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INTRODUCTION
Selecting the best available option requires an as-
sessment of the rewards currently available and 
a comparison of their relative values to appropri-
ately direct motivated behavior. In substance use 
disorders, motivation becomes focused onto the 
pursuit of drug rewards despite the availability of 
other, perhaps more optimal, options1–3. The cen-
tral amygdala (CeA) has been implicated in these 
processes as lesions or inactivation of this nucle-
us reduce drug self-administration and optogenet-
ic stimulation of the CeA can promote choice of a 
stimulation-paired option over an otherwise equiv-
alent reward4–14. However, these investigations 
have primarily been conducted with only one out-
come type available, be it drug or natural rewards, 
and preclude an assessment of the contributions 
of the CeA to the dynamic process of choosing 
which outcome to pursue15,16. 
	 The CeA is a candidate for outcome valu-
ation, including ingested outcomes, as it receives 
privileged input from taste processing brainstem, 

thalamic, and cortical structures17–20. Previous 
work identified robust responses of CeA neurons 
to ingested outcomes21–26 and found pharmaco-
logical and optogenetic stimulation of some CeA 
cell populations increases intake of food or liq-
uids21,27,28 further supporting a role for the CeA in 
a valuation process. While this work has begun to 
elucidate the means by which CeA neurons con-
tribute to reward consumption more generally21,22, 
less is known about how neural activity within the 
CeA is related to alcohol consumption and choice 
in vivo. Oral alcohol shares sensory properties 
with food, but also has pharmacological properties 
that themselves profoundly impact CeA circuitry. 
Acute and, especially, chronic alcohol exposure 
alters CeA gene expression and synaptic physi-
ology29–33. In addition, learning-dependent chang-
es as a result of associating the taste of alcohol 
with its pharmacological effects may impact CeA 
function32,34. Of note, the taste of alcohol selec-
tively activates mTORC1 signaling in the CeA and 
prelimbic and orbitofrontal cortices of alcohol-ex-
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The ability to evaluate and select a preferred option among a variety of available offers is an essential aspect of goal-
directed behavior. Dysregulation of this valuation process is characteristic of alcohol use disorder, with the central 
amygdala being implicated in persistent alcohol pursuit. However, the mechanism by which the central amygdala encodes 
and promotes the motivation to seek and consume alcohol remains unclear. We recorded single-unit activity in male Long-
Evans rats as they consumed 10% ethanol or 14.2% sucrose. We observed significant activity at the time of approach to 
alcohol or sucrose, as well as lick-entrained activity during the ongoing consumption of both alcohol and sucrose. We then 
evaluated the ability of central amygdala optogenetic manipulation time-locked to consumption to alter ongoing intake 
of alcohol or sucrose, a preferred non-drug reward. In closed two-choice scenarios where rats could drink only sucrose, 
alcohol, or quinine-adulterated alcohol with or without central amygdala stimulation, rats drank more of stimulation-paired 
options. Microstructural analysis of licking patterns suggests these effects were mediated by changes in motivation, not 
palatability. Given a choice among different options, central amygdala stimulation enhanced consumption if the stimulation 
was associated with the preferred reward while closed-loop inhibition only decreased consumption if the options were 
equally valued. However, optogenetic stimulation during consumption of the less-preferred option, alcohol, was unable to 
enhance overall alcohol intake while sucrose was available. Collectively, these findings indicate that the central amygdala 
processes the motivational value of available offers to promote pursuit of the most preferred available option.
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perienced rats and this activation of the CeA is 
necessary for the taste of alcohol to motivate alco-
hol-seeking34. Recently, Torruella-Suárez and col-
leagues demonstrated that manipulation of CeA 
neurotensin neurons in mice alters both alcohol 
and sucrose intake, further implicating this area in 
the regulation of alcohol intake11.
	 Here we examined the contributions of 
CeA neuronal activity to alcohol consumption 
in rats with a prior history of intake of alcohol at 
high levels to better understand how alcohol con-
sumption may engage this region. In addition, we 
tested the contributions of CeA activity to reward 
choice, using optogenetic manipulation of the CeA 
time-locked to consumption to alter the choice be-
tween pursuit of alcohol over other options. We 
reveal robust neural responses to alcohol and 
natural reward consumption in the CeA and find 
that optogenetic increases or decreases of CeA 
neural activity can increase or decrease reward 
consumption, respectively. Of note, while the mo-
tivation to consume an outcome is modulated by 
CeA neural activity, the impact of CeA activation 
or inhibition is constrained by subjects’ preference 
between reward and drug options currently avail-
able in the environment. Collectively our findings 
suggest that the CeA acts as a motivational filter to 
focus reward and alcohol pursuit in a context-de-
pendent manner.

RESULTS

Encoding of alcoohl consumption within the 
central amygdala 

	 To evaluate potential correlates of alcohol 
consumption we pre-exposed rats in their 
homecage to 15% alcohol for 24 hours a day, 
3 days a week, for 4-5 weeks35,36. This allowed 
rats to become familiar with the taste of alcohol 
and to associate alcohol  consumption with its 
pharmacological effects, and, as well, to develop 
a propensity to consume relatively high levels 
(Figure 1A). Following initial homecage exposure, 
rats were implanted with drivable bundles of 
electrodes targeted to the CeA (Figure 1B-C) and 
neural activity was measured in freely-moving 
rats during alcohol consumption from a reward 
port situated in a standard behavioral chamber. 
Rats could enter the port to drink alcohol from 

a small receptacle that was primed with alcohol 
at session start. Once rats entered the port, a 
cumulative presence of 2 seconds activated 
the pump to deliver 0.1 mL of alcohol, a volume 
chosen to approximate the volume of alcohol 
typically consumed within 2 seconds (Figure 1D). 
Thus, we approximated continuous liquid delivery 
with no breaks when subjects chose to drink. We 
recorded 208 well-isolated single-units in 5 rats 
from the CeA during the consumption of alcohol 
with an average firing rate of 3.34 ± 0.198 (mean 
+ s.e.m) Hz. During these sessions rats made 
on average 29.54 ± 2.76 port entries, 332.3 ± 
43.78 licks, and drank on average 0.75 ± 0.07 g/
kg of alcohol. This level of alcohol consumption 
in this 30-40 minute timeframe produces blood 
alcohol contents of approximately 17.37 ± 4.24 
mg/dL (data from a cohort of rats solely tested for 
alcohol consumption; n=17). We identified diverse 
responses to consumption-relevant behaviors 
(Figure 1E), primarily decreases in firing at 
approach (Figure 1 F-H) to the alcohol and exit 
(Figure 1 M-O) from the alcohol-containing port. 
Close inspection of the responses of single neurons 
that were significantly modulated by the first lick 
suggested that these neurons may be rhythmically 
modulated by the protrusion and retraction of the 
tongue, leading us to conduct further analysis 
to characterize CeA neural correlates of alcohol 
consumption.
       	 To better relate CeA activity to the ongoing 
consumption of alcohol, we first analyzed the 
average lick rate for each recording session. Rat 
licking is highly stereotyped and typically averages 
7 licks per second but can vary within the 5-10 Hz 
frequency range37,38. We observed similar average 
lick rates within this frequency band during alcohol 
consumption, averaging around 7 Hz across 
sessions and between rats (Figure 2A). Next, 
we assessed whether the firing of each of the 
208 CeA neurons was modulated by rhythmic 
licking. To do so, we computed the firing phases 
of each spike relative to the lick cycle (phase 0 
represents the contact of the tongue with the 
fluid delivery port; Figure 2B) and tested whether 
these firing phases were uniformly distributed 
across the lick cycle. Neurons with p-values below 
0.01 were considered lick-modulated (Rayleigh 
test for non-uniformity; Figure 2C). We observed 
significant lick-modulation in the CeA as rats 
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FIGURE 1: Identifying correlates of alcohol consumption in the central nucleus of the amygdala.
A) Consumption of alcohol during a 4-week every other day, 24-hour availability to 15% alcohol on an intermittent access schedule expressed in g alcohol 
consumed per kg body weight. B) Schematic of recording strategy of 16 50-µm diameter tungsten wires in a drive targeted to the central amygdala. C) 
Recreation of recording sites from each of the five rats. D) Overview of task design. Sessions started with a prime of alcohol delivery in the port, and 
every cumulative 2 seconds spent in the port thereafter triggered a new delivery of alcohol. E) Proportion of neurons significantly excited or inhibited by 
task-relevant events. F) Heatmap of z-scored responses for each neuron recorded sorted by the strength of excitation to port entry. G) Average z-scored 
response of all neurons that were identified as being significantly inhibited around port entry. H) Average z-scored response of all neurons that were 
identified as significantly excited around port entry. I-K) Same as F-H but for the first lick post port entry. L-O) Same as F-H but for port exit. Heatmaps are 
sorted individually for each event. Traces indicate mean z-scored response with overlaid bands indicating ± 1 standard error of the mean.

bioRχiv  •  3Fraser, Kim et al., CeA encoding and context-dependent control of reward consumption

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 30, 2023. ; https://doi.org/10.1101/2023.06.28.546936doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.28.546936
http://creativecommons.org/licenses/by-nc-nd/4.0/


consumed ethanol with 24% of the population 
exhibiting significant lick-modulation (Figure 2D). 
At the population level, the large majority of lick-
modulated neurons maximally fired early in the lick 
cycle, right after contact with the alcohol during the 
retraction of the tongue (Figure 2E-F). Consistent 
with a previous description of lick coherent firing 
of amygdala neurons39, the distribution of the 
preferred firing phases showed that ~84% (32/38) 
of the lick-modulated neurons preferentially fired 
between 0 and π, with an overall mean direction 
of π/2 (Figure 2G). This suggests that, in addition 
to encoding the approach to alcohol, CeA neurons 
are phase locked to the lick rhythm during alcohol 
consumption and preferentially fired during the 
retraction of the tongue into the mouth right after 
the retrieval of alcohol from the environment.
	
	
	
	
	
	
	
	

   	 We also recorded neurons in the CeA 
during the consumption of a concentration of 
sucrose isocaloric to 10% ethanol. We observed 
similar overall patterns of activity at the time of 
sucrose approach (Supplement 1) and lick-
modulation in the CeA during sucrose consumption 
(Supplement 2) suggesting common codes for 
consumption of rewards in the CeA. Interestingly, 
we observed more lick-entrainment in the CeA of 
rats consuming sucrose than for the consumption 
of ethanol (Supplemental Figure 2G). However, 
there was no difference in the preferred phase 
of the lick cycle for lick-modulated CeA neurons 
during alcohol and sucrose consumption 
(Supplemental Figure 2H). This observation 
suggests that the degree of lick-modulation in the 
CeA neuronal population is influenced by reward 

FIGURE 2: Central amygdala neurons are modulated by licks during the consumption of alcohol. 
A) Average lick rates during the consumption of 10% alcohol for each rat during recording session. Smaller symbols indicate lick rate for each individual 
session. B) Schematic representation of an individual lick cycle and its analogous sinusoidal rhythm. Times 0 and 2π represent contact with the liquid 
reward. C) Spike rasters (top) and histograms (bottom) during lick cycles for two example neurons recorded in the same session. A lick cycle is defined as 
the time between two consecutive contacts with the fluid delivery port (see Methods). The p-value of Rayleigh test is indicated. D). Proportion of neurons 
significantly modulated by licks (Rayleigh’s test with p-value < 0.01). E) Heat map of spike probability during lick cycles of lick-modulated neurons. Black 
dots indicate the preferred firing phases (i.e. modes). F) Average spike probability of lick-modulated neurons across lick cycles (mean±s.e.m.). G) Circular 
histogram of the preferred firing phases (V test against 90°, n=38 lick-modulated neurons, V38 =19.92, p<10-5).

bioRχiv  •  4Fraser, Kim et al., CeA encoding and context-dependent control of reward consumption

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 30, 2023. ; https://doi.org/10.1101/2023.06.28.546936doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.28.546936
http://creativecommons.org/licenses/by-nc-nd/4.0/


value. Together, these data indicate that the CeA is 
modulated by the pursuit of reward and is strongly 
engaged during the ongoing consumption of both 
natural and drug outcomes.

Optogenetic excitation of the central amygdala 
biases reward and alcohol choice but is filtered 
by preference

	 We observed correlates of consumption 
and motivation to pursue alcohol in the CeA and 
sought to understand the functional consequences 
of this activity. To do this, we expressed either the 
excitatory, blue-light activated opsin ChR2 or a 
control fluorescent protein GFP in the CeA of rats 
(Figure 3A-B). Rats became familiar with the taste 
and pharmacological properties of alcohol in their 
homecage by allowing rats 24 hours of access to 
15% alcohol 3 days a week for 5 weeks (Figure 
3C). We then gave rats 30-minute access to 
offers of pairs of solutions, comprised of different 
combinations of 10% alcohol, isocaloric 14.2% 
sucrose, and 10% alcohol adulterated with 100 
µM quinine, an outcome commonly used to test 
for compulsive consumption of alcohol40–42, in a 
modified homecage. For each test session, licks 
were recorded from each of the two bottles. Licks 
made on one of the bottles triggered delivery of a 
1 s, 20 Hz train of 8-12 mW blue light bilaterally 
into the CeA (Figure 3D).
       	 We found that rats expressing ChR2 
in the CeA would consume more of the laser-
paired option if the other non-laser paired option 
was identical (Figure 3E for example licking 
behavior at test). This was true for sucrose 
(Figure 3F), alcohol (Figure 3J), and quinine-
adulterated alcohol (Figure 3N). We examined 
the microstructure of consumption to determine 
the psychological mechanisms underlying this 
effect, focusing on clusters of licks (drinking bouts) 
and the number of licks within a cluster. Cluster 
number is typically taken to reflect motivation 
for a particular substance while lick number per 
cluster is correlated with palatability37,43–45. In GFP 
control rats, mean cluster number was correlated 
with palatability with sucrose>alcohol>quinine-
adulterated alcohol, as expected. We observed 
that stimulation primarily increased the number 
of drinking bouts made to the laser-paired option, 
but rarely increased the average number of licks 

within each cluster, especially in these tests where 
the options were otherwise identical (Supplement 
3). This pattern of increased clusters, or number 
of drinking bouts, suggests that CeA stimulation 
enhanced the motivation to pursue and consume 
the laser-paired option but did not enhance the 
perceived palatability of the option37,43,45.
	 Next, we asked whether CeA stimulation 
would alter the choice rats made between two 
different options. Interestingly, we found that if the 
laser-paired option was preferred by the rats, then 
stimulation enhanced consumption of the preferred 
reward even further above that observed in 
control rats.  For example, optogenetic stimulation 
enhanced intake of sucrose and of alcohol when 
each of these was paired with quinine-adulterated 
alcohol (sucrose over alcohol-quinine Figure 3H; 
alcohol over alcohol-quinine Figure 3K). While the 
interaction between bottle and group did not reach 
significance for laser-paired sucrose consumption 
with alcohol as the other option (Figure 3G), this 
is potentially due to a ceiling effect of consumption 
in this time-limited test. Nonetheless, stimulation 
paired with reward ingestion in all of these cases 
significantly increased motivation to consume the 
laser-paired option as evidenced by increased 
drinking bouts, but did not appear to alter the 
hedonic value of the laser option (Supplement 3). 
	 In contrast, when CeA stimulation was 
paired with the non-preferred option, and sucrose 
was the other option available in the choice, 
stimulation did not reliably increase consumption 
of the laser-paired option. This was especially 
apparent in the case of alcohol-quinine vs sucrose, 
where stimulation had no impact on intake (Figure 
3L). Interestingly, stimulation also failed to increase 
alcohol intake over sucrose when analyzing intake 
(Figure 3I), but stimulation did increase the mean 
number of lick clusters for alcohol vs sucrose 
(Supplement 3N), suggesting an ability of CeA 
stimulation paired with alcohol consumption to 
promote choice of that option over other possible 
rewards. Elevated motivation to consume alcohol 
in this test for ChR2 rats was not related to overall 
measures of propensity to drink alcohol, as the 
correlation between alcohol intake on the laser-
paired bottle and homecage alcohol consumption 
was not significant (r=-0.4534, p=0.0896).
	 Finally, when alcohol was the control offer 
and quinine-adulterated alcohol was stimulation-
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FIGURE 3: Context-dependent enhancement of reward consumption resulting from closed-loop optogenetic stimulation of the central amyg-
dala.
A) Reconstruction of the maximal (light green) and minimal (dark green) viral expression of either hsyn-ChR2-eYFP or hsyn-GFP within the central 
amygdala. Blue dots indicate fiber tips for rats with ChR2 and grey dots indicate fiber tips for rats with GFP. B) Example images of expression of GFP 
and ChR2-eYFP within the central amygdala (green) and nuclear staining with DAPI in blue. C) Homecage alcohol consumption (in g alcohol per kg body 
weight) on an every-other day, 24 hour intermittent access schedule to 15% alcohol. Consumption in the homecage did not differ between rats with ChR2 
or GFP expression in the central amygdala (F1,22=2.658, p=0.1172). D) Rats were allowed to freely direct their consumption between two bottles containing 
a variety of liquid rewards. Licks were recorded on each bottle by an Arduino and in turn the first lick each second on one of the bottles would result in a 1 
s, 20 Hz train of blue light delivered bilaterally to the central amygdala. E) Example lick rasters from a session in which both bottles contained 10% alcohol 
for a representative ChR2 rat and a representative GFP rat. Continued on top of next page.
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paired, ChR2 rats drank more quinine-adulterated 
alcohol (Figure 3M), and increased the number 
of lick clusters (Supplement 3S), perhaps 
representative of reduced sensitivity to punishment 
in some individuals40. Of note, there was no 
correlation between alcohol-quinine intake when 
it was laser-paired and alcohol was available and 
the final homecage alcohol drinking session (r=-
0.3988, p=0.1409) for ChR2 rats. 
	 This pattern of findings suggests that the 
CeA compares the value among available options 
and directs motivation to the most preferred 
offer, but that underlying preferences that inform 
directed motivation may be independent of the 
CeA. This conclusion is based on the above 
choices with alcohol, a frequently less-preferred 
outcome in non-dependent rats, and may not 
generalize to comparisons among non-drug 
outcomes. To better isolate the possibility of 
selective enhancement of motivation to preferred 
outcomes, we offered rats the choice between 
sucrose and maltodextrin, two isocaloric sweet 
rewards that are equally consumed when 
presented in isolation, but differ in that rats prefer 
to consume sucrose when given a choice38,46–48. 
When both bottles contained maltodextrin, ChR2 
rats consumed more of the maltodextrin leading 
to CeA stimulation (Supplement 4). When CeA 
stimulation was paired with sucrose consumption 
when maltodextrin was available, CeA stimulation 
enhanced sucrose consumption above that 
observed in control rats as we observed with 
choice between laser-paired sucrose and alcohol. 
Surprisingly, when CeA stimulation was paired with 
maltodextrin consumption and the more preferred 
sucrose was the other option, ChR2 rats enhanced 
maltodextrin consumption, reversing preference 
between the two rewards (Supplement 4). These 
findings collectively indicate that enhancing CeA 
neural activity can strongly bias reward choice 
resulting in increased consumption of the laser 
paired option, even for drugs of abuse, especially 
if that option is of greater or similar value than 

other offers.

Optogenetic stimulation of the central amydala 
is reinforcing

	 CeA stimulation selectively enhanced con-
sumption of the most valuable available reward, 
highlighting a possibility for an innate reinforcing 
property of CeA stimulation that could promote 
responding absent physical reward. Evidence for 
such a primary reinforcement signal in the CeA has 
been mixed9–14,49,50. We first gave rats the option to 
drink water that was paired with CeA stimulation. 
As before, stimulation increased the consumption 
of laser-paired water, which was surprising given 
rats were not water-restricted (Figure 4A-C; re-
sponse: F1,22=12.56, p=0.0018; group: F1,22=10.24, 
p=0.0041; interaction: F1,22=12.98, p=0.0016; 
stimulations: t14=4.491, p=0.0005). We then asked 
if rats would respond without reward available to 
earn CeA stimulation by offering empty bottles. 
We observed rats would lick on the empty bottle 
to earn CeA activation (Figure 4E-G; response: 
F1,22=30.45, p < 0.0001; group: F1,22=30.59, p < 
.0001; interaction: F1,22=32.05, p < 0.0001; stimu-
lations: t14=6.377, p<0.0001). We then wanted to 
rule out potential extinction effects contributing to 
this behavior as the rats had extensive experience 
in drinking from bottles in the testing apparatus. We 
placed rats into a novel operant behavioral cham-
ber with two nosepoke ports available. Responses 
in one nosepoke led to CeA stimulation. Rats ac-
quired this novel response and worked to earn CeA 
stimulation (Figure 4I-K; response: F1,22=8.019, p 
= 0.0097; group: F1,22=7.92, p=0.0101; interaction: 
F1,22=7.807, p=0.0106; stimulations: t14=4.674, 
p=0.0004). A subset of rats (n=7 ChR2, n=3 GFP) 
were tested for intracranial self-stimulation prior 
to homecage ethanol drinking to assess whether 
the consistent self-stimulation we observed could 
result from ethanol-induced plasticity. However, 
even alcohol-naive rats exhibited self-stimulation 
of the CeA (Figure 4D, 4H, 4L; water: t6=3.23, 
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FIGURE 3 cont’d 
.. Consumption of each solution in g consumed per kg body weight. Graphs are organized with the most valued option at the top and leftmost position 
and the least valued option at the bottom and rightmost position. Comparisons between bottles containing the same offer tile the diagonal, bottles above 
diagonal are tests in which the more valued option was blue-light paired and tests below the diagonal are when blue-light was paired with the less valued 
option. Blue symbols represent ChR2 rats, grey symbols indicate GFP rats. Filled symbols indicate the bottle that resulted in blue light delivery, open 
symbols the other bottle that did not trigger any light delivery. Large symbols indicate group means ± 1 standard error of the mean and small symbols 
represent individual rats. * p<0.05 for post hoc comparisons made only when a significant main effect of bottle or an interaction between virus group and 
bottle were observed.
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p=0.0178; empty:t6=2.959, p=0.0249; nosepoke: 
t6=3.809, p=0.0088). These data indicate there is 
a reinforcing property of CeA stimulation itself, but, 
in the case of external reward availability, this re-
inforcing property is filtered by preference among 
the available rewards.

Optogenetic inhibition of the central amygdala 
reduces reward valuation

	 We observed that stimulation of the CeA 
can increase the motivation to pursue and con-
sume rewards. We were then interested in exam-
ining the effects of inhibition of the CeA. To do this, 
we expressed either the inhibitory, green- and yel-
low-light activated opsin halorhodopsin (eNpHR) 
or a control fluorescent protein GFP in the CeA of 
rats (Figure 5A-B), and trained rats as above to 
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FIGURE 4: Optogenetic self-stimulation of the central amygdala is reinforcing regardless of alcohol experience. 
A) Rats were allowed 30 minutes of access to water-containing bottles in the modified homecage and the first lick to one bottle resulted in a 1s, 20 Hz train 
of blue light delivered bilaterally to the central amygdala. B) Rats with ChR2 in the central amygdala made significantly more licks to the stimulation-paired 
bottle than the control bottle and also more than GFP rats. C) Total stimulations earned during the session. D) Total stimulations earned for a subset of 
rats tested prior to any alcohol drinking experience. E-H) same as A-D but for a test in which both bottles were empty. ChR2 rats made significantly more 
licks to the stimulation paired bottle and earned significantly more stimulations than GFP rats. I-L) Same as A-D but instead of bottles, rats were placed in 
operant conditioning chambers and allowed to nose poke freely where the first poke each second in port resulted in a 1s, 20 Hz train of blue light delivered 
bilaterally into the central amygdala. Filled symbols indicate the bottle that resulted in blue light delivery, open symbols the other bottle that did not trigger 
any light delivery. Large symbols indicate group means ± 1 standard error of the mean and small symbols represent individual rats. * p<0.05 for post hoc 
comparisons made only when a significant main effect of bottle or an interaction between virus and bottle were observed.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 30, 2023. ; https://doi.org/10.1101/2023.06.28.546936doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.28.546936
http://creativecommons.org/licenses/by-nc-nd/4.0/


choose from bottle pairs presented in 30 minute 
tests; for each test, licks were recorded from each 
of the two bottles and licks made on one of the 
bottles were associated with the delivery of a con-
stant train of 15-20 mW green light bilaterally into 
the CeA until no lick was detected for 1 s (Figure 
5D).
	 Overall, the effects of optogenetic inhibition 
of the CeA on reward consumption were much less 
robust than of excitation. When examining choic-
es among sucrose, alcohol, and alcohol-quinine, 
almost none of the two-way ANOVAs comparing 
virus group and bottle revealed significant inter-
actions. We considered that reductions in already 
relatively low levels of alcohol intake would be dif-
ficult to detect due to floor effects, and therefore 
chose to conduct post hoc comparisons within 
each virus group across the two bottles to eval-
uate our a priori hypotheses based on our strong 
findings with optogenetic stimulation. 
	 We found that rats with eNpHR in the CeA 
consumed less of the laser-paired option if the 
other non-laser paired option was identical (Fig-
ure 5E for example licking behavior at test). This 
was true for sucrose (Figure 5F) and alcohol (Fig-
ure 5J). Baseline consumption of quinine-adul-
terated alcohol was already low so there was no 
effect of inhibition (Figure 5N). We examined the 
microstructure of consumption to determine the 
psychological mechanisms underlying this effect. 
In cases where a significant decrease in intake 
was observed, we did not find a significant de-
crease in the number of clusters of licks made to 
the laser paired option but did find a decrease in 
the average number of licks within each cluster for 
sucrose, but not alcohol (Supplement 5). Howev-
er, given that consumption was low, this decrease 
may be a result of floor effects of overall consump-
tion from the limited 30-minute sessions.
	 We then asked whether CeA inhibition 
would alter the choice rats made between two dif-
ferent options. We found that if the laser-paired op-
tion was preferred by the rats, (e.g. sucrose over 
alcohol, alcohol versus quinine-adulterated alco-
hol) inhibition could not reduce consumption of 
the preferred reward below that observed in con-
trol rats (sucrose over alcohol Figure 5G; sucrose 
over alcohol-quinine Figure 5H; alcohol over alco-
hol-quinine Figure 5K). In addition, when CeA in-
hibition was paired with the non-preferred option, 

the laser had no effect on consumption (alcohol 
vs sucrose Figure 5I; alcohol-quinine vs sucrose 
Figure 5L; alcohol-quinine vs alcohol Figure 5M). 
	 Once again, we offered rats the choice be-
tween sucrose and maltodextrin to compare the 
ability of optogenetic inhibition of the CeA to al-
ter choice between two similarly-valued rewards. 
When both bottles contained maltodextrin, there 
was a borderline interaction between bottle and 
group, accounted for by lower consumption by 
eNpHR rats of maltodextrin paired with CeA in-
hibition (Supplement 6B). When CeA inhibi-
tion was paired with sucrose consumption when 
maltodextrin was available, CeA inhibition did not 
reduce sucrose consumption (Supplement 6A). 
When CeA inhibition was paired with maltodex-
trin consumption and the more preferred sucrose 
was the other option, both eNpHR and GFP rats 
consumed more sucrose (Supplement 6C), and 
consumption of maltodextrin was not significantly 
decreased below control levels. Unlike stimulation 
of the CeA, inhibition of the CeA only reduced re-
ward preference in closed-choice scenarios. Tak-
en together, CeA inhibition reduces consumption 
of the laser-paired option when the other option 
is of equal value but does not reverse preference 
between disparately valued rewards. 

DISCUSSION

 	 Here we describe encoding of alcohol con-
sumption in the central amygdala and provide 
a demonstration of conditions in which central 
amygdala stimulation and inhibition can alter al-
cohol and other reward preference. We report a 
phasic signal in central amygdala neurons during 
licking for both drug and natural rewards that is 
entrained to the lick cycle. In addition, when op-
togenetic manipulation of the central amygdala is 
time-locked to the consumption of rewards we re-
veal a context-dependent ability of stimulation and 
inhibition to alter consumption. In a context where 
alcohol is one of the available choices, only when 
the most preferred currently available reward is 
paired with stimulation does the central amygdala 
contribute to prolonged pursuit and consumption 
of either natural or alcohol outcomes. Further, op-
togenetic inhibition of the central amygdala only 
decreased consumption when options in the en-
vironment were the same (both bottles contain-

bioRχiv  •  9Fraser, Kim et al., CeA encoding and context-dependent control of reward consumption

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 30, 2023. ; https://doi.org/10.1101/2023.06.28.546936doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.28.546936
http://creativecommons.org/licenses/by-nc-nd/4.0/


bioRχiv  •  10Fraser, Kim et al., CeA encoding and context-dependent control of reward consumption

FIGURE 5: Context-dependent suppression of reward consumption resulting from closed-loop optogenetic inhibition of the central amygdala. 
A) Reconstruction of the maximal (light green) and minimal (dark green) viral expression of either hsyn-eNpHR-eYFP or hsyn-GFP within the central 
amygdala. Green dots indicate fiber tips for rats with eNpHR and grey dots indicate fiber tips for rats with GFP. B) Example images of expression of GFP 
and eNpHR-eYFP within the central amygdala (green) and nuclear staining with DAPI in blue. C) Homecage alcohol consumption (in g alcohol per kg 
body weight) on an every-other day, 24 hour intermittent access schedule to 15% alcohol. Consumption in the homecage did not differ between rats with 
eNpHR or GFP expression in the central amygdala (F1,18=1.695, p=0.2093). D) Rats were allowed to freely direct their consumption between two bottles 
containing a variety of liquid rewards. Licks were recorded on each bottle by an Arduino and in turn the first lick on one of the bottles would result in a 
constant train of green light delivered bilaterally to the central amygdala. E) Example lick rasters from a session in which both bottles contained 10% alcohol 
for a representative eNpHR rat and a representative GFP rat. symbols. Continued on top of next page.
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ing sucrose or alcohol). Together, these findings 
provide evidence that the central amygdala is a 
critical node in decision-making circuitry that inte-
grates value-related information about available 
rewards to filter and refine motivation.
        	 The CeA is historically known as critical 
for the scaling and expression of fear-related re-
sponses51, with the interaction between the CeA 
and primary taste centers in the brain receiving 
relatively less attention. The taste-related afferents 
into the CeA may allow for the integration of the 
hedonic properties of reward with relevant state- 
and history-dependent representations within the 
CeA. Indeed, afferents from the parabrachial nu-
cleus and insular cortex to the CeA are essential 
for the avoidance of a previously appetitive tastant 
made aversive through pairing with gastrointesti-
nal distress52,53. CeA inputs from the insula, either 
direct, or indirect via the basolateral amygdala, 
have been proposed to mediate assignment of 
taste value27. The CeA could then integrate this 
taste-information into relevant cell-type and pro-
jection-specific circuits to select the appropriate 
consummatory action and scale the degree of this 
response appropriately21,22,52–58.This integration of 
hedonic and motivational information in the CeA 
and its efferents to brainstem motor centers that 
control both the jaw and the initiation of movement 
towards a target of motivation situates the CeA as 
a limbic command center for consummatory be-
haviors59,60.  
	 Our findings that rats will avidly work for 
optogenetic activation of the CeA further sup-
ports the role of CeA in positively-motivated be-
havior, and is in line with multiple reports in mice 
11,22,27,28,50. That rats will self-stimulate the CeA sug-
gests that the natural activation of at least some of 
these neurons can participate in a reinforcement 
process. However, our findings of alcohol- or su-
crose-paired enhancement of intake cannot be as-
cribed to self-stimulation alone, since the amount 
of intake of solutions paired with stimulation was 
variable and depended on the specific options 
available. 

	 For example, we found that CeA activation 
during alcohol consumption more than doubled al-
cohol intake when rats chose between two bottles, 
each containing some combination of alcohol and/
or alcohol with quinine. However, when an alco-
hol-containing bottle was paired with CeA activation 
and sucrose was available in the neighboring bot-
tle, the effect was much weaker. Relative to control 
rats, mean intake of quinine-adulterated alcohol 
was not increased by optogenetic CeA stimulation 
when sucrose was also available, and, although 
the number of lick clusters for alcohol alone was 
significantly increased when sucrose was in the 
unstimulated bottle, total intake of alcohol was not 
significantly altered. Inspection of the values from 
individual rats clearly shows a large within-group 
variation on the impact of alcohol-paired CeA ac-
tivation within the alcohol-sucrose choice. It could 
be that rats with a greater propensity to drink al-
cohol might be more easily shifted by optogenetic 
stimulation; yet we did not find a correlation with 
baseline drinking levels and drinking levels during 
optogenetic stimulation. However, other means to 
evaluate motivation for alcohol could reveal sys-
tematic behavioral underpinnings of the variation 
we observed. For example, some innate liability to 
aversion-resistant drinking that is not captured by 
overall levels of alcohol intake may contribute. It is 
possible then that individual variation and experi-
ence-dependent alterations in the coding of taste 
of rewards and their resultant value may dynam-
ically influence the role of the CeA in choice. In 
addition, although no obvious patterns emerged, 
individual differences in virus expression within 
the extent of the CeA, or even within different cell 
types within the CeA, could also account for these 
distinctions, and should be better evaluated within 
alcohol choice drinking models. 
        	 The selective enhancement of consump-
tion for the most preferred option is in contrast 
to a recent report that CeA stimulation can result 
in the choice of less-preferred cocaine over su-
crose12. However, in that study, rats were required 
to sample each option at session start, unlike the 
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FIGURE 5 cont’d
F-N) Consumption of each solution in g consumed per kg body weight. Graphs are organized with the most valued option at the top and leftmost position 
and the least valued option at the bottom and rightmost position. Comparisons between bottles containing the same offer tile the diagonal, bottles above 
diagonal are tests in which the more valued option was green-light paired and tests below the diagonal are when green-light was paired with the less val-
ued option. Green symbols represent eNpHR rats, grey symbols indicate GFP rats. Filled symbols indicate the bottle that resulted in green light delivery, 
open symbols the other bottle that did not trigger any light delivery. Large symbols indicate group means ± 1 standard error of the mean and small symbols 
represent individual rats. * p<0.05 for post hoc comparisons made only when a significant main effect of bottle or an interaction between virus group and 
bottle were observed.
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current study. It is also important to note that su-
crose requires oral consumption whereas cocaine 
is delivered intravenously, so the activation of CeA 
for a prolonged period during a cocaine infusion 
may be supraphysiological as the activity of the 
CeA during intravenous drug delivery is unclear. 
Our report of dynamic contributions of CeA stimu-
lation time-locked to the consumption of rewards 
equated the cost, response effort, and consumma-
tory behavior associated with each of the two out-
comes in a given choice providing confidence that 
consumption altered by CeA stimulation was due 
to an acute change in the rats’ motivation. 
	 In agreement with prior work21,58, our finding 
that stimulation of the CeA impacted consumption 
primarily by increasing the number of lick clusters 
made to the stimulation-paired bottle supports a 
role for CeA activity in motivation to consume the 
alcohol and sucrose outcomes. We cannot dis-
count an influence of CeA neural activity on palat-
ability, although the evidence to support this was 
weaker, limited to an effect of sucrose-paired CeA 
inhibition on the number of licks rats made in each 
cluster. If further work supports a role on outcome 
palatability, this might suggest that the CeA can 
separately modify the motivation to consume and 
the palatability of orally-ingested rewards. 
        	 The CeA is profoundly impacted by prior 
experience with drugs of abuse and in particular 
alcohol. The induction of physical dependence on 
alcohol in rodents, often via forced alcohol vapor 
exposure, recruits the CeA to play an essential 
role in escalating alcohol drinking, alcohol self-ad-
ministration, and withdrawal-related anxiety-like 
behaviors61,62. These alcohol dependence-induced 
alterations in CeA circuitry have suggested a limit-
ed contribution of the CeA to alcohol-seeking and 
taking only after an individual has met a thresh-
old of drug consumption or is made dependent1,63. 
In our experiments, rats volitionally drank alcohol 
in the homecage, which does not typically induce 
dependence, yet we found that stimulation of the 
CeA could promote the consumption of bitter qui-
nine-adulterated alcohol despite the availability of 
a more preferred non-adulterated alcohol. This, 
along with the inability of CeA stimulation to flip 
preference for alcohol if sucrose was available, 
suggests a broader role for CeA circuits in eval-
uating currently available rewards and directing 
motivation to the most desirable option prior to the 

manifestation of physical dependence11,64. More-
over, despite low overall levels of alcohol con-
sumption, inhibition of the CeA reduced consump-
tion of inhibition-paired alcohol, similar to what has 
been reported for cocaine choice13. The ability of 
the options available to alter the effects of CeA ac-
tivation and inhibition indicates that the CeA com-
putes a relative comparison among options. This 
ultimately provides a potential mechanism for ex-
perience and dependence to impinge upon within 
the CeA to promote maladaptive and inappropriate 
alcohol-seeking and drinking.  It will be important 
in the future to understand how alcohol-induced 
alterations of CeA might impact the control of alco-
hol intake we have demonstrated here. 
        	 The CeA is comprised of a number of di-
verse cell types, including neuropeptide-produc-
ing neurons, which we did not account for in these 
studies that likely contribute to the enhancement 
of motivation to seek alcohol and rewards. For in-
stance, CeA neurotensin-expressing neurons that 
project to the parabrachial nucleus can control 
alcohol intake11, and prior studies using natural 
rewards have implicated prepronociceptin-, soma-
tostatin-, and 5-HT2aR-positive CeA neurons in 
the promotion of food intake more generally21,22. 
Acute and chronic alcohol consumption alters CeA 
GABAergic and glutamatergic signaling, as well 
as expression of multiple neuropeptides such as 
CRF and NPY14,29,30. It will be critical, then, to un-
derstand how these diverse populations of cells in 
the CeA interact to promote alcohol-seeking in a 
dynamic environment where individuals have an 
array of desirable options available. Additionally, 
our studies only included male rats but it will be 
important in the future to dissect potential sex dif-
ferences in the contribution of the CeA to alcohol 
choice65. Collectively, our findings suggest the CeA 
is a critical component of decision-making circuitry 
that interacts with motivation, preference, and ex-
perience to guide the pursuit and consumption of 
rewards.
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METHODS

Animals
Male Long-Evans rats weighing 250-275 g and ap-
proximately 60 d of age upon arrival were obtained 
from ENVIGO (Frederick, MD; n=66) or were bred 
in our laboratory (n=5). Rats were single-housed 
in a temperature- and climate-controlled vivarium 
on a 12-h light:dark cycle. Rats were left undis-
turbed for at least one week in the vivarium before 
the beginning of behavioral training, alcohol expo-
sure, or surgery. Water and food was available ad 
libitum and rats were provided with paper shred-
ding enrichment in the homecage. Experimental 
procedures took place during the light phase of 
the light:dark cycle. All procedures were conduct-
ed in accordance with protocols approved by the 
Animal Care and Use Committee at Johns Hop-
kins University.

Reward solutions
Ethanol was prepared fresh from 200 proof stock 
solution and diluted in tap water to either 15% 
by volume for homecage exposure or 10% by 
volume for electrophysiology and optogenetic 
experiments. Sucrose (Thermo Fisher Scientific) 
and maltodextrin (SolCarb, Solace Nutrition) 
were prepared as 14.2% solutions in tap water by 
weight. Quinine-adulterated ethanol was prepared 
by adding quinine salt to a solution of 10% ethanol 
to achieve a concentration of 100 µM.

Surgical procedures
Rats were induced into a surgical plane of an-
esthesia by inhalation of 5% isoflurane and then 
maintained at 2-3% isoflurane for the duration of 
the surgical procedures. For rats in the electro-
physiology experiments (n=12) a 1 mm cranioto-
my was made unilaterally above the central amyg-
dala (AP: -2.4; ML: -4.2 relative to bregma) and 
6-8 screws were placed in the skull for anchoring 
of the implant and one was selected as the screw 
for the ground wire. A custom-printed microdrive 
containing a bundle of 16 50 µm tungsten wires 
and 2 silver ground wires was then lowered slowly 
to the central amygdala (DV: -7.8 relative to breg-
ma), the ground wires were wrapped around a 
skull screw, and the drive was secured to the skull 
with dental cement. For optogenetic experiments, 
rats received infusions of 500 nL of AAV5-hsyn-

ChR2-eYFP (n= 22; Addgene 26973; 1.7 x 1013 
viral particles per mL), AAV5-hsyn-eNpHR3.0-eY-
FP (n=12; Addgene 26972; 1.0 x 1013 viral parti-
cles per mL) , or AAV5-hsyn-GFP (n=20; Addgene 
50465; 1.2 x 1013 viral particles per mL) bilaterally 
into the central amygdala (AP: -2.4; ML: ±4.0; DV: 
-7.8 relative to bregma) at a rate of 100 nL/min-
ute through a 31-gauge gastight Hamilton syringe 
attached to a Micro4 Ultra Microsyringe Pump 3 
(World Precision Instruments) with a 10 minute 
waiting period prior to the removal of the needle. 
Rats then received with 300 µm diameter optic fi-
ber bilateral implants aimed 0.3 mm above the site 
of virus infusion (DV: -7.5). Optic fiber implants 
were secured to the skull with dental cement and 4 
skull screws. Rats received an injection of carpro-
fen (5 mg/kg s.c.) immediately following surgery 
and were allowed to recover for at least 10 days.

Histology
Rats were deeply anesthetized with sodium 
pentobarbitol. For rats with electrode implants, 
final electrode sites were marked by briefly passing 
a DC current through each electrode. All rats were 
then perfused with 4% paraformaldehyde and 
brains extracted and post-fixed for 24 hours at 
4C. Brains were cryoprotected in 30% sucrose 
in 0.1M NaPB for 2-3 days, sliced on a freezing 
cryostat (Leica), and 50 µm sections were 
collected. Electrode locations were visualized by 
staining with cresyl violet. The locations of optical 
fiber tips and virus expression were visualized 
with immunohistochemistry. Briefly, slices were 
washed in 0.1M PBS and blocked in 10% normal 
donkey serum in 0.1M PBS for 30 minutes and then 
incubated at 4C overnight with primary antibody 
(mouse anti-GFP at 1:1500; Invitrogen A1120). 
The following day sections were washed in PBS 
and then incubated for 2 hours at RT in secondary 
antibody (Alexafluor 488 donkey anti-mouse at 
1:200; Invitrogen A21202) following which they 
were washed, mounted onto slides, stained with 
DAPI (Vectashield; VWR H-150) and imaged on a 
fluorescence microscope (Zeiss).

Homecage ethanol exposure
Rats were allowed to drink 15% ethanol freely in 
the homecage for 24 hours Monday, Wednesday, 
and Friday for either 4 weeks or 5 weeks depending 
on the experiment. Rats had free access to water 
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the entire time via a Lixit spout in the homecage. 
Ethanol bottles were weighed before and after each 
drinking session and rat weights were recorded at 
the end of each drinking session.

Ethanol and sucrose self-administration
For rats in the electrophysiological experiment, a 
modified self-administration protocol was used. A 
dish in a recessed port in a modified MedAssociates 
chamber was filled at the start of the session 
with 10% ethanol or 14.2% sucrose. During 
each 40-minute session, a 2 second cumulative 
presence in the reward-containing port resulted 
in the activation of a pump for 2 seconds. Based 
on pilot experiments we determined this matched 
the rate at which rats consumed the reward and 
resulted in the fluid dish almost always containing 
reward (~0.1 mL per delivery). Licks were recorded 
from the reward-containing fluid dish via a custom-
made lickometer, and port entries and exits were 
detected by an infrared beam in the recessed port.

Electrophysiological recordings
For electrophysiological recordings, rats were 
tethered via a cable from their headstage to a 
commutator in the center of the chamber ceiling. 
Electrical signals and drinking events were 
collected using the OmniPlex system (Plexon). We 
recorded from the same location for two sessions if 
new neurons appeared on previously unrecorded 
channels. If multiple sessions for the same location 
were included in the analysis, the same channel 
was never included more than once. After the 
second recording in the same location, the drive 
was advanced 160 μm and recording resumed 
in the new location at minimum two days later to 
ensure settling of the tissue around the wires. 

Two bottle choice with optogenetic 
manipulation
For the optogenetic experiments, rats were habit-
uated to being tethered to 200 µm core diameter 
patch cords (Doric Instruments) connected to a 
commutator (Doric Instruments) in turn connect-
ed to a 473 nm DPSS laser (Opto-Engine LLC). 
During testing rats were placed in a modified home 
cage that allowed the presentation of two individ-
ual bottles via ports on one wall of the homecage 
with the bottles hanging outside the cage. In dai-
ly 30-minute sessions, rats were presented with 

two possible solutions and allowed to freely drink. 
Licks made on each bottle were recorded using a 
custom-built lickometer system using Arduino and 
a capacitive MPR121 sensor (Adafruit Industries). 
The Arduino recorded licks in real time from each 
bottle, and one bottle each day was set as the ac-
tive bottle such that the first lick made to that bottle 
each second would trigger a TTL pulse to a Mas-
ter9 Stimulus Controller (AMPI) that dictated the 
duration and parameters of laser stimulation. For 
optoexcitation experiments, light was delivered 
for 1s at 20 Hz (5 ms ON, 50 ms OFF) and light 
output was calibrated to 8-12 mW from the end 
of the patchcord. For optoinhibition experiments, 
light was delivered continuously from the start of a 
lick bout until no lick was detected for 1s and light 
output was calibrated to 15-20 mW from the end 
of the patchcord. The order of testing, the side of 
the active bottle and the identity of solutions was 
counterbalanced. The weight of each bottle was 
recorded before and after each session and the 
rats were weighed before each session to identify 
the amount of solution consumed.

Optogenetic intracranial self stimulation
Intracranial self-stimulation was conducted both 
in the two-bottle choice apparatus described 
above and in a standard MedAssociates operant 
chamber. For the two-bottle choice ICSS tests, 
rats were presented with either empty bottles or 
bottles containing water for a 30-minute session. 
One bottle, side counterbalanced across tests 
and rats, was designated as active such that 
the first lick on that bottle each second triggered 
a 1s, 20 Hz (5 ms ON, 50 ms OFF) train of 473 
nm light bilaterally into the central amygdala with 
light output set at 8-12 mW from the end of the 
patchcord. Responses were recorded on the 
active and inactive bottle as well as the number of 
stimulations earned. For nosepoke ICSS, rats were 
placed into a MedAssociates operant chamber, 
connected to 473 nm lasers via patchcords and 
commutators and in a 1-hour session allowed to 
nosepoke in either of two ports. One port was 
designated as active where the first poke in that 
port each second delivered a 1 s, 20 Hz (5 ms ON, 
50 ms OFF) train of 473 nm light bilaterally into the 
central amygdala with light output set at 8-12 mW 
from the end of the patchcord. Pokes into each 
port and stimulations earned were recorded by 
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MedAssociates software.

Electrophysiology data analysis
Isolation of individual units was performed using 
Offline Sorter (Plexon) by first manually selecting 
units based on clustering of waveforms. Units 
were then separated and refined using interspike 
interval distribution, cross-correlograms, and 
autocorrelograms. Any units that were not 
detectable for the entire session were not 
included in the study. Sorted units were exported 
to NeuroExplorer 3.0 (Nex Technologies) and 
MATLAB (Mathworks) for all subsequent analysis. 
Neurons were determined to be modulated by an 
event if the spike rate in a custom window ( -0.5 
to 0.5 s for port entries and port exits and 0 to 
0.03 s for lick) following each event significantly 
differed from a 10 s baseline period according to 
a Wilcoxon signed-rank test (p < 0.05, two-tailed). 
Peri-stimulus time histograms (PSTHs) were 
constructed around event-related responses using 
0.01 ms bins. The spiking activity of each neuron 
across these bins of the PSTH was smoothed using 
a half-normal filter (σ = 6.6) that used activity in 
previous, but not upcoming, bins. To visualize the 
normalized activity of neurons, the mean activity 
within each of the smoothed bins of the PSTH was 
transformed to a z-score as follows: (Fi – Fmean)/
FSD, where Fi is the firing rate of the ith bin of the 
PSTH, and Fmean and FSD are the mean and SD of 
the firing rate of the 10 s baseline period. Color-
coded maps and average traces of individual 
neurons’ activity were constructed based on these 
z-scores.

Lick-modulation analysis
This analysis was restricted to licks emitted 
in bouts, i.e. with inter-lick intervals < 210ms. 
Distributions of spike phases (in radians) were 
computed for each neuron (neurons with less than 
50 spikes in lick cycles were excluded) and non-
uniformity was tested with Rayleigh test. Neurons 
with p<0.01 were considered lick-modulated. V 
test was used to test for non-uniformity of preferred 
firing phase distribution with a mean direction of 
90 degrees (Figure 2G and Supplement 2F). 
The distributions of the preferred firing phases 
of lick-modulated neurons from ethanol and 
sucrose consuming rats were compared using the 
Kuiper test (circular analogue of the Kolmogorov-

Smirnov test; Supplement 2G). Proportions of 
lick-modulated neurons in ethanol and sucrose 
consuming rats were compared using a z binomial 
proportion test (Supplement 2H). 

Statistical analysis
Data are presented as mean ± s.e.m. unless 
otherwise indicated in the text. Statistical 
analyses were performed using either MATLAB 
(Mathworks) or in Prism 8 (GraphPad). For 
electrophysiological data, statistical tests were 
performed on unsmoothed data. The specific tests 
performed are noted throughout the text and figure 
legends. For electrophysiological data we did not 
test for normality, but made use of nonparametric 
tests (two-sided Wilcoxon’s rank-sum and signed-
rank tests). For optogenetic data we made use of 
two-way repeated measures ANOVA and post hoc 
tests were performed with Sidak’s method when 
appropriate and t-tests performed with Welch’s 
correction for unequal standard deviations 
between groups. For the inhibiton experiment we 
had an a priori hypothesis to conduct post hoc 
comparisons within each virus group across the 
two bottles based on our findings with optogenetic 
stimulation. Each optogenetic test was conducted 
only once per rat. Three eNpHR rats did not drink 
alcohol in any of the tests despite repeated efforts 
so their data was excluded in these cases, they 
still performed in all other experiments and were 
included in those tests. 
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FIGURE S1: Identifying correlates of sucrose consumption in the central nucleus of the amygdala. 
A) Recreation of recording sites from each of the five rats. The task was identical to that in Figure 1. Rats made on average 50.91 ± 6.637 port entries and 
1486 ± 212.4 licks B) Proportion of neurons significantly excited or inhibited by task-relevant events. There were no differences in the proportion of neurons 
excited or inhibited by port entries (Ꭓ2 = 2.549, p = 0.1104), but more neurons were inhibited than excited by port exits (Ꭓ2 = 34.887, p = 0.0001) and the 
first lick after a port entry (Ꭓ2 = 5.349, p = 0.0207). In addition, more neurons were inhibited by the the first lick than port exit (Ꭓ2 = 8.7837, p = 0.0124). C) 
Heatmap of z-scored responses for each neuron recorded sorted by the strength of excitation to port entry. D) Average z-scored response of all neurons 
that were identified as being significantly inhibited around port entry. E) Average z-scored response of all neurons that were identified as significantly ex-
cited around port entry. F-H) Same as C-E but for the first lick post port entry. I-K) Same as C-E but for port exit. Traces indicate mean z-scored response 
with overlaid bands indicating ± 1 standard error of the mean. 
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FIGURE S2: Central amygdala neurons are modulated by licks during the consumption of sucrose. 
A) Average lick rates during the consumption of 14.2% sucrose for each rat during recording sessions. Smaller symbols indicate lick rate for each individual 
session. B) Spike rasters (top) and histograms (bottom) during lick cycles of two example neurons recorded in the same session. A lick cycle is defined as 
the time between two consecutive contacts with the fluid delivery port (see Methods). The p-value of Rayleigh test is indicated. C) Proportion of neurons 
significantly modulated by licks (Rayleigh’s test with p-value < 0.01). D) Heat map of spike probability during lick cycles of lick-modulated neurons. Black 
dots indicate the preferred firing phases (i.e. modes). E) Average spike probability of lick-modulated neurons across lick cycles (mean±s.e.m.). F) Circular 
histogram of the preferred firing phases (V test against 90°, n=189 lick-modulated neurons, V189=53.43, p<10-7). G) The proportion of lick-modulated neu-
rons is higher during sucrose consumption compared to ethanol (z binomial proportion test, p<10-6). H) The distributions of the preferred firing phases of 
lick-modulated neurons from ethanol and sucrose consuming rats are not significantly different (Kuiper test, k=2.1090.103, K=1.9931.103, p=0.1).
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FIGURE S3: Microstructural analysis of consumption indicates optogenetic stimulation of the central amygdala enhances motivation to con-
sume but not palatability of the laser-paired option. 
A-I) Total number of licks made on each bottle for each of the tests presented in Figure 3. Graphs are organized with the most valued option at the top and 
leftmost position and the least valued option at the bottom and rightmost position. Comparisons between bottles containing the same offer tile the diagonal, 
bottles above diagonal are tests in which the more valued option was blue-light paired and tests below the diagonal are when blue-light was paired with the 
less valued option J) Diagram of the licking microstructure used to separate out clusters. Clusters had at least three licks and a interlick interval of at least 
500 ms. K-S) Same as A-I but the total number of clusters of licks made on each bottle. T-BB) Same as A-I but the average number of licks per cluster 
made on each bottle. Filled symbols indicate the bottle that resulted in blue light delivery, open symbols the other bottle that did not trigger any light delivery. 
Large symbols indicate group means ± 1 standard error of the mean and small symbols represent individual rats. * p<0.05 for post hoc comparisons made 
only when an interaction between virus and bottle was observed.
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FIGURE S4: Optogenetic stimulation of the central amygdala during consumption can reverse preference between two isocaloric and objec-
tively equal rewards. 
A) Consumption in g/kg in tests when sucrose consumption was laser-paired and maltodextrin was not. B) Consumption in g/kg in tests where one bottle 
containing maltodextrin was laser-paired and the other bottle with maltodextrin was not. C) Consumption in g/kg in tests when maltodextrin consumption 
was laser-paired and sucrose was not.  D-F) Same as A-C but the number of licks made on each bottle. G-I) Same as A-C but the number of clusters of 
licks made on each bottle. J-L) Same as A-C but the average number of licks made per cluster for stimulation-paired option versus the non-paired option. 
Filled symbols indicate the bottle that resulted in blue light delivery, open symbols the other bottle that did not trigger any light delivery. Large symbols 
indicate group means ± 1 standard error of the mean and small symbols represent individual rats. * p<0.05 for post hoc comparisons made only when an 
interaction between virus and bottle was observed.
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FIGURE S5: Microstructural analysis of consumption indicates optogenetic inhibition of the central amygdala does not suppress motivation to 
consume but suppresses the palatability of the laser-paired option. 
A-I) Total number of licks made on each bottle for each of the tests presented in Figure 5. Graphs are organized with the most valued option at the top 
and leftmost position and the least valued option at the bottom and rightmost position. Comparisons between bottles containing the same offer tile the 
diagonal, bottles above diagonal are tests in which the more valued option was green-light paired and tests below the diagonal are when green-light was 
paired with the less valued option J-R) Same as A-I but the total number of clusters of licks made on each bottle. S-AA) Same as A-I but the average 
number of licks per cluster made on each bottle. Filled symbols indicate the bottle that resulted in green light delivery, open symbols the other bottle that 
did not trigger any light delivery. Large symbols indicate group means ± 1 standard error of the mean and small symbols represent individual rats. * p<0.05 
for post hoc comparisons.
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FIGURE S6: Optogenetic inhibition of the central amygdala during consumption cannot reverse preference between two isocaloric and palat-
able rewards. 
A) Consumption in g/kg in tests when sucrose consumption was laser-paired and maltodextrin was not. B) Consumption in g/kg in tests where one bottle 
containing maltodextrin was laser-paired and the other bottle with maltodextrin was not. C) Consumption in g/kg in tests when maltodextrin consumption 
was laser-paired and sucrose was not.  D-F) Same as A-C but the number of licks made on each bottle. G-I) Same as A-C but the number of clusters of 
licks made on each bottle. J-L) Same as A-C but the average number of licks made per cluster for inhibition-paired option versus the non-paired option. 
Filled symbols indicate the bottle that resulted in green light delivery, open symbols the other bottle that did not trigger any light delivery. Large symbols 
indicate group means ± 1 standard error of the mean and small symbols represent individual rats. * p<0.05 for post hoc comparisons.
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