Mittleman et al., 2003; Rhodes et al., 2007; Risinger et al.,
1998; Yoneyama et al., 2008).

An interesting difference between ethanol intake in the current study and the available
literature is that the MSG-fade appears to produce a proportionally larger consumption
relative to sucrose in the D2 mice. Although the reasons for this are unclear, it is worth
noting that the MSG-fade procedure itself may have provided more prolonged exposures to
lower ethanol concentrations than procedures used in the literature. This prolonged exposure
to low ethanol concentrations might be particularly suited for D2 mice to ‘overcome’ their
well-known robust ethanol conditioned taste aversion-learning (Horowitz and Whitney,
1975). Supporting this, unpublished findings from Dr. Judy Grisel (Furman University)
show that an extended drinking experience with mixtures of non-alcoholic beer and ethanol
result in similar levels of 7% ethanol intake by B6 and D2 mice (personal communication).
Similarly, ‘pre-exposure’ to ethanol is known to reduce subsequent conditioned taste
aversion in D2 mice (Risinger and Cunningham, 1995).
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There are a number of limitations in the current experimental design that we must also
acknowledge. We did not measure blood ethanol concentrations (BECs) following the
drinking sessions in any of the mice used in this study. There is therefore no direct evidence
that either B6 or D2 mice drank quantities of ethanol sufficient to produce a
pharmacological effect. Previous work from another lab suggests that meaningful BECs may
only be evident in the 2hr DID paradigm when ethanol intakes greatly exceed 1g/kg (see
Figure 3A in (Rhodes et al., 2005)) or when the access period is much longer than 2hr
(Rhodes et al., 2007). Given the robust ethanol metabolism in mice and the fact that food
was available throughout the daily access periods, it is conceivable that one would have to
know the precise pattern of ethanol consumption in a given strain in order to sample peak
blood ethanol concentrations during a 2hr access period. Finally, the limited access
paradigm with a single bottle also restricts interpretation of the drinking data. Additional
studies with ethanol preference, direct BEC measures after longer access periods, or post-
consumption behavioral assessments are needed to test the hypothesis that increased
drinking following an MSG fade results in an overt pharmacological effect.

Because of these limitations, the exact mechanisms regulating increased ethanol intake
following the MSG-fade remain to be established. One possibility is that MSG might act
directly on the nervous system to increase ethanol consumption in the home cage. High
doses of intra-peritoneal MSG can be neurotoxic to adult mouse hypothalamic neurons
(Dawson, 1983; Park et al., 2000). However the MSG dose required for neurotoxicity (4mg/
g) is considerably larger than that being ingested orally during at typical limited access
period (≤1.3mg/g). Since glutamate is a non-essential amino acid whose uptake sites in the
gut readily adapt to dietary levels, it is probable that only a fraction (<10%; (Bourdel et al.,
1981)) of the ingested glutamate would likely be found in the circulation following a limited
access drinking session. It is also noteworthy that a single D2 mouse in the sucrose-fade
group did drink 15% ethanol at levels (0.4–1.3 g/kg/2hr) similar to the MSG-fade D2 mice.
This suggests that sucrose-fade D2 mice possess the capacity to ingest quantities of ethanol
similar the MSG-fade D2 mice but simply fail to do so. Finally, the history of MSG- or
sucrose-exposure might alter metabolic or peripheral processes which ultimately contribute
to ethanol consumption in the absence of the tastants themselves. However, any tastant-
dependent changes in peripheral processes must last for many weeks in order to influence
ethanol consumption during the latter phases of our ethanol drinking experiment. One would
imagine such effects would be evident in the 5% ethanol intake data which did not indicate
any differences between the tastants. We favor the alternative hypothesis that the MSG-
ethanol mixture, unlike sucrose-ethanol, may avoid ‘confusion’ between the ethanol and
tastant cues during the fade-out (Fig. 3B). Since D2 mice readily generalize conditioned
taste aversion of bitter but not sweet solutions to 10% ethanol (Blizard, 2007), high sucrose
concentrations may merely mask the more ‘bitter-like’ taste of ethanol experienced by D2
mice and ultimately disadvantage positive associations between ethanol taste and
pharmacology.

In summary, we have shown that using monosodium glutamate as a tastant produces a
greater level of ethanol intake than does the more traditional tastant sucrose during a tastant-
fade procedure. The magnitude of this effect was particularly robust in male DBA/2J mice
although MSG was also effective in male C57BL/6J mice. Together these findings might
suggest the utility of a MSG-fade procedure for the initiation of measurable limited-access
ethanol drinking in mouse strains traditionally considered to be ethanol ‘non-preferring’.
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Figure 1. Continuous home-cage two bottle-choice access to increasing concentrations of
monosodium glutamate (MSG) defines a ‘most palatable’ concentration
(A) Average MSG consumption (in milliliters) across increasing concentrations illustrates a
significant divergence in the volume consumed at higher MSG concentrations between
C57BL/6J (B6, □) and DBA/2J (D2, ○) mice. There was a significant interaction between
MSG concentration and strain (P<0.001, repeated measures two-way ANOVA). *** --
P<0.001, Tukey-Kramer post-hoc multiple comparison test across the strain-factor. (B)
Average daily water consumption (milliliters) during the two-bottle choice showed no
significant differences between strains and no significant interaction between strain and
MSG concentration. However, water volumes consumed were significantly greater for the
200mM and 400mM concentrations compared lower MSG concentrations. # -- P<0.05,
Tukey-Kramer post-hoc across the MSG concentrations. (C) Like MSG alone, there was a
significant interaction between MSG concentration and strain for total fluid intake (in
milliliters; MSG intake + water intake; P<0.001, repeated measures two-way ANOVA). ***
-- P<0.001, Tukey-Kramer post-hoc test across the strain-factor. (D) The average
‘Preference Ratio’ was calculated as the volume of MSG consumed (in milliliters) divided
by the total fluid consumed. The ratio generally followed the same concentration-dependent
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changes as MSG consumption (P<0.001, repeated measures two-way ANOVA, for strain ×
concentration interaction). * -- P<0.05, Tukey-Kramer post-hoc across the strain-factor.
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Figure 2. Fade procedure
The fade procedure used a modified, single-bottle “Drinking in the Dark” paradigm
according to published procedures (Rhodes et al., 2005). Animals were initially given a two
bottle choice, continuous access exposure to the tastants prior to the limited access exposure
(see Table 1). The modified fade-procedure increased ethanol concentrations (open bars)
and tastant (MSG or sucrose; closed) concentrations independently from one another over a
four-week period. Following the substitution procedure, animals were given limited DID
access to increasing concentrations of ethanol in the absence of any tastants. See Methods
section for details.
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Figure 3. Increasing ethanol concentrations during the fade-in procedure limits intake in a
strain- and tastant-dependent fashion
(A) During the ethanol fade-in, MSG-D2 mice had significantly lower ethanol intakes (g/kg/
2hr) compared to sucrose-D2 mice (n=16 in each experimental group). There was a
significant interaction between ethanol concentration and the type of tastant (P<0.01,
repeated measures two-way ANOVA). (B) Comparisons of 5% ethanol intake (g/kg/2hr)
during the sucrose and MSG fade-out in D2 mice also revealed a significant interaction
between both strain and tastant concentration (P<0.001, repeated measures two-way
ANOVA) with values converging towards similar levels in the absence of tastant. (C)
Ethanol intake (g/kg) in MSG-B6 mice was significantly lower than sucrose-B6 mice during
the ethanol fade-in period (n=16 in each experimental group). There were significant main
effects of the type of tastant (P<0.001) and ethanol concentration (P<0.001, repeated
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measures two-way ANOVA) but no interaction between these factors. (D) Like D2 mice,
ethanol intake during the tastant fade-out in B6 mice indicated a significant interaction
(P<0.001, repeated measures two-way ANOVA) between tastant concentration and the type
of tastant. For all panels, individual data points represent mean intake across the groups with
intakes from individual animals averaged over the two-to-three days of consumption at each
tastant or ethanol concentration. ** -- P<0.01, *** -- P<0.001, Tukey-Kramer post-hoc test
across the tastant-factor. Post-hoc results for the concentration factor are not shown (see
text).
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Figure 4. Ethanol intakes are larger in MSG-fade mice and are concentration-dependent
(A) Average daily ethanol intake (g/kg/2hr) in D2 mice (same individuals from Figure 3)
was significantly greater at 10% and 15% ethanol following the MSG-fade compared to the
sucrose-fade. For 5% ethanol, there was a significant effect of the day of the week (P<0.001,
repeated measures two-way ANOVA, see text for details). For 10% and 15% ethanol intakes
(g/kg/2hr), there were significant main-effects of both day of the week and the tastants
(repeated measures two-way ANOVA, see text for details) with D2 animals from the MSG-
fade drinking significantly more that sucrose-fade animals during several days at each
concentration. * -- P<0.05, ** -- P<0.01, *** -- P<0.001, Tukey-Kramer post-hoc test across
the ‘tastant history’-factor. (B) D2 daily intake values (g/kg/2hr) were averaged (excluding
Monday, see text) across the weeks. For these data, there was a significant interaction
(P<0.001, repeated measures two-way ANOVA) between tastant history and ethanol
concentrations. Ethanol intakes by MSG-D2 mice were significantly greater than sucrose
D2-mice at both the 10% and 15% ethanol concentration (** -- P<0.01, *** -- P<0.001,
Tukey-Kramer post-hoc multiple comparison test). (C) Mean daily ethanol intakes in B6
mice following the MSG- and sucrose-fade. * -- P<0.05, *** -- P<0.001, Tukey-Kramer
across the tastant-factor. Post-hoc analysis of day of the week is not shown (see text for
details). (D) For mean weekly ethanol intakes in B6 mice, there was a significant interaction
between ethanol concentration and fade history (P<0.01, repeated measures two-way
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ANOVA). Ethanol intakes with the 10% and 15% ethanol concentration were significantly
greater in MSG-B6 mice compared to sucrose-B6 mice (*** -- P<0.01 Tukey-Kramer post-
hoc multiple comparison test). Post-hoc comparisons across the concentration-factor are not
shown (see text).
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Table 1

Summary of Two-bottle Choice Drinkinga

Strain 10% Sucroseb 100mM MSG 2×2 Statisticc

Tastant Intake (ml)
B6 16.8 ± 0.3 5.1 ± 0.2$$$

Interaction (***)
D2 9.5 ± 0.4###d 6.5 ± 0.3##,$$$

Water Intake (ml)
B6 1.1 ± 0.1 2.8 ± 0.3$$$

Interaction (**)
D2 1.7 ± 0.1# 2.2 ± 0.2#

Total Fluid Intake (ml)
B6 17.8 ± 0.3 7.9 ± 0.3$$$

Interaction (***)
D2 11.2 ± 0.4### 8.7 ± 0.4$$$

Preference (ml tastant/ml total)
B6 0.94 ± 0.03 0.66 ± 0.03$$$

Interaction (***)
D2 0.85 ± 0.08### 0.75 ± 0.02###,$$$

Body Weight (g)
B6 19.1 ± 0.4 19.3 ± 0.5

Strain (**)D2 17.2 ± 0.5## 18.3 ± 0.3

a
Three separate cohorts of C57BL6/J (B6) and DBA2/J mice (D2) for each tastant (n=16 total for each strain). Animals exhibiting ‘side preference’

for bottle position in the home cage are not included in this analysis (see text).

b
Mean ± SEM is shown for each strain and tastant. Values across test-days were averaged within each animal.

c
Repeated measures two-way ANOVA with strain and tastant as main factors.

**
-- P<0.01,

***
-- P<0.001

d
Tukey-Kramer post-hoc multiple comparison test of the strain-factor (#, within a tastant) and tastant factor ($, within a strain).

#
P<0.05,

##
P<0.01,

###,$$$
P<0.001
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