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SUMMARY

Understanding mesolimbic dopamine adaptations underlying vulnerability to drug relapse is essential to
inform prognostic tools for effective treatment strategies. However, technical limitations have hindered the
direct measurement of sub-second dopamine release in vivo for prolonged periods of time, making it difficult
to gauge the weight that these dopamine abnormalities have in determining future relapse incidence. Here,
we use the fluorescent sensor GrabDA to record, with millisecond resolution, every single cocaine-evoked
dopamine transient in the nucleus accumbens (NAc) of freely moving mice during self-administration. We
reveal low-dimensional features of patterned dopamine release that are strong predictors of cue-induced
reinstatement of cocaine seeking. Additionally, we report sex-specific differences in cocaine-related dopa-
mine responses related to a greater resistance to extinction in males compared with females. These findings
provide important insights into the sufficiency of NAc dopamine signaling dynamics—in interaction with

sex—for recapitulating persistent cocaine seeking and future relapse vulnerability.

INTRODUCTION

Cocaine is the most consumed illicit psychostimulant in the
world, with a resurgence of cocaine use disorders within the
last decade.' The increased risk of relapse associated with pro-
longed cocaine use is a major contributor to these sobering sta-
tistics. Given the limited efficacy of existing treatments, it is of
capital importance to identify prospective biomarkers that can
serve as accurate predictors of relapse to improve the diagnosis,
prognosis, and treatment of cocaine use disorders.?

Increased vulnerability to relapse results from maladaptive
potentiation of the mesolimbic dopamine system, which remains
compromised even after long abstinence periods.®* The ventral
tegmental area (VTA) is the origination of what has been
described as the “final common pathway” of reinstatement.”
From there, dopaminergic projections to the nucleus accumbens
(NAc), the medial prefrontal cortex, and the basolateral amyg-
dala facilitate the initiation of drug-directed behaviors, ultimately
leading to relapse.*~ Despite recent experiments reemphasizing
the role of VTA dopamine neuron activation to promote relapse
to reward-associated cues,'® technical limitations have pre-
cluded the formulation of an unambiguous “dopaminergic hy-
pothesis” of relapse’ "' that does not introduce artificial manip-
ulations to alter the mesolimbic dopamine system (optogenetics,
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chemogenetics, electrical stimulation, pharmacological agents,
etc.). The recent emergence of dopamine-specific genetically
encoded fluorescent sensors bridges this gap in knowledge by
testing whether dopaminergic variables carry sufficient informa-
tion to reproduce and predict cocaine relapse without artificially
manipulating the anatomical substrate.

Similarly, temporal limitations have also hindered the ability to
probe dopamine dynamics throughout the entire animal’s history
of cocaine taking—from initial consumption to relapse. It re-
mains unclear at which stage sensitized dopaminergic signaling
faithfully determines future enhanced risk to relapse.'® In addi-
tion, potential sex differences in these longitudinal cocaine-
evoked dopamine dynamics have yet to be elucidated.'* This
is of notable importance since human and animal studies reveal
sex differences at every phase of drug addiction'>'® (but also
see Nicolas et al."®). Structural and functional differences in the
dopamine systems of males and females may underlie these ef-
fects.?°22 Surprisingly, no study has systematically explored
sex-specific patterns of sub-second dopamine release in
cocaine self-administering rodents.

Here, we utilize GrabDA-based fiber photometry to uncover
sub-second cocaine-evoked dopamine responses in the NAc
throughout the animal’s entire history of contact with the drug.
To refine the “dopaminergic hypothesis” of cocaine relapse,
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we test whether cued reinstatement of cocaine seeking is repro-
duced from multivariate patterns of accumbal dopamine activity.
Another correlate of enhanced risk of relapse after cocaine con-
sumption—resistance to extinction—is also tested with our
mathematical model. Furthermore, we uncover sex-specific tra-
jectories of cocaine-evoked dopamine responses underlying
male vulnerability to persistent cocaine seeking.

RESULTS

Longitudinal dopaminergic responses to voluntary,
intravenous cocaine infusions in mice

An optical fiber was implanted into the NAc core to probe for
changes in fluorescence induced by GrabDA,., (Figure 1A;
STAR Methods). Then, animals (n = 12) were catheterized in the
right jugular vein to allow for voluntary intake of intravenous
cocaine (0.5 mg/kg/infusion [inf]). During 6-8 weeks of daily re-
cordings, accumbal dopamine responses accompanying
cocaine intake and drug-predictive cues were sampled
throughout the acquisition, maintenance, extinction, and rein-
statement of cocaine-seeking behavior. During acquisition,
mice had to nose poke a porthole placed in one side of the cham-
ber in order to receive a 2-s-long cocaine infusion paired with a
compound cue (light + tone) (Figures 1B and 1C). Peri-event
time histograms (PETHSs), comprising trials from each experi-
mental phase (averaged across sessions), served to characterize
each subject’s dopaminergic responses following cue onset and
cocaine delivery. Significant GrabDA,,, transients were deter-
mined using a bootstrapping confidence interval (Cl) procedure
(95% Cl, 1,000 boot-straps)®® (STAR Methods). A different set
of animals (n = 12) followed the same training protocol but were
reinforced with a sucrose pellet. Their dopaminergic responses
served as the ground truth to illustrate the identifying features of
cocaine-evoked dopamine transients in the NAc. During the first
fixed ratio 1 (FR1) sessions, cocaine infusions elicited increases in
extracellular dopamine release that were remarkably different
from those following a sucrose pellet (Figure 1D). Cocaine infu-
sions elicited steady, prolonged increases lasting a minimum of
30 s, reflecting the accumulation of extracellular dopamine due
to the pharmacological action of cocaine at NAc dopamine trans-
porters (DATs).>*?° During this stage, food-paired cues elicited
greater NAc dopamine release events compared with cocaine-
paired cues, a difference that disappeared in the next stages. Fig-
ure S1 depicts the full extent of the GrabDA,, transients
throughout an entire cocaine self-administration session, along
with the modeled quantities of cocaine brain concentrations®’
(STAR Methods). Daily changes in dopamine release over the
course of each cocaine intake phase were also examined. Our
analyses indicate that cue-evoked NAc dopamine transient am-
plitudes did not significantly evolve on a session-by-session ba-
sis, although reward-evoked amplitudes decreased during FRS3.
Mice that acquired self-administration advanced to a progressive
ratio (PR) test, an exponentially increasing schedule of reinforce-
ment”®?° (Figures 1F-1l). Cocaine, compared with sucrose pel-
lets, yielded a prolonged elevation in reward-evoked dopamine
transients (Figure 1J). 24 h after PR, animals underwent subse-
quent extinction sessions (Figure 1K) until seeking on the
cocaine-paired porthole ceased. GrabDA,.,-averaged traces
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from the first (early extinction) and last extinction sessions (late
extinction) were obtained and are plotted in Figures 1L and 1M,
respectively. Bootstrap 95% Cl procedure analyses of early
and late extinction trials revealed a decrease in dopaminergic en-
coding of cocaine seeking in the active porthole. After the last
extinction session, mice underwent a cue-induced reinstatement
test (STAR Methods). Waveform and summary analyses
confirmed the reappearance of the cue-evoked dopamine signal
on the reinstatement test compared with the last extinction ses-
sion (Figures 1N and 10). Cocaine- and food-seeking mice
exhibited similar cue-evoked dopamine events during reinstate-
ment (Figure 1N, bootstrapped 95% CI). GrabDA,,, transients
of inactive nose pokes are shown in Figure S1.

Predicting reinstatement of cocaine seeking from
multivariate patterns of dopamine responses
Prior to the emergence of genetically encoded, fluorescent
dopamine reporters,®**" in vivo dopamine measures were con-
strained either by long-term stability (voltammetry) or by tempo-
ral and spatial resolution (microdialysis). These technical limita-
tions may have hindered our ability to understand the
relevance of sub-second dopamine signatures of cocaine
seeking in the context of long-term drug addiction. Our first
approach to uncover associations between cocaine-evoked
dopamine release and reinstatement of cocaine-seeking
behavior consisted of Pearson’s correlation matrices. Behavioral
measurements (number of nose pokes or infusions during each
phase and number of days to extinction) were also correlated
with the number of nose pokes on the reinstatement test. Figure 2
shows the Pearson’s matrices resulting after correlating every
dopaminergic (Figure 2A) or behavioral measurement (Figure 2B)
obtained during the entire history of cocaine self-administration.
Correlations with the number of active nose pokes during
reinstatement are highlighted in both panels. As expected,
there was a higher degree of correlation among behavioral
measurements. Interestingly, dopamine amplitudes (averaged
GrabDA,,, AF/Fo Z scores) aligned to cue onset during FR1
(r=0.61,p=0.047)and PR (r = 0.81, p = 0.003) (depicted in Fig-
ure S1) were positively correlated with the incidence of reinstate-
ment. This result highlights the importance that early dopamine
responses may have in predicting renewed cocaine use.
Following this line of evidence, we nextimplemented a multiple
linear regression (MLR) model to predict cue-induced reinstate-
ment of cocaine-seeking behavior solely by using the dopamine
responses observed. Given the number of independent variables
available, we conducted a principal-component regression (PCR)
to avoid overfitting our linear model with too many free parame-
ters. PCR is a combination of MLR and principal-component
analysis (PCA) in which the principal-component scores resulting
from PCA are used as predictors on the MLR model. The resulting
components obtained for the dopaminergic variables are shown
in Figures 2C-2E. The three first principal components (Figure 2F)
were selected for further analysis. The first principal component
(DApRc1) explained 34% of the total variance and was exclusively
composed of cue-evoked dopamine release variables, therefore
reflecting a stable signature of accumbal dopamine responses to
drug-paired cue presentation. Principal components 2 and 3
(DApc2, DApc3) vielded a more multifaceted combination of
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Figure 1. Sub-second dopamine responses in the NAc during cocaine-seeking behavior in mice
(A) GrabDA,,,, was transduced in the NAc core, where an optical fiber was implanted.

(B) Schematic representation of the operant task.

(C) Active and inactive nose pokes and infusions from the acquisition and maintenance phases of cocaine self-administration.
(D and E) GrabDA,, transients centered —2 s to +30 s around cue onset and obtained during FR1 and FR3.

(F) Schematic representation of the response requirement during PR.

(G-l) Number of rewards obtained, active/inactive nose pokes, and breakpoints exhibited on the PR test.
(

J) GrabDA,,, transients obtained during PR.

(K) Active/inactive nose pokes during extinction and cue-induced reinstatement. FR3-averaged responding is shown for reference. One-way repeated measures
ANOVA reported a significant decrease of cocaine-seeking behavior across days (F1 149 = 4.05; p < 0.001).

(L and M) GrabDA,,, transients from the first and last extinction sessions, centered —2 s to +5 s around every active nose poke.

(N) GrabDA,,,, transients from the cue-induced reinstatement session, centered —2 s to +5 s around cue onset.

(O) Summary of GrabDA,,, AF/F; Z scores during extinction and reinstatement (one-way ANOVA; SSSS°F, 1q01 = 5.35, p < 0.01; **p < 0.01 vs. late extinction).
Colored bars below traces represent periods significantly different from 0, between reinforcers, or between sessions, as defined by bootstrapped 95% Cls. Data

are presented as mean + SEM.
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Figure 2. Low-dimensional dopamine signatures robustly predict reinstatement of cocaine-seeking behavior

Actual reinstatement nosepokes

(A and B) Pearson’s correlation matrix obtained from GrabDA2m AF/Fq Z scores and behavioral measurements made during cocaine self-administration.
Pearson’s r values from each correlation are color coded and shown within each cell. Nose-poke correlations observed during the relapse test are shown
separately. Statistically significant correlations (*p < 0.05, **p < 0.01) are marked with asterisks. For the sake of clarity, only significant behavioral correlations
(*p < 0.05) during reinstatement are shown.

(C-E) Proportion of variance explained by operationalized dopaminergic variables of each principal component (DApc) obtained from principal-component
analysis (PCA).

(F) Percentage of total variance (%) explained by each of the DAp factors derived from PCA. Principal components selected for multiple linear regression (MLR)
are colored in dark blue.

(G) Actual vs. predicted reinstatement nose pokes obtained from MLR with DApc1, DApco, and DApgs as covariates.

(H-J) Proportion of variance explained by behavioral variables of each principal component (BEpc) obtained from PCA.

(legend continued on next page)
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dopamine responses. The inclusion of cocaine-evoked dopa-
mine variables (post-drug delivery, 2-30 s) among the top
contributing parameters suggests a stable signature of reward-
evoked dopamine responses. PCA factor loadings and subjects’
scores are shown in Figure S2. Next, DApc1, DApce, and DApcs
were used as estimators in an MLR model (hereafter referred to
as DApg) to predict the number of nose pokes observed during
reinstatement (STAR Methods). Our results indicate that multivar-
iate patterns of cocaine-related dopamine responses (DApc1,
DApco, and DApcs) can robustly predict reinstatement (R? =
0.73) (Figure 2G). The model also revealed that all DApcs contrib-
uted to the observed variance during reinstatement, suggesting
that cue- and drug-evoked dopamine transients determine cue-
induced reinstatement of cocaine-seeking behavior. An alterna-
tive model of reinstatement was constructed by PCR, this time
including variables reflecting the progression of cocaine-evoked
NAc dopamine transients throughout the course of self-adminis-
tration. However, the resulting prediction of reinstatement nose
pokes (R2 = 0.73) did not differ from that of the DApc model
described above, hence suggesting that the evolution of NAc
dopamine transient amplitudes throughout sessions was not
necessary to explain cued relapse (Figure S3). Considering the
relatively small sample used, we sought to replicate these find-
ings with an alternative approach. Using Bayesian Poisson
regression (STAR Methods), we confirmed the model’s prediction
by showing that the posterior estimates of DApc1 2 3 B coefficients
matched those of the MLR model (Figure S4).

To examine how informative these low-dimensional dopamine
signatures were, we then compared the DApc model against
another PCR model obtained from the behavioral measurements,
as similarly seenin Flagel et al.>* and Slosky et al.>® Given the high
degree of covariance between the behavioral variables, such a
behavioral PCR should yield a reasonably good predictive model
to compare. ltis also safe to assume that nose-poking behavioral
variables would be the best predictors of another nose-poking
behavioral variable. To keep the number of free parameters
consistent among models, we selected the three first compo-
nents (BEpc+ 23) resulting from the initial PCA (Figures 2H and
2l). PCRyielded a considerably good prediction of reinstatement
(R? = 0.64), to which all principal components contributed. Using
the Akaike information criteria (AIC) (STAR Methods), we found
that the DApc model fit reinstatement data better than the behav-
ioral model (BEpg) (AAIC = —90.24; p = 0.006) (Figure 2M). We
performed additional PCR analyses to illustrate that the superior-
ity of the DApc model did not depend on the method used to
select principal components (Figure S5). Moreover, we iteratively
tested how well the DApc model predicted other behavioral out-
comes (such as FR1/3 responding, PR breakpoints, etc.). Acom-
parison between the percentage of variance explained (R?) of
each dependent variable indicated that the best prediction of
the DApc model was the reinstatement behavior. These results
align with the “dopaminergic hypothesis” of cocaine relapse
and prior ideas proposing dopaminergic signaling in the ventral
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striatum as a major hallmark of drug-induced adaptations and a
robust predictor of future relapse behavior.**® Moreover, we
expand upon previous evidence by showing that low-dimen-
sional features of the dopamine response space, pooling infor-
mation from the first contact with the drug up until the reinstate-
ment test, are sufficient to explain cocaine-seeking behavior in a
relapse test.

Finally, we generated an equivalent DApc model using
the dopaminergic and behavioral variables gathered from the
mice that underwent food training. Their patterned dopamine re-
sponses (DApc123) Were equally effective in predicting
cue-induced reinstatement of food-seeking behavior (R? =
0.73; Figure S6). Delving further into the dopamine response
commonalities between rewards, we report similar GrabDA,,
transient rise times (STAR Methods) in response to food- and
cocaine-paired cues. This similarity between reinforcers could
explain why dopamine-based predictions of behavioral rein-
statement are generalizable to drug and natural rewards.

Sex refines the dopamine-based prediction of
reinstatement

To date, whether cocaine-evoked dopamine responses evolve
differently through the stages of the addiction cycle in both sexes
remains an open question of paramount relevance.®” To explore
this possibility, we examined whether sex played a role in dopa-
mine-based predictions. If cocaine-evoked dopamine responses
are influenced by sex, then considering this biological variable
should refine the prediction of our DApc model. This was
achieved by adding sex as an additional predictor, in combina-
tion with DApc1, DApco, and DApgs, to the MLR model of rein-
statement. Principal-component scores were similar between
males and females (Figure 3A), meaning that cocaine-evoked
dopamine responses did not diverge by sex when considering
the animal’s history of cocaine self-administration as a whole.
Despite this, our analyses indicated that sex contributed (sex;
B = 0.65, p < 0.001) and improved (R? = 0.82 > 0.73) the DApc
model’s prediction of relapse behavior (Figures 3B and 3C). Like-
lihood ratio testing indicated that the model composed of sex and
the DApc variables was preferred over the DApc-only nested
model (32 = 90.33, p < 0.001). According to the AIC, the sex
and DApc model represented a more parsimonious alternative,
despite the additional free parameter (AAIC = —82.9; p < 0.001)
(Figure 3D). These results reveal the impact of sex as a predictor
of cocaine-evoked dopamine dynamics and drug-motivated
behavior. Our modeling approach indicates that sex interacts
with individual differences in sub-second dopamine responses
to orchestrate future cocaine-seeking behavior during relapse.

Discrete sub-second dopamine dynamics and latency to
extinction are influenced by sex

Low-dimensional features of cocaine-evoked dopamine re-
sponses provide information about future reinstatement behavior,
especially when the subject’s sex is considered. In support of this,

(K) Percentage of total variance (%) explained by each of the BEp factors derived from PCA. Principal components selected for MLR are colored in yellow.
(L) Actual vs. predicted reinstatement nose pokes obtained from MLR with BEpg1, BEpco, and BEpc3 as covariates.

(M) Model comparison using AIC supports the superiority of the DApc model (AAIC = —90.24; **p = 0.008). Insets: the models’ R? and B-parameter estimates.
Asterisks indicate B significantly different from 0 (***p < 0.0001). Reinst, reinstatement; Np, nose poke; EXT, extinction; DA, dopamine.
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Figure 3. Inclusion of sex optimizes the prediction of reinstatement
obtained by the DApc model

(A) DApc1,2,3 scores by sex (DApc1: tg = 0.15, p = 0.88; DApco: tg = 1.20, p =
0.25; DApca: tg = 0.82, p = 0.43) (males, n = 5; females n = 6).

(B) Actual vs. predicted reinstatement nose pokes obtained from an MLR
model with DApc1,DApco, and DApcs as covariates.

(C) Actual vs. predicted reinstatement nose pokes obtained from MLR with
sex, DApc1, DApco, and DApcs as covariates. Inset: the models’ R? and
B-parameter estimates for sex and each DApc. Asterisks indicate B signifi-
cantly different from 0 (**p < 0.0001).

(D) Based on AIC, the sex + DApc model is less likely to be excluded. Asterisks
indicate significant likelihood ratio test (*“p < 0.01) favoring the sex + DApc model.

we explored which discrete sex differences could be found in
terms of behavior and cocaine-evoked dopamine events. Supple-
mentary results show that both sexes consumed and pursued
cocaine at similar levels (Figure S7), as previously documented.??
Despite a common behavioral phenotype, males exhibited higher
dopamine release at cue onset and cocaine infusion than females
during FR1 and FR3 (Figures 4A-4F). The effect of sex during PR
was diametrically opposed (Figures 4D-4F). Waveform analysis
detected a significant increase in accumbal dopamine release in
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males during early extinction (Figures 4G and 4H) and reinstate-
ment (Figure 4l), despite there being no differences in the number
of nose pokes (Figure S7). Similarly, no behavioral sex differences
were observed in mice that underwent food training. Notably, male
mice needed more sessions to reach cocaine-seeking extinction
criteria, therefore showing higher resistance to extinguish
cocaine-seeking behavior (Figure 4J). Furthermore, we performed
similar analyses in food-trained animals. Again, males displayed
greater cue-evoked dopamine transients during the reinstatement
test compared with females (Figure S7). These comparisons illus-
trate not only drug-specific sex differences in NAc dopamine re-
sponses during cocaine consumption but also a generalized eleva-
tion in cue-evoked dopamine in males during reinstatement,
regardless of reinforcer.

Sex and patterned dopamine release predict the
transition to extinction

We next sought to reproduce the slower transition to extinction
observed in males with the low-dimensional dopamine signatures
DApc1, DApco, and DApcs. The proportion of females reaching
extinction criteria across sessions was significantly higher at
earlier time points than that of males (log rank Mantel-Cox test;
%2 =5.25, p = 0.021) (Figure 4K). Then, we employed Cox propor-
tional hazards regression (STAR Methods) to model the transition
to extinguished cocaine-seeking behavior across days. Cox re-
gressions are the MLR equivalents of survival curves. They allow
fitting of survival data (in this case, transition to “extinguished”
cocaine seeking) as a function of a given set of predictors. Here,
sex and DApci, DApco, and DApcs were the main predictors.
The Cox model accurately fit the observed extinction survival
curves and recapitulated the slower extinction rates displayed
by males (Figure 4L). Similarly, the Cox model composed of sex
and the DApg estimators explained the transition to extinction
significantly better than an empty model with no covariates (32 =
12.42, p = 0.014) or an equivalent model without sex as predictor
(x®=9.65, p=0.002). As a goodness-of-fitindicator, we used Har-
rell’s C statistic, which ranks how well the model attributed higher
hazard ratios (risk for extinction) to subjects with shorter observa-
tion times (early transition to extinction). Harrell’s C ranges from
0.5 to 1, and scores over 0.7 are usually attributed to strong
models.*® The Cox regression model, with sex and the DAp¢ pre-
dictors, yielded a strong prediction of the transition to extinction of
cocaine-seeking behavior (C = 0.88). Hazard ratios (equivalent to
MLR B-parameter estimates) were examined to determine the
weight of each parameter in the model’s prediction of the extinc-
tion survival curve. Based on this metric, sex (hazard ratio [HR] =
33.01) and DApc4 (HR = 2.39), but not DApc, (HR = 0.88) or
DApc3 (HR = 0.58), contributed to explain the transition to extin-
guished cocaine seeking. The above results reveal sex-specific
trajectories of drug seeking when access to the drug is withdrawn.
Moreover, we document the importance of sex-specific dopa-
mine signatures that are sufficient to accurately predict the num-
ber of sessions needed to cease cocaine-seeking behavior.

DISCUSSION

Cocaine hijacks dopaminergic signaling through DAT
blockade,* triggering long-lasting neuronal maladaptations*°
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Figure 4. Sex differences in sub-second dopamine responses recapitulate male-specific delayed transition to extinction
A) NAc GrabDA,,, transients by sex obtained during FR3 sessions.
B and C) GrabDA,,,, AF/Fq Z scores by sex from FR3 trials (B; 0-2 s, cue onset: ty39 = 6.08, ***p < 0.001) (C; 2-30 s, cocaine delivery: tozg = 1.17, p = 0.240).

E and F) GrabDA,,,, AF/Fy Z scores by sex from PR trials (E; 0-2 s, cue onset: t;¢ = 0.21, p = 0.83) (F; 2-30 s, cocaine delivery: *t;s= 2.06, p= 0.042).
G) Left: GrabDA,, transients by sex from the first extinction session. Right: GrabDA,,, AF/F Z scores (0-5 s, nose poke) by sex from first extinction session (te42 =

¢
(
(D) GrabDA,,, transients by sex obtained during PR.
(
(

2.75, *p = 0.006).

(H) Left: GrabDA,,, transients by sex during the last extinction session. Right: GrabDA,,, AF/F Z scores (0-5 s, nose poke) by sex from last extinction session

(t;35 = 0.21, p = 0.83).

() Left: GrabDA,, transients by sex during the cue-induced reinstatement test. Right: GrabDA,,,, AF/F Z scores (0-2 s, cue) by sex from reinstatement (t;72/=

3.01, **p = 0.002).

(J) Days required to reach extinction criteria by sex (t;» = 2.98, p = 0.011).
(K) Kaplan-Meier survival extinction curve of cocaine seeking by sex (probability of not achieving extinction criteria) (log rank Mantel-Cox test; %2 = 5.25, *p =

0.021).

(L) Cox proportional hazard regression containing sex and DApc1 5,3 as covariates. Solid lines represent the observed Kaplan-Meier survival curves of extinction
by sex. Dashed lines represent the estimated survival curves as predicted by the Cox sex + DApc+ 2,3 model. Colored bars below traces represent periods
significantly different from 0 or between sexes, as defined by bootstrapped 95% Cls. Inset: Harrel’s C statistic. Data are presented as mean + SEM.
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that curtail control of instrumental behavior.*' Here, we take
advantage of photometric techniques to parse out dopamine
dynamics during cocaine seeking throughout the animal’s
entire drug experience. We report stable recordings of sub-
second dopamine activity, from acquisition to the reinstatement
of cocaine-seeking behavior. Prior studies have conducted
similar long-term NAc recordings but were exclusively focused
on escalation of intake,***> were based on a within-session
extinction procedure,***® or were during incubation of
craving.*® Despite key methodological differences, NAc dopa-
mine transients documented here are equivalent to those pre-
viously reported.?®42=4447

Persistent risk of relapse is a defining feature of drug addic-
tion and is a primary endpoint for treatment of substance use
disorders.*®*° Qur results indicate that relapse correlates with
the amplitude of cue-evoked NAc dopamine transients on the
PR test. This evidence supports early work postulating that
PR reinforcement schedules are well suited to infer maladaptive
cue encoding.”®?%*° Owing to the increasing availability of
positron emission tomography (PET),®' such a relationship
could avail PET estimations of NAc dopamine on a PR
schedule as powerful indicators of future relapse in concurrent
cocaine users. Building on this finding, we sought to optimize
the information gathered by our GrabDA,,, measures to obtain
a linear model of relapse. We found that cue-evoked dopamine
responses clustered together in what can be viewed as a low-
dimensional representation of the animal’s dopaminergic reac-
tivity to cocaine-paired cues (DApc1). Numerous computational
accounts of drug addiction have stressed the importance of
such dopamine-based representations,®>* which underlie de-
cision-making impairments leading to exacerbated and uncon-
textualized drug seeking despite harmful consequences.®*°°
Finally, we showed that patterned NAc dopamine release
(DApci23) accurately predicted cue-induced reinstatement
behavior. Indeed, these dopamine signatures were more infor-
mative than a PCR model using the animal’s behavior as the
sole predictor, consistent with the notion that reinstatement
to cocaine-seeking behavior is sufficiently explained by accum-
bal dopamine signaling and any maladaptive plasticity that ac-
companies it.*® We found that not only could cocaine relapse
be predicted with this dopamine-based model but also cue-
induced reinstatement of food-seeking behavior. This finding
aligns well with recent human and rodent studies depicting a
common mesolimbic substrate shared by continued drug and
natural reward seeking. Bobadilla et al.>® found that cocaine-
and sucrose-associated neuronal ensembles in the NAc shared
~30% of the constituent neurons. In humans, Koban et al.”’
recently showed that neural signatures of food-paired cues
predicted food craving just as well as neural signatures of
drug cues predicted drug craving.

Trajectories of drug use and abuse are markedly influenced
by sex.”® Preclinical studies have addressed these disparities
with mixed findings.'®” Here, we tested the DApg model of
relapse to investigate possible sex differences present in our
dataset. In support of prior reports®® ™ (but see Zhou
et al.®%), we could not find evidence in favor of increased female
vulnerability to cue-induced reinstatement of food and cocaine
seeking. Indeed, males displayed increased dopamine-related
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fluorescence during discrete phases of voluntary seeking and
intake more readily (acquisition, maintenance, early extinction,
and reinstatement), especially during cue presentation.
Regarding this last detail, we speculate that fewer sex differ-
ences after cocaine delivery, compared with cue presentation,
were present because dopamine release after cocaine infusion
is vastly monopolized by a single variable, e.g., the pharmaco-
logical blockade of the DAT. This action leaves little room for
other variables (that could be determined by sex) to be re-
vealed during ongoing cocaine self-administration. Despite
discrete differences, low-dimensional features of dopamine re-
sponses (DApc1,2,3) Were equivalent between sexes. The cooc-
currence of discrete dopamine differences during various
phases of self-administration with a common overall dopamine
response trait (DApc1 2,3) may seem contradictory. It is reason-
able to theorize, however, that both sexes followed different
trajectories, but are comparable as a whole, to ensure a com-
mon behavioral adaptation to a given environmental setting.
Thus, sex does not determine a divergent behavioral adapta-
tion between males and females but rather acts in concert
with other individual differences to leverage a shared behavioral
outcome. Accordingly, we show that when sex is incorporated
into the DApc regression model, an improvement of predictive
performance is observed. Notably, the combination of sex
and patterned dopamine release yielded a remarkably accurate
prediction of reinstatement nose pokes, reproducing 82% of
the observed variance with a relatively simple linear regression
that did not require consideration of many previous dopami-
nergic algorithms®>®® associated with motivated behavior.

We also observed a greater resistance to extinction in males.
It is important to keep in mind that there is a considerable con-
ceptual distance between the extinction procedure followed
here and the abstinence period typically preceding relapse ep-
isodes in humans.®® Nevertheless, investigating the behavioral
and neural mechanisms of extinction can increase our under-
standing of drug-seeking reduction.®” The resistance to cease
cocaine seeking by male mice aligns well with human reports
suggesting a higher propensity in men to transition from volun-
tary abstinence to cocaine use'® and greater overdose rates.®®
In addition, we showed that slower extinction rates observed in
males were accompanied by increased NAc dopamine release
during cocaine seeking at the beginning of extinction training
and during reinstatement. Importantly, sex and patterned
dopamine responses accurately predicted the probability to
extinguish cocaine seeking. Thus, our results demonstrate the
predictive power of patterned dopamine responses evoked
by drug-associated cues (DApci) on the progression to
reinstatement.

In conclusion, our experiments unambiguously show that it is
possible to recapitulate reinstatement and extinction with a sim-
ple linear model that integrates the animal’s longitudinal reper-
toire of cocaine-evoked dopamine responses in the NAc. A
closer examination of the DApc model reveals the particular
importance of early dopamine responses (acquisition, PR) in
the gating of future relapse behavior. Fiber photometry in self-
administering mice allowed us to characterize sex-specific
sub-second dopamine responses during the pursuit of cocaine.
We postulate that this validated neuromarker, now accessible
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through human PET studies, could be used to refine patient
prognosis in research and clinical settings.

Limitations of the study

A limitation of the present study, inherent to rodent drug self-
administration procedures,®® is that cocaine was not available dur-
ing the reinstatement test, unlike human relapse episodes. This
divergence could explain why, within our conditions, dopamine
release events during the relapse test had little impact on predict-
ing the reinstatement of cocaine seeking. Related to the above,
classical extinction protocols using rodents, like the one carried
out here, are not designed to capture the rich nature of voluntary
abstinence periods in humans.”®
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Bacterial and virus strains

pAAV-hsyn-GRAB_DA2m

Gifted by Dr. Yulong Li

Addgene #140553-AAV9

Chemicals, peptides, and recombinant proteins

Ketamine HCI Millipore-Sigma 1356009
Xylazine HCI Millipore-Sigma X1251
Bactroban GlaxoSmithKline R11145
Cocaine HCI NDSP 9041-001
Experimental models: Organisms/strains

C57bl/6J Jackson Laboratories 000664
Software and algorithms

Synapse Software Tucker-Davis vo8

FP signal MATLAB

Technologies website
GitHub

github.com/djamesbarker/

processing script FiberPhotometry
GraphPad Prism GraphPad website 9.1

BPR package for R GitHub github.com/laura-dangelo/bpr
MATLAB MATLAB website 2020b

RStudio Posit website 2021.08.0
Bootstrapping Cl script GitHub github.com/philjrdb
Other

Sweetened grain pellets Bio-Serv F05684

Optical fiber Thorlabs CFM15L4

i.v. cannula PlasticsOne 313-002BM-10
Operant chambers Med Associates ENV-307A-CT
Microinfusion pump Med Associates PHM-100A

Liquid swivel Instech Laboratories 375/25

470nm LED source Thorlabs M470F3

405nm LED source Thorlabs M405FP1
Fluorescence minicube Doric Lenses FMC4
Photoreceiver Doric Lenses Newport2151

FP real-time processor Tucker-Davis Technologies RZ5P
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Joseph F.

Cheer (jcheer@umaryland.edu).
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The study did not generate any new unique reagents or materials. The materials and reagents employed herein can be accessed
commercially without availability restrictions.

Data and code availability
® Access to the original data will be provided upon email request to the lead contact.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

For the cocaine experiment, adult (3-month-old) female and male C57BL/6J mice were used (n = 20). Prior to fiber implantation sur-
gery, mice were group-housed in plastic cages with ad libitum access to food and water. Following surgery, animals were singly-
housed. All rodent holding rooms were maintained at 24°C and 40-50% humidity under a 12-h light/dark cycle with lights on at
07:00 h. Research facilities were certified by the Association for the Assessment and Accreditation of Laboratory Animal Care
(AAALAC), and experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at University
of Maryland School of Medicine and the University of California, Riverside School of Medicine and in accordance with the Guide for
the Care and Use of Laboratory Animals.”" Animals were transduced with a genetically-encoded fluorescent dopamine sensor>°
(GrabDA,,) and implanted with optical fibers in the core subregion of the NAc on postnatal day (PND) 70. pAAV-hsyn-GRAB_DA,,
was a gift from Yulong Li (Addgene viral prep #140553-AAV9). On PND 100, they underwent the second surgical procedure, in which
they were implanted with intravenous catheters and trained to self-administer cocaine. Then, mice underwent in vivo fiber photom-
etry recordings during cocaine self-administration. A separate group of mice (n = 12, 6/sex) performed the exact same experiments
described below but were instead reinforced with sweetened grain pellets (Bio-Serv, F05684).

METHOD DETAILS

Viral delivery and optical fiber implantation

Animals were anesthetized using isoflurane in O, (4% induction and 2% maintenance) and then placed in the stereotaxic apparatus.
To express GrabDA,,, in the NAc, AAV9-hSyn-DA-sensor 4.4 (10'® genome copies (gc)/ml)) was unilaterally injected using the
following coordinates: antero-posterior, 1.1 mm; medio-lateral, 1 mm; and dorsoventral, —3.8 mm; relative to bregma (brain surface).
By a microsyringe pump, AAV9-hSyn-DA-sensor 4.4 (500nL) was slowly infused through a sharp glass pipette into the target brain
area at rate of 100 nL/min. Immediately following virus infusion, an optical fiber (diameter, 400um; NA, 0.5; Thorlabs) embedded
within a ceramic ferrule was implanted with its tip targeting 0.1mm above the above-mentioned NAc DV coordinates. Ceramic fer-
rules were secured to the skull using dental cement with the help of two skull-penetrating screws. Mice were gently removed from the
stereotaxic instrument and placed over a heat pad in their home cages. With daily monitoring for wound healing, mice were singly
housed and allowed to recover for 4 weeks.

Intravenous catheterization surgery

After 4 weeks of recovery and viral expression, GrabDA,, fluorescence was tested during environmental exploration. Only those an-
imals showing fluctuation in fluorescence intensity were selected for catheterization of the jugular vein (n = 17). Surgical implantation
of the catheter into the jugular vein was performed following anesthesia with a mixture of Ketamine hydrochloride (100 mg/kg) and
Xylazine hydrochloride (10 mg/kg), injected in a volume of 0.1mL/10 g body weight, i.p. Indwelling i.v. silastic catheters (0.3mm inner
diameter, 0.6mm outer diameter) were implanted 1.3cm into the right jugular vein and anchored with suture.”® The remaining tubing
ran subcutaneously to the cannula (PlasticsOne), which exited at the midscapular region. All incisions were sutured and coated with
antibiotic ointment (Bactroban, GlaxoSmithKline). After surgery, animals were allowed to recover for 3 days prior to initiation of self-
administration sessions. To maintain patency, catheters were flushed daily with heparinized saline (30 USP units/ml).

Intravenous cocaine self-administration

After surgery recovery, mice were trained in operant chambers (Model ENV-307A-CT, Med Associates) equipped with two holes, one
randomly selected as the active hole and the other as the inactive. Cocaine 0.5 mg/kg/infusion was delivered in a 20-pL injection over
2-s via a syringe mounted on a microinfusion pump (PHM-100A, Med-Associates) through a single-channel liquid swivel (375/25,
Instech Laboratories) connected via tygon tubing to the chronic indwelling catheter. All FR1 and FR3 sessions started with a cocaine
priming infusion. When mice responded on the active hole, the stimulus lights (located above the nosepoke hole) and tone were pre-
sented for 2-s and a cocaine infusion was delivered automatically over these 2-s. Each infusion was followed by a 10-s time-out
period in which a nosepoke on the active hole had no consequences but was recorded.

Acquisition and maintenance of operant cocaine taking

Mice were trained to nosepoke in order to receive 0.5 mg/kg cocaine infusions or food pellets under a fixed ratio 1 reinforcement
schedule (FR1) in 2h-long daily sessions. For the cocaine-trained group, no food self-administration pre-training was conducted.
The food-trained group of mice were food-restricted and maintained at ~90% their initial body weight throughout the whole proced-
ure, from acquisition to reinstatement. Mice were moved to an FR3 reinforcement schedule when the following criteria were met on 2
consecutive FR1 sessions: a) > 65% of responses were received at the active hole; and b) a minimum of 15 responses on the active
hole. After meeting criteria, animals (cocaine: n = 15; food: n = 12) underwent 5 more FR3 sessions.

Progressive ratio test session

After five FR3 sessions, subjects (cocaine: n = 15; food: n = 12) were tested in a PR schedule, wherein the response requirement to
earn a reinforcer escalated according to the following series: 1-2-4-6-9-12-15-18-27-32-40-60-73-90-135-178. The PR session
ended when mice were not able to earn the response requirement in 1-h and was performed only once. After the PR test, catheter
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patency was determined by i.v. infusion of 0.1 mg/kg thiopental (5 mg/ml). Catheter patency was confirmed when prominent signs of
anesthesia appeared within 3s of the infusion. Two mice did not show prominent signs of anesthesia and were removed from the
study.

Extinction and reinstatement of cocaine seeking

After PR testing, mice (cocaine: n = 13; food: n = 12) underwent operant extinction of cocaine- or food-seeking behaviors. During
these sessions, nosepokes in the active hole produced neither reinforcement nor cue presentation. Extinction sessions (2-h long)
were conducted once a day, 5 days/week until reaching the extinction criteria in two consecutive days (performing less than 15 total
responses or <40% of the mean nosepokes exhibited during FR3 testing). Animals that did not consistently respond to the active
porthole (>5 nosepokes) during the first two days of extinction were removed (n = 2) from the study. Twenty-four hours after,
mice (n = 11, 6 females and 5 males) underwent a cue-induced reinstatement session, in which they were confined to the operant
chambers for 2-h. During the reinstatement session, mice did not receive cocaine infusions or food pellet delivery but nose-poking
in the active hole resulted in cue light and tone presentation and, for the cocaine-seeking group, activation of the cocaine microinfu-
sion pump under an FR1 schedule. In the food-seeking group (n = 12, 6 females and 6 males), the pellet dispenser was activated
following nose-poking on the active hole, but no food pellets were delivered.

Fiber photometry recording

Fiber photometry of GrabDA,,,, signals was conducted in all cocaine self-administration sessions, from acquisition to reinstatement.
Two fiber-coupled LEDs producing 470nm (M470F3, ThorLabs) and 405nm (M405FP1, ThorLabs) lasers were used as the excitation
source. The LED beams were reflected and coupled to a fluorescence minicube (FMC4, Doric Lenses). A 2 m-long optical fiber
(400um, Doric Lenses) was used to transmit light between the fluorescence minicube and the implanted fiber. To allow for concurrent
drug i.v. self-administration and fiber photometry, the drug tubing (running from the liquid swivel to the animal’s catheter) hung par-
allel to the optic fiber and no protective sleeve was used. The unprotected tubing had a length ~15 cm longer than the straight dis-
tance between the back of the animal and the liquid swivel. This allowed the tubing to coil around the optic fiber over the course of the
2 h-long sessions without compromising the mobility of the animal. Video S1 illustrates the setup used and the animal’s mobility dur-
ing simultaneous dopamine recordings and voluntary cocaine taking. The LED intensity was measured at the tip of optical patch ca-
ble and adjusted to ~ 5uW and ~10uW for the 405nm and 470nm LEDs, respectively. GrabDA,, fluorescence was collected by the
optical fiber, passed through the fluorescence minicube, and projected onto a photoreceiver (Newport 2151, Doric) where light in-
tensity was converted into current signal. A RZ5P real-time processor (Tucker-Davis Technologies, TDT) was used to convert the
current signal to voltage signal, which was processed through a low-pass filter (6Hz, sixth order Butterworth filter) to allow filtering
of noise at higher frequency. Finally, the voltage signal and transistor—-transistor logic (TTL) signals coming from the operant cham-
bers were sampled at 6kHz and recorded using the Synapse software. Cue presentation onset, cocaine infusion or pellet delivery
offset, and nosepoke onset times in the active and inactive holes were recorded as independent TTLs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Fiber photometry signal processing and PETH creation
GrabDA,,, signals were processed using the MATLAB script developed by Barker et al.”” Noise-related changes in fluorescence
across the whole experimental session were removed by scaling the isosbestic control signal (405nm) and regressing it onto the
dopamine-sensitive signal (470nm). This regression generated a predicted model of the noise that was based on the isosbestic con-
trol. Dopamine-independent waveforms on the 405nm model were then subtracted from the raw GrabDA,,, signal to remove move-
ment, photo-bleaching, and fiber-bending artifacts (Figure S1). PETHs were constructed using 100-ms bins surrounding the event of
interest. PETH time windows for FR1, FR3 and PR recordings spanned -2s-30s, centered around cue presentation TTLs. Time win-
dows for extinction and reinstatement recordings spanned -2s-5s, centered around nosepoke or cue presentation TTLs, respec-
tively. Each bin of the PETH was z-scored by subtracting the mean fluorescence found in the -2s to —0.5s time window preceding
each trial and dividing by the s.d. across those windows (n = number of trials). In the FR1, FR3, PR and reinstatement phases of the
experiment, z-scores obtained during the first 2 s following cue presentation (0-2s, aligned to cue onset) were considered to reflect
cue-evoked dopamine-based fluorescence. When cocaine was available, z-scores of the remaining period (2-30s, aligned to cocaine
delivery offset) were interpreted as reward-evoked dopamine-based fluorescence. For the extinction recordings, the 2 s following
each nosepoke (0-2s) were interpreted to reflect nosepoke-related dopamine-based fluorescence. Cocaine-related GrabDA,,, sig-
nals were relatively stable across days and only changed across experimental phases (Figures S1 and 1). Therefore, for graphing and
analytical purposes, GrabDA,, traces were averaged across the different sessions that constituted an experimental phase. Food-
and food-paired cue-evoked dopamine transients (Figures 1 and S6) were obtained and analyzed using the same fiber photometry
signal processing methods. To compare rise times between rewards, we fit GrabDA,, trials (z-scores; -2s-2s, centered around cue
onset) to GraphPad Prism built-in sigmoidal function. Extra sum-of-squares F tests were used to determine if the same hillslope term
of the sigmoidal function significantly fit both datasets (cocaine and food pellets). To clarify, hillslopes were favored over t4, analyses,
since the former measure the steepness of GrabDA,,,, transients and do not depend on the rise onset time.

Significant dopamine transients while cocaine was available often exceeded the 30-s time window used on the PETHSs. To visualize
the full extent of the dopamine transients, we plotted a session-wide GrabDA,, recording from a representative cocaine FR1 session
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with overlayed infusion timestamps (Figure S1). Figure S1 shows that cocaine-evoked GrabDA,,, transients can last for several mi-
nutes before decaying to baseline. Inter-response intervals followed a similar temporal distribution, indicating that only a residual
number of extra responses fell within the 30-s time window used for the PETH analyses. Delving further into this temporal coinci-
dence, we modeled predicted quantities of cocaine brain concentrations (Cp,ain) Using the equation A(e~« — e~#t), as characterized
by Pan et al.,?” where A = 4.82 (a multiplicative factor including the cocaine dose), o = 0.01, p = 0.0095 and t being the time in minutes
since the previous cocaine infusion. Except for the initial 5 min of the session, corresponding to the “loading phase” of consumption,
cocaine-taking responses coincided with the decrease in cocaine content in the brain (Cpain). 4F/F values were expressed as
Z-scores.

Statistical tests and GrabDA,,,-based predictive models

We analyzed the results of single factor, two-group, parametric variables (amplitude of evoked GrabDA,,, z-scores and nosepoke
comparisons between sexes) with unpaired Student’s t-tests (two-tailed). Parametric measures resulting from the combination of
two factors (PR z-scores by sex) were analyzed with two-way ANOVAs. When an experimental condition followed a within-subject
design (e.g., trial, session) an ANOVA with repeated measures was calculated. In addition to Z score summary analyses, GrabDA,,
fluorescence values were compared using waveform analyses, hence providing temporally-defined significance. Waveform analyses
were based on the bootstrapping Cl procedure developed by Jean-Richard-dit-Bressel et al.”® Significant transients within the PETH
were defined as periods (with a minimum length of 0.5-s) whose bootstrapped 95% CI did not contain 0 (baseline) or the other group’s
waveform. Bootstrapped Cl were obtained by randomly re-shuffling (1000 boot-straps) trial z-scores. The bootstrap distribution was
then expanded by a factor of \/n/(n — 1) to adjust for narrowness bias.**

We then estimated Pearson’s correlation coefficients between dopaminergic and behavioral variables, with an emphasis on rein-
statement incidence, to uncover initial relationships. These variables were defined as averaged number of nosepokes or averaged
cue-, reward- or nosepoke-evoked z-scores obtained during FR1, FR3, PR, extinction, and reinstatement recordings.

To generate a dopamine-based MLR model of reinstatement nosepokes, we followed a PCR strategy that allowed us to minimize
the number of free parameters while pooling information from nine different dopaminergic variables. This was independently applied
to both the cocaine- and food-seeking mice cohorts. In addition, PCR enabled an unbiased approach in which no prior hypothesis
was needed to select dopaminergic variables to fit into the linear regression. Only animals tested throughout the acquisition, main-
tenance, PR, extinction, and reinstatement phases of the experiment were included on the analysis (n = 11; 6 females, 5 males). First,
a low-dimensional representation of all the dopaminergic variables was obtained by PCA’* after scaling the data to have a mean of
0 and s.d. of 1. The computed principal components compiled multivariate patterns of NAc dopamine responses to cocaine
throughout the animal’s entire history of drug exposure. The resulting loading scores are shown in Figure S2. Each variable’s loading
determined whether that variable increased or decreased a subject’s DAp factor score. Of note, not all dopamine variables loaded in
the same direction. This is important to discern how each variable related to reinstatement (predicted lower or higher levels of nose-
poking). Second, we selected the first three principal components (referred to as DApc1, DApce, and DApga), which explained nearly
75% of the observed dopaminergic variance, to serve as covariates in an MLR model of reinstatement nosepokes. The same pro-
cedure was used to obtain a dopamine-based prediction of food-seeking reinstatement (n = 12; 6 females, 6 males). We replicated
our main results with two other principal component selection methods’® (Figure S5). The “Kaiser rule” method selected four prin-
cipal components with an eigenvalue higher than 1. The “Elbow rule” method selected the first five principal components before an
apparent dip in the explanatory power of the next factor. Given that the number of nosepokes during reinstatement is a count of
events (with no possible negative or decimal values) and that its distribution violated the normality assumption (tested with three
different statistics; Shapiro-Wilk, W = 0.248, p = 0.048; Anderson-Darling, A2* = 0.712, p = 0.044 and Kolmogorov-Smirnov, KS dis-
tance = 0.218, p = 0.046), we fit the MLR model using a Poisson’s regression. The dopamine-based model (DAp¢) of reinstatement

behavior became defined by In(Y) = B+ 81(DApc1) + B2(DApc2) + 833(DApcs). Similarly, we obtained the same Poisson’s MLR
model of reinstatement nosepokes using principal components derived from the behavioral variables shown in Figure 2B as cova-
riates (BEpg). To compare goodness-of-fit between models we used the small-sample corrected Akaike information criterion (AIC).
AIC is an information theory-derived metric used to compare models. AIC values the resulting percentage of variance explained (R?)
but also the total amount of predictors used (degrees of freedom). A model that is predictive (high R?) and parsimonious (few pre-
dictors) will have a lower AIC score and therefore ranked as the best model. The difference between AIC was calculated by
AAIC = 2In(LR) +2Adf, where LR was the negative log likelihood ratio value of the model and df the number of free parameters.
The probability of the alternative model (BEpg) being more likely to be correct than the reference model (DApc) was determined
byp = 1 — (e9%4/C /1 4 g052IC) Nested models (e.g., DApc + sex) were compared using both AAIC and likelihood ratio methods.

To replicate our MLR results, we performed an additional Bayesian Poisson inference procedure’® to predict reinstatement nose-
pokes using DApc1, DApc> and DApcs as regression coefficients. First, we used Markov chain Monte Carlo (MCMC) method to
generate 10000 samples (first 2500 iterations discarded as burn-in) that followed the posterior distributions of reinstatement nose-
pokes the observed data. Then, we ran a Metropolis-Hastings algorithm that iteratively sampled the B coefficients from the simulated
samples until getting the B parameters that most closely regressed the observed data. The logarithm of the pseudo-marginal likeli-
hood (LPML)"” and R? between the observed and a randomly sampled distribution of reinstatement values were used as goodness-
of-fit measures. Bayesian Poisson regression was performed under the “bpr” R package (Windows 11).
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To characterize sex differences in the progression to extinguished cocaine-seeking behavior, Kaplan-Meyer survival curves
were computed. Then, multivariate patterns of NAc dopamine release (DApcy, DApco and DApcs) and sex were used as
covariates to recover the observed Kaplan-Meyer survival curves. This was achieved using a semi-parametric Cox proportional
hazards regression. A Cox regression model is the equivalent of an MLR that allows fitting of survival time curves. The values to
fit are the hazard ratios of each animal on each day. These hazard ratios (h) estimate the probability of a given subject to
experience a transition change (from “not extinguished” to “extinguished” cocaine seeking). Therefore, the Cox model is defined
by h(t) = ho(t) @XP (XDApc, “BDArc: +XDAnco “BDArcy +XDApcs “BDApcs +Xsex *Bsex), Where h(f) is the estimated hazard at time ¢, ho(t) is the
baseline hazard when all the predictors are equal to zero, x; are the values of the predictor variables, and B; the parameter coefficients.
Harrell’s C statistic, equivalent to the area under the ROC curve for logistic regressions, was used to define the goodness-of-fit for the
Cox model of extinction.”®
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