
Persistent Enhancement of Ethanol Drinking Following a
Monosodium Glutamate-Substitution Procedure in C57BL6/J and
DBA/2J Mice

Brian A. McCool and Ann M. Chappell
Department of Physiology & Pharmacology, Wake Forest School of Medicine, Winston-Salem,
NC 27157 U.S.A.

Abstract
Inbred mouse strains such as C57BL/6J (B6) and DBA/2J (D2) and related strains have been used
extensively to help identify genetic controls for a number of ethanol-related behaviors, including
acute intoxication and sensitivity to repeated exposures. The disparate ethanol drinking behaviors
of B6 mice expressing high-drinking/preference and D2 mice expressing low-drinking/preference
have yielded considerable insight into the heritable control of alcohol drinking. However, the B6-
high and D2-low drinking phenotypes are contrasted with ethanol-conditioned reward-like
behaviors, which are robustly expressed by D2 mice and considerably less expressed by B6 mice.
This suggests that peripheral factors, chiefly ethanol taste, may help drive ethanol drinking by
these and related strains, which complicates mouse genetic studies designed to understand the
relationships between reward-related behaviors and ethanol drinking. Traditional approaches such
as the sucrose/saccharin-substitution procedure that normally accentuate ethanol drinking in
rodents have had limited success in low drinking/preferring mice such as the D2 line. This may be
due to allelic variations of the sweet taste receptor subunit, expressed by many ethanol low-
drinking/preferring strains, which would limit the utility of these types of substitution approaches.
We have recently shown (McCool & Chappell, 2012) that monosodium glutamate (MSG), the
primary component of umami taste, can be used in a substitution procedure to initiate ethanol
drinking in both B6 and D2 mice that greatly surpasses that initiated by a more traditional sucrose-
substitution procedure. In this study, we show that ethanol drinking initiated by MSG substitution
in D2 mice, but not sucrose substitution, can persist for several weeks following removal of the
flavor. These findings further illustrate the utility of MSG substitution to initiate ethanol drinking
in distinct mouse strains.
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Introduction
Voluntary ethanol consumption in rodents is a valuable model for understanding the
neurobiological and genetic mechanisms that drive drinking behaviors such as ethanol
preference and reward. Because many rodent species do not show an innate drive to
consume ethanol, investigators sometimes employ a substitution procedure in which animals
are allowed to initially consume a solution containing ethanol sweetened with sucrose or
saccharin (Samson, 1986). The sweetener is then gradually removed until the animal is
drinking only ethanol in water. This procedure has proved invaluable for delineation of the
neurobiological control of ethanol drinking/self-administration (reviewed in (McBride and
Li, 1998; Samson and Czachowski, 2003)). It has been routinely employed to initiate
ethanol drinking in many rodent species.

Inbred mouse strains provide a valuable resource for defining genetic contributions to a
number of pathologies, including drug and alcohol abuse. These diverse genotypes exhibit
unique ethanol drinking characteristics, and extensive interbreeding programs using strains
such as the C57BL/6J (B6) and DBA/2J (D2) strains have been used to define potential
genetic contributions to numerous alcohol-related behaviors including ethanol preference
(Fehr et al., 2005; Weng et al., 2009), acute intoxication/sedation (Browman and Crabbe,
2000; DuBose et al., 2013; Hood and Buck, 2000), tolerance (Kirstein et al., 2002), and
withdrawal severity (Shirley et al., 2004). For drinking phenotypes, many strains have a
strong aversion to ethanol taste, which may dramatically influence the interpretation of
behaviors such as preference, home-cage intake, and reward learning. For example, it is well
established that D2 mice exhibit very limited voluntary ethanol drinking in the home cage,
but this strain exhibits robust intragastric self-administration (Fidler et al., 2011) as well as
strong ethanol-conditioned place preference (Font and Cunningham, 2012). Taste aversion-
conditioning studies show that D2 mice generalize the taste of bitter compounds with
ethanol taste while B6 mice taste both a sweet and a bitter component of ethanol (Blizard,
2007). Importantly, D2 mice carry an allele of the sac locus which encodes a sweet ‘taste’
receptor that has reduced response to sweet compounds like saccharin and sucrose (Max et
al., 2001; Montmayeur et al., 2001; Reed et al., 2004). These biological characteristics
strongly suggest that the taste of ethanol is a major factor limiting ethanol drinking in D2
mice.

Both sweet and umami flavors elicit natural ‘seeking’ behaviors (Uematsu et al., 2011).
More importantly, these tastants bind to unique receptors on the tongue (Zhao et al., 2003),
suggesting that genetic determinants decreasing the efficacy of sweet tastes are unlikely to
be the same as those influencing umami tastes. This suggests that umami (monosodium
glutamate [MSG]) might be used as an alternative to sucrose in substitution procedures to
initiate ethanol drinking in rodents. Indeed we have recently shown that MSG substitution
can engender substantial ethanol drinking in the home cage in both B6 and D2 mice
(McCool and Chappell, 2012). However, there are many variations of the tastant-
substitution approach in the literature, and it was unclear if the details within the substitution
process could ultimately influence ethanol drinking. It was also unclear if ethanol drinking
induced by MSG substitution produced persistent ethanol drinking above that achieved with
sucrose. Both questions were explored in the current study.

Materials and methods
Animals

Adult male C57BL6/J (B6) and DBA/2J (D2) mice (5 weeks old; n = 8 in each treatment
group) were purchased from a commercial supplier (Jackson Laboratories, Bar Harbor, ME)
and were individually housed on a reverse light–dark cycle (lights off at 7:00 AM) under
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standard conditions with food and water available ad libitum. Animals were handled every
day throughout the study. All procedures were approved by the Wake Forest Animal Care
and Use Committee and were consistent with the NIH Guide for the Care and Use of
Animals.

Tastant-substitution procedure and limited-access drinking
Individuals were initially exposed to the different tastants (sucrose or MSG) using
continuous access in the home cage for 2–3 days. During this period, mice had free access to
water and 10% sucrose (in the sucrose-substitution group) or water and 100 mM MSG (in
the MSG-substitution group). Ten percent sucrose engenders near maximal consumption in
both B6 and D2 mice (Lewis et al., 2005; Pothion et al., 2004). Additionally, we have shown
that 100 mM MSG is maximally ‘preferred’ in both B6 and D2 mice (McCool and Chappell,
2012).

Following this continuous-access tastant exposure, ethanol drinking was initiated using a
modified ‘drinking in the dark’ (DID) procedure (Rhodes et al., 2005) as previously
described (McCool and Chappell, 2012). Briefly, 2-hr access to a drinking ‘tube’ (5 mL
serological pipette with 0.05 mL accuracy) was initiated 30 min after the beginning of the
dark cycle 5 days each week. During the 2-hr limited access, mice were given single tubes
containing either 100 mM MSG or 10% sucrose on 2 consecutive days; food was available
ad libitum during this period. Following this initial exposure to the tastants alone, ethanol
concentrations were increased incrementally from 2% to 7% (Fig. 1). MSG and sucrose
concentrations were then lowered to 75 mM and 7.5%, respectively, and ethanol
concentrations were again incrementally increased from 8% to 12%. MSG and sucrose
concentrations were again lowered to 50 mM and 5%, respectively, and mice were given
access to ethanol concentrations increasing from 13% to 15%. Finally, MSG and sucrose
were gradually diminished completely, using decreasing concentrations from 40, 30, 20, and
10 mM MSG or 4%, 3%, 2%, and 1% sucrose in the continued presence of 15% ethanol.
Animals were always given access to each tastant/ethanol combination for at least 2
consecutive days. Novel tastant/ethanol combinations were never introduced on Mondays
following weekends where no drinking took place, such that animals received some ethanol/
tastant combinations for 3 days (Thursday, Friday, and Monday). Experiments with the
sucrose or MSG substitution were conducted in parallel. The entire tastant fade-out/ethanol
(15%) fade-in procedure took approximately 8 weeks. At the end of the tastant substitution,
animals were then given DID access to 15% ethanol 5 days a week over 6 consecutive
weeks.

Statistics
Ethanol drinking, expressed as either g ethanol/kg/session or mL/session, was averaged
across days for any given condition within each animal. Mean consumption was then
averaged across animals within each treatment group. Drinking data were typically analyzed
using a standard 2-way ANOVA, and main factors are described within each experiment.
Significance levels were assumed at p < 0.05. Bonferroni’s multiple comparisons test was
used post hoc to compare individual data points within the main factors when there were
significant within-factor effects. Interactions between main factors were not analyzed post
hoc. In some cases, standard t tests were used to compare groups when appropriate.

Results
B6 and D2 mice exhibit differential consumption of sucrose and MSG

The tastant substitution procedures began with an initial exposure to MSG or sucrose alone.
During this 2-day period, B6 and D2 mice consumed different amounts of these tastants
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(illustrated in Fig. 2A1/B1 and Fig. 3A1/B1 at 0% ethanol). Two-way analysis of the volume
of tastant consumed found a significant interaction (p < 0.001, F = 47.65) between strain (B6
versus D2) and tastant (MSG versus sucrose) as main factors. Within a strain, B6 mice drank
significantly more of the 10% sucrose (2.4 ± 0.1 mL) than the 100 mM MSG (1.2 ± 0.2 mL;
p < 0.001, Bonferroni multiple comparison post-test), while D2 mice drank significantly
more 100 mM MSG (1.8 ± 0.1 mL) than 10% sucrose (0.9 ± 0.2 mL; p < 0.01, Bonferroni).
Previous work has shown that, while 10% sucrose and 100 mM MSG engender unique
magnitudes of absolute consumption within B6 and D2 mice, these concentrations are
maximally preferred by both strains (Lewis et al., 2005; McCool and Chappell, 2012).

MSG and sucrose substitution initiate ethanol drinking in B6 mice
The MSG and sucrose substitution initiated considerable ethanol drinking in B6 mice (Fig.
2). Ethanol intake (g/kg/2 hr, ● and ■) during the ethanol ‘fade-in’ (Fig. 2A1 and 2B1) was
characterized by a relatively stable increase across a range of ethanol and tastant
concentrations. For the 100 mM MSG concentration, there was a significant increase in
intake (g/kg/2 hr) as ethanol concentrations increased (p < 0.01, repeated-measures
ANOVA, F = 3.8), but a Neuman-Keuls multiple comparison post-test showed that this
effect was driven by low intakes when ethanol concentrations were < 3% (p < 0.05 to 0.01
comparing 2% and 3% ethanol to 4–7%), with animals drinking 1.9–2.1 g/kg across the 4–
7% ethanol concentrations. The volume of the 100 mM MSG-containing solution did not
significantly differ between any of the ethanol concentrations (p > 0.05, F = 1.4, repeated-
measures ANOVA). During the 75 mM MSG period, ethanol intakes ranged from 2.4–2.7 g/
kg/2 hr and were not significantly different across the 7–12% ethanol concentrations (p >
0.05, F = 1.2, repeated-measures ANOVA). This likely reflected precise titration of the
volume of MSG-ethanol consumed because this declined significantly across these
concentrations (p < 0.001, F = 6.5, repeated-measures ANOVA, Neuman-Keuls multiple
comparison post-test). For the 50 mM-MSG period, we found intakes ranging from 2.8–3.2
g/kg, and these were not significantly different from one another across 13–15% ethanol
concentrations (p > 0.05, F = 1.4, repeated-measures ANOVA). The volumes consumed
during this period were also not different from each other (p > 0.05, F = 1.5, repeated-
measures ANOVA).

In the B6 mice undergoing the sucrose substitution, we found similar results. During the
10% sucrose period, intakes (g/kg/2 hr) of 3–7% ethanol were significantly greater (p <
0.001, F = 34.2, repeated-measures ANOVA) than that of 2% and plateaued around 3.3–3.4
g/kg/2 hr for concentrations above 3% ethanol (p < 0.001, Neuman-Keuls multiple
comparison post-test). The 7% and 5% sucrose periods could be similarly described with
intakes across different concentrations not being significantly different from one another
except for intake of 11% ethanol during the 7% sucrose period (p < 0.05, F = 3.2, repeated-
measures ANOVA). The volume of ethanol/sucrose consumed declined significantly
throughout the 10%, 7%, and 5% sucrose periods (p < 0.001 and F = 7.5 for 10% sucrose, p
< 0.001 and F = 12.6 for 7% sucrose, and p < 0.05 and F = 5.0 for 5% sucrose, repeated-
measures ANOVA).

During the tastant fade-out period in the B6 mice, both MSG and sucrose groups
significantly declined their intakes across the range of tastant concentrations (Fig. 2A2 &
2B2). For the B6-MSG mice, intakes significantly declined from 3.2 ± 0.1 g/kg/2 hr to 2.7 ±
0.4 g/kg/2 hr (p < 0.05, F = 3.2, repeated-measures ANOVA). However, the total volume
consumed by B6-MSG mice during the ‘fade-out’ of MSG decreased modestly but not
significantly during this period (p ≈ 0.1, F = 2.2, repeated-measures ANOVA). Mice were
still gaining weight during the fade-out period (28.6 ± 0.5 g to 29.9 ± 0.6 g, p < 0.001, F =
21.9, repeated-measures AVOVA), suggesting the modest decrease in g/kg/2 hr intakes were
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substantially influenced by increasing body weights. For the B6-sucrose mice, the same
effects were evident although they appeared more pronounced with both intake and volume
consumed decreasing significantly across the tastant ‘fade-out’ period (p < 0.0001, F = 23.3
for intake and F = 22.5 for volume consumed, repeated-measures ANOVA). Like the B6-
MSG mice, B6-sucrose mice gained a significant amount of body weight throughout the
‘fade-out’ period (29.1 ± 0.5 g to 30.1 ± 0.6 g, p < 0.0001, F = 20.0, repeated-measures
ANOVA). However, the body weights of B6-MSG and B6-sucrose mice did not
significantly differ from one another at the end of this period (p > 0.05, t test).

MSG and sucrose substitution initiate ethanol drinking in D2 mice
Unlike B6-MSG mice, D2-MSG mice did not significantly alter ethanol intakes (○, g/kg/2
hr; Fig. 3A1) during the 100 mM and 75 mM periods of the MSG/ethanol substitution (p >
0.05, F = 0.5 for 100 mM and F = 1.8 for 75 mM, repeated-measures ANOVA). This precise
titration of intakes may be reflected by the significant decrease in the volume of ethanol/
MSG consumed (x, mL, Fig. 3A1) during these periods (p < 0.001, F = 23.1 for 100 mM
MSG and p < 0.05, F = 3.9 for 75 mM MSG, repeated-measures ANOVA). During the 50
mM MSG period, D2-MSG intakes at 14% and 15% ethanol were significantly less than
those for 13% ethanol (p < 0.05, F = 7.3, repeated-measures ANOVA), consistent with the
significant decrease in the volume of ethanol/MSG consumed across these concentrations (p
< 0.01, F = 8.1, repeated-measures ANOVA). During the MSG ‘fade-out’ period of the
substitution procedure (Fig. 3A2), there was a trend for declining ethanol intakes (1.1 ± 0.2
g/kg/2 hr with 40 mM MSG to 0.7 ± 0.2 g/kg/2 hr at 0 mM MSG) and volumes (0.23 ± 0.03
mL to 0.15 ± 0.04 mL) as the MSG concentration decreased, but these did not reach
statistical significance (p > 0.05, F = 2.3 for intake and F = 2.1 for volume, repeated-
measures ANOVA).

For the D2-sucrose mice, intakes (□, g/kg/2 hr, Fig. 3B1) dramatically and significantly
increased as ethanol concentrations increased from 2% to 4% (p < 0.001, F = 16.9, repeated-
measures ANOVA) but then plateaued around 4% (p > 0.05, Neuman-Keuls multiple
comparison post-test). This was mirrored by the volumes of ethanol/sucrose consumed (x,
mL; p < 0.001, F = 6.5, repeated-measures ANOVA) which was not significantly different
from 2% to 4% ethanol (p > 0.05, Neuman-Keuls multiple comparison post-test), then
decreased significantly across ethanol concentrations greater than 4% (p < 0.05 to p < 0.001,
Neuman-Keuls multiple comparison post-test). Ethanol intakes during both the 7.5% and 5%
sucrose periods did not differ significantly across ethanol concentrations (p > 0.05, F = 0.9
for 7.5% and F = 3.1 for 5%, repeated-measures ANOVA), although the volume of ethanol
consumed during the 7.5% sucrose period continued the trend from the end of the 10%
sucrose period and significantly declined across the 8–12% ethanol concentrations (p < 0.01,
F = 6.1, repeated-measures ANOVA). During the sucrose fade-out period (Fig. 3B2), D2
mice intakes of 15% ethanol varied significantly across the range of sucrose concentrations
(p < 0.01, F = 5.0, repeated-measures ANOVA), with the significant decline in the volume
of ethanol/sucrose being consumed (p < 0.01, F = 4.7, repeated-measures ANOVA) from
3% to 0% sucrose (p < 0.05 to p < 0.01, Neuman-Keuls multiple comparison post-test),
possibly driving most of this change in intake. As with the B6 mice, body weights at the end
of the substitution procedure were not significantly different between the D2-MSG (26.4 ±
0.7 g) and the D2-sucrose mice (26.1 ± 0.3 g; p > 0.05, t test).

Strain comparisons within the MSG- or sucrose-substitution procedures
The data from Figures 2 and 3 were subsequently re-analyzed to compare across strain and
ethanol concentration within a given substitution procedure (Fig. 4). Across all 3 MSG
concentrations, the B6 mice had significantly higher intake levels than D2 mice (p < 0.05, F
= 6.4 strain effect for the 100 mM period, p < 0.001 and F = 63.4 for the 75 mM period, and
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p < 0.001 and F = 150.7 for the 50 mM period, 2-way ANOVA; Fig. 4A1). There were no
significant main effects of ethanol concentration or any interaction between ethanol
concentration and strain. Post hoc analysis (Bonferroni multiple comparison post-test)
revealed significant strain differences during both the 75 mM and 50 mM MSG periods.
During the MSG fade-out period, both strain (p < 0.001, F = 379.9) and MSG concentration
(p < 0.05, F = 3.5, 2-way ANOVA) significantly influenced ethanol intake (Fig. 4A2), but
there was no interaction between these factors. For the sucrose groups, 2-way ANOVA
analysis of intake data with strain and ethanol concentration as main factors found
significant differences between strains at each sucrose concentration (Fig. 4B1). During the
10% sucrose period, there were significant main effects of both strain (p < 0.001, F = 42.4)
and ethanol concentration (p < 0.001, F = 19.0) but no significant interaction between
factors. Post hoc analysis with Bonferroni’s multiple comparison test defined significant
strain differences at 4% ethanol (p < 0.05) and both 6% and 7% ethanol (p < 0.01). These
strain differences were also evident for both the 7.5% sucrose and 5% sucrose periods (p <
0.001 for the strain factor, F = 172.3 for 7.5% and F = 89.4 for 5%), but ethanol
concentration as a factor was no longer significant. With 15% ethanol, the sucrose fade-out
(Fig. 4B2) revealed a significant interaction (p < 0.01, F = 5.1) between strain and sucrose
concentration, possibly due to an ethanol concentration-dependent decrease in intake in the
B6 mice. This was supported by significant main effects for both strain (p < 0.001, F =
396.1) and ethanol concentration (p < 0.001, F = 11.25), along with significant differences
between all the concentrations defined by post hoc analysis (p < 0.001, Bonferroni’s
multiple comparison test).

MSG-enhanced ethanol drinking persists for several weeks
Following the sucrose and MSG substitution, B6 and D2 mice were allowed 2-hr daily
access to 15% ethanol, 5 days a week, for 6 consecutive weeks. We found that intake levels
were differentially stable during the prolonged period of 15% ethanol drinking and appeared
to depend upon both strain and sucrose or MSG history. In B6 mice we found that ethanol
intake was significantly larger in animals following MSG substitution compared to the
sucrose substitution (Fig. 5A). Two-way ANOVA with tastant history and week of drinking
as the main factors indicated a significantly larger ethanol intake in B6-MSG mice compared
to B6-sucrose mice (p < 0.001, F = 56.1), but there was no significant main effect of the
week of ethanol drinking and no significant interaction between tastant history and drinking
week. Post hoc analysis with Bonferroni’s multiple comparison test found significant
differences between B6 mice from the different tastant histories in weeks 1 (p < 0.01), 2 (p <
0.01), 5 (p < 0.05), and 6 (p < 0.01).

Ethanol drinking was also enhanced in D2 mice following MSG substitution compared to
sucrose substitution. It should be noted that one of the D2-sucrose mice in this experiment
consumed significantly more than the rest of the individuals in this experimental group. The
average intake from this animal was 0.9 ± 0.1 g/kg/2 hr across all 6 weeks; and Grubb’s test
of weekly averages indicate it was a significant outlier (at least p < 0.05) for 5 out of the 6
weeks. In fact, ethanol intake by this animal in the last 3 weeks of the experiment was
almost 10 times greater than the rest of this experimental group and approached levels seen
in some of the D2-MSG group (see below). Data from this animal were excluded from the
following analysis. In the remaining D2 mice, ethanol intake following MSG substitution
was significantly greater than following sucrose substitution (Fig. 5B, p < 0.001, F = 58.6,
2-way ANOVA with tastant history and week as main factors). There was no significant
main effect of the week of drinking and no significant interaction between main factors.
Bonferroni post hoc analysis revealed significantly more drinking in the D2-MSG mice in
weeks 3–6 (p < 0.01 for each). This reflects a substantial decline in ethanol drinking in the
D2-sucrose mice across the 6 weeks – from 0.30 ± 0.02 g/kg/2 hr in week 1 to 0.10 ± 0.02 g/
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kg/2 hr in week 6 (a ~67% decrease) – while ethanol drinking in the D2-MSG mice was
stable during this same period. These data suggest that MSG substitution initiates stable
ethanol drinking in D2 mice while sucrose substitution does not.

Importantly, the MSG substitution and sucrose substitution did not alter the relative
differences in drinking phenotype between the 2 strains. B6 mice consumed significantly
more 15% ethanol than D2 mice across all the drinking weeks regardless of the tastant used
in the substitution procedure (Fig. 5C). Similarly, B6 mice weighed significantly more (20.6
± 0.3 g) than D2 mice (16.4 ± 0.4 g; p < 0.001, t test) despite being similar ages (~5 weeks).
These differences in body weight that were apparent from the beginning of the experiment
were also evident at the end of the experiment 15 weeks later: B6-sucrose mice weighed
33.9 ± 0.7 g, B6-MSG mice weighed 33.6 ± 0.8 g, D2-sucrose mice weighed 30.3 ± 1.3 g,
and D2-MSG mice weighed 31.3 ± 0.8 g. Two-way analysis using strain and tastant history
as main factors showed a significant effect of strain (p < 0.01, F = 10.0) but not of tastant
history. These findings suggest that the simultaneous MSG/ethanol-substitution procedure
produces a greater ethanol intake than the sucrose/ethanol-substitution in both B6 and D2
mice but does not alter relative differences between the strains for either ethanol drinking or
the physical characteristic of body weight.

Discussion
In the current study we found that a substitution procedure using monosodium glutamate
produced ethanol drinking by inbred mouse strains more effectively than a more traditional
sucrose substitution. Each strain exhibited unique drinking patterns directed at the different
tastants alone: B6 mice drank more 10% sucrose than 100 mM MSG while D2 mice drank
more 100 mM MSG than 10% sucrose. However, the volumes of MSG and sucrose
consumed during this initial tastant-only exposure did not significantly correlate either with
15% ethanol intake (g/kg/2 hr) or with the volume of 15% ethanol consumed. Mice also
exhibited unique drinking behaviors directed at the 15% ethanol once the substitution
procedure had been completed. In B6 mice, the MSG substitution increased drinking of 15%
ethanol by ~40% above that produced with sucrose substitution, and this drinking difference
persisted for the entire 6-week experimental period. The relative difference between MSG-
and sucrose-substitution procedures in B6 mice compares favorably with the ~30% increase
we found in a previous study using a different substitution procedure (McCool and
Chappell, 2012). In D2 mice, the effect of MSG substitution was even more dramatic and
increased ethanol consumption by ~40% in week 1 and by ~450% in weeks 4–6 when
ethanol drinking following sucrose substitution dramatically decreased (Fig. 5). Moreover,
despite the dramatic MSG-dependent increase in ethanol drinking in both strains, the well-
established drinking phenotypes of these inbred strains was not altered in this particular
study, with B6 mice drinking 8–10 fold more ethanol than D2 mice. This is consistent with a
large body of literature describing differences in voluntary ethanol consumption in these
strains across different drinking paradigms (Belknap et al., 1993; Mittleman et al., 2003;
Rhodes et al., 2007; Risinger et al., 1998; Yoneyama et al., 2008).

There are limited reports of novel substitution procedures being employed with inbred
mouse strains making comparisons across studies problematic. However, our limited
experience with MSG substitution suggests that the precise construct of the substitution
procedure may ultimately influence the magnitude of the resulting ethanol consumption in
some inbred mouse strains. For example, our recent study (McCool and Chappell, 2012)
found that a variant of the MSG substitution used here produced higher ethanol drinking in
the D2 mice than the current study was able to generate. In that work, D2 mice drinking
15% ethanol produced intakes of ~1.5 g/kg/2 hr compared to the 0.4–0.5 g/kg/2 hr intakes in
the current work. However, ethanol drinking in B6 mice appears to be relatively insensitive
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to the exact construct of the substitution procedure. For example, B6-MSG ethanol intakes
were almost identical between the current study (2.7–3.0 g/kg/2 hr) and our previous
publication (~2.9 g/kg/2 hr). Additionally, these intake levels are comparable to DID
drinking studies in which ethanol is placed on the home cage of B6 mice 1 hour after lights-
out without using any substitution procedure (Rhodes et al., 2005). Regardless, differential
response of D2 mice in the different studies is potentially interesting. Our previous study
employed an ‘incremental substitution” – first ‘fading in’ ethanol to a low concentration
(5%) then ‘fading out’ the tastant before ultimately raising ethanol concentrations to 15%.
The current study altered both ethanol and tastant concentrations simultaneously. The
ethanol ‘fade-in periods’ to 5% were identical between studies; the ethanol intakes of this
concentration likewise did not differ between studies. It is likely then that the different
approaches used for the MSG ‘fade-out’ produced marked differences in ethanol intake at
least in the D2 mice. Importantly, the incremental substitution used by McCool and
Chappell (2012) allowed mice to consume 5% ethanol for 18 days as MSG was slowly
removed and offered an additional week of drinking 5% ethanol alone prior to increasing
ethanol concentrations from 5% to 10%, and finally to 15% on separate weeks. This gave
the D2 mice a full week to experience drinking each ethanol concentration. In the current
study, mice had access to each ethanol concentration for only 2–3 days at a time and also
drank ethanol across a constantly changing background of tastant concentrations. These
differences in the precise scheduling of the substitution procedure together suggest that
prolonged access to lower ethanol concentrations might engender greater ethanol drinking in
D2 mice. This is consistent with the robust ethanol-conditioned taste aversion learning in
this strain (Horowitz and Whitney, 1975), which has typically employed higher ethanol
concentrations. Indeed, ‘pre-exposure’ to ethanol reduces subsequent conditioned taste
aversion in D2 mice (Risinger and Cunningham, 1995). The longer access to lower,
presumably less aversive, ethanol concentrations in the ‘incremental substitution’ might
provide an opportunity for this strain to ‘learn’ the pharmacological salience of ethanol
which is presumed to play a critical role in reducing/avoiding aversions to higher ethanol
concentrations. But, we should note that direct, simultaneous comparisons between the
schedules used in the current study and that employed in our previous work (McCool and
Chappell, 2012) would be needed to directly test this hypothesis.

The mechanism responsible for increased ethanol drinking following MSG substitution is
uncertain. It is possible that MSG acts directly on specific neurobiological mechanisms
within the central nervous system to influence ethanol preference/consumption. However,
glutamate is a non-essential amino acid, and this amino acid is rapidly integrated into
numerous biosynthetic pathways and converted to other biochemical intermediary
metabolites. Indeed, oral administration of 1 g/kg glutamate – similar to the largest amount
any mouse would have consumed in our study (~1.2 g/kg by B6 mice consuming 100 mM
MSG) – does not change brain levels of this amino acid (Caccia et al., 1982). And
‘glutamate-enriched’ diets engendering ~25 g/kg/day oral intake in mice do not cause any of
the hypothalamic neurotoxicity that is apparent with subcutaneous injection of 4–5 g/kg
MSG (Takasaki, 1978). Since our animals had a nutritionally complete diet available
throughout the drinking period, it is likely that < 10% of the glutamate consumed during a
limited access session would have even been found in the circulation (Bourdel et al., 1981).
Since MSG activates a cadre of taste receptors that are unique from the ‘sweet’ receptors on
the tongue, it is also possible that it is the distinct taste of MSG relative to ethanol that
provides mice an opportunity to associate ethanol taste with any internal cues that drive
consumption. Conditioned taste aversion experiments show nicely that B6 mice generalize
the taste of ethanol with both bitter and sweet tastes while D2 mice generalize ethanol to
only bitter tastes (Blizard, 2007). This finding offers some insight into the limited utility of
sucrose or saccharin to induce ethanol drinking by D2 mice. Further, these data suggest that
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the unique character of MSG flavor might offer a better contrast between ethanol and the
tastant during the substitution procedure.

In summary, we show here that monosodium glutamate can be used in a substitution
procedure to induce more robust ethanol drinking than traditional tastants such as sucrose in
both C57BL/6J and DBA/2J inbred mouse strains. Further, MSG-dependent increases in
ethanol drinking persist for at least 6 weeks. These findings suggest that the MSG
substitution may offer a useful avenue to study ethanol drinking within rodent species that
typically do not consume ethanol.
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Figure 1.
Tastant-substitution procedure used in the current study. The concentrations of sucrose and
monosodium glutamate (MSG) used in the procedure are indicated above and below the
dark bar, respectively. The precise concentration changes for the tastants occurred at specific
ethanol concentrations as described in the Methods section. Ethanol concentrations (white
bars) were gradually increased from 2% to 15% over an 8-week period with animals
experiencing each ethanol concentration for 2–3 days. After 15% ethanol was introduced for
2 days, tastants were finally faded away over the span of about a week, and drinking of 15%
ethanol alone was assessed for 6 consecutive weeks.
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Figure 2.
MSG and sucrose substitution initiated robust ethanol drinking in B6 mice. (A) MSG
substitution with 15% ethanol produced robust ethanol intakes (●, g/kg/2 hr; x, mL/2 hr)
across a range of both ethanol and MSG concentrations (A1). During the MSG fade-out
(A2), ethanol drinking was relatively stable despite declining MSG concentrations. (B) In
the sucrose-substitution group with B6 mice, ethanol intake (■, g/kg/2 hr; x, mL/2 hr)
tended to remain relatively stable across sucrose concentrations when ethanol concentrations
were > 3% (B1). However, during the sucrose fade-out (B2), ethanol drinking declined in
parallel with declining sucrose concentrations.
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Figure 3.
MSG and sucrose substitution initiated ethanol drinking in D2 mice. (A) Unlike B6 mice,
ethanol intake (○, g/kg/2 hr) in D2-MSG mice remained relatively constant across a range
of both MSG and ethanol concentrations. This reflects a very precise titration of the volume
of ethanol/MSG consumed by these mice (A1). During the MSG substitution (A2), D2 mice
maintained ethanol drinking except at the point where MSG was entirely removed from the
solution. (B) D2 mice undergoing the sucrose-substitution procedure (□, g/kg/2 hr, B1)
rapidly increased intakes until ethanol concentrations reached 5%. Intakes were then titrated
by apparently decreasing the volume of ethanol/sucrose consumed (x, mL). After sucrose
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concentrations declined to < 5% during the substitution, ethanol drinking decreased
dramatically. During the sucrose substitution (B2), ethanol drinking continued to decline.
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Figure 4.
Strain comparisons during the substitution procedure suggest that the MSG substitution did
not alter the relative differences in ethanol drinking behavior between B6 and D2 mice. For
mice undergoing the MSG-substitution procedure (A), B6 and D2 mice did not significantly
diverge from one another until the procedure employed 75 mM MSG. Two-way ANOVA
with strain and ethanol concentration as the main factors revealed a significant difference
between strains but no effect of ethanol during both the 75 mM and 50 mM MSG periods (p
< 0.001, A1). Significant differences between strains remained during the MSG substitution
(A2, p < 0.001, 2-way ANOVA). During the sucrose-substitution procedure (B), ethanol
intakes by B6 and D2 mice diverged significantly during the 10% sucrose period as ethanol
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concentrations were raised above 3% (B1; 2-way ANOVA, p < 0.001 for the strain factor
and for the ethanol concentration factor). The significant strain differences, but not the
ethanol concentration effect, were also present during the 7.5% and 5% sucrose periods (p <
0.001, 2-way ANOVA). There was a significant interaction between factors during the
sucrose fade-out (B2, p < 0.01, strain and sucrose concentrations as main factors). Post hoc
analysis of the strain factor used Bonferroni’s multiple comparison tests, *p < 0.05, **p <
0.01, ***p < 0.001.
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Figure 5.
Enhanced ethanol drinking initiated by the MSG substitution persisted for 6 weeks. (A) In
B6 mice, the MSG-substitution procedure produced significantly higher ethanol intakes than
the sucrose-substitution procedure (p < 0.001 for across the tastant factor, 2-way ANOVA).
Post hoc analysis with Bonferroni’s multiple comparison tests showed that the differences
between MSG substitution and sucrose substitution were evident in weeks 1, 2, 5, and 6 (*p
< 0.05, **p < 0.01). (B) For D2 mice, ethanol drinking was also significantly greater
following the MSG substitution relative to sucrose substitution (p < 0.001, 2-way ANOVA)
and was particularly pronounced in weeks 3–6 (Bonferroni’s post-test). (C) Strain
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comparisons within a given substitution procedure showed that neither the sucrose
substitution (C1) nor the MSG substitution (C2) altered the well-characterized differences
between B6 and D2 mice (see text). ***p < 0.001, Bonferroni’s multiple comparison test
between strains across weeks.
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