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Inhibition of the rostromedial tegmental nucleus reverses
alcohol withdrawal-induced anxiety-like behavior

Elizabeth J. Glover(®'?, E. Margaret Starr', Ying Chao', Thomas C. Jhou' and L. Judson Chandler'?

Acute withdrawal from alcohol is associated with a number of unpleasant symptoms that play an important role in preventing
recovery and long-term abstinence. Considerable research has focused on the role that neuropeptide systems and the amygdala
play in mediating affective symptoms of acute withdrawal, but promising preclinical findings have not translated successfully into
the clinic. The rostromedial tegmental nucleus (RMTg) has been implicated in both fear and anxiety. In addition, RMTg neurons
exert inhibitory control over midbrain dopamine neurons, the activity of which are suppressed during acute withdrawal. Thus, we
hypothesized that the RMTg may play a role in mediating symptoms of acute withdrawal. Using a chronic ethanol vapor exposure
paradigm that renders rats physically dependent on ethanol, we observed significant withdrawal-induced enhancement of cFos
expression in the RMTg. This was accompanied by a significant increase in somatic symptoms and a decrease in reward sensitivity
as measured by intracranial self-stimulation (ICSS). Both measures followed a similar time course to RMTg cFos expression with peak
symptom severity occurring 12 h following cessation of ethanol exposure. Heightened anxiety-like behavior was also observed in
withdrawn rats at this same time point. RMTg inhibition had no effect on somatic signs of withdrawal or withdrawal-induced
changes in reward sensitivity, but significantly attenuated withdrawal-induced anxiety-like behavior. Together, these data
demonstrate that the RMTg plays a distinct role in the negative affective state associated with acute withdrawal and may therefore

be critically involved in the neurobiological mechanisms that promote relapse during early stages of recovery.

Neuropsychopharmacology (2019) 44:1896-1905; https://doi.org/10.1038/541386-019-0406-8

INTRODUCTION
Acute withdrawal from alcohol is among the criteria for an
alcohol use disorder (AUD) and results in a constellation of
somatic and affective symptoms [1]. Alcohol-dependent indivi-
duals are frequently motivated via negative reinforcement to drink
to alleviate these symptoms [1, 2]. Rodent models of dependence
have effectively recapitulated both somatic and affective with-
drawal symptoms. For example, chronic ethanol exposure is
associated with signs of rigidity and motor impairment [3-8],
increased anxiety-like behavior [3, 9, 10], and decreased reward
sensitivity [7]. In agreement with negative reinforcement driving
alcohol consumption, a number of studies have shown that
animals self-administer ethanol in greater quantities during acute
withdrawal compared with pre-dependence levels [11-14] and
that ethanol intake at this time prevents the development of
withdrawal symptoms [6]. Moreover, animals allowed to drink
during acute withdrawal exhibited higher levels of intake relative
to those whose intake was confined to protracted withdrawal
once acute symptoms have subsided [15]. These data suggest that
a critical window exists during the first 24h of withdrawal
whereby the inability to remain abstinent can be detrimental to
long-term efforts to curb drinking.

Like withdrawal from other drugs of abuse, alcohol withdrawal
is associated with reduced activity in ventral tegmental area (VTA)
dopamine neurons [8]. This is accompanied by decreased

extracellular dopamine levels in the nucleus accumbens
that, similar to symptoms of withdrawal, is greatest 8-12h
following cessation of ethanol exposure [8, 16, 17] and is reversed
upon re-exposure to ethanol [8, 17]. Despite the correlation
between VTA dopamine release and withdrawal symptoms,
considerable research aimed at understanding the neurobiology
of withdrawal-induced negative affect has focused on neuropep-
tide systems like corticotropin-releasing factor (CRF) and the
amygdala due to their overlapping involvement in both AUDs
and anxiety [18]. Although manipulation of the CRF system has
shown promise in reducing withdrawal symptoms in animal
models [3, 10, 19, 20], recent clinical trials produced negative
findings [21, 22]. While by no means conclusive ([23]; see ref. [24]),
these observations underscore the importance of exploring
alternative neurobiological substrates that may play a role in
withdrawal and therefore pose new targets to aid in recovery
from AUDs.

One such potential target is a small GABAergic region known as
the rostromedial tegmental nucleus (RMTg), also known as the tail
of the VTA (tVTA). First identified in 2009, the RMTg receives
glutamatergic input from the lateral habenula (LHb), sends a
dense projection to the VTA thereby exerting inhibitory control
over midbrain dopamine neurons, and is delineated by expression
of the transcription factor FoxP1 [25-27]. This neural circuit
(LHb-RMTg-VTA), which exhibits only modest direct connectivity
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with the amygdala [28], has been characterized for its involvement
in negative reward prediction error [29]. In addition, similar to the
amygdala, the RMTg plays a role in both fear expression and
anxiety-like behavior [30], as well as conditioned avoidance in
response to acute withdrawal from cocaine [31] and punishment
[32]. Given its functional relevance and role in regulating
dopamine release, we hypothesized that the RMTg may be
involved in mediating withdrawal-induced negative affect. We
tested this hypothesis in a rat model of alcohol dependence by
examining the effect of RMTg inhibition on changes in reward
sensitivity and anxiety-like behavior during acute withdrawal.

MATERIALS AND METHODS

Animals

Adult male Long-Evans rats (Envigo, Indianapolis, IN) were used
for all experiments. All procedures were conducted with the
approval of the Medical University of South Carolina’s Institutional
Animal Care and Use Committee, and adhered to the guidelines
provided by the National Research Council's Guide for the Care
and Use of Laboratory Animals [33].

Chronic intermittent ethanol exposure

Rats were rendered physically dependent upon alcohol using a
chronic intermittent ethanol (CIE) vapor exposure paradigm as
previously described [35]. Rats were exposed to ethanol vapor for
14 h per day for 14 consecutive days before initiation of studies
examining the effects of withdrawal. Controls were treated
similarly, except they were exposed to room air (AIR). Blood
samples were obtained via tail vein puncture immediately upon
removal from the vapor chambers at the end of the 2nd, 6th, 10th,
and 14th exposure days. Samples were analyzed for blood ethanol
concentration (BEC) using a colorimetric enzymatic assay [34] or
Analox alcohol analyzer (Analox Instruments, Atlanta, GA).

To avoid chronic blood sampling, rats were also scored for
behavioral signs of intoxication daily, at the end of each ethanol
exposure period, using a 5-point scale as described previously
[35]. Target levels of intoxication were set at 250 mg/dL, which
equates to ~2.5 on the 5-point behavioral intoxication scale.
Because of the potential confounding effect that sampling could
have on measures of withdrawal-induced negative affect, blood
samples were not obtained immediately prior to withdrawal
testing to demonstrate absence of intoxication. However, previous
work in rats that achieved similar levels of intoxication has shown
that blood ethanol levels approach zero ~8 h after cessation of
ethanol exposure with brain ethanol levels declining even more
rapidly [11]. Importantly, behavioral testing was rescheduled for
rats that received a score of 4 or 5 on the intoxication rating scale
upon removal from the vapor chambers. Together, with our own
data showing the presence of somatic signs of withdrawal
observed immediately prior to testing, these data suggest that
intoxication was not a confounding factor influencing behavioral
performance in the experiments described below.

Intracranial self-stimulation

Intracranial self-stimulation (ICSS) was conducted in standard
operant boxes (Med Associates, Fairfax, VT). Procedures were
adapted from previously published methods [36]. See Supplement
for additional details.

Anxiety battery

Rats were assessed for anxiety-like behavior using a battery of
tests that included elevated plus maze, light-dark box, and open
field. See Supplement for additional details.

Intra-RMTg infusions

Methods for muscimol microinfusions into the RMTg were
adapted from previously published work [37, 38]. To assess
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muscimol spread, a small group of rats (n =4) were cannulated
and sacrificed 10 min after microinfusion of muscimol (300 nL,
800 uM, BODIPY, ThermoFisher, Waltham, MA) into the RMTg at a
rate of 200 nL/min. In all four rats, muscimol spread was restricted
to an area within the boundaries of the RMTg (Figure S5). In
agreement with previous work [37], fluorescent imaging revealed
that spread was restricted medio-laterally to a diameter of ~500
pm and extended rostro-caudally to a diameter of ~600um
(Fig. S5). Because BODIPY-conjugated muscimol has a molecular
weight roughly fivefold higher than unconjugated muscimol, and
therefore is likely to diffuse more slowly, we ensured similar
levels of spread by performing all subsequent behavioral
experiments using the same methods. Rats were habituated to
the microinfusion procedure for 3 days prior to first infusion and
re-habituated for 1 day prior to subsequent infusions. On the day
of microinfusion, the dummy cannula was removed and an
infusion cannula extending 1 mm beyond the guide was inserted
and muscimol (300 nL, 800 uM, BODIPY) or saline (300 nL) was
infused into the RMTg. The infusion cannula was left in place for
two additional minutes before removal. Testing began 5-10 min
following completion of the infusion procedure.

Statistical analysis

All statistical tests and graphs were generated using IBM SPSS
Statistics Version 24 and Prism 7 Mac OS X. ICSS data were
normalized to percent maximum baseline responding to enable
group comparisons. Intoxication levels, histological, and beha-
vioral data were analyzed using student’s t test, two-way, and
multifactorial analysis of variance (ANOVA) and linear regression
where applicable. Data are presented as mean + SEM and effects
were considered statistically significant at p < 0.05.

RESULTS

Enhanced RMTg cFos expression during acute withdrawal

Acute withdrawal is associated with a sequela of aversive
symptoms and a significant decrease in VTA dopamine neuron
activity. We therefore hypothesized that RMTg neurons would be
hyperactive during this same time. To examine this, we quantified
withdrawal-induced cFos expression, a marker of neuronal activity,
in the RMTg and the lateral habenula (LHb)—a region that sends
dense input to the RMTg. As shown in Fig. 1a-d, acute withdrawal
produced a significant increase in cFos expression in both regions.
In the RMTg, a two-way ANOVA found significant main effects
of ethanol exposure and time, and a significant interaction
between factors [F(3,31) =8.468, p = 0.0003]. Post-hoc compar-
isons revealed that, relative to controls, cFos expression
was significantly enhanced in the RMTg of CIE-exposed rats at
the 6- and 12-h time points (p < 0.05) with peak cFos induction
occurring at 12h. In the LHb, a two-way ANOVA uncovered
significant main effects of ethanol exposure [F(1,32) =16.55, p =
0.0003] and time [F(3,32) =2.943, p=0.0478]. However, an
interaction between the two factors did not reach statistical
significance [F(3,32) =2.813, p=0.0550]. Nevertheless, cFos
induction in the LHb followed a pattern similar to the RMTg with
peak expression occurring at 12 h. cFos expression was positively
correlated between regions (p <0.0001, r* =0.7936) consistent
with previous work showing similar patterns of neuronal
activation to aversive stimuli in LHb and RMTg [29]. Notably, no
effect of ethanol exposure, time, or interaction between factors
was observed in the medial habenula (MHb; Fig. 1d, e), a region
located immediately adjacent to the LHb (all p-values >0.20).
Furthermore, RMTg cFos expression was not significantly corre-
lated with MHb cFos expression (p = 0.6581, r* = 0.0052). Impor-
tantly, withdrawal-induced cFos expression was not due to
differences in level of intoxication between groups (Fig. S1). These
data suggest that the RMTg is hyperactive during acute with-
drawal in a pattern that correlates with previous reports of peak
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Fig. 1 Withdrawal-induced RMTg cFos. Expression of cFos was enhanced in the RMTg (a, b) and LHb (c, d) across the time course of acute

withdrawal relative to controls with peak induction occurring 12 h following removal from the vapor chambers. In contrast, acute withdrawal
from alcohol had no effect on cFos expression in the MHb (d, e). Note, the boundary between MHb and LHb is demarcated by a dotted line in
d. RMTg cFos expression was positively correlated with LHb cFos expression (f), but did not correlate significantly with MHb cFos expression

(g). *p £ 0.05; AIR, n=4; CIE, n =5-6; scale bars =100 um

symptoms. Based on these findings, we explored the possibility
that RMTg inhibition reverses symptoms of withdrawal.

Rightward shift in frequency-rate responding during acute
withdrawal

ICSS was used to investigate the role of the RMTg in withdrawal-
induced alterations in reward sensitivity. Figure 2a provides a
schematic depiction of the experimental design for these studies.
Of the 23 rats implanted with a stimulating electrode, six were
removed from the experiment during training due to inability to
meet response criteria. Figure 2b shows electrode-termination
sites for all remaining rats. Intoxication levels achieved during
ethanol vapor exposure were similar to that which was observed

SPRINGERNATURE

in the cFos experiment (Fig. S3). Baseline frequency-rate (F-R)
curves were acquired for all rats prior to being subjected to air or
ethanol vapor. Rats assigned to AIR and CIE groups exhibited
similar response rates at each frequency tested, and no significant
between group differences were observed in the total or
maximum number of responses made in a given session (Fig. S2).

After obtaining baseline responding, rats were subjected to
14 days of AIR or CIE exposure to induce physical dependence,
after which time ICSS testing occurred 6, 12, and 24 h after
removal from the vapor chamber. Rats were scored for somatic
signs of withdrawal immediately prior to each ICSS session. A two-
way RM ANOVA revealed a significant interaction between ethanol
exposure and time [F(2,30) = 4.229, p = 0.0241]. Post-hoc analyses
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Fig.2 Dependence-induced alterations in reward sensitivity. a Schematic depiction of experimental design and b electrode termination sites.
¢ F-R responding remained stable across time in AIR-exposed rats. In contrast, CIE-exposed rats (d) exhibited a significant rightward shift in F-R
responding across acute withdrawal with peak shift occurring at the 12-h time point. During abstinence, CIE-exposed rats exhibited a slight
but significant leftward shift in F-R responding (open symbols indicate statistical significance from corresponding baseline value; p < 0.05). The
rightward shift in F-R responding in CIE-exposed rats was associated with a significant decrease in both total responses (i.e., the sum of all
responses across the F-R curve) (e) and maximum responses (i.e., the maximum number of responses within a 50-s response period) (f) made
during the withdrawal session. *p <0.05. AIR, n=7; CIE, n=10

revealed that, as expected, CIE-exposed rats achieved significantly As shown in Fig. 2¢, d, acute withdrawal produced a significant
higher withdrawal scores than AlR-exposed rats at all time points rightward shift in F-R responding. A three-way mixed ANOVA
(p < 0.0001; Fig. S4). Similar to RMTg cFos induction, somatic signs uncovered a significant interaction between time, frequency, and
of withdrawal peaked 12 h after removal from the vapor chambers group [F(64,896) =2.971, p < 0.0005]. Subsequent assessment of
(Fig. S4). simple two-way interactions revealed a significant interaction
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between time and frequency in ClE-exposed rats [F(64,512) =
4,509, p < 0.0005] that was absent in AlR-exposed rats [F(64,384) =
0.785, p = 0.881]. Post-hoc analysis showed that responding was
significantly decreased in ClE-exposed rats across acute with-
drawal. Once again, the greatest magnitude effect occurred
at the 12-h time point. In contrast, during protracted abstinence,
ClE-exposed rats exhibited a slight but significant leftward shift in
F-R responding, whereas responding was unchanged in AIR-
exposed rats. Alterations in F-R responding were accompanied by
similar changes in the total and maximum responses. Two-way RM
ANOVAs found a significant main effect of ethanol exposure for
both total [F(1,15) =8.988, p =0.0090] and maximum [F(1,15) =
10.8, p =10.0050] responses (Fig. 2f, g). A significant interaction
between ethanol exposure and time was also found for maximum
responses [F(2,30) =5.275, p=0.0109] with post-hoc analyses
revealing a significant reduction at the 12-h time point (p < 0.001).
Taken together, these results are consistent with previous
observations of a significant decrease in reward sensitivity during
acute withdrawal [7] and extend these findings by demonstrating
that protracted abstinence is associated with a shift in reward
sensitivity in the opposite direction.

RMTg inhibition does not affect reward sensitivity

Given that changes in reward sensitivity during acute withdrawal
followed a similar pattern to withdrawal-induced cFos expression
in the RMTg, we next examined the possibility that increased
activity in this region supports decreased F-R responding.
A separate group of rats were tested on the same ICSS procedure
following bilateral microinfusion of either saline or muscimol into
the RMTg. Figure 3a provides a schematic depiction of the
experimental design for these studies. Five rats were excluded
prior to CIE or AIR exposure due to failure to acquire ICSS, and two
ClIE-exposed rats were excluded from final analyses due to
misplaced cannula implants resulting in n=7/group. Figure 3b
shows the electrode and cannula termination sites of all remaining
rats. No between group differences in baseline responding were
observed (Fig. S6). Rats were scored for somatic signs of
withdrawal immediately prior to each ICSS test session as in the
previous experiment (Fig. S7). As shown in Fig. 3d, e, a three-way
mixed ANOVA revealed a significant rightward shift in F-R
responding in CIE- [F(32,38) =3.030, p=0.014], but not AIR-
exposed [F(32,192) = 1.077, p = 0.366] rats following saline micro-
infusion, thus replicating our findings from the previous experi-
ment. Surprisingly, temporary inactivation of the RMTg by
microinfusion of muscimol had no effect on F-R responding in
either group. A significant main effect of ethanol exposure was
observed with respect to the total (Fig. 3f) responses during a
session [F(1,12) =9.233, p = 0.0103]. A similar trend was observed
with respect to maximum (Fig. 3g) responses [F(1,12) = 3.683, p =
0.0791]. No significant interactions were observed for either
variable indicating that these measures were also unaffected by
muscimol microinfusion. These data indicate that although
withdrawal-induced alterations in reward sensitivity follow a
similar pattern to RMTg cFos expression, inactivation of this
region during peak withdrawal is insufficient to normalize this
symptom of acute withdrawal.

RMTg inhibition reverses withdrawal-induced anxiety-like
behavior

While unexpected, the fact that the RMTg does not appear to
play a role in withdrawal-induced changes in reward sensitivity
does not preclude its involvement in regulating other affective
symptoms of alcohol withdrawal. Anxiety is a particularly
prominent symptom of acute withdrawal that is well-known to
promote continued alcohol consumption [39]. We therefore
explored the possibility that the RMTg mediates withdrawal-
induced increases in anxiety-like behavior. Figure 4a presents a
schematic depiction of the experimental design for these studies.

SPRINGERNATURE

Figure 4b shows cannula termination sites for all rats. Rats were
scored for somatic signs of withdrawal immediately prior to each
anxiety test session as in the previous experiments (Fig. S8).
Because anxiogenesis is a robust and reproducible finding during
withdrawal from alcohol [3, 9, 10], we predicted a priori that,
compared with saline-treated AlR-exposed rats, saline-treated CIE-
exposed rats would exhibit a significant increase in anxiety-like
behavior during acute withdrawal. This hypothesis was confirmed
using light-dark box (Fig. 4c-e), open-field (Fig. 4f-h), and
elevated plus maze (Fig. 4i-k) procedures. Compared with
saline-treated AlR-exposed rats, saline-treated CIE-exposed rats
spent significantly less time in the light side of a light-dark box
[t(13) =3.934, p = 0.0009], in the center of an open field [t(16) =
2.194, p = 0.0217], and in the open arms of an elevated plus maze
[t(13) = 3.889, p = 0.0009]. Analysis of anxiety-like behavior across
all four groups revealed that intra-RMTg muscimol prior to testing
attenuated withdrawal-induced anxiety-like behavior. Specifically,
a two-way RM ANOVA revealed a significant interaction between
ethanol exposure and drug treatment for both time [F(1,28) =
5.184, p=0.0306] and number of entries into the light side
[F(1,28) = 8.592, p =0.0067] of a light-dark box. Post-hoc tests
found a significant difference between saline-treated AIR- and
ClE-exposed rats that was not present in muscimol-treated rats
(time: p=0.0019; entries: p =0.0003). Muscimol microinfusion
also reversed withdrawal-induced decreases in the total crossings
in the light-dark box [F(1,28) =7.561, p=0.0103]. Significant
between factor interactions were also observed when assessing
time [F(1,31) = 7.11, p = 0.0121], the number of entries [F(1,31) =
12.02, p = 0.0016], and latency to enter the center [F(1,31) = 4.187,
p=0.0493] of an open field. Compared with saline-treated
AIR-exposed rats, post-hoc tests showed that saline-treated
ClIE-exposed rats entered the center significantly less frequently
(p =0.0059) and trended toward spending less time in the center
(p = 0.0626), whereas AIR- and CIE-exposed muscimol-treated rats
did not differ significantly from each other. In the elevated plus
maze, statistical analysis revealed a main effect of ethanol
exposure on percent time spent in the open arms [F(1,26) =
6.081, p = 0.0206], but only a trend toward a significant interaction
between ethanol exposure and drug treatment [F(1,26) = 3.465,
p = 0.0740]. In addition, there was a main effect of drug treatment
on percent open-arm entries [F(1,26) =4.217, p = 0.0502], but no
significant interaction between drug treatment and ethanol
exposure. No significant effects of alcohol exposure [F(1,26) =
1.895, p=0.1804], drug administration [F(1,26)=3.022, p=
0.0940], or interaction between the two factors [F(1,26) = 0.0004,
p = 0.9847] were observed with respect to the number of closed-
arm entries.

Although the results from the elevated plus maze were less
robust than the results obtained with the open-field and
light-dark box, a similar trend was observed in all three assays,
with absence of withdrawal-induced increase in anxiety-like
behavior in CIE-exposed rats that received intra-RMTg muscimol
prior to testing. Together, these data suggest that loss of RMTg
function attenuates withdrawal-induced anxiety-like behavior.
Importantly, the level of intoxication on the morning of testing
did not correlate significantly with any measure of anxiety-like
behavior in muscimol-infused CIE-exposed rats (data not shown)
arguing against the suggestion that higher levels of intoxication
prior to withdrawal weakens the effect of intra-RMTg muscimol on
performance in this battery of tests.

Inactivation of RMTg has no effect on somatic signs of withdrawal
The next set of studies examined the possibility that RMTg
inhibition would also attenuate somatic signs of withdrawal. The
rationale for this is that somatic signs of withdrawal follow a
similar time course to affective symptoms, and performance on
anxiety tests could be affected by reversal of somatic withdrawal
symptoms. To examine this possibility, we measured the effect of
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intra-RMTg microinfusion of saline or muscimol on somatic signs
of withdrawal in CIE-exposed rats 12 h following removal from
ethanol vapor chambers. Intoxication levels achieved during
ethanol vapor exposure were similar to that which was observed
in the previous experiments (Fig. S9). As shown in Fig. 5,
withdrawal scores were not significantly different following
microinfusion of either saline or muscimol relative to the pre-
infusion scores [main effect of drug F(1,13) =0.2383, p = 0.6336;
main effect of time F(1,21)=0.1309, p=0.7211; interaction
F(1,13) =0.1629, p=0.6931]. This indicates that inhibition of

Neuropsychopharmacology (2019) 44:1896 - 1905

RMTg activity 12 h following cessation of ethanol exposure has no
effect on somatic signs of withdrawal. Consequently, changes in
somatic withdrawal symptoms are unlikely to play a role in the
effect of intra-RMTg infusion of muscimol on anxiety-like behavior.

DISCUSSION

This study revealed that the time course of withdrawal-induced
RMTg cFos expression mirrors the severity of somatic and affective
withdrawal symptomes. Inhibition of the RMTg 12 h after cessation
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of ethanol exposure, when withdrawal symptoms are at their
peak, attenuated heightened anxiety-like behavior, but had no
effect on somatic symptoms or withdrawal-induced changes in
reward sensitivity. These data suggest that decreased RMTg
activity during peak withdrawal attenuates some, but not all,
affective symptoms of withdrawal from alcohol.

Acute withdrawal was associated with enhanced cFos expres-
sion in the RMTg and LHb indicating that both regions
are hyperactive during this period and may contribute to
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withdrawal-associated negative affect. In agreement with this,
recent work showed that chemogenetic inhibition of the LHb also
decreased withdrawal-induced anxiety-like behavior [40]. Neuronal
hyperactivity is a well-known consequence of acute withdrawal
[39]. However, not all brain regions exhibit the same time course of
cFos expression as evidenced by the absence of withdrawal-
induced cFos in the medial habenula, a region that sends a
descending projection parallel to the projection from the LHb to
the RMTg. The time course of withdrawal-induced RMTg cFos
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expression mirrored previous reports of withdrawal symptom
severity [4, 5] leading us to consider the possibility that activity
in this region plays a role in mediating symptoms of acute
withdrawal.

Using ICSS of the MFB, we observed a significant decrease in
reward sensitivity during acute withdrawal. Although this effect was
apparent as early as 6 h into withdrawal, it was the greatest for 12 h
following cessation of ethanol exposure, a time period during
which somatic signs of withdrawal were also at their peak. Two
previous studies have examined changes in reward sensitivity
during acute withdrawal from alcohol [7, 41]. While findings from
these studies are in general agreement with our own, they both
employed a current-intensity threshold procedure whereby rats
responded to changes in intensity during a single test session.
Importantly, changes in intensity alter the anatomical range of
neurons activated by electrical current making changes in the
response rate to different intensities somewhat difficult to interpret.
In contrast, in this study, current was held constant and rats
responded to changes in frequency. This approach results in
alterations in the excitability of a stable population of neurons. Our
findings also expand upon previous work by demonstrating that, in
contrast to the decrease in reward sensitivity observed during acute
withdrawal, reward sensitivity is significantly increased during
protracted abstinence. Overall, these findings agree with a recent
meta-analysis suggesting that vulnerability to relapse is mechan-
istically distinct during different periods of recovery [42].

This study tested the hypothesis that increased RMTg activity
plays a role in driving withdrawal-induced alterations in reward
sensitivity. This hypothesis was based on our understanding of the
inhibitory control that the RMTg exerts over VTA dopamine
neurons and the well-characterized decrease in dopamine levels
that occurs during acute withdrawal from alcohol. However, the
observation that inhibition of the RMTg had no effect on the
withdrawal-induced rightward shift in F-R responding argues
against this hypothesis. Overlap in the functional connectivity
between the RMTg and regions affected by stimulation of the MFB
may help to explain these findings. While MFB stimulation
increases dopamine release, it does so indirectly by facilitating
excitation of VTA dopamine neurons through an intermediate
synaptic contact [43]. Midbrain cholinergic nuclei are promising
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candidates for this effect given that MFB stimulation-induced
dopamine release is mediated by activation of cholinergic
receptors within the VTA [44]. Notably, the RMTg is reciprocally
connected with both the laterodorsal and pedunculopontine
tegmental nuclei [25, 26]. Although speculative, excitatory M3
cholinergic receptors are present within the RMTg [45] leaving
open the possibility that MFB stimulation of cholinergic activity
could promote RMTg activity potentially minimizing the inhibitory
effect of muscimol microinfusion. Alternatively, it is possible that
more prolonged inhibition of the RMTg (e.g., during the entire
acute withdrawal period) is required to normalize withdrawal-
induced changes in reward sensitivity. Indeed, our cFos data
suggest that RMTg neurons are hyperactive as early as 6 h into
acute withdrawal. This neuronal hyperactivity may induce lasting
neuroadaptations in RMTg function that are not sufficiently
reversed by pharmacological inhibition at the 12 h time point.

In contrast to reward sensitivity, withdrawal-induced anxiety-
like behavior was significantly attenuated following RMTg inhibi-
tion. Although visual inspection of the data indicates that the
results from all three anxiety tests are in general agreement, the
anxiolytic effect of intra-RMTg muscimol in CIE-exposed rats was
more robust in the light-dark box and open-field assays than in
the elevated plus maze. CIE-exposed saline-treated rats scored
lower on the scale for somatic withdrawal signs prior to elevated
plus maze testing than prior to the other tests, suggesting that the
lack of statistical significance in this assay could be due to slightly
milder withdrawal symptom severity in controls.

It is well known that motor impairments accompany acute
withdrawal from alcohol [39, 42]. Thus, it is possible that the effect
of RMTg inhibition on measures of anxiety-like behavior was
secondary to its effect on motor performance. Indeed, RMTg
inhibition reversed traditionally used measures of locomotor
behavior in the light-dark box and open field. However, it had no
significant effect on closed-arm entries in the elevated plus maze.
In addition, RMTg inhibition did not reverse the withdrawal-
induced reduction in maximum responses observed in the ICSS
experiment—a measure typically used as an indicator of motor
performance independent of changes in reward sensitivity [36].
Furthermore, inhibition of the RMTg did not alter somatic signs of
acute withdrawal, which include indices of muscle rigidity and
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impaired gait. Despite the absence of a consistent reversal of
motor impairments across tasks, it remains possible that RMTg
inhibition altered locomotor behavior in the anxiety tests
employed. The tests of anxiety-like behavior used in this study
take advantage of the conflict produced by exploratory drive
versus risk avoidance. Future work measuring changes in social
behavior, startle reflex, grooming, and/or defensive responses may
help to discriminate between the effects of RMTg inhibition on
different aspects of anxiety-like behavior versus motor perfor-
mance during withdrawal. However, the validity of each of these
assays with respect to measuring anxiety is not without criticism
[46, 471, and withdrawal-induced changes in motor performance
are likely to affect many of these measures as well. Importantly,
motor deficits during acute withdrawal may not be independent
of affective symptoms, and reversal of this deficit may therefore
be equally important in treating symptoms that drive alcohol
intake during early abstinence. Additional studies and refinement
of existing assays of anxiety-like behavior will be needed to
appropriately parse out the contribution that RMTg activity plays
in each aspect of performance on these tests.

A number of studies have implicated the RMTg in processing
the aversive properties of drugs of abuse including stimulants
[26, 30, 31, 48, 49], opiates [50-52], and alcohol [53]. In addition,
loss of RMTg function is associated with increased voluntary
ethanol intake [54-56], whereas pharmacological activation of the
RMTg decreases ethanol preference and consumption [54]. More
recently, acute exposure to low-dose ethanol was shown to
increase cFos expression in RMTg-projecting LHb neurons [57].
Together, these data suggest that RMTg activity, likely driven by
excitatory input from the LHb, suppresses drinking by facilitating
signaling of ethanol’s aversive properties. Whether RMTg activity
plays a similar role during acute withdrawal or if dependence-
induced plasticity alters RMTg function and its role in drinking
behavior remains unknown.

Although a major focus of understanding RMTg function is
centered on its ability to inhibit midbrain dopamine neurons, it
sends projections to other neuromodulatory nuclei, including the
laterodorsal and pedunculopontine tegmental nuclei, dorsal
raphe, and locus corruleus [25, 26]. Consequently, withdrawal-
induced increases in RMTg activity could have effects on a number
of downstream targets, many of which have been functionally
implicated in anxiety-like behavior [58-60]. Thus, the exact
mechanism by which RMTg activity mediates anxiety-like behavior
is unclear and is an important avenue for future research.

In summary, the data presented here demonstrate that
heightened activity within the RMTg plays a significant, albeit
discrete, role in promoting affective but not somatic symptoms
associated with acute withdrawal. Additional work aimed at
understanding the mechanism by which the RMTg regulates
anxiety-like behavior and the neuroadaptations that occur within
this region following chronic ethanol exposure has the potential
to uncover new therapeutic targets aimed at preventing relapse to
drinking during recovery.
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