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A Neuronal Ensemble in the Rostral Agranular Insula Tracks
Cocaine-Induced Devaluation of Natural Reward and
Predicts Cocaine Seeking

Travis M. Moschak, X Xuefei Wang, and Regina M. Carelli
Department of Psychology and Neuroscience, University of North Carolina, Chapel Hill, Chapel Hill, North Carolina 27599

In substance use disorders, negative affect associated with drug withdrawal can elicit strong drug craving and promote relapse. One brain
region implicated in those processes is the rostral agranular insular cortex (RAIC), although precisely how this region encodes negative
affect associated with drug seeking is unknown. Here, a preclinical model was used where RAIC activity was examined in male Sprague
Dawley rats during intraoral infusions of a sweet (saccharin) paired with impending but delayed access to cocaine self-administration,
and for comparative purposes, during the sweet predicting saline self-administration or injection of lithium chloride (LiCl), or during
intraoral infusions of a bitter taste (quinine). Consistent with previous work, cocaine-paired saccharin, LiCl-paired saccharin, and
quinine all elicited aversive taste reactivity. However, the aversive taste reactivity elicited by the cocaine-paired tastant was qualitatively
different from that evoked by the other two agents. Furthermore, differences in taste reactivity were reflected in RAIC cell firing, where
distinct shifts in neural signaling were observed specifically after cocaine but not LiCl conditioning. Notably, low motivation for cocaine
(indicated by low loading and slower latencies to lever press) was correlated with this shift in RAIC signaling, but aversive (gaping)
responses were not. Collectively, these findings indicate that cocaine-paired tastants elicit unique aspects of aversive behaviors that differ
from traditional conditioned taste aversion (LiCl) or quinine and that the RAIC plays a role in modulating drug-seeking behaviors driven
by drug-induced dysphoria (craving), but not negative affect per se.
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Introduction
In substance use disorders, negative reinforcement can be a pow-
erful motivator for repeated drug use. Individuals suffering

negative affect associated with drug withdrawal (e.g., dysphoria,
anxiety, irritability) resume drug taking after abstinence to amelio-
rate this dysphoric state (Koob and Volkow, 2010; Wise and Koob,
2014). Importantly, negative affect is thought to drive craving for
abused substances (Solomon and Corbit, 1974; Koob and Volkow,
2010), and heightened negative affect or withdrawal increases self-
reported craving (Brandon, 1994; Sinha et al., 2006). As such, it is
critical to investigate the underlying neurocircuitry of negative affect
and drug craving to fully understand their role in addiction.

The insula plays an important role in these processes. Human
neuroimaging studies revealed that insular activity increases
when subjects are shown cues associated with abused substances
(Wang et al., 1999; Kilts et al., 2001). Conversely, subjects asked
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Significance Statement

In substance use disorders, negative affect associated with drug cues can elicit craving and promote relapse; however, the under-
lying neurocircuitry of this phenomenon is unknown. Here, we investigated the role of the rostral agranular insula cortex (RAIC)
in these processes using a preclinical model wherein intraoral delivery of a sweet is paired with delayed access to cocaine self-
administration. The taste comes to elicit negative affect that predicts heightened drug seeking. Here, we found that a population of
RAIC neurons became inhibited during presentation of the cocaine-paired tastant (when negative affect is high) and that this
inhibitory neural profile predicted lower drug seeking. These findings suggest that the RAIC may function to oppose cue-induced
cocaine craving and help reduce motivation for the drug.
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to suppress their craving for drugs or food exhibit decreased
BOLD activity in the insula (Wang et al., 2009; Volkow et al.,
2010). Likewise, cigarette-smoking patients with insula lesions
have reduced craving for cigarettes (Naqvi et al., 2007; Gaznick et
al., 2014). Furthermore, negative affect during withdrawal is cor-
related with insular activity; manipulating the withdrawal state
alters insula activity after drug cues (Gloria et al., 2009). How-
ever, few preclinical studies have investigated the role of the in-
sula in these phenomena, in large part because of a lack of
behavioral models to directly assess those states in rodents.

Our laboratory uses a preclinical model in which a cocaine-
associated taste cue that predicts impending but delayed cocaine
availability elicits a negative affective state associated with height-
ened drug seeking (Wheeler et al., 2008, 2011; Carelli and West,
2014; Colechio et al., 2014; Green et al., 2015). Here, rats receive
multiple discrete intraoral saccharin infusions over �30 – 45
min, followed by 2 h of cocaine self-administration. Orofacial
responses to the sweet, which are examined via taste reactivity
(Grill and Norgren, 1978), reflect its palatability and the affective
state it elicits (Berridge, 2000). After repeated taste– drug pair-
ings, the saccharin becomes unpalatable as it is associated with
impending, but delayed, opportunity to self-administer cocaine
(Wheeler et al., 2008, 2011; Wheeler and Carelli, 2009; Carelli and
West, 2014; Green et al., 2015). We hypothesize that the cocaine-
paired tastant serves as a predictor of impending cocaine and that
anticipation of drug availability precipitates a conditioned aver-
sive state. Thus, a critical feature of this task is that rats must
“wait” for the drug and this waiting period is aversive. In support,
aversive taste reactivity is not observed when cocaine immedi-
ately follows tastant infusion (Parker, 1995). Furthermore, rats
that exhibit the most aversive responses to cocaine-paired sac-
charin are the most motivated to subsequently consume cocaine,
suggesting that the aversion may reflect drug craving (Wheeler et
al., 2008; Colechio et al., 2014; Green et al., 2015). We have also
shown that the nucleus accumbens (NAc) plays a key role in this
process. Specifically, NAc neurons and rapid dopamine release in
the NAc track the emergence of drug-induced negative affect
(Wheeler et al., 2008, 2011; Haake et al., 2018), and the latter is
causally linked to it (Hurley et al., 2017).

An anterior subregion of the insula, the rostral agranular in-
sula cortex (RAIC), sends a direct projection to the NAc (Jasmin
et al., 2004) and may, therefore, play a role in drug-induced neg-
ative affect. The RAIC is implicated in conditioned place prefer-
ence (Contreras et al., 2012), drug seeking (Seif et al., 2013;
Cosme et al., 2015; Arguello et al., 2017; Venniro et al., 2017), and
cocaine-induced devaluation of natural reward (Geddes et al.,
2008). Here, we investigated whether insula neurons track neg-
ative affect elicited by a tastant paired with delayed cocaine, and its
relationship with drug seeking/taking. Furthermore, to deter-
mine the specificity of responses to the cocaine-paired tastant, we
also examined insula firing during infusion of saccharin paired
with LiCl injection (i.e., traditional conditioned taste aversion)
and during intraoral infusion of the innately bitter tastant
quinine.

Materials and Methods
Subjects and surgery
Thirty-eight male Sprague Dawley rats (60 –90 d, �300 –325 g; Envigo/
Harlan) were singly housed with a 12 h light/dark cycle. Experiments
were conducted during the dark phase. Standard laboratory chow (Pro-
lab Isopro RMH3000, Purina) was available ad libitum. Rats were mildly
water restricted (20 –25 ml/d) to no less than 85% of free feed body
weight, except during postoperative recovery when water was freely
available.

Rats were anesthetized with a ketamine (100 mg/kg)/xylazine (10 mg/
kg) mixture and received an intraoral cannula, an intrajugular catheter,
and bilateral electrophysiology arrays in a single surgery, using estab-
lished methods routinely used in our laboratory (Wheeler et al., 2008).
The intraoral cannula consisted of a length of PE100 tubing inserted
lateral to the upper molars and exteriorized at the top of the head, fixed in
place by Teflon washers at both ends. A custom sterile polyurethane
catheter (Access Technologies) was inserted into the right jugular vein
and routed subcutaneously to an external attachment point on the back.
Eight-wire electrophysiology arrays (NB Labs) were implanted bilaterally
in the RAIC (AP, �2.7 mm; ML, �4.2 mm relative to bregma; DV, �5.8
mm from skull surface). For each array, a ground wire was wrapped
around a screw and implanted into the brain. Arrays and screws were
fixed into place with dental acrylic (Lang Dental). Animals were given 1
week of recovery with ad libitum food and water. All procedures were
approved by the University of North Carolina at Chapel Hill Institutional
Animal Care and Use Committee.

Apparatus
All experiments were conducted in 43 � 43 � 53 cm operant chambers
(MED Associates) housed in copper mesh Faraday cage sound-
attenuating cubicles. Each operant chamber was equipped with a food/
water delivery port flanked by two retractable levers. Above each lever
was a cue light, and the opposite wall contained a houselight and a tone
generator. An electronically driven pump was used to deliver intraoral
and intrajugular solutions via Tygon tubing. All tasks and behavioral
events were controlled and recorded by a computer using MED-PC soft-
ware (MED Associates). A tilted mirror positioned underneath each
chamber allowed visualization and recording of taste reactivity during
intraoral infusions.

Electrophysiology
Electrophysiological recordings were conducted as described previously
(Carelli et al., 2000; Hollander and Carelli, 2005; Wheeler et al., 2008;
West and Carelli, 2016). Briefly, each rat was connected via 1� gain
headstages and a flexible recording cable to a multichannel acquisition
processor (MAP) system (Plexon) before the start of the experiment. A
commutator (Crist Instrument) allowed for free movement within the
chamber. Neuronal firing was recorded differentially between active and
inactive (reference) wires; one reference wire was chosen within each
array based on a lack of neuronal spike activity. On-line discrimination of
neurons was conducted using waveform analysis provided in SortClient
software (Plexon). A separate computer (MED Associates) was used to
control the behavioral program and send transistor-transistor logic (TTL)
pulses to time-stamp events within the MAP recording. Cell sorting was
finalized afterward using the Offline Sorter software (Plexon) to perform
additional principal component analyses. Auto-correlograms, interspike
intervals, and waveform principal components were examined to ensure
that putative cells had the biologically appropriate characteristics.

Experimental design and statistical analysis
Rats were initially trained in an operant chamber to press a lever for water
and then underwent surgery as described above. After recovery, rats un-
derwent a habituation session with intraoral water infusions. Subse-
quently, animals were assigned to one of the saline, cocaine, LiCl, or
quinine experiments listed below. Some animals were used in more than
one experiment, as described below.

Saline conditioning. For each session, animals (n � 11) were given 45
intraoral infusions (VT-45 s schedule of delivery over �30 – 40 min) of
0.15% saccharin (133 �l, 4 s/infusion; Fig. 1A). Immediately after, ani-
mals were disconnected from the intraoral tubing and connected to a
separate length of tubing used to deliver heparinized 0.9% saline through
the rats’ intrajugular catheter. Animals began a 2 h session in which they
could press a cued lever on a FR1 schedule for saline (200 �l/infusion)
coupled with delivery of a 20 s tone–light stimulus (during this 20 s
period, further presses did not result in saline delivery). Animals under-
went 14 d of conditioning, and taste reactivity and neural activity were
recorded on days 1, 7, and 14.

Cocaine conditioning. This group (n � 13) had an identical task as the
saline group, but lever presses during the self-administration phase re-
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sulted in intravenous cocaine delivery (0.33 mg/200 �l/infusion; dis-
solved in heparinized 0.9% saline) instead of saline alone (Fig. 1B).
Animals underwent 14 d of conditioning, and taste reactivity and neural
activity were recorded on days 1, 7, and 14.

LiCl conditioning. In this group (n � 14, of which n � 9 were previ-
ously in the naive quinine group and n � 5 were naive), the intraoral
infusion phase of the experiment remained the same as the other condi-
tioning experiments, but animals subsequently received an intraperito-
neal injection of 127 mg/kg LiCl (instead of self-administration; Fig. 1C).
Animals underwent 2 d of LiCl pairings, followed by a test day (saccharin
infusion, but no LiCl). Taste reactivity and neural activity were recorded
on the first day of conditioning (day 1) and the test day 3.

Quinine. Here, animals (n � 23, of which n � 7 were previously in the
cocaine group, n � 7 were previously in the saline group, and n � 9 were
naive) had one intraoral session as above, but quinine (1 mM) was deliv-
ered instead of saccharin (quinine was not paired with anything; Fig. 1D).
Taste reactivity and neural activity were recorded during the session.

For all animals that were run in more than one experimental condi-
tion, each had at least one session of 45 water infusions between experi-
ments. For all behavioral and electrophysiological analyses, animals with
a previous history in another experiment did not differ from experimen-
tally naive animals, and their data were therefore analyzed together (see
below).

Behavioral analysis
A video camera was used to record the orofacial activity of each rat from
an angled mirror positioned below the operant chamber. Taste reactivity
was assessed using a procedure developed by Grill and Norgren (1978)
and used previously in our laboratory (Wheeler et al., 2008, 2011; Green
et al., 2015; Hurley et al., 2017). Mouth movements in the 6 s after the
start of intraoral infusion were recorded as aversive “gapes” if they
matched a “triangle” shape, and tongue protrusions that crossed the
midline were recorded as appetitive “licks.” Instances of liquid dripping
out of the mouth after infusions were recorded as “drips.” Rapid forelimb
flails, headshakes, and instances where the chin was rubbed against the
floor were also recorded as measures of aversive taste reactivity. To assess
the change in taste reactivity across the session, we divided the 45-trial
session into five 9-trial bins. For all analyses comparing cocaine, LiCl,
and quinine, days 7 and 14 cocaine data and day 3 LiCl data were used.
During self-administration, we assessed the number of reinforcers ob-
tained, cocaine (mg/kg) obtained, latency to first press, and number of
“loading” responses. Loading behavior was defined as the number of

rapid consecutive lever press responses early in the session that were less
than half of the inter-reinforcer interval for the entire session; this mea-
sure has been previously correlated with measures of motivation to ac-
quire drug (Carelli and Deadwyler, 1996; Wheeler et al., 2008). Latency
values were not normally distributed and thus were transformed via a
natural logarithm.

To analyze the shift in taste reactivity after conditioning, a one-way
repeated-measures ANOVA was completed on both licks and gapes for
days 1, 7, and 14 of saline or cocaine conditioning. For LiCl rats, a paired
t test was run on both licks and gapes for days 1 and 3 of conditioning. To
compare the differences in aversive taste reactivity between the cocaine,
LiCl, and quinine groups, a one-way ANOVA was completed for both
gapes and drips. To further analyze differences in the time course of
aversive taste reactivity, a mixed 2 � 5 ANOVA with Group and Time Bin
as the factors was used. Bonferroni corrections were used for relevant post
hoc tests in all analyses. For repeated-measures analyses that did not pass
Mauchly’s test for sphericity, Huynh–Feldt-adjusted degrees of freedom
were used.

Electrophysiology
Neurons were defined as “phasic” if they exhibited either a significant
increase or decrease in firing rate to tastant infusion as described previ-
ously (Wheeler et al., 2008). Briefly, for intraoral infusions, a 5 s window
was used that comprised five 1 s bins: a baseline 1 s bin before tastant
infusion and four 1 s bins after infusion. A repeated-measures ANOVA
was run on the five bins, with planned contrasts between each of the four
bins and the baseline period. Neurons with significant increases or de-
creases in cell firing within the first two bins were considered “early-
firing” neurons; those with significant increases or decreases in cell firing
within the latter two bins were considered “late-firing” neurons.

To investigate the differences in neurons that modulated their activity
after intraoral infusions, � 2 tests compared the proportion of nonphasic,
inhibitory, and excitatory neurons (both early and late firing) across each
day of conditioning for the saline, cocaine, and LiCl groups. The same
analysis was completed for the quinine group but compared with un-
paired saccharin. Finally, the aforementioned analyses were repeated
looking separately at neurons in the rostral RAIC (AP, �3.0 or higher)
and caudal RAIC (AP, �2.7 and lower) using Fisher’s exact probability
tests. To examine relationships to behavioral measures across test days 7
and 14, Pearson correlations were used to compare the percent of early-
firing cells that were inhibitory to the number of gapes, loading presses,
and latency to first press. From the correlations, we determined the co-

Figure 1. Task schematic for the different groups. A, Saline conditioning. Animals received 45 intraoral infusions of 0.15% saccharin (0.13 ml/infusion, over�34 min). Immediately after, animals
were disconnected from the intraoral line and connected to the intrajugular line. For the next 2 h, the rats could press a lever to self-administer a 0.2 ml bolus of 0.9% saline. B, Cocaine conditioning.
This group was identical to the saline group, except that animals self-administered cocaine (0.33 mg/infusion) instead of saline. C, LiCl conditioning. In this group, animals underwent the same
intraoral infusion procedure, but this was followed by an intraperitoneal injection of 127 mg/kg LiCl. D, Quinine. Instead of saccharin, animals received 45 intraoral infusions of 1 mM quinine. No
injections or conditioning followed quinine infusions.
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efficient of determination (r 2) as a measure of the proportion of the
variance in the dependent variable that is predictable from the indepen-
dent variables. Putative interneurons, defined as cells that had a peak-
trough latency �200 �s (Mitchell et al., 2007), were excluded from the
analysis; these accounted for 4.4% of all neurons.

Histology
At the end of all experiments, rats were deeply anesthetized with ket-
amine/xylazine. A 13.5 �A current was passed through each recording
wire for 5 s, after which the rat was decapitated and the brain was re-
moved. Brains were postfixed in a solution of 20% sucrose and 3% po-
tassium ferricyanide in 10% buffered formalin and frozen, and 40 �m
sections were taken through the forebrain. Sections were mounted on
slides, and electrode tip locations were visualized using a bright-field
microscope. Placements were verified using a stereotaxic atlas (Paxinos
and Watson, 1998).

Results
Aversive taste reactivity is elicited by cocaine-paired
saccharin, LiCl-paired saccharin, and quinine
Saline-conditioned animals maintained a predominantly appet-
itive profile in response to infusion of the intraoral saccharin
throughout days 1, 7, and 14 of conditioning (change across con-
ditioning day: licks: F(2,20) � 1.18, p � 0.327; gapes: F(2,20) � 0.52,
p � 0.604; Fig. 2A, left). However, animals conditioned with
cocaine switched from a predominantly appetitive profile to a
predominantly aversive profile (change across conditioning day:
licks: F(1.17,14.00) � 16.76, p � 0.001; gapes: F(1.50,17.97) � 20.26,
p � 0.001; Fig. 2A, right). This finding shows that a palatable
saccharin solution is devalued as it comes to predict impending
but delayed cocaine, consistent with our prior studies (Wheeler et

al., 2008; Green et al., 2015; Hurley et al., 2017). Similarly, ani-
mals conditioned with LiCl showed a switch during intraoral
infusions from a predominantly appetitive profile on day 1 (be-
fore LiCl injection) to a predominantly aversive profile on day 3
(after two sessions with LiCl injection after tastant infusion) of
conditioning (LiCl: licks: t(13) � 8.58, p � 0.001; gapes: t(13) �
7.38, p � 0.001; Fig. 2B). Finally, all rats showed aversive reac-
tions to quinine (Fig. 2C). Animals made 22.14 � 1.03 responses
per session for cocaine (consuming 20.66 � 0.99 mg/kg/session)
and 7.32 � 0.85 responses per session for saline.

Rats exhibit different patterns of aversive taste reactivity after
cocaine-paired saccharin compared with LiCl-paired
saccharin or quinine
Although infusion of all three aversive tastants resulted in similar
numbers of total gapes (F(3,57) � 1.56, p � 0.208; Fig. 3A),
cocaine-paired saccharin yielded different behavioral patterns
than did LiCl-paired saccharin or quinine. First, the time course
of gaping behavior differed between groups, as gapes significantly
decreased as a function of time in the quinine and LiCl groups but
not in the cocaine groups (Group � Time Bin: F(9.61,182.55) �
7.75, p � 0.001). Specifically, Bonferroni’s post hoc tests compar-
ing bin 1 with bins 3 and 5 were significant for the LiCl and
quinine groups, but not the cocaine groups (Fig. 3B; each bin
comprised nine trials). Second, rats infused with quinine or LiCl-
paired saccharin often ejected or dripped liquid out of their
mouths (drips), whereas this was only rarely seen after infusion of
cocaine-paired saccharin (F(3,57) � 10.90, p � 0.001; Fig. 3C).
Furthermore, drips increased in tandem with the decrease in

Figure 2. Taste reactivity. A, Self-administration conditioning. During saline conditioning, animals had high appetitive taste reactivity (licks, left) and low aversive taste reactivity (gapes, right)
across each day of conditioning. Conversely, during cocaine conditioning, animals initially exhibited high appetitive taste reactivity, but this significantly decreased after repeated days of
conditioning (left). Simultaneously, repeated days of cocaine conditioning significantly increased aversive taste reactivity (right). *p � 0.05, days 7 and 14 compared with day 1. B, LiCl conditioning.
LiCl conditioning significantly decreased appetitive taste reactivity (left) and increased aversive taste reactivity (right). *p � 0.05, day 3 compared with day 1. C, Quinine. Quinine elicited low levels
of appetitive taste reactivity (left) and high aversive taste reactivity (right). All error bars represent SEM.
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gapes, suggesting that this behavior may have partially replaced
gapes as the session progressed (F(4,228) � 5.30, p � 0.001). Bon-
ferroni’s post hoc tests comparing bin 1 with all other bins were
significant when collapsing across the cocaine, LiCl, and quinine
groups (Fig. 3D). The increase in drips was specific to the LiCl
and quinine groups (and did not occur in the cocaine groups;
Group � Time Bin: F(12,228) � 1.96, p � 0.028). When examining
other measures of aversive taste reactivity, forelimb flails de-
creased across time bins in the quinine group but not the other
groups (Group � Time Bin: F(10.28,178.09) � 1.91, p � 0.045), and
there were significantly fewer chin-to-floor rubs in the cocaine
groups compared with the other groups (F(3,52) � 3.48, p �
0.022). These findings highlight fundamental differences in aver-
sive taste reactivity in the cocaine versus the LiCl or quinine
conditions.

A distinct population of RAIC neurons encodes the shift in
taste reactivity induced by cocaine-paired saccharin
Of 306 RAIC neurons recorded on day 1, two types of neural
firing patterns were observed relative to intraoral tastant infu-
sions. The first type, termed “early-firing” neurons, exhibited
phasic changes (increases or decreases) in the firing rate within 2 s
of intraoral infusions (Fig. 4A). During day 1 of conditioning
across all groups, 93 of 306 RAIC neurons were classified as early-
firing neurons. A majority of these responses were excitatory
(n � 63 cells, 68%), whereas the rest were inhibitory (n � 30 cells,
32%; Fig. 4B). However, the distribution of early-firing phasic
responses differed as a function of training days across condition-
ing groups. In the cocaine group, the majority of neurons showed
an excitatory response to saccharin infusions on day 1. However,
repeated taste– drug pairings shifted this neural profile from pre-
dominantly excitatory to mostly inhibitory on days 7 and 14 of
training (� 2 � 10.42, p � 0.005; Fig. 4C, left). Notably, this
significant shift from mostly excitatory firing on day 1 to pre-
dominately inhibitory activity on later conditioning days was not

seen after saline pairings, LiCl pairings or during administration
of quinine (saline: � 2 � 3.02, p � 0.221; LiCl: � 2 � 0.57, p �
0.449; quinine: � 2 � 0.19, p � 0.666; Fig. 4C). These findings did
not differ between the rostral or caudal RAIC (all p values 	0.05).

A second population of RAIC neurons was identified that was
also modulated by intraoral infusions, but with a longer latency
of onset (beginning within 3– 4 s of infusion onset). Examples of
these neurons, termed “late-firing” cells, are shown in Figure 5A.
During day 1 of conditioning across all groups, 92 of 306 RAIC
neurons exhibited either increases or decreases in cell firing in the
3 or 4 s bins after intraoral infusions (Fig. 5B). In contrast to
early-firing neurons, a majority of these responses were inhibi-
tory (n � 54, 59%) whereas the rest were excitatory (n � 38, 41%;
� 2 test comparing excitatory/inhibitory ratios of early-firing and
late-firing neurons on day 1 of conditioning: � 2 � 13.04, p �
0.001). Importantly, late-firing neurons did not track the shift in
taste reactivity for the cocaine group (� 2 � 1.92, p � 0.383) nor
in the other groups (saline: � 2 � 1.15, p � 0.562; LiCl: � 2 � 1.63,
p � 0.202; quinine: � 2 � 2.36, p � 0.124; Fig. 5C).

Early (but not late) inhibitory RAIC activity during infusion
of cocaine-paired saccharin predicts subsequent early-session
drug taking
The above findings show that early-firing RAIC neurons
uniquely track the emergence of negative affect to drug-paired
saccharin, as reflected in a shift from mostly excitatory firing on
day 1 of training to predominately inhibitory activity with re-
peated taste– drug pairings for both days 7 and 14 of training.
Here, we investigated the relationship between this shift in RAIC
activity during intraoral infusions and individual differences in
specific aspects of drug-seeking behavior during subsequent self-
administration. First, the percent of early-firing neurons that had
an inhibitory response to saccharin infusion on test days was calcu-
lated for each rat. This value was then correlated with cocaine load-
ing and the latency to first press during self-administration for each

Figure 3. Comparison of aversive taste reactivity between groups. A, Cocaine-paired saccharin, LiCl-paired saccharin, and quinine elicited similar overall numbers of gapes. B, LiCl- and
quinine-induced gapes significantly decreased throughout the session, but cocaine-induced gapes did not. #p � 0.05, both LiCl and quinine time bins individually compared with bin 1, but not
cocaine. C, LiCl-paired saccharin and quinine elicited significantly more drips than did cocaine. *p � 0.05. D, Drips significantly increased throughout the session. #p � 0.05, all groups combined
at each time bin compared with time bin 1. All error bars represent SEM.
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animal (indicators of motivation for drug), as well as the number of
gapes on those days (an indicator of the dysphoric state of each rat).
We found that the percent of early-firing inhibitory neurons pre-
dicted aspects of heightened drug seeking, with high-percent inhib-
itory activity predicting loading [r2 � 0.68, p � 0.001; Fig. 6A;
individually significant on day 7 (r2 � 0.84, p � 0.004) and day 14
(r2 � 0.59, p � 0.026)] and latency to first press (r2 � 0.28, p �
0.043; Fig. 6B) but not gaping behavior (r2 � 0.02, p � 0.655; Fig.
6C). We also conducted similar correlations for late-firing
inhibitory neurons for each rat. However, no significant rela-

tionships were observed between percent of inhibitory late-
firing neurons and loading behavior (r 2 � 0.03, p � 0.493; Fig.
7A), latency to first press (r 2 � 0.08, p � 0.223; Fig. 7B), or
gapes (r 2 � 0.02, p � 0.520; Fig. 7C). Collectively, these data
suggest that a distinct population of early-firing (but not late-
firing) neurons in the RAIC that track cocaine-induced deval-
uation of reward predicts low motivation to consume the drug
(i.e., less loading responses and slower latencies) but is not
linked to aversive responses elicited by the cocaine-paired
sweet.

Figure 4. Early-firing RAIC neurons track cocaine-induced devaluation of natural reward. A, Perievent histograms for representative early-firing RAIC neurons showing either
excitations (left) or inhibitions (right) within 2 s of tastant infusion. B, The population of neurons exhibits a predominantly excitatory profile in response to saccharin on the first day of
conditioning for all groups. C, Neurons in the cocaine-paired group showed a significant shift from predominantly excitatory to predominantly inhibitory. No such change was observed
in the other groups. *p � 0.05.

Figure 5. Late-firing RAIC neurons do not track hedonic shifts. A, Perievent histograms for representative late-firing RAIC neurons showing either excitations (left) or inhibitions (right) in the 3
or 4 s time bin of tastant infusion. B, The population of neurons exhibits a predominantly inhibitory profile in response to saccharin on the first day of conditioning for all groups. C, Population
dynamics did not shift in any of the experimental groups.
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Histology
Data were only included for cells recorded within the RAIC. The
location of these cells across recording sessions is depicted in
Figure 8.

Discussion
A taste cue that predicts impending but delayed cocaine availabil-
ity elicits a negative affective state associated with heightened
drug seeking (Wheeler et al., 2008, 2011; Carelli and West, 2014;
Colechio et al., 2014; Green et al., 2015). Here, we show that a
discrete neural subpopulation in the RAIC (early-firing neurons)
encodes this cocaine-induced (but not LiCl-related) negative af-
fective state and concurrent devaluation of natural reward. Im-
portantly, although aversive responses (gapes) were observed for
all three tastants (saccharin paired with cocaine or LiCl infusions
or quinine infusions), aversive profiles and the time course of
expression were not identical for each. Finally, we observed sig-
nificant correlations between early-firing inhibitory RAIC firing
during repeated taste– drug pairings and indices of motivated
behavior for drug (loading and latency to respond), but not to
aversive gaping behavior. Collectively, these findings indicate

that cocaine-paired tastants elicit unique aspects of aversive be-
haviors and that the RAIC plays a role in modulating drug-
seeking behaviors driven by drug-induced dysphoria but not
negative affect per se. The implications of these findings are dis-
cussed below.

Support for fundamental differences between drug-induced
versus traditional conditioned taste aversion
The relationship between aversion to the drug-paired taste and
subsequent drug seeking indicates that the negative affect elicited
by the tastant paired with cocaine is fundamentally different from
that elicited by more traditional agents of conditioned taste aver-
sion, such as LiCl. Indeed, it has been proposed that rats avoid
intake of a saccharin solution paired with a drug of abuse because
they are anticipating the rewarding, rather than the aversive,
properties of the drug (Grigson, 1997, 2008; Grigson and Twin-
ing, 2002). In the present task, rats given intraoral saccharin so-
lution paired with impending but delayed cocaine show indices
of aversion (gaping) to the sweet and enhanced drug seeking, in
support of the reward comparison model (Grigson, 1997, 2008;
Grigson and Twining, 2002; Wheeler et al., 2008; Colechio et al.,
2014). Here, we offer further evidence for this distinction by

Figure 6. Population dynamics in early-firing RAIC neurons predict indices of motivation for
cocaine, but not aversion per se. Percent inhibitory early-firing neurons are significantly corre-
lated with loading (A) and latency to first press (B) but not aversive gapes (C). Numbers indicate
multiple overlapping data points.

Figure 7. Population dynamics in late-firing RAIC neurons did not predict behavior. Percent
inhibitory late-firing neurons do not predict loading (A), latency (B), or gapes (C). Numbers
indicate multiple overlapping data points.

Moschak et al. • Insula and Cocaine J. Neurosci., September 26, 2018 • 38(39):8463– 8472 • 8469



demonstrating that aversive taste reactivity after cocaine-paired
saccharin is qualitatively different from that after LiCl-paired
saccharin or intraoral infusion of the bitter, aversive tastant
quinine.

Specifically, cocaine-paired saccharin, LiCl-paired saccharin,
and quinine each elicited high aversive taste reactivity, replicating
previous work (Grill and Norgren, 1978; Grigson and Twining,
2002; Roitman et al., 2005, 2010; Wheeler et al., 2008; Colechio et
al., 2014). However, we also examined the time course of taste
reactivity within each session and found a significant shift across
trials from gapes to passive drips in LiCl and quinine rats but not
cocaine rats. These divergent patterns of taste reactivity may sug-
gest that the different groups experienced distinct affective states.
We and others have suggested that the gapes seen in the cocaine
paradigm may in part reflect craving for the delayed, but impend-
ing cocaine (Wheeler et al., 2008; Colechio et al., 2014). Indeed,
the number of gapes elicited predicts early loading behavior dur-
ing self-administration (Wheeler et al., 2008; Green et al., 2015),
and no such gapes were seen when saccharin was paired with
immediate cocaine injection (Parker, 1995). Thus, the continuity
of gapes across trials in the cocaine-paired rats may reflect the
persistence of drug craving that is not reduced until access to
self-administration is granted. In contrast, it is presumed that no
such craving is experienced with the other two aversive tastants
(the sweet paired with LiCl or the innately aversive bitter qui-
nine), indicating that the shift from gapes to passive drips for
those agents may instead reflect a passive aversive response to
intraoral infusion of unavoidable aversive tastants.

Early-firing RAIC neurons shift activity in opposition to
motivated drug-seeking behaviors but do not specifically
relate to aversive state
Early in training, a population of early-firing neurons in the
RAIC was predominantly excited by intraoral saccharin infusions
but became predominantly inhibited by the sweet after repeated
pairings with cocaine. Interestingly, the degree of inhibition of
RAIC neurons correlated with subsequent early loading behavior
and latency to respond for cocaine, once the drug was again avail-
able. However, animals that exhibited a strong inhibitory profile
with repeated taste– drug pairings showed low levels of drug load-
ing and slower latencies to respond for cocaine, once available.
These findings suggest that the strong inhibitory profile seen in
the RAIC developed in opposition to drug-taking behavior. No-
tably, this inhibitory neural profile occurred during tastant infu-
sion, well before the animals had access to drug in our task,
during a period hypothesized to be a high-craving state when the
animal must wait for access to cocaine (Wheeler et al., 2008;
Colechio et al., 2014). Thus, our findings suggest that over the
course of taste– drug pairings, early-firing inhibitory RAIC neu-
rons may act to suppress cocaine craving in our task, since those
animals with higher-percent inhibitory neurons had reduced
motivation to pursue cocaine once it became available. Interest-
ingly, this interpretation has support from the clinical literature,
where human subjects asked to suppress their craving for drugs
or food exhibit decreased BOLD activity in the insula (Wang et
al., 2009; Volkow et al., 2010), and lesion of the insula in human
subjects decreases drug craving and increases the likelihood that

Figure 8. Location of recorded neurons in the RAIC. White circles, Saline; light gray circles, LiCl; dark gray circles, quinine; black circles, cocaine. AID � dorsal agranular insular cortex, AIV �
ventral agranular insular cortex.
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individuals will quit (Naqvi et al., 2007; Suñer-Soler et al., 2012).
Furthermore, preclinical work has shown that inactivation of the
RAIC decreases drug-seeking behavior (Seif et al., 2013; Cosme et
al., 2015; Arguello et al., 2017; Venniro et al., 2017). Together,
these studies highlight an important role for the insula in drug
craving.

Notably, percent inhibitory activity of early-firing RAIC neu-
rons after repeated taste– drug pairings did not correlate with
aversive taste reactivity (gapes). Furthermore, whereas early-
firing RAIC cells did track cocaine-induced devaluation, they did
not track the hedonic shifts accompanying LiCl-paired saccharin.
Of note, the emergence of this negative affective state in our task
is tracked by a subset of NAc neurons (Wheeler et al., 2008; Haake
et al., 2018), as well as shifts in rapid dopamine signaling in the
NAc (Wheeler et al., 2011; Hurley et al., 2017). Collectively, these
findings suggest that the RAIC does not track negative affect per
se and sets this structure apart from the NAc, which does track
these shifts (Roitman et al., 2005, 2010) and whose activity cor-
relates with gaping (Wheeler et al., 2008). These differences may
hint at distinct roles for the two regions. The NAc is often con-
sidered to be a limbic–motor interface (Mogenson et al., 1980;
Groenewegen et al., 1996) and may act as a general integrator of
hedonic/aversive value (Carlezon and Thomas, 2009). In con-
trast, the RAIC may function to transmit information about
tastant-induced craving to the NAc, which may then be inte-
grated with other inputs in the NAc to compute affect value.

There are some limitations to this study. First, there were no
control groups that included operant conditioning for a reward
other than cocaine (such as food). It would be interesting to
determine whether neural activity in the RAIC tracks saccharin
paired with food (versus cocaine) in a similar manner as saccha-
rin– cocaine pairings. However, such a study would need to be
undertaken with caution, as the relationship between tastant–
food pairings has proven exceptionally complex (Lucas et al.,
1990). Second, the shift in RAIC activity may have tracked the
change in behavior rather than a shift in craving or hedonic value.
However, since RAIC correlated with our measures of craving/
hedonic value (i.e., loading and latency) but not gapes and licks,
we believe RAIC activity is related, to some degree, to the former.
Finally, it is possible that the behavioral differences we see be-
tween the cocaine group and the LiCl and quinine groups are
attributable to the longer training experienced by the cocaine
group. Although possible, we have preliminary unpublished
findings (n � 3 rats) indicating that the time course of aversive
orofacial responses for the saccharin– cocaine group was similar
between early (days 2 and 3) and late (days 7 and 14) training
sessions. These data indicate that the differences in temporal gap-
ing dynamics are not the result of different duration of training
for the cocaine group.

Concluding remarks
The present study demonstrated that cocaine-paired saccharin
elicits markedly different taste reactivity than LiCl-paired saccha-
rin or quinine. These differences in taste reactivity were reflected
in the RAIC, where a discrete set of neurons (early firing) tracked
the shift in value after cocaine conditioning but not that induced
by LiCl-paired saccharin or quinine. Furthermore, animals that
inhibited activity in these neurons during saccharin infusion ex-
hibited low cocaine-taking behavior, suggesting a mechanism in
the RAIC that develops in opposition to cue-induced craving.
These findings support studies implicating the RAIC in addictive
processes (Contreras et al., 2012; Seif et al., 2013; Cosme et al.,
2015; Arguello et al., 2017; Venniro et al., 2017). Future work is

needed to investigate the role that the RAIC and its connections
with regions such as the NAc, amygdala, and thalamus play in
drug-associated craving and negative affect.
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