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Systems neuroscience studies have focused on the neural 
mechanisms of associative learning with a goal of defin-
ing how circuits in the brain encode associations between 

cues and predicted outcomes to control behavior. However, other 
experience-dependent factors, such as novelty, play an important 
and causal role in determining the trajectory of associative learn-
ing1,2. For example, both valenced and neutral stimuli exert the 
highest influence on behavior when they are novel2,3. Habituation, 
in which stimulus responses are reduced over repeated presenta-
tions, is a critical form of novelty-based learning that guides ani-
mals to ignore irrelevant stimuli in their environment4. Novelty also 
potently influences associative learning and conditioned behav-
ioral responses2,5. Novel stimuli can alter conditioned responses 
to previously learned cues (that is, external inhibition), even when 
no errors in prediction are present6,7. Additionally, unconditioned 
stimuli form stronger associations with neutral cues when the cues 
are novel, whereas familiar cues impede this process—a psychologi-
cal phenomenon termed latent inhibition8. Although parameters 
such as salience and novelty are accounted for in various respects 
in virtually all influential associative learning models, these frame-
works still do not always account for the full range of effects of  
novelty on behavior9–12. Thus, defining the neural underpinnings 
of interactions between stimulus novelty/habituation and future 
learning—and whether this is best explained by associative or 
nonassociative factors—is critical to understanding fundamental  
neurobehavioral processes.

Dopamine is often studied in associative learning contexts13,14, 
but work has shown that dopamine in striatal regions such as the 
nucleus accumbens (NAc) core is modulated by novelty. Extracellular 
dopamine levels are influenced by novelty and habituation, and 
basal dopamine levels correlate with attention7,15,16. Previous studies  

have focused on calcium imaging in ventral tegmental area (VTA) 
cell bodies and have suggested that dopamine neurons are criti-
cally involved in novelty detection17, but the majority of studies 
on how novelty alters the dopamine signal at its projection targets 
have used slow sampling techniques that only allow for the assess-
ment of dopamine levels over long periods of time. Importantly, 
habituation occurs rapidly, and understanding its neural correlates 
requires the ability to assess dopamine responses on a trial-by-trial 
basis. In sum, although previous work suggests that dopamine is 
influenced by novelty, technical limitations have prevented our abil-
ity to systematically define (1) whether and how this occurs in a 
temporally specific fashion and the behavioral factors that influ-
ence these signals over experience in the NAc core and (2) whether 
the dopamine signal in the NAc core is causal to novelty effects on 
learning via nonassociative factors and whether this affects future 
associative learning. The development of genetically encoded fluo-
rescent dopamine sensors allows for direct, optical assessment of 
dopamine transients in vivo with a high signal-to-noise ratio. We 
can thus assess dopamine responses across single trials, across ses-
sions and across behavioral tasks within the same animals. To this 
end, we observed and manipulated dopamine responses during 
repeated presentations of neutral stimuli to understand how dopa-
mine responses track novelty and habituation to influence future 
associative learning.

We show that neutral auditory and visual stimuli evoke a posi-
tive dopamine response in the NAc core in the absence of any 
valence-based predictions. Further, the magnitude of the dopamine 
response tracks the novelty of neutral stimuli, whereby a response 
is reliably evoked during initial exposure and dissipates as a func-
tion of habituation to the stimulus. Moreover, with repeated presen-
tations, dopamine responses to neutral cues decreased to baseline 
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as animals habituated to the stimulus. We subsequently employed 
a latent inhibition paradigm to define whether these signals were 
causal to future associative learning. Using optogenetics to increase 
or decrease dopamine responses during habituation, we show that 
dopamine responses during the habituation period are causal to 
future learning and cannot be explained solely by associative or 
prediction-based accounts of dopamine coding in learning and 
memory18–20. Our results show that dopamine in the NAc core is 
causal to latent inhibition. Further, we demonstrate a causal link 
between dopamine and novelty that influences current and future 
behavior which is best explained via nonassociative mechanisms.

Results
Neutral cues evoke dopamine that decreases with habituation. 
Our first goal was to determine if novel and neutral stimuli could 
evoke a dopamine response and how this changed with experience 
(that is, following repeated exposure). To this end, we utilized opti-
cal methods for directly recording dopamine in awake and behaving 
animals. A majority of work overlaying dopaminergic activity with 
behavioral control has utilized electrophysiology21 or calcium imag-
ing22 to record action potentials at the soma of midbrain dopamine 
neurons23, or observed axonal calcium fluctuations as a proxy of 
dopamine release events24. Both approaches assume that dopamine 
itself follows the same pattern as these proxy measures. However, 
extracellular dopamine levels in the NAc result from both dopamine 
neuron firing patterns and rapid modulation of dopamine terminals 
by both homosynaptic mechanisms and heterosynaptic signaling 
via accumbal microcircuits25. These local modulatory mechanisms 
sculpt the timing and magnitude of dopamine transmission inde-
pendent of dopamine cell body activity in the midbrain26. Indeed, 
recent work has shown that task-related VTA dopamine neuron 
spiking and dopamine release are dissociable in vivo27, highlighting 
the need for direct assessment of dopamine response patterns in the 
NAc. To this end, we used the genetically encoded dopamine sen-
sor, dLight1.1 (ref. 28), to record in vivo dopamine dynamics at the 
level of its projection targets in the NAc core (Fig. 1a; see Extended 
Data Fig. 1 for specific dopamine analyses conducted and repre-
sentative dopamine traces). Using this approach, we recorded dopa-
mine responses during the presentation of a neutral stimulus (white 
noise) presented at 85 dB for 6–7 presentations on a random-time 
schedule for two sessions on consecutive days (Fig. 1a,b).

First, we found that novel, neutral stimuli reliably evoked dopa-
mine transients upon first exposure (Fig. 1c,d). Next, we found 
that dopamine responses to the same stimulus were progressively 
reduced over repeated exposure (Fig. 1d; see Extended Data Fig. 2 
for the second day of the exposure session). Specifically, we found 
that the peak of the dopamine response decreased both within 
(Fig. 1d) and across sessions (Fig. 1e,f). While the peak dopamine 
response tracked habituation to the neutral cue, there were no 
changes in dopamine clearance (Fig. 1g,h). These results show that 
in the absence of an outcome, NAc core dopamine responses track 
the novelty/familiarity of stimuli. That is, as the stimulus becomes 
more familiar during repeated exposure, the dopamine signal that 
the stimulus evokes diminishes.

Habituation to a neutral cue decreases future learning. Although 
we showed above that NAc core dopamine tracks the familiarity of a 
neutral stimulus, it is not known if this effect is consequential for the 
formation of future associations. To test this, we employed a latent 
inhibition paradigm8. Latent inhibition is a novelty-based learning 
phenomenon whereby pre-exposure to a neutral stimulus before 
conditioning results in a reduced learning rate for that same stimu-
lus in the future8. This occurs because the novelty of the stimulus is 
reduced and thus attention to that stimulus is consequently reduced 
when an associative contingency is later imposed. Importantly, this 
is one of the main challenges to prediction-based learning models, 

which have been used to explain the role of dopamine in learn-
ing and memory. Prediction-based models cannot account for the 
change in the conditioned response based on previous exposure to 
the stimulus (which influences novelty and attention29).

Mice were pre-exposed to a stimulus (either tone or light, coun-
terbalanced) for four consecutive sessions, a total of 33 presenta-
tions for each session, to induce habituation (Fig. 2a). Following 
the pre-exposure period, animals underwent fear conditioning. 
During these sessions, animals were presented with a pre-exposed 
conditioned stimulus (pre-exposed CS+) or a non-pre-exposed 
conditioned stimulus (CS+)—both of which were immediately 
followed by a footshock. Further, there was a non-pre-exposed 
CS− (CS−) that signaled that no shock would occur (Fig. 2b). At 
the end of conditioning session 1, the CS+ yielded a stronger freez-
ing response as compared with both the CS− and the pre-exposed 
CS+ (Fig. 2c). Importantly, there was no difference between the 
freezing to the CS+ and pre-exposed CS+ on the first trial before 
the first shock was presented (Fig. 2d); however, following con-
ditioning, the CS+ yielded a stronger freezing response than the 
pre-exposed CS+. At the end of the second session, the difference 
between the CS+ and pre-exposed CS+ disappeared, indicating that 
the observed differences were in the rate at which learning occurred 
(Extended Data Fig. 4). These results demonstrate a strong latent  
inhibition effect.

Dopamine responses track latent inhibition. As shown in the ini-
tial repeated exposure experiment, NAc core dopamine responses 
decreased as novelty was reduced (that is, with increasing famil-
iarity of the stimulus). We hypothesized that if this effect had any 
impact on learning rate, the dopamine response to the CS+ and 
the pre-exposed CS+ would also differ. Supporting our hypothesis, 
we found that dopamine responses to the pre-exposed CS+ were 
weaker as compared with the CS+ (Fig. 2e–j; see Extended Data 
Figs. 3 and 4 for additional analyses). The CS+ elicited a dopamine 
response that was larger than the baseline dopamine levels (dur-
ing the inter-trial interval (ITI) when no stimuli were presented); 
however, the dopamine response to the pre-exposed CS+ was not 
different from this baseline (Fig. 2h). In addition to changes in the 
dopamine response, there were also changes in some kinetic param-
eters. The time for the dopamine signal to return to baseline was 
increased following the presentation of the CS+ as compared with 
the pre-exposed CS+ (Fig. 2i,j). Supporting these results, we also 
found that in the mice that did not show latent inhibition, the dopa-
mine response did not differ between the pre-exposed CS+ and 
CS+ (Extended Data Fig. 4a–d). Thus, even though both cues were 
paired identically with an aversive stimulus, there were significant 
differences in dopamine responses, which tracked the novelty of the 
cue before it had acquired value.

Consistent with the behavioral data, on the second training day 
these behavioral and dopamine response differences disappeared 
(Extended Data Fig. 4e–j). At this time, there were no longer signifi-
cant differences between the CS+ and pre-exposed CS+ for peak 
height (Extended Data Fig. 4h), or any of the kinetic parameters 
measured (Extended Data Fig. 4i,j). The work presented within the 
current manuscript is consistent with many previous studies show-
ing that aversive stimuli increase dopamine levels in the NAc30,31. 
However, work has also suggested that dopamine encodes bidirec-
tional valence where the dopamine response to the cues predict-
ing aversive outcomes (for example, fear cues) is negative14. These 
studies present fear conditioning responses as the average of many 
trials, rather than a trial-by-trial analysis during the early trials, 
as we present here. Replicating these results, we also showed that 
the dopamine response to the fear conditioning cues dipped below 
baseline with extensive training (Extended Data Fig. 5). However, 
these results cannot be explained by the cue coding for negative 
valence as animals have learned the aversive association—and thus 
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Fig. 1 | Neutral stimuli elicit dopamine responses that decrease over repeated presentations. a, Mice (n = 5; 4 males, 1 female) received unilateral 
injections of the fluorescent dopamine sensor dLight1.1 in the NAc. A fiber optic cannula was placed directly above the injection site in the NAc core. 
Representative histology showing viral expression (green) restricted to the NAc core and schematic showing fiber optic placements (red) in experimental 
animals. b, Stimulus exposure paradigm. A white noise stimulus was pseudo-randomly presented at 85 dB for 6–7 presentations for two sessions.  
c, Heatmap showing the trial-by-trial dopamine response (z-scores) to the neutral stimulus from each mouse (n = 5 for each trial; 6 trials in total).  
d, Session 1 dopamine signal to repeated white noise presentations (6–7 presentations per animal). The first presentation of the neutral stimulus evoked 
a significant positive dopamine response (peak height for the first presentation; two-tailed independent sample t-test, t4 = 4.02, P = 0.01, n = 5 mice). 
e, Averaged dopamine responses to white noise presentations on session 1 versus session 2, showing that dopamine is reduced to neutral stimuli both 
within and across sessions. f, Peak dopamine response evoked by the white noise decreased from session 1 to session 2 (nested ANOVA F(1,57) = 7.26, 
P = 0.009, Session 1 n = 30 and Session 2 n = 33 stimulus presentations, n = 5 mice). g, The time for the dopamine signal to return to baseline in seconds 
did not significantly differ across sessions, suggesting that changes are driven by release, rather than clearance, mechanisms (nested ANOVA F(1,57) = 0.40, 
P = 0.5316). h, Tau is another measure of dopamine clearance and is defined by the time in seconds for the signal to return to two-thirds of peak height. 
This measure did not differ across sessions (nested ANOVA F(1,57) = 2.65, P = 0.1093). Data are represented as mean ± s.e.m.; *P < 0.05; **P < 0.01;  
NS, not significant.
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freeze to the cue—before this signal becomes negative. Also, the 
positive dopamine response to the cue was correlated with learn-
ing rate for that cue during early training in the opposite direction 

of what would be predicted if this were a purely associative and 
valence-based signal, with larger dopamine responses predicting 
faster learning of the aversive association.
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Fig. 2 | Cue pre-exposure leads to decreased dopamine responses and learning rate during subsequent fear learning. Latent inhibition is a learning 
phenomenon where pre-exposure to a neutral stimulus reduces learning rates for that stimulus. a, Mice (n = 7; 5 males, 2 females) were pre-exposed to a 
stimulus (Pre-exposed CS+) for four sessions. b, The pre-exposed CS+ as well as a novel stimulus (CS+) were paired with a footshock for two sessions. A 
novel stimulus (CS−) was presented between each CS+ presentation and signaled the absence of the footshock. c, Freezing to the pre-exposed CS+, CS+ 
and CS− was measured (session 1; for session 2 see Extended Data Fig. 4). There was a main effect of pre-exposure (RM ANOVA F(2,12) = 11.50, P = 0.001) 
and freezing was higher to the CS+ than the pre-exposed CS+ (Tukey post-hoc P = 0.035). Freezing was increased to the CS+ as compared with the CS− 
(Tukey post-hoc P = 0.001). d, Percentage of time freezing across session 1. Freezing to the CS+ was greater than the pre-exposed CS+ (RM ANOVA main 
effect of pre-exposure F(1,8) = 9.76, P = 0.014, n = 5 mice). e, Trial-by-trial dopamine response (z-scores) to the pre-exposed CS+ and f, CS+ (c) (n = 5 mice 
for each trial; 6 trials in total). g, Averaged dopamine response over trials. ITI, averaged dopamine response during the time between CS+ presentations in 
the same session. h, Peak dopamine response to the CS+ was higher than the ITI responses (nested ANOVA F(2,113) = 2.51, P = 0.0006, Bonferroni post-hoc: 
CS+ versus pre-exposed CS+ P = 0.08; CS+ versus ITI P = 0.0002; n = 30 trials, n = 5 mice); pre-exposed CS+ did not differ from the ITI responses 
(Bonferroni post-hoc P = 0.32). i, Time for dopamine to return to baseline was slower for the CS+ compared with the pre-exposed CS+ (nested ANOVA 
F(2,113) = 19.70, P = 0.0001, Bonferroni post-hoc P < 0.0001; n = 30 trials, n = 5 mice) and the ITI dopamine response (Bonferroni post-hoc P < 0.0001).  
j, Tau (time for signal to return to two-thirds of peak) did not change between CS+ and pre-exposed CS+ (nested ANOVA F(2,113) = 2.13, P = 0.123, Bonferroni 
post-hoc: P > 0.05). Data are represented as mean ± s.e.m.; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. RM, repeated measures ANOVA.
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Overall, our data support that, similar to the behavioral 
responses, the dopamine response to a CS+ decreases following 
pre-exposure and this effect disappears with additional training, 
highlighting that pre-exposure retards the learning rate for the neu-
tral stimulus in the future.

Latent disinhibition eliminates dopamine differences. It is 
well known that switching to a novel context following stimulus 
pre-exposure abolishes latent inhibition, an effect known as ‘latent 
disinhibition’32. We leveraged this behavioral manipulation as an 
additional mechanism to probe endogenous dopamine dynamics. 
We reasoned that if dopamine is encoding aspects of latent inhi-
bition, eliminating the latent inhibition effect (via introducing a 
novel context) would abolish the differential dopamine response 
to pre-exposed versus novel cues. To this end, we conducted an 
experiment where the pre-exposure was done in a separate con-
text than the subsequent fear conditioning session and conducted 
dopamine recordings within these animals at the time of fear con-
ditioning following pre-exposure (Fig. 3a–c). When the fear condi-
tioning occurred in a different context than the cue pre-exposure, 
we found that the context switch indeed abolished the behav-
ioral latent inhibition effect as expected (Fig. 3). The reduced 
dopamine response to the pre-exposed cue observed in previous 
experiments also disappeared when the pre-exposed cue was now 
presented in a novel context (Fig. 3c). Thus, behaviorally manipu-
lating latent inhibition was able to alter the dopamine response in 

a predictable fashion, suggesting that dopamine may be causal to  
its expression.

Dopamine during pre-exposure is causal to latent inhibition. 
Next, we wanted to confirm if the reduced dopamine signal to the 
pre-exposed cue is indeed causal to latent inhibition. That is, the 
reduced dopamine response to the cue retards the learning rate for 
that cue when it is paired with another stimulus subsequently. The 
largest dopamine response was detected during the first trial of the 
fear conditioning session (Fig. 4a), suggesting the latent inhibition 
effect is determined during the initial trials of each session. Indeed, 
shorter cue exposures during pre-exposure were also able to induce 
latent inhibition (Extended Data Fig. 6). Next, we tested if stimulating 
or inhibiting dopamine terminals in the NAc core via optogenetics 
only at the time of the cue during the first cue–shock pairing was able 
to alter the behavioral effect of the pre-exposure period (Fig. 4b–e).  
Concurrent with the pre-exposed stimulus presentation during 
the first fear conditioning trial, dopamine terminals that project 
from the VTA and synapse in the NAc core were either stimulated 
(channelrhodopsin-2, ChR2 group; 20-Hz, 470-nm photostimula-
tion, 1-s duration) or inhibited (halorhodopsin (eNpHR3.0), NpHR 
group; continuous 590-nm photoinhibition, 11-s duration; Fig. 4b–d  
and Extended Data Fig. 7). We found that stimulating dopamine 
terminals (via ChR2 expressed selectively in dopamine terminals 
in the NAc) during the cue was sufficient to block the latent inhi-
bition effect and restore a normal learning trajectory for this cue  
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(Fig. 4e). Inhibition of dopamine terminals (via NpHR 3.0 expressed 
selectively in dopamine terminals in the NAc) did not result in a 
larger latent inhibition effect (Fig. 4e and Extended Data Fig. 8), 
likely because of a floor effect. Overall, these results show that the 
diminishing dopamine response to the pre-exposed cue on the first 
day of conditioning (after the pre-exposure period) is causal to the 
behavioral effects observed.

Together, these data show that dopamine responses in the NAc 
core are: (1) positively correlated with the novelty of a stimu-
lus regardless of valence, conditioned value or predictions; (2) 
increased to aversive stimuli (footshocks), elicited by appetitive33, 
novel and neutral stimuli; (3) decreased with experience; (4) 
able to be altered by altering latent inhibition; and (5) causal to  
its expression.

Dopamine effects cannot be explained by associative factors. 
Most of the theoretical models and hypotheses for latent inhibi-
tion offer explanations that are hybrids of attentional–associa-
tive accounts12. However, some purely associative accounts have 
also been proposed34. Thus, there are two overarching hypotheses 
of how latent inhibition occurs on the behavioral level. The first 

is an attentional account. In this account, as novelty is reduced 
(via repeated exposure), the attention paid to these stimuli is also 
reduced as an animal is habituated to them. The core tenet of this 
hypothesis is that behavior in response to these cues is modulated 
by novelty in a nonassociative fashion. The alternative hypothesis 
is the associative account. In this account, latent inhibition is the 
result of associative learning during the pre-exposure period18–20. 
In this framework, associations are formed between the neutral cue 
and the context during pre-exposure, and these associations com-
pete with future cue–outcome associations to slow down the learn-
ing of new associations35.

All of the previous studies presented could be explained by either 
an associative or attentional account of latent inhibition. Even the 
latent disinhibition experiment could be explained either through 
the introduction of general novelty—which alters attention to all 
stimuli in an environment and thus eliminates the effect of habitua-
tion12,36—or through cue–context associations that were made dur-
ing the pre-exposure period. We specifically designed the following 
series of studies to test these competing hypotheses and use these 
experiments to better define how dopamine’s role in learning and 
memory is causally related to behavioral control.
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Pre-exposed cues do not become conditioned inhibitors. An associa-
tive account of latent inhibition suggests that associations formed 
either between cues and the absence of outcomes (that is, cue–no 
outcome associations) or between cues and contexts are respon-
sible for the impaired learning during subsequent conditioning 
training. If cue–no outcome associations are responsible, then the 
pre-exposed cue might operate as a conditioned inhibitor dur-
ing future learning, as it predicts that no outcome will occur. The 
pre-exposed cue (which would function as a conditioned inhibitor) 
would thus decrease the conditioned response to an excitor (a cue 
paired with an outcome) when presented together with that excitor 
in a summation test (Fig. 4f).

Our results support the attentional account since they show that 
the pre-exposed cue does not become an inhibitor as it does not 
reduce the freezing response to the excitor (the cue that was paired 
with a shock) (Fig. 4g). Additionally, the pre-exposed cue does not 
reduce the freezing response, whereas a novel (distracting) stimulus 
alongside the excitor resulted in a marked reduction in the freezing 
response to the excitor, a purely attentional effect known as ‘external 
inhibition’6 (Fig. 4g). This suggests that the pre-exposed stimulus 
exerts no associative or attentional control over the conditioned 
response after an animal has been habituated to it.

Stimulation during pre-exposure controls subsequent learning. Data 
presented thus far can be explained by novelty acting to alter atten-
tion to stimuli in a context. However, many of these findings can 
also be explained in part through associative learning about the 
relationship between the neutral cue and the context. Thus, we 
designed an optogenetic experiment to specifically parse these ideas 
from one another. In the accounts solely based on associative mech-
anisms, inhibiting dopamine responses during the pre-exposure 
period should prevent latent inhibition, as it would prevent the 
novel cue + context associations from forming; conversely, increas-
ing dopamine optogenetically should facilitate latent inhibition, as 
this would be necessary to facilitate the cue + context association 
that slows future learning. Alternatively, if dopamine responses 
reflect nonassociative learning (which we predict), inhibiting dopa-
mine responses during the cue pre-exposure period should facilitate 
latent inhibition and slow future learning, as this would signal that 
habituation occurred more rapidly, whereas stimulating dopamine 
during pre-exposure should decrease the effect—by preventing 
habituation—and increase future learning.

We used optogenetics to increase or decrease the dopamine 
response to the cue during the pre-exposure period to determine 
how this influenced subsequent associative learning. Concurrent 
with stimulus presentation during the pre-exposure sessions, dopa-
mine terminals that project from the VTA and synapse in the NAc 
core were either photo-stimulated or photo-inhibited (Fig. 5a–e and 
Extended Data Fig. 8). Following the pre-exposure sessions, mice 
underwent two fear conditioning sessions in which the pre-exposed 
cue (pre-exposed CS+) and a novel cue (CS+) were both paired with 
a shock over six trials. While mice expressing a control fluorophore 
(enhanced yellow fluorescent protein (eYFP) group) showed a sig-
nificant reduction in freezing to the pre-exposed CS+ as compared 
with the CS+, in the ChR2 group freezing did not differ between 
the CS+ and pre-exposed CS+ during fear conditioning (Fig. 5c–e). 
Therefore, stimulating dopamine to the pre-exposed stimulus dis-
rupted the formation of a latent inhibition effect and enhanced sub-
sequent associative learning. Conversely, inhibiting dopamine to 
the pre-exposed cue further impaired future associative learning, 
indicating a bidirectional effect of the dopamine signal on latent 
inhibition (Fig. 5c–e). The latent inhibition effect in the eYFP group 
disappeared with additional training during the second condition-
ing session, whereas in the NpHR group, the freezing response to 
the CS+ was still stronger compared with the freezing response  
to the pre-exposed CS+ (Extended Data Fig. 9). Therefore,  

the inhibition of NAc core dopamine during pre-exposure leads to 
a more persistent latent inhibition effect, where pre-exposed cues 
show a reduced ability to acquire novel associations in the future.

To verify that the optogenetic photostimulation of NAc core 
dopamine terminals at the time of the pre-exposure of stimuli did 
indeed augment subsequent dopamine response to the pre-exposed 
cue during learning sessions, we combined optogenetics (with a 
red-shifted opsin) with optical dopamine recordings within the 
same animal (Fig. 6a–g). Replicating our original optogenetics 
results, we showed that stimulating dopamine terminals in the 
NAc core at the time of the pre-exposure of cues (via expressing 
a red-shifted excitatory opsin in tyrosine hydroxylase (TH)+ VTA 
cell bodies (Chrimson + rTH.PI.Cre virus)) resulted in disrupted 
latent inhibition compared with controls (rTH.PI.Cre virus only)  
(Fig. 6c). We also showed that this manipulation reversed the 
diminished dopamine response to the pre-exposed cue during fear 
conditioning while this effect was intact in the control animals  
(Fig. 6d–g), demonstrating a causal relationship between the dopa-
mine response to cues during pre-exposure and future dopamine 
signatures that occur during subsequent associative learning.

Finally, we showed that dopamine manipulations have compa-
rable effects on future associative learning and latent inhibition, 
regardless of whether the subsequent associative learning is driven 
by aversive or appetitive stimuli (Extended Data Fig. 10). Overall, 
these results causally show that the dopamine signal in the NAc 
core is heavily influenced by novelty/familiarity and determines 
the associability of stimuli in future associative learning contexts. 
Together, these data show the parameters under which dopamine 
controls novelty-driven learning. These data also rule out a purely 
associative explanation of dopamine in latent inhibition, and dem-
onstrate that dopamine is a critical mediator of novelty-based effects 
on behavior in a fashion that can be explained, at least in part, via 
nonassociative processes.

Discussion
Here we show that dopamine in the NAc core is evoked by novel, 
neutral stimuli in isolation, and that these responses causally influ-
ence future learning for valenced stimuli. Critically, trial-by-trial 
dopamine response patterns tracked both the habituation to novel 
neutral stimuli, as well as the dopamine response patterns that 
were observed to habituated and novel stimuli during future asso-
ciative learning. Additionally, we demonstrated that these signals 
were causal to this process. Optogenetically evoking or inhibiting 
the dopamine response to neutral cues during a habituation period 
bidirectionally influenced the ability of these cues to form future 
associations with appetitive or aversive stimuli. Together, our results 
demonstrate a causal temporally specific link between the dopa-
mine signal and the novelty of a stimulus (in a valence-free fashion) 
that influences current and future behavior. Critically, our findings 
challenge theories of dopamine as a valence-based prediction signal 
and highlight the causal role of dopamine in the NAc core in novelty 
effects on current and future behavior.

While novelty effects on behavior, such as habituation, are 
important for animals to learn to ignore irrelevant stimuli in their 
environment, they can also influence associative forms of learning. 
As we show here, unconditioned stimuli form stronger associations 
with neutral cues when the cues are novel than when an animal has 
been habituated to them—a psychological phenomenon termed 
latent inhibition35. We show here that dopamine patterns not only 
correlate with latent inhibition but are also causal to its development 
and expression. Our results demonstrate that NAc core dopamine 
responses evoked by a stimulus decrease as the stimulus becomes 
more familiar, or less novel, through repeated exposure. Further, 
this occurs rapidly, within the first few trials of exposure. During 
subsequent associative learning for a cue–footshock pairing, the 
dopamine signal was weaker to the pre-exposed cue compared with 
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a novel cue and resulted in a slower rate of learning of the association 
between the pre-exposed cue and footshock. Latent inhibition and 
conditioned attention theory were first proposed by Lubow and his 
colleagues, who described the pre-exposure effect as being an atten-
tional deficit caused by repeated presentations8,12. Extant work has 
suggested that dopamine is influenced by these processes16,31; how-
ever, it was not clear if these responses were causal to its expression 
or the temporal dynamics by which these responses occurred. Here 
we temporally linked dopamine responses evoked by pre-exposed 
and non-pre-exposed stimuli to future associative learning and con-
ditioned behavior.

Previous work has implicated certain populations of VTA dopa-
mine neurons in the expression of latent inhibition17,37. For exam-
ple, Morrens et al.17 showed that dopamine cell bodies in the VTA 
respond to novel but not familiar odors and that activating these 
neurons or the dopamine terminals in the prefrontal cortex at the 
time of a familiar cue accelerated associative learning. However, 

these studies recorded VTA cell bodies—not dopamine responses 
downstream—and the authors concluded that cortical, rather than 
striatal, projections were mediating these effects17. Here we show 
that dopamine is evoked by neutral auditory and visual stimuli 
and response patterns track habituation on a trial-by-trial basis. 
Moreover, our results concluded that preventing the habituation 
pattern influences not only the associative processes at that moment 
but also future learning as well. Further, the data contained within 
this manuscript contrast with conclusions drawn from earlier stud-
ies15,16 which failed to show the involvement of VTA-striatum pro-
jections in detecting novel odors in the environment24. However, 
these previous studies examined NAc within a limited range of 
parameters and assessed the whole ventral striatum, rather than 
defined subregions which have been previously shown to have dif-
ferent response patterns during behavioral tasks38. Here we assessed 
dopamine responses to neutral stimuli across sensory modalities as 
well as the influence of habituation on both appetitive and aversive 
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learning in the NAc core. Further, using optogenetics we linked the 
dopamine response to novelty-driven effects on learning, ultimately 
supporting earlier studies showing that dopamine levels are modu-
lated by novelty and attention.

One particularly striking aspect of these findings is that habitua-
tion to neutral cues at the behavioral and neural level can occur very 
rapidly. We show that the latent inhibition effect can be manipulated 
at various points in the task with optogenetic dopamine manipula-
tions on few—even just two—trials. Thus, this work highlights the 
transient nature of neural signals that track novelty. However, the 
speed at which this occurs is likely a result of the stimulus properties 
of these pre-exposed stimuli. Previous studies have demonstrated 
that stimulus duration39, total pre-exposure time40 and stimulus 
intensity41 employed during pre-exposure determine the size of 
the latent inhibition effect. Similarly, these stimulus properties also 
determine the habituation rate of a stimulus42. Therefore, depending 
on the stimulus characteristics, habituation may be achieved faster 
or slower, suggesting a dynamic range in the habituation of behav-
ioral and neural responses, such as the dopamine responses mea-
sured in this study. This also explains how only a single pre-exposure 
to a neutral stimulus is enough for latent inhibition in paradigms 
where the stimuli employed are less discrete (for example, odor or 
flavor), such as conditioned taste approach/aversion in mamma-
lian43 and nonmammalian species37. Overall, our data underscore 

the importance of stimulus properties determining not only the size 
of behavioral and neural responses but also the rate and shape of 
the progression of those signals. Further, and maybe more impor-
tantly, these data underscore the critical importance of trial-by-trial 
analysis when drawing conclusions about dopamine’s involvement 
in novelty and novelty-related phenomena.

While associative learning theories offer a powerful account of 
how animals learn relationships between stimuli, and include fac-
tors such as salience and novelty, they often fall short in being able 
to fully capture the effects of these factors on behavior. For exam-
ple, while they can predict basic associative learning, they cannot 
model phenomena such as external inhibition or latent inhibition 
which are primarily driven by the effects of novelty on behavior10–12. 
Supporting this hypothesis, we recently showed that when a novel, 
unpredicted stimulus was presented during external inhibition, 
the dopamine response to the cue increased, and optogenetically 
stimulating dopamine during the presentation of a CS+ resulted in 
an external inhibition-like decrease in the freezing response7. Thus, 
these results diverge from the canonical ‘dopamine as a prediction 
error’ theory in several critical ways. First, prediction error for the 
footshock is equal between the pre-exposed and non-pre-exposed 
cues throughout the training session as both stimuli were paired 
with the footshocks the same number of times. Second, we detected 
dopamine responses to the novel neutral cues before they acquired 
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any predictive value. Therefore, it is not possible to attribute our 
results to differences in prediction error during these trials. These 
data show that dopamine is influenced by environmental factors 
that influence behavior and cannot be explained by traditional 
prediction-based models23,44.

The data we present here show that dopamine’s involvement in 
latent inhibition may also be influenced by associative factors. Our 
results showed that inhibiting dopamine responses to a novel neu-
tral cue during pre-exposure enhanced latent inhibition, rather than 
preventing it as one would expect if the dopamine response during 
that period was critical for the encoding of the cue–context asso-
ciation that slows future learning through competition. Similarly, 
stimulating the dopamine response to the cue during pre-exposure 
did not enhance the latent inhibition effect; rather, it eliminated the 
effect. Although these results clearly show that associative mecha-
nisms are in play in latent inhibition, they are also in line with a 
novelty-based account of dopaminergic control of latent inhibi-
tion. For example, novelty-based accounts of dopamine predict no 
effect of inhibition of dopamine during pre-exposure ITIs when 
novelty is already minimal in the absence of any stimuli, and the 
disrupted latent inhibition is a result of the increased novelty in the 
environment due to the novel context or artificial photostimulation 
of dopamine. Nevertheless, novelty and associative terms such as 
associative strength, prediction and prediction error are intrinsi-
cally linked to one another, making it difficult to propose purely 
novelty-based or associative models of latent inhibition. For exam-
ple, theoretical accounts, such as the one we proposed recently7, 
assume that stronger cue–context associations reduce novelty as the 
cue becomes more predicted in the environment, eventually result-
ing in decreased attention to the pre-exposed CS+. Therefore, we 
acknowledge that our results do not completely rule out the involve-
ment of any associative account in the pre-exposure process.

Furthermore, replicating earlier studies of latent inhibition45, 
we demonstrated that the pre-exposed cue does not become an 
inhibitor of conditioned behavioral responses, thereby ruling out 
the possibility that cue–no outcome associations are formed during 
pre-exposure and responsible for the impaired learning in the sub-
sequent conditioning training via the suppression of a conditioned 
response. This potential explanation is also not supported by theo-
retical models that are solely based on associative terms, such as the 
Rescorla–Wagner model, as these models also assume that for cues 
to become inhibitory and predict the absence of an outcome, the 
presence of an outcome should be predicted by other cues or con-
texts that are present9. These results are in line with nonassociative 
and novelty-based accounts of latent inhibition. Indeed, nonassocia-
tive and nonreward prediction error-based accounts similar to our 
own framework here were previously put forward for dopaminergic 
encoding46. Specifically, studies suggested that dopamine may be 
involved in novelty encoding in the form of novelty-induced explo-
ration47 and saliency detection46,48. Here, in line with these accounts, 
we demonstrate that dopamine is involved in the nonassociative 
processes by signaling novelty, while associative factors may be in 
play during the pre-exposure process.

Importantly, these data also explain a large body of human lit-
erature that has shown that dopamine deficits that characterize 
neurodegenerative diseases are concomitant with deficits in nonas-
sociative learning. For example, habituation is a behavioral marker 
for many psychiatric diseases including Parkinsonism, which 
is marked by dopaminergic deficits49. Specifically, patients with 
Parkinson’s show decreased habituation to auditory stimuli50 and 
these deficits are alleviated by drugs that enhance dopaminergic 
signaling (for example, levodopa51). Thus, understanding the neu-
ral mechanisms that underlie nonassociative learning mechanisms, 
such as habituation, is important in understanding psychiatric dis-
ease symptomatology49 and is critical to our understanding of how 
dopamine deficits influence behavior in patient populations.

Overall, the results of the present study show that dopamine 
tracks the novelty of a given event regardless of the origin of novelty 
in the environment. Dopamine has been most widely studied under 
behavioral conditions of associative learning where a Pavlovian or 
discriminative cue acquires associative strength by predicting an 
important outcome, such as a reward. Here, we critically show that 
dopamine is involved in nonassociative types of learning, such as 
habituation of neutral stimuli. The novelty concept, as proposed 
by earlier theorists (for example, refs. 8,12,52), is closely connected 
to prediction error as the source of novelty is ultimately the mis-
match between prediction and actual occurrence of events. This is 
consistent with the literature suggesting that dopamine neurons in 
the VTA may compute sensory prediction errors17,53 and even sup-
port formation of stimulus–stimulus associations54. However, it is 
also possible that dopamine response patterns align more closely 
with nonassociative terms, which are sensory adaptations rather 
than an associative process4, which the data within this manu-
script support. Regardless, novelty and attention should be con-
sidered as principal components of the involvement of dopamine 
in associative learning and included in potential interpretation 
of data. Importantly, our results also suggest that more nuanced 
and updated understanding of predictions should be utilized 
when considering the role of mesolimbic dopamine in learning  
and memory.
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Methods
Animals. Male (N = 35) and female (N = 48) 6–8-week-old C57BL/6J mice 
obtained from Jackson Laboratories (SN: 000664) were kept 5 per cage and 
maintained on a 12-h reverse light/dark cycle, with all behavioral testing taking 
place during the light cycle. Animals were given ad libitum access to food and 
water (temperature 20–24 °C; humidity 30–70%). No statistical methods were 
used to predetermine sample sizes but our sample sizes are similar to those 
reported in previous publications7. All experiments were conducted in accordance 
with the guidelines of the Institutional Animal Care and Use Committee 
(IACUC) at Vanderbilt University School of Medicine. The order of testing was 
counterbalanced, and experimenters were blind to experimental groups throughout 
behavioral experiments. We randomly assigned subjects into experimental groups 
when between-subject design was employed. Male (N = 10) and female (N = 7) 
TH-Cre rats at around 12–16 weeks old at the beginning of the experiments were 
used to test the effect of photostimulation of dopamine neurons in the VTA on 
latent inhibition in an appetitive procedure using food rewards (Extended Data 
Fig. 10). These rats were bred at the National Institute on Drug Abuse Intramural 
Research Program (NIDA-IRP) after the founders were obtained from the Rat 
Resource and Research Center (University of Missouri). Rats were singly housed 
and maintained on a 12-h light/dark cycle, with all behavioral testing taking place 
during the light cycle. Rats were given ad libitum access to food and water unless 
undergoing the behavioral experiment, during which they received either 8 g or 
12 g of chow for females and males, respectively, daily in their home cage following 
training sessions. Rats were monitored to ensure they did not drop below 85% of 
their initial body weight across the course of the experiment. All experimental 
procedures were conducted in accordance with the NIDA-IRP IACUC and the US 
National Institutes of Health (NIH) guidelines.

Apparatus. Mice were trained and tested daily in individual operant conditioning 
chambers (Med Associates) fitted with visual and auditory stimuli, including a 
standard house light, a white noise generator and a 16-tone generator capable 
of outputting frequencies between 1 and 20 kHz (85 dB). For the optogenetic 
photostimulation experiments in rats, training was conducted in eight standard 
behavioral chambers (Coulbourn Instruments), which were individually housed 
in light- and sound-attenuating boxes (Jim Garmon, JHU Psychology Machine 
Shop). Each chamber was equipped with a pellet dispenser that delivered 45-mg 
pellets into a recessed food port when activated. Access to the food port was 
detected by means of infrared detectors mounted across the opening of the recess. 
The chambers contained a speaker connected to an Arduino that was capable 
of generating many auditory sounds. A computer equipped with GS3 software 
(Coulbourn Instruments) controlled the equipment and recorded the responses.

Surgical procedure. At 1 h before surgery, mice were administered Ketoprofen 
(5 mg kg−1) via subcutaneous injection. Animals were anesthetized using isoflurane 
(5% for induction and 2% for maintenance) and placed on a stereotaxic frame 
(David Kopf Instruments). Ophthalmic ointment was continuously applied to 
the eyes throughout surgical procedures. A midline incision was then made 
down the scalp and a craniotomy was performed with a dental drill using aseptic 
technique. Using a 0.10-ml NanoFil syringe (WPI) with a 34-gauge needle, AAV5.
CAG.dLight1.1 (UC Irvine28) was unilaterally infused into the NAc (bregma 
coordinates: anterior/posterior (AP), +1.4 mm; medial/lateral (ML), +1.5 mm; 
dorsal/ventral (DV), −4.3 mm; 10° angle) at a rate of 50 nl min−1 for a total volume 
of 500 nl. Following infusion, the needle was kept at the injection site for 7 min 
before being slowly withdrawn. Fiber optic cannulas (400-μm core diameter; 
0.48 numerical aperture; Doric) were then implanted in the NAc and positioned 
immediately dorsal to the viral injection site (bregma coordinates: AP, +1.4 mm; 
ML, +1.5 mm; DV, −4.2 mm; 10° angle) before being permanently fixed to the skull 
using adhesive cement (C&B Metabond; Parkell). Follow-up care was performed 
according to IACUC/Office of Animal Welfare Assurance and Division of Animal 
Care standard protocol. Animals were allowed a minimum of 6 weeks to recover to 
ensure efficient viral expression before commencing experiments.

The surgical procedures for the optogenetic photostimulation of the 
dopamine neurons in the VTA have been described previously54. Briefly, rats 
received bilateral infusions of 1.2 µl of AAV5-EF1α-DIO-ChR2-eYFP (n = 8) or 
AAV5-EF1α-DIO-eYFP (n = 9) into the VTA at the following coordinates relative 
to bregma: AP, −5.3 mm; ML, ±0.7 mm; DV, −6.5 mm and −7.7 mm (females) or 
−7.0 mm and −8.2 mm (males). Virus was obtained from the University of North 
Carolina at Chapel Hill (UNC Vector Core). During this surgery, optic fibers were 
implanted bilaterally (200-µl diameter, Thorlabs) at the following coordinates 
relative to bregma: AP, −5.3 mm; ML ±2.61 mm; DV −7.05 mm (females) and 
−7.55 mm (males) at an angle of 15° pointed towards the midline. All procedures 
were conducted in accordance with the IACUC of the US NIH (approved protocol: 
18-CNRB-108).

For the mouse optogenetic experiments, we used a viral approach to target 
dopaminergic cells in the VTA in combination with a terminal-specific stimulation 
strategy, which ensures added specificity on top of the viral approach, to achieve 
dopamine release manipulations. AAV5.Ef1a.DIO.hchR2.eYFP (ChR2; UNC 
Vector Core), Chrimson.FLEX: AAV5-Syn-FLEX-rc[ChrimsonR-tdTomato] 
(Chrimson; Addgene) or AAV5-Ef1a-DIO.eNpHR.3.0-eYFP (NpHR; Addgene) 

and AAV9.rTH.PI.Cre.SV40 (Addgene55) were injected into the VTA (unilaterally 
for ChR2 and Chrimson and bilaterally for NpHR; bregma coordinates: AP, 
−3.16 mm; ML, + 0.5 mm; DV, −4.8 mm) of C57BL/6J mice. Unilateral (for ChR2 
and Chrimson) or bilateral (for NpHR) 200-μm fiber optic implants were placed 
into the NAc core (bregma coordinates: AP, ±1.4 mm; ML, +1.5 mm; DV, −4.3 mm; 
10° angle; at a rate of 50 nl min−1 for a total volume of 500 nl). This allowed for 
the photostimulation or photoinhibition of dopamine response only in dopamine 
terminals that project from the VTA and synapse in the NAc core. Control animals 
received AAV5.Ef1a.DIO.eYFP injections into the VTA instead of ChR2 or NpHR. 
Controls for the Chrimson group only received the Cre-dependent Chrimson but 
not the cre-inducing virus.

Histology. Mice were deeply anaesthetized with an intraperitoneal injection of a 
ketamine/xylazine mixture (100 mg kg−1; 10 mg kg−1) before being transcardially 
perfused with 10 ml of 1× PBS solution followed by 10 ml of cold 4% PFA in 
1× PBS. Animals were subsequently decapitated, and the brain was extracted 
and postfixed in the 4% PFA solution stored at 4 °C for at least 48 h before being 
dehydrated in a 30% sucrose in 1× PBS solution stored at 4 °C. After sinking, tissue 
was sectioned (35-μm slices) on a freezing sliding microtome (Leica SM2010R) 
and then placed in a cryoprotectant solution (7.5% sucrose + 15% ethylene glycol 
in 0.1 M PBS) stored at −20 °C until immunohistochemical processing. For 
optogenetic experiments using AAV9.rTH.PI.Cre.SV40 and AAV5-Ef1a-DIO.
eNpHR.3.0-eYFP/AAV5-EF1α-DIO-ChR2-eYFP/AAV5-EF1α-DIO-eYFP, we 
also validated the targeting of TH+ cells in the VTA via an anti-TH antibody 
(mouse anti-TH; Millipore no. MAB318, 1:100) and an anti-GFP antibody 
(chicken anti-GFP (Abcam no. AB13970, 1:1,000). Sections were then incubated 
with secondary antibodies (GFP: goat anti-chicken AlexaFluor 488 (Life 
Technologies no. A-11039), 1:1,000; and TH: donkey anti-mouse AlexaFluor 
594 (Life Technologies no. A-21203), 1:1,000) for 2 h at room temperature. After 
washing, sections were incubated for 5 min with DAPI (NucBlue, Invitrogen) to 
achieve counterstaining of nuclei before mounting in Prolong Gold (Invitrogen). 
Sections were mounted on glass microscope slides with ProLong Gold antifade 
reagent. Fluorescence imaging was conducted using a BZ-X700 inverted 
fluorescence microscope (Keyence) under a dry ×20 objective (Nikon). Injection 
site locations and optical fiber placements were determined with serial images 
in all experimental animals. For the TH-Cre rat optogenetic photostimulation 
experiments, all rats were euthanized with an overdose of carbon dioxide and 
perfused with PBS followed by 4% PFA (Sigma-Aldrich). Fixed brains were 
cut into 40-µm sections to examine fiber tip position under a fluorescence 
microscope (Olympus Microscopy). Images of these brain slices were acquired by 
a fluorescence Virtual Slide microscope (Olympus America) and later analyzed in 
Adobe Photoshop. Subjects were eliminated if viral expression was detected outside 
of the defined borders of the NAc core and VTA and/or the tips of the implants 
were identified outside of the NAc core borders based on the mouse brain atlas56. 
We excluded a total of one animal due to inaccurate placement of the optic fiber in 
the NpHR group.

Fiber photometry. The fiber photometry system used two light-emitting diodes 
(LEDs) (490 nm and 405 nm; Thorlabs) controlled by an LED driver (Thorlabs). 
The 490-nm light source was filtered with a 470-nm (the excitation peak of 
dLight1.1) bandpass filter and the 405 nm light source was used as an isosbestic 
control28. Light was passed through an optical fiber (400 μm, 0.48 numerical 
aperture; Doric) that was coupled to a chronically implanted fiber optic cannula 
in each mouse. LEDs were controlled via a real-time signal processor (RZ5P; 
Tucker-Davis Technologies) and emission signals from each LED were determined 
by multiplexing. Synapse software (Tucker-Davis Technologies) was used to control 
the timing and intensity of the LEDs and to record the emitted fluorescent signals 
upon detection by a photoreceiver (Newport Visible Femtowatt Photoreceiver 
Module; Doric). LED power (125 μW) was measured daily and maintained across 
trials and experiments. For each event of interest (for example, cue presentation, 
footshock), transistor–transistor logic (TTL) signals were used to timestamp onset 
times from Med-PC V software (Med Associates) and were detected via the RZ5P 
in the Synapse software (see below). A built-in low-pass filter on the Synapse 
software was set to 10 Hz to eliminate noise in the fiber photometry raw data.

Behavioral experiments. Latent inhibition. Mice received four consecutive 
pre-exposure sessions (days 1–4), wherein animals were presented with either 
a tone (85 dB, 2.5-kHz frequency) or a light stimulus (total of 33 stimulus 
presentations per session). The pre-exposure stimuli were presented for a 10-s 
duration with a variable ITI (35–55 s). No footshocks were paired with these 
stimulus presentations. During two consecutive sessions (sessions 5 and 6), mice 
were then given pseudo-random presentations of house light and tone with a 
10-s stimulus duration (6 trials of each) and a variable inter-stimulus interval 
(60–100 s). Animals received a footshock (1 mA, 0.5-s duration) immediately 
following both house light and tone. Pre-exposure to either house light or tone 
across all four sessions was counterbalanced between animals. Therefore, for half of 
the animals the tone was the pre-exposed CS+ and light was the non-pre-exposed 
CS+, and for the other half of the animals these stimulus roles were reversed. In 
a subset of animals, we employed a modified pre-exposure paradigm where they 
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received two cue presentations instead of 33 and remained in the context for the 
remainder of the session.

Repeated stimulus exposure. Intermixed with the CS+ presentations during the last 
2 d of the latent inhibition experiment, mice were also presented with an auditory 
stimulus (white noise, 85 dB) a total of 12 times (6 presentations per session), for 
10 s with a variable ITI (35–55 s) in the absence of the footshock. This was to test 
the dopamine response patterns during stimulus pre-exposure.

Test of conditioned inhibition following pre-exposure. To test the potential inhibitory 
properties of cues that are pre-exposed, we ran a ‘summation test’. Mice received 
pre-exposure to a light or tone cue (pre-exposed cue; counterbalanced) as 
explained above. Then they received a session where they received ten trials 
of tone– or light–shock pairings (excitor). Finally, for the summation test, 
mice received three trials of each test presentation: excitor alone, excitor and 
pre-exposed cue together, and excitor and a novel cue (white noise; external 
inhibition) together, and freezing response to each test stimulus was scored.

Optogenetic photostimulation during cue pre-exposure. TH-Cre rats had previously 
undergone appetitive training with procedures described elsewhere57, utilizing four 
auditory and two visual cues, which were generated by Coulbourn equipment. For 
latent inhibition, we used two auditory stimuli generated by an Arduino to produce 
two very distinct sounds that would be distinguishable from cues used previously 
(chime and warp). All trials consisted of 10-s presentations of the chime or warp. 
Training began with 2 d of pre-exposure to the pre-exposed cue (warp or chime, 
counterbalanced). On each day, rats received 12 presentations of the pre-exposed 
cue. During pre-exposure, we delivered light into the brain (470 nm, 1 s, 20 Hz) at 
the onset of the cue. We have previously used a greater number of pre-exposure 
trials to generate successful latent inhibition58. We used less pre-exposure here as 
we wanted to give an opportunity to see either an enhancement or reduction in 
latent inhibition in our experimental group. Following 2 d of pre-exposure, rats 
received a single critical conditioning session in which the pre-exposed cue and 
another novel stimulus (chime or warp, counterbalanced) were presented  
six times each, followed immediately by delivery of two 45-mg sucrose pellets 
(5TUT; Test Diet).

In a group of C57BL/6J mice, AAV5.Ef1a.DIO.hChR2.eYFP (ChR2; UNC 
Vector Core) and AAV9.rTH.PI.Cre.SV40 (Addgene) were injected into the VTA 
and a 200-μm fiber optic implant was placed into the NAc core. This allowed for 
photostimulation of dopamine response only in dopamine terminals that project 
from the VTA and synapse in the NAc core. Control animals received AAV5.Ef1a.
DIO.eYFP injections into the VTA instead of ChR2. For these experiments, mice 
were trained utilizing auditory and visual cues generated by MedPC equipment 
(Med Associates). For latent inhibition experiments, all trials consisted of 10-s 
presentations of the tone (5 kHz at 85 dB) or house light. Training began with 4 d 
of pre-exposure to the pre-exposed cue (tone or house light, counterbalanced). 
On each day, mice received 30 presentations of the pre-exposed cue. During 
pre-exposure, we delivered blue laser stimulation (470 nm, 1 s, 20 Hz, 8 mW) into 
the NAc core at the onset of the cue for 1 s. Following 4 d of pre-exposure, mice 
underwent two fear conditioning sessions where the pre-exposed and novel  
stimuli (tone or house light, counterbalanced) were paired six times each with a 
shock (1 mA, 0.5 s).

In a separate group of C57BL/6J mice, AAV5-Ef1a-DIO.eNpHR.3.0-eYFP 
(NpHR; Addgene) and AAV9.rTH.PI.Cre.SV40 (Addgene55) were injected into 
the VTA and a 200-μm fiber optic implant was placed into the NAc core. Control 
animals received AAV5.Ef1a.DIO.eYFP injections into the VTA instead of NpHR. 
For latent inhibition, all trials consisted of 10-s presentations of the tone (5 kHz 
at 85 dB) or house light as above. Training began with 4 d of pre-exposure to 
the pre-exposed cue (tone or house light, counterbalanced). On each day, mice 
received 30 presentations of the pre-exposed cue. During pre-exposure, we 
delivered yellow laser stimulation (590 nm, 11 s, constant, 8 mW) into the NAc 
core at the onset of the cue for 11 s. Following 4 d of pre-exposure, mice underwent 
two fear conditioning sessions where the pre-exposed and novel stimuli (tone 
or house light, counterbalanced) were paired six times each with a shock (1 mA, 
0.5 s). Another group of mice received the photostimulation and inhibition of the 
NAc core dopamine terminals during each ITI during the pre-exposure when no 
other stimuli are presented. The photostimulation parameters were identical to 
those used for the cue stimulation/inhibition experiment described above. Finally, 
we also ran another experiment in a different group of mice, where the animals 
received photostimulation or inhibition of NAc core terminals as described above 
but only for the first trial of the fear conditioning session on day 5.

Optogenetic photostimulation during pre-exposure combined with dopamine 
recording. To manipulate and record dopamine during pre-exposure and fear 
conditioning, respectively, in a separate group of C57BL/6J mice, Chrimson.
FLEX: AAV5-Syn-FLEX-rc[ChrimsonR-tdTomato] (Chrimson; Addgene) and 
AAV9.rTH.PI.Cre.SV40 (Addgene) were injected into the VTA and AAV5.CAG.
dLight1.1 (UC Irvine) was injected into the NAc core as described above. A 
200-μm fiber optic implant was placed into the NAc core. Control animals received 
only Chrimson.FLEX: AAV5-Syn-FLEX-rc[ChrimsonR-tdTomato] injections into 

the VTA and AAV5.CAG.dLight1.1 into the NAc core. This way, we were able to 
deliver a yellow laser stimulation (590 nm, 11 s continuous, 8 mW) into the NAc 
core at the onset of the cue during pre-exposure and record dopamine at the same 
site using fiber photometry. This method has been validated previously7.

Latent disinhibition via context switch. To test the effects of cue–context 
associations on latent inhibition, we ran a ‘latent disinhibition’ experiment. For 
this experiment, mice were injected with AAV5.CAG.dLight1.1 (UC Irvine) into 
the NAc core. Following 4 d of pre-exposure to a cue in their regular context, mice 
received fear conditioning as described above in a novel context. For the novel 
context, we used MedPC boxes designed for rats with larger dimensions (29.53-cm 
length × 24.84-cm width × 18.67-cm height). Walls were added within these 
operant boxes made of cardboard boxes that contained spatial cues such as vertical 
stripes in addition to an olfactory cue (vanilla extract). All stimuli and experiment 
parameters were kept constant between the pre-exposure and fear conditioning 
contexts. NAc core dopamine responses to the cues were recorded in the new 
context.

Data analysis and statistics. Behavioral data analysis. Statistical analyses  
were performed using GraphPad Prism (v.8; GraphPad Software) and  
MATLAB (MathWorks). Freezing behavior, identified as the time of  
immobility except respiration during the stimulus duration, was calculated  
and converted into percentage freezing ((freezing time × 100)/stimulus  
duration). Two blind reviewers scored all freezing behavior. For the statistical 
analyses of the freezing behavior during Session 1 and Session 2 of the latent 
inhibition experiments, we employed repeated measures analysis of variance 
(ANOVA). For all other freezing data, we used a one-way ANOVA followed 
by Tukey’s post-hoc analysis. We identified the mice that failed to show latent 
inhibition based on the second trial freezing response to the pre-exposed versus 
non-pre-exposed CS+. The mice included in the ‘No Latent Inhibition’ group 
showed higher freezing response to the pre-exposed CS+ compared with the 
non-pre-exposed CS+. The data from these mice are included in Extended Data 
Fig. 4. Alpha was 0.05 for all statistical analyses. All data were depicted as group 
mean ± s.e.m.

Fiber photometry analysis. The analysis of the fiber photometry data was  
conducted using a custom MATLAB pipeline. Raw 470-nm and isosbestic  
405-nm traces were used to compute change in fluorescence intensity over time 
(ΔF/F) values via polynomial curve fitting. For analysis, data were cropped  
around behavioral events using TTL pulses, and for each experiment 2 s of  
pre-TTL up to 20 s of post-TTL ΔF/F values were analyzed. To remove any 
movement and photobleaching artifacts, first, we used the isosbestic channel  
signal (405 nm (ref. 28)) to calculate our ΔF/F (ΔF/F = F470 − F405)/F405; see Extended 
Data Fig. 1). In addition, all fiber photometry data were converted to and  
reported as z-scores. We z-scored dopamine signals around the events of interest 
such as the CS+ using their own local baseline (2 s before the cue onset). Z-scores 
were calculated by taking the pre-TTL ΔF/F values as baseline (z-score = (TTL 
signal − b_mean)/b_stdev, where TTL signal is the ΔF/F value for each  
post-TTL time point, b_mean is the baseline mean and b_stdev is the baseline 
standard deviation). This allowed for the determination of dopamine events  
that occurred at the precise moment of each important behavioral event. For 
statistical analysis, we calculated the area under the curve (AUC), peak height,  
time to baseline, tau and R2 values for each individual dopamine event (ref. 59;  
see Extended Data Fig. 1 for the visual description of these values). The AUCs were 
calculated via trapezoidal numerical integration on each of the z-scores across a 
fixed timescale. The peak height values were the maximum values after the TTL 
onset. The time to baseline was computed as the seconds to go back to the 0 z-score 
baseline and tau was the duration to two-thirds of the peak height. For both of the 
measures where individual curves did not reach the baseline or tau, the minimum 
value was taken into the statistical analysis. Finally, for slope analysis, we computed 
the R2 values for the fitted curves (linear polynomial curve) for a 15-s duration. 
The duration of the data collection for the AUC, peak height, time to baseline and 
tau values was determined by limiting the analysis to the z-scores between 0 time 
point (TTL signal onset) and the time where the dopamine peak of interest returns 
to baseline. Baseline dopamine responses were calculated as the z-scored dopamine 
values during the ITI 20 s before the CS+ presentations. Unpaired t-tests were 
employed to test the group differences for all fiber photometry-based dependent 
variables. We also calculated maximum z-scores for event fiber photometry traces 
and analyzed to see if these were significantly different from the critical z-score at 
P = 0.05 level (1.645) using independent t-tests. Data distribution was assumed to 
be normal but this was not formally tested.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data in the manuscript or the supplementary material are available from the 
corresponding author upon request. Correspondence and requests for materials 
should be addressed to Erin S. Calipari.
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Code availability
Codes used for the analysis of the fiber photometry data are available at github.
com/kutlugunes.
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Extended Data Fig. 1 | Analysis of dopamine dynamics using fiber photometry. a, Diagram showing the methods used for calculating area under the 
curve, peak height, time to baseline and tau. These analyses have been used extensively for defining the kinetics and dynamics of dopamine signals 
previously59. Area under the curve (AUC) is the total area from stimulus onset to the return to baseline. Peak height is the maximal amount of dopamine 
that is evoked by the stimulus over the entire trace. Time to baseline is the time in seconds that it takes for the signal to return to baseline following the 
peak. Tau is the time it takes to return to 2/3 of peak height. b, Representative traces for 470-nm excitation (dLight) and 405-nm excitation (isosbestic 
control) channels in an individual animal at baseline. c, Representative ΔF/F trace showing dopamine transients in the nucleus accumbens core.
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Extended Data Fig. 2 | Dopamine response to neutral cue during the second day of exposure. Session 2 dopamine signal to repeated white noise 
presentations (6–7 presentations per animal; n = 5 mice). The first presentation of the neutral stimulus in session 2 evoked a smaller dopamine response 
compared to the first presentation of the neural cue in the first session (peak height for the first presentation of session 1 versus session 2; two-sided 
paired t-test, t4 = 2.429, P = 0.07, n = 5 mice). # P = 0.07. Data represented as mean ± s.e.m.
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Extended Data Fig. 3 | Pre-exposure to stimuli decreases positive dopamine responses during subsequent fear conditioning without affecting shock 
responses. a, Averaged dopamine response (z-scores) during the CS+ and pre-exposed CS+ cues and footshocks in the first fear conditioning session. 
The music note represents the cue onset and the lightning symbol denotes the footshock onset. b, Fold change (in AUC) from average CS− values across 
6 trials (two-sided nested ANOVA, F(2, 83) = 2.10, P = 0.1287). c, Percent change (in peak dopamine response) from CS− values across 6 trials (two-sided 
nested ANOVA, F(2, 83)= 3.91, P = 0.0239). Pre-exposure to the predictive cue does not affect dopamine response to the subsequent footshock. d, Averaged 
dopamine signal to footshocks following the CS+ and pre-exposed CS+ on fear conditioning session 1. e, Peak dopamine response to the footshock 
following a pre-exposed or non-pre-exposed cue during session 1 (two-sided nested ANOVA F(1,54) = 0.13, P = 0.3738), f, time for the signal to return to 
baseline following peak evoked by the footshock across trial types did not differ (two-sided nested ANOVA F(1,54) = 0.10, P = 0.7475) and g, tau also did not 
differ between groups (two-sided nested ANOVA F(1,54) = 0.71, P = 0.4040). Data represented as mean ± s.e.m. * P < 0.05. ns = not significant.

NATURE NEURoSCIENCE | www.nature.com/natureneuroscience

http://www.nature.com/natureneuroscience


Articles NaTurE NEurOSCiENCE

Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Latent inhibition: Dopamine responses to non-pre-exposed and pre-exposed stimuli do not differ in the absence of latent 
inhibition and converge following extensive experience. a, Dopamine responses did not differ between the CS+ and pre-exposed CS+ for the animals 
that did not show latent inhibition. b, The peak heights (two-sided nested ANOVA, F(1, 21) = 0.61, P = 0.4449, n = 30 presentations; n = 5 mice), c, the 
time to return to baseline (two-sided nested ANOVA, F(1, 21) = 0.30, P = 0.5888, n = 30 presentations; n = 5 mice) and d, tau were not different between 
the CS+ and pre-exposed CS+ (two-sided nested ANOVA, F(1, 21) = 0.60, P = 0.4467, n = 30 presentations; n = 5 mice). e, In the mice that showed latent 
inhibition, the behavioral and dopamine differences disappeared. f, Freezing responses to the pre-exposed CS+, non-pre-exposed CS+ (CS+) and non-pre-
exposed CS− (CS−) were measured on session 2 of a two session fear conditioning paradigm (RM ANOVA pre-exposure main effect, F(1.466,5.863) = 19.99, 
P = 0.0032), the difference between the CS+ and pre-exposed CS+ disappeared on the second conditioning session (Tukey post-hoc, P = 0.9979). Both 
the CS+ (Tukey post-hoc, P = 0.0034) and the pre-exposed CS+ (Tukey post-hoc, P = 0.0037) yielded a stronger freezing response compared to the CS−. 
g, Averaged dopamine responses to the CS+ and pre-exposed CS+ during session 2 over all trials. h, Dopamine responses did not differ between the 
CS+ and pre-exposed CS+ (nested ANOVA, F(1, 54) = 0.42, P = 0.8901, n = 30 presentations; n = 5 mice). i, The time to return to baseline was not different 
(nested ANOVA, F(1, 54) = 0.07, P = 0.7864, n = 30 presentations; n = 5 mice). j, Tau is another measure of dopamine clearance and is defined by the time in 
seconds for the signal to return to 2/3 of peak height. Tau was not different between the CS+ and pre-exposed CS+ (unpaired t-test, t58 = 0.27, P = 0.78, 
n = 30 presentations; n = 5 mice). In the absence of the latent inhibition effect, dopamine response to the pre-exposed and novel CS+ do not differ. Data 
represented as mean ± s.e.m. ** P < 0.01, ns = not significant.
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Extended Data Fig. 5 | Fear conditioning with additional trials yielded a negative dopamine response to the fear cues. a, Averaged dopamine signal to 
fear cues during the first two versus last two CS+ trials in a separate group of C57BL6/J mice (n = 4). b, Dopamine response to the CS+ (area under the 
curve, AUC) following 6 trials of the latent inhibition experiment compared to the dopamine response to the CS+ in an additional group with extensive 
fear conditioning trials did not differ for the first 6 trials (RM ANOVA group × trial interaction F(2, 14)= 0.52, P = 0.60; main effect of group F(1, 7) = 0.12, 
P = 0.20) before becoming a negative response after the 9th trial. Data represented as mean ± s.e.m. ns = not significant.
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Extended Data Fig. 6 | Fewer pre-exposure presentations result in latent inhibition. a, Mice (n = 8; 4 males, 4 females) received two sessions of 
pre-exposure rather than four. b, Fewer pre-exposure sessions still produced a latent inhibition effect (two-sided paired t-test t7 = 3.314, P = 0.0129). Data 
represented as mean ± s.e.m., * P < 0.05.
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Extended Data Fig. 7 | Validation of TH + cell-specific opsin expression. Optogenetics studies were designed to test whether the latent inhibition effect 
is controlled by the NAc core dopamine response to the pre-exposed fear cue. a, Representative images showing the expression of ChR2 and TH in the 
VTA dopamine cell bodies. AAV9.rTH.PI.Cre.SV40 and AAV5.Ef1a.DIO.hchR2.eYFP or AAV5.Ef1a.DIO.eYFP was injected into the VTA to achieve specific 
expression of Chr2 in dopamine neurons. Specifically, AAV9.rTH.PI.Cre.SV40 injections resulted in Cre expression in all Tyrosine Hydroxylase (TH) 
positive cells within the VTA. By placing a fiberoptic above the NAc core, we were able to stimulate dopamine release from VTA projecting dopamine 
terminals in the NAc core. b, Representative images showing the expression of NpHR and TH in the VTA dopamine cell bodies using the same approach 
as described. AAV9.rTH.PI.Cre.SV40 and AAV5.hSyn.eNpHR.3.0.eYFP or AAV5.Ef1a.DIO.eYFP were injected into the VTA and a fiberoptic was placed 
in the NAc core. c, Schematic showing histologically verified fiber optic placements for all mice (n = 21 mice, 9 males, 12 females). d, Cell counts were 
completed within the VTA from the experiments using the TH-specific excitatory/inhibitory opsin strategy. About 75% of the Cre+ cells in the VTA were 
also TH + suggesting a significant portion of the ChR2 and NpHR cells were dopaminergic (two-sided paired t-test t22 = 8.96, P = 0.00000001). Data 
represented as mean ± s.e.m., **** P < 0.0001.
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Extended Data Fig. 8 | optogenetic stimulation, but not inhibition, of dopaminergic terminals during inter-trial interval abolishes latent inhibition. 
a, Mice (n = 12; 5 males, 7 females) underwent four sessions of pre-exposure where they received unpaired stimulations (ChR2) or inhibitions (NpHR) 
during inter-trial interval windows. b, Unpaired stimulation of the NAc core dopamine response abolished latent inhibition (two-way ANOVA cue × group 
interaction F(1,10) = 4.078, P = 0.071; Bonferroni multiple comparisons: ChR2 pre-exposed versus non-pre-exposed P = 0.973; NpHR pre-exposed versus 
non-pre-exposed P = 0.023) while inhibition of the terminals resulted in a latent inhibition effect. Data represented as mean ± s.e.m., * P < 0.05, ns = not 
significant.
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Extended Data Fig. 9 | The effect of the optogenetic inhibition and excitation of dopaminergic terminals disappears with additional fear conditioning 
training. Freezing response to the CS+ and pre-exposed CS+ did not differ in the eYFP or ChR2 groups on the second session of fear conditioning 
(multiple comparison Ps > 0.05). Freezing to the CS+ was still greater than the freezing response to the pre-exposed CS+ at the end of the session 2 
(two-way ANOVA cue × group interaction F(2,36) = 4.31, P = 0.02; multiple comparisons: NpHR pre-exposed CS+ versus CS+ P = 0.04). This suggest that 
the freezing response to all cues (pre-exposed and non-pre-exposed) reached the asymptotic level with additional training but the enhancing effect of 
dopamine inhibition during pre-exposure on latent inhibition persisted beyond the initial fear conditioning session. Data represented as mean ± s.e.m.,  
* P < 0.05, ns = not significant.
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Extended Data Fig. 10 | optogenetically stimulating VTA dopamine cell bodies during cue pre-exposure enhances subsequent associative learning 
for that stimulus. a, Representative histology showing ChR2 expression in the VTA dopamine cells in the TH-Cre rats. Histology maps showing ChR2 
and eYFP expression and fiber placements in the VTA. b, These experiments were designed to look at the effects of dopamine stimulations during the 
pre-exposure period when the cues are novel and have not yet acquired value. Ventral tegmental area (VTA) dopamine neurons were stimulated using 
a blue laser at the time of the cue presentation during pre-exposure sessions. c, Rats received 2 sessions of stimulus pre-exposure followed by a single 
session of appetitive conditioning without any stimulation. In the pre-exposure session, the auditory cue was presented in the absence of an outcome 
whereas in the conditioning sessions, both the pre-exposed and non-pre-exposed cues were followed by the delivery of a food pellet. d, Averaged 
responses (appetitive response = CS response − preCS response) for the eYFP group throughout the 6 conditioning trials (repeated measures session 
× group interaction ANOVA F(5,80) = 0.78, P = 0.56). e, The difference between the first trial responses to the pre-exposed and non-pre-exposed cues 
trended towards significance in the eYFP group (paired t-test, t8 = 2.13, P = 0.06, n = 9 rats). f, There was no difference between pre-exposed versus 
non-pre-exposed cue responses during the last 3 trials of the conditioning session in the eYFP group (paired t-test, t8 = 0.25, P = 0.80, n = 9 rats).  
g, Averaged responses for the ChR2 group throughout the 6 conditioning trials (repeated measures session × group interaction ANOVA F(5,70) = 2.42, 
P = 0.04). h, The difference between the first trial responses to the pre-exposed and non-pre-exposed cues did not differ in the ChR2 group (paired t-test, 
t7 = 1.11, P = 0.30, n = 8 rats). i, The pre-exposed cue responses were significantly higher compared to the non-pre-exposed cue responses during the 
last 3 trials of the conditioning session in the ChR2 group (paired t-test, t7 = 0.008, P = 0.02, n = 8 rats). This demonstrates that stimulation of the VTA 
dopamine cell body response to stimuli during pre-exposure enhances the learning of cue-reward associations in the subsequent appetitive conditioning 
training. Data represented as mean ± s.e.m., # P = 0.056, ** P < 0.01, ns = not significant.
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Methods
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ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies

Antibodies used mouse anti-TH, Millipore #MAB318 (clone LNC1); goat anti-chicken AlexaFluor 488 (Life Technologies #A-11039); donkey anti-mouse 

AlexaFluor 594 (Life Technologies # A-21203); chicken anti-GFP (Abcam #AB13970)

Validation mouse anti-TH, Millipore #MAB318 (clone LNC1): 

company website with validation info: https://www.emdmillipore.com/US/en/product/Anti-Tyrosine-Hydroxylase-Antibody-clone-

LNC1,MM_NF-MAB318?bd=1#anchor_COA 

References:  

Sharaf, A., Rahhal, B., Spittau, B., & Roussa, E. (2015). Localization of reelin signaling pathway components in murine midbrain and 

striatum. Cell and tissue research, 359(2), 393-407. 

Chand, A. N., Galliano, E., Chesters, R. A., & Grubb, M. S. (2015). A distinct subtype of dopaminergic interneuron displays inverted 

structural plasticity at the axon initial segment. Journal of Neuroscience, 35(4), 1573-1590. 

 

chicken anti-GFP (Abcam #AB13970): 

company website with validation info: https://www.abcam.com/gfp-antibody-ab13970.html 

References:  

Horita, N., Keeley, T. M., Hibdon, E. S., Delgado, E., Lafkas, D., Siebel, C. W., & Samuelson, L. C. (2022). Delta-like 1–Expressing Cells at 

the Gland Base Promote Proliferation of Gastric Antral Stem Cells in Mouse. Cellular and Molecular Gastroenterology and 
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Hepatology, 13(1), 275-287. 

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57Bl6/J mice. Male (N=35) and female (N=48) 6- to 8-week-old C57BL/6J mice obtained from Jackson Laboratories (Bar Harbor, ME; 

SN: 000664) were kept 5 per cage and maintained on a 12-hour reverse light/dark cycle, with all behavioral testing took place during 

the light cycle. 

Wild animals No wild animals were used in the study

Field-collected samples No field collected samples were used in the study

Ethics oversight The Institutional Animal Care and Use Committee (IACUC) at Vanderbilt University School of Medicine 

The NIDA-IRP Institutional Animal Care and Use Committee of the US National Institutes of Health (NIH)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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