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ABSTRACT

To make adaptive decisions, we build an internal model of associative relationships in the environment
and use it to predict specific forthcoming outcomes. Detailed stimulus-outcome memories are a core
feature of such cognitive maps, yet little is known of the neuronal systems that support their encoding.
We used fiber photometry, cell-type and pathway-specific optogenetic manipulation, Pavlovian cue-
reward conditioning, and a decision-making test in male and female rats, to reveal that ventral tegmental
area dopamine (VTApa) projections to the basolateral amygdala (BLA) drive the encoding of stimulus-
outcome memories. Dopamine is released in the BLA during stimulus-outcome pairing and VTApa>BLA
activity is necessary and sufficient to link the identifying features of a reward to a predictive cue, but does
not mediate general value or reinforcement. These data reveal a dopaminergic pathway for the learning
that supports adaptive decision making and help understand how VTApa neurons achieve their emerging
multifaceted role in learning.
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Dopamine has long been known to critically contribute to learning. The canonical view is that midbrain
dopamine neurons broadcast errors in reward prediction. These learning signals are thought to cache
the general value of a reward to its predictor and reinforce response policies that rely on past success,
rather than forethought of specific outcomes’-’. But often adaptive decision making requires accurate and
detailed prospective consideration of potential outcomes. For example, if you see both pizza and donut
boxes outside the seminar room, assuming you like both, you need to use these cues to represent the
specific predicted foods in order to make the snack choice that is optimal in your current circumstances
(e.g., are you craving something sweet or savory?). So, to ensure flexible behavior, humans and other
animals do not just learn the general value of predictive events, but also encode the relationships between
these cues and the identifying features of their associated outcomes?® °. Such stimulus-outcome
memories are fundamental components of the internal model of environmental relationships, aka
cognitive map'?, we use to generate the predictions and inferences needed for many forms of flexible,
advantageous decision making® % 1. 12 Although there is little known of how we form stimulus-outcome
memories, recent evidence suggests dopamine might actually contribute’>?4. New data have challenged
the value-centric dogma of dopamine function, indicating it plays a much broader role in learning than
originally thought?>?%, How dopamine contributes to identity-specific stimulus-outcome learning is
unknown, yet critical for understanding dopamine’s emerging multifaceted function in learning.

One candidate pathway through which dopamine might contribute to stimulus-outcome learning is
the VTA dopamine (VTAba) projection to the basolateral amygdala (BLA)3-%5, This pathway has received
much less attention than the canonical VTApa projections to nucleus accumbens and prefrontal cortex,
so little is known of its function. VTApa~>BLA projections do contribute to Pavlovian fear learning®?, yet
whether this pathway also contributes to appetitive learning and the type and content of the memories
supported are unknown. The BLA itself was recently shown to be crucial for forming detailed, identity-
specific, appetitive, stimulus-outcome memories®. Therefore, here we combined a systems
neuroscience toolkit with sophisticated behavioral tasks to evaluate VTApa>BLA pathway function in
linking the unique features of rewarding events to predictive cues, i.e., encoding the identity-specific

reward memories that support flexible decision making.

RESULTS

BLA neurons are active during stimulus-outcome learning.

We first asked whether and when the BLA is active during the encoding of detailed, identity-specific
stimulus-outcome memories. To characterize the endogenous activity of BLA neurons, we used fiber
photometry to record fluorescent activity of the genetically encoded calcium indicator GCaMP6f% in the
BLA of male and female rats (Figure 1a-b). Rats were food deprived and received 8 sessions of Pavlovian

conditioning during which 2 distinct auditory conditioned stimuli (CS) each predicted a unique food reward
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(e.g., white noise—sucrose/click—pellets). During each session, each cue was presented 8 times
(variable 2.5-min mean intertrial interval, ITI) for 30 s and terminated in the delivery of its associated
reward (Figure 1c¢). This conditioning has been shown to engender the encoding of identity-specific
stimulus-outcome memories as evidenced by the ability of the cues to subsequently promote instrumental
choice of their specific predicted reward3-42 and sensitivity of the conditional goal-approach response to
devaluation of the predicted reward*3. Across training, rats developed a Pavlovian conditional approach
response of entering the food-delivery port during cue presentation (Figure 1d).

BLA neurons are active during the encoding of stimulus-outcome memories. Fiber photometry
recordings were made during Pavlovian conditioning and binned into five conditioning phases: Session
1, 2, 3/4, 5/6, and 7/8. Thus, data from the last 6 sessions were averaged across 2-session bins. BLA
neurons were robustly activated both at cue onset and offset when the outcome was delivered. BLA
responses to cue offset/reward delivery were larger than those to cue onset and increased with training
(Figure 1e-f; see also Supplemental Figure 1-1 for data from each of the 8 training sessions). Thus,
consistent with prior evidence®, BLA neurons are activated by rewards and their predictors. BLA
activation is particularly robust during the critical outcome period when the cues can become linked to

the identifying features of the outcomes they predict.
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Figure 1. BLA neurons are active during stimulus-outcome encoding. (a) Top: Representative fluorescent image of
GCaMP6f expression and fiber placement in the BLA. Bottom: Schematic of fiber photometry approach for imaging bulk calcium
activity in BLA neurons. (b) Schematic representation of GCaMPG6f expression and placement of optical fiber tips in BLA for all
subjects. Brain slides from*4. (¢) Procedure schematic. CS, conditioned stimulus (white noise or click); O, outcome (sucrose
solution or grain pellet). (d) Food-port entry rate during the CS relative to the preCS baseline period, averaged across trials and
across the 2 CSs for each day of Pavlovian conditioning. Thin lines represent individual subjects. Training x CS: F(2.44, 17.07) =
7.97, P =0.002; Training: F(3.30,23.10) = 4.85, P = 0.008; CS: F(1,7)=80.33, P < 0.0001. *P < 0.05, **P < 0.01, ***P < 0.001 relative
to preCS, Bonferroni correction. (e) Trial-averaged quantification of maximal (peak) GCaMP6f Z-score AF/F during the 5-s period
following CS onset or outcome delivery compared to the equivalent baseline period immediately prior to CS onset. Training x
Event: Fs2, 1761)= 3.94, P = 0.03; Event: F(1.39,9.71) = 58.63, P < 0.0001; Training F(1.71, 11.97) = 2.30, P = 0.15. *P < 0.05, **P <
0.01, ***P < 0.001 relative to preCS baseline, Bonferroni correction. * P < 0.05, * P < 0.01, A P < 0.001 CS offset/outcome
relative to CS onset, Bonferroni correction. (f) Trial-averaged GCaMP6f fluorescence changes (Z-score AF/F) in response to CS
presentation (blue box) and outcome delivery across days of training. Shading reflects between-subjects s.e.m. Tick marks
represent time of outcome collection for each subject. Data from the last six sessions were averaged across two-session bins
(3/4, 5/6, and 7/8). N = 8, 4 male.
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Dopamine is released in the BLA during stimulus-outcome learning.

We next asked whether dopamine is released in the BLA during the encoding of identity-specific stimulus-
outcome memories. We used fiber photometry to record fluorescent activity of the G-protein-coupled
receptor-activation-based dopamine sensor GRABpa2n*® in the BLA of male and female rats during
Pavlovian conditioning, as described above (Figure 2a-c). Across training, rats developed a Pavlovian
conditional goal-approach response (Figure 2d). BLA neurons were activated both at cue onset and
offset/outcome delivery across training (Figure 2e-f; see also Supplemental Figure 2-1 for data from each
of the 8 training sessions and Supplemental Figure 2-2 for GFP control). Like BLA neuronal responses,
BLA dopamine responses to cue offset/outcome delivery were larger than those to cue onset. After
learning, dopamine responses to cue offset were smaller when the outcome was omitted relative to when
the outcome was delivered (Supplemental Figure 2-3), indicating reward outcome experience triggers
dopamine release in the BLA. Indeed, BLA dopamine was also evoked by unexpected reward delivery
(Supplemental Figure 2-3). Thus, dopamine is released in the BLA in response to both cues and
rewarding outcomes, as well as their pairing during Pavlovian conditioning. BLA dopamine release is
particularly robust at cue offset/outcome delivery, the critical window for encoding stimulus-outcome

associations and when BLA neurons are also active.

a b BLA: € Pavlovian conditioning f cs
AAV-hsyn-GrabDAZh Fiber photometry 1
& optic fiber CS1-01/CS2-02
nwin o
£oe ) d Female € 2
Male preCS
preCS -»- CS onset 11
- CS -#- CS offfoutcome: 34
*kk A
*x* **

25

Y
(=1

Food-port entries/min
2 7
Peak Z score
T

*% | 58
*

L afp o
-~ . 4 O

17345878 1 2a4se7® 0 1020 %0 4080 &0

Training session Training session Time (s)

Figure 2. Dopamine is released in the BLA during stimulus-outcome encoding. (a) Top: Representative fluorescent image
of GrabDA2h expression and fiber placement in the BLA. Bottom: Schematic of fiber photometry approach forimaging GrabDA2h
fluorescence changes in BLA neurons. (b) Schematic representation of GrabDA2h expression and placement of optical fiber
tips in BLA for all subjects. (c¢) Procedure schematic. CS, conditioned stimulus (white noise or click); O, outcome (sucrose
solution or grain pellet). (d) Food-port entry rate during the CS relative to the preCS baseline period, averaged across trials and
across the 2 CSs for each day of Pavlovian conditioning. Thin lines represent individual subjects. Training x CS: F2.77, 22.15) =
14.69, P < 0.0001; Training: Fa.75 38.02) = 2.76, P = 0.03; CS: F(1,s) = 44.00, P = 0.0002. *P < 0.05, **P < 0.01, ***P < 0.001
relative to preCS, Bonferroni correction. (e) Trial-averaged quantification of maximal (peak) GrabDAZ2h fluorescence change Z-
score during the 5-s period following CS onset or outcome delivery compared to the equivalent baseline period immediately prior
to CS onset. Event: F1.89, 15.08) = 16.07, P = 0.0002; Training: F2.14,17.14) = 1.07, P = 0.37; Training x Event: F3.79, 30.35) = 0.84, P
=0.51. * P<0.05, ** P < 0.01, relative to preCS baseline, Bonferroni correction. * P < 0.05 CS offset/outcome relative to CS
onset, Bonferroni correction. (f) Trial-averaged GrabDA fluorescence changes (Z-score) in response to CS presentation (blue
box) and outcome delivery across days of training. Shading reflects between-subjects s.e.m. Tick marks represent time of
outcome collection for each subject. Data from the last six sessions were averaged across two-session bins (3/4, 5/6, and 7/8).
N =29, 5 male.
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VTApa>BLA projections are necessary for encoding identity-specific stimulus-outcome
memories.

Having found that dopamine is released in the BLA during stimulus-outcome pairing, we next asked
whether dopaminergic input to the BLA mediates the encoding of identity-specific stimulus-outcome
memories (Figure 3a-d). We expressed the inhibitory opsin archaerhodopsin T (ArchT) or tdTomato
control bilaterally in VTApa neurons of male and female tyrosine hydroxylase (Th)-cre rats*® (Figure 3a-
b) and implanted optical fibers bilaterally over BLA (Figure 3c) to allow us to, in ArchT-expressing
subjects, transiently inactivate VTApa axons and terminals in the BLA. Rats first received 11 days of
instrumental conditioning, without manipulation, in which one of two different lever-press actions each
earned one of two distinct food rewards (e.g., left press—>sucrose/right press—>pellets; Figure 3e). Rats
then received Pavlovian conditioning. During each of the 8 Pavlovian conditioning sessions, each of 2
distinct, 30-s, auditory cues was presented 8 times and terminated in the delivery of one of the food
rewards into a single food port (e.g., white noise—sucrose/click—pellets). VTApa=>BLA projections were
optically inhibited (532 nm, 10 mW, 3 s continuous) coincident with each outcome delivery during each
Pavlovian conditioning session. We restricted optical inhibition to outcome delivery because this is the
time at which the stimulus-outcome pairing occurs and when we detected robust BLA neuron activation
and dopamine release in the BLA. Optical inhibition of VTApa—=>BLA projections did not disrupt outcome
collection (Supplemental Figure 3-1). It also did not impede the development of a Pavlovian conditional
goal-approach response (Figure 3f). Thus, VTApa~>BLA projections are not required to reinforce an
appetitive Pavlovian response.

Conditional approach to the shared goal location does not require subjects to have learned the
identifying details of the predicted rewards. So, to ask whether VTApa>BLA are needed for encoding
identity-specific stimulus-outcome memories, we next gave subjects an outcome-specific Pavlovian-to-
instrumental transfer (PIT) test. During this test both levers were present, but lever pressing was not
reinforced. Each cue was presented 4 times (also without accompanying outcome), with intervening cue-
free baseline periods (fixed 2.5-min ITI), to assess its influence on action performance and selection in
the novel choice scenario. Because the cues are never directly associated with the instrumental actions,
this test assesses the ability to use the cues to retrieve a representation of the specific predicted outcome
to motivate choice of the action known to earn that same unique reward3® 4”48, No manipulation was
given on test. If subjects had encoded identity-specific stimulus-outcome memories, then cue
presentation should cause them to increase presses selectively on the lever that, during training, earned
the same specific outcome as predicted by that cue. Controls showed this outcome-specific PIT effect.
Conversely, the cues were not capable of guiding lever-press choice in the group for which VTApa>BLA
projections were inhibited during Pavlovian conditioning (Figure 3g-h). Rather, for these subjects, the

cues caused a general increase in lever pressing. As in training, during the PIT test the conditional goal-
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approach response was similar between groups (Figure 3i). Thus, VTApa—>BLA projections are active at
the time of stimulus-outcome pairing and this activity is needed to link the identifying details of the
outcome to the predictive cue, but not to reinforce a conditional response or to assign general value to

the cue to support general motivation.
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Figure 3. Optical inhibition of VTApa>BLA projections during stimulus-outcome pairing attenuates the encoding of
identity-specific stimulus-outcome memories. (a) Bottom: Representative fluorescent image of cre-dependent ArchT-
tdTomato expression in VTA cell bodies with coexpression in Th of Th-Cre rats. Middle: Schematic of optogenetic strategy for
bilateral inhibition of VTApa axons and terminals in the BLA of Th-cre rats. Top: Representative image of fiber placement in the
vicinity of immunofluorescent ArchT-tdTomato-expressing VTAba axons and terminals in the BLA. (b) Schematic representation
of cre-dependent ArchT-tdTomato expression in VTA and (c) placement of optical fiber tips in BLA for all subjects. (d) Procedure
schematic. A, action (left or right lever press); O, outcome (sucrose solution or grain pellet); CS, conditioned stimulus (white
noise or click). (e) Instrumental conditioning. Lever-press rate averaged across levers and across the final 2 days of instrumental
conditioning. t(19) = 0.07, P = 0.94. Data points represent individual subjects. (f) Pavlovian conditioning. Food-port entry rate
during the CS relative to the preCS baseline period, averaged across trials and across the 2 CSs for each day of Pavlovian
conditioning. Thin lines represent individual subjects. Training x CS period: F.09, 77.71) = 5.73, P = 0.0004; CS period: F(1,19) =
10.34, P = 0.005; Training: F(1.47,27.98) = 1.19, P = 0.31; Virus: F(1,19) = 0.05, P = 0.83; Training x Virus: Fz,133 = 1.23, P =0.29;
Virus x CS period: F(1,19)= 1.04, P = 0.32; Training x Virus x CS period: F(7,133y=0.75, P = 0.63. (g-i) Outcome-specific Pavlovian-
to-instrumental transfer test. (g) Trial-averaged lever-press rates during the preCS baseline periods compared to press rates
during the CS periods separated for presses on the lever that, in training, delivered the same outcome as predicted by the CS
(Same) and pressing on the other available lever (Different). Virus: F, 19) = 0.93, P = 0.35; Lever: F, 19) = 3.36, P = 0.08; CS
period: F1,19) = 22.02, P = 0.0002; Virus x Lever: F(1,19) = 0.12, P = 0.73; Virus x CS period: F1, 19) = 0.37, P = 0.55; Lever x CS
period: F1, 19) = 0.25, P = 0.62; Virus x Lever x CS period: F(1, 19)= 2.63, P =0.12. *P < 0.05, planned comparisons CS same
presses v. preCS same presses and CS different presses v. preCS different presses. (h) Elevation in lever presses on the lever
that earned the same outcome as the presented CS (Same; [(Same lever presses during CS)/(Same presses during CS + Same
presses during preCS)], averaged across trials and across CSs), relative to the elevation in pressing on the alternate lever
(Different; [(Different lever presses during CS)/(Different presses during CS + Different presses during preCS)], averaged across
trials and across CSs) during the PIT test. Virus x Lever: F(1,19)= 9.22, P =0.007; Virus: F(1,19) = 0.33, P = 0.57; Lever: F(1,19) =
0.45, P = 0.51. *P < 0.05, Bonferroni correction. Lines represent individual subjects. (i) Food-port entry rate during the CSs
relative to the preCS baseline periods, averaged across trials and across the 2 CSs during the PIT test. CS period: F1, 19) =
15.18, P = 0.001; Virus: F1, 19y = 1.15, P = 0.30; Virus x CS period: F(1, 19)= 0.008, P = 0.93. *P < 0.05, Bonferroni correction.
ArchT, N =11, 6 males; tdTomato, N = 10, 5 males.

VTApa~>BLA projection activity is sufficient to drive the encoding of identity-specific stimulus-
outcome memories.

If VTApa—~>BLA projection activity during stimulus-outcome pairing mediates the encoding identity-specific
stimulus-outcome memories, we reasoned that activation of these projections should be sufficient to drive
the formation of a stimulus-outcome memory. To test this, we first needed to behaviorally attenuate the

encoding of stimulus-outcome memories to serve as a platform to neurobiologically rescue such learning.
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To achieve this, we took advantage of classic Kamin blocking procedures*®-%'. We asked whether the
presence of a cue that already reliably predicts a particular outcome could effectively block formation of
an association between a novel cue and the specific features of that outcome®2. Male and female rats
first received instrumental conditioning in which each of two lever-press actions earned a unique food
reward (e.g., left press—>sucrose/right press—>pellets; Figure 4b). Subjects then received 12 visual cue
Pavlovian conditioning sessions. For subjects in the Blocking group, during each Pavlovian conditioning
session 2 distinct 30 s visual cues each terminated in the delivery of a unique food outcome (e.g., house
light—sucrose/flashing light—pellet; 16 of each CS/session; 2.5-min mean variable ITI). Controls received
equated training, but with a visual stimulus different from those used for the blocking group. Subjects
acquired Pavlovian conditional goal-approach responses to these visual cues (Figure 4c). All subjects
then received compound conditioning, during which each of the 2 visual cues previously conditioned for
the Blocking group was presented concurrent with an auditory cue for 30 s terminating in the delivery of
one of the distinct food outcomes (e.g., house light + white noise—sucrose/flashing light + clicker—pellet;
8 of each compound cue/session). For subjects in the blocking group, each compound cue was paired
with the outcome previously associated with the visual stimulus. Thus, the visual component of the
compound cue already reliably predicted the outcome. However, for the controls neither the visual nor
auditory component of the compound cue had been previously associated with the outcome. All subjects
showed conditional goal-approach responses to the compound cues across the 4 compound sessions
(Figure 4d). To assess acquisition of the unique auditory stimulus-outcome relationships, rats were given
a PIT test in which action selection was evaluated in the presence of the auditory cues alone. If the
previously encoded visual stimulus-outcome memory blocked encoding of the relationship between the
novel auditory cue and identifying features of the outcome, then subjects in the blocking group should
not be able to use the auditory cues to represent the specific predicted outcome and guide their choices
towards the action associated with that reward during the PIT test. This is what we found. Whereas
controls were able to express outcome-selective PIT, subjects in the blocking group were impaired in
their ability to use the auditory cues to guide choice (Figure 4e-f). Despite disrupted PIT performance,
expression of conditional goal-approach response was preserved in the blocking group (Figure 4g). Thus,
we were able to effectively attenuate the encoding of identity-specific stimulus-outcome memories. More
broadly, these data indicate that previously learned predictive cues can prevent encoding of associations

between new cues and the identifying features of the predicted events.
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Figure 4. Pre-learned stimulus-outcome relationships block encoding of new identity-specific stimulus-outcome
memories. (a) Procedure schematic. A, action (left or right lever press); O, outcome (sucrose solution or grain pellet); CS,
conditioned stimulus (CSA/B: house light or flashing lights; CSC: alternating outside lights; CS1/CS2: white noise or click). (b)
Instrumental conditioning. Lever-press rate averaged across levers and across the final 2 days of instrumental conditioning. t(o)
=1.03, P =0.31. (c) Pavlovian conditioning. Food-port entry rate during the visual CSs relative to the preCS baseline periods,
averaged across trials and across CSs for each day of Pavlovian conditioning. Thin lines represent individual subjects. Training:
F@71,81.41) = 4.29, P = 0.009; CS period: F(1,30) = 186.20, P < 0.0001; Group: F1,30)= 0.56, P = 0.46; Training x Group: F(11, 330)
= 1.77, p=0.06; Training x CS period: F.5s5, 136.40) = 30.77, P < 0.0001; Group x CS period: F1, 30) = 0.22, p=0.64; Session x
Group x CS period: F(11,330) = 0.98, P = 0.47. * P < 0.05, **P < 0.01, Bonferroni correction. (d) Compound conditioning. Food-
port entry rate during the compound CSs relative to the preCS baseline periods, averaged across trials and across the 2
compound CSs for each day of compound conditioning. CS period: F1,30)= 173.60, P < 0.0001; Training: F(1.32,30.71) = 0.01, P =
0.96; Group: F1,30) = 0.35, P = 0.56; Training x Group: F,90) = 0.12, P = 0.95; Training x CS period: F2.50, 75.01) = 0.50, P = 0.65;
Group x CS: F1,30) = 0.51, P = 0.48; Training x Group x CS: F3, 90) = 0.89, P = 0.45. **P < 0.01, Bonferroni correction (e-g)
Auditory CS outcome-specific Pavlovian-to-instrumental transfer test. (e) Trial-averaged lever-press rates during preCS baseline
periods compared to press rates during the auditory CS periods separated for presses on the lever that, in training, delivered
the same outcome as predicted by the auditory CS (Same) and pressing on the other available lever (Different). Group x CS:
F(1,30)=4.54, P =0.04; Lever x CS: F(1,30) = 6.24, P = 0.02; CS period: F1,30)=29.11, P < 0.0001; Group: F(1,30) = 0.59, P = 0.45;
Lever: F(1,30) = 0.06, P = 0.81; Group x Lever: F,30) = 2.09, P = 0.16; Group x Lever x CS: F1,30 = 0.81, P=0.38. **P < 0.01,
***P < 0.001 planned comparisons CS same presses v. preCS same presses and CS different presses v. preCS different
presses. (f) Elevation in lever presses on the lever that earned the same outcome as the presented CS (Same; [(Same lever
presses during CS)/(Same presses during CS + Same presses during preCS)], averaged across trials and across CSs), relative
to the elevation in presses on the alternate lever (Different; [(Different lever presses during CS)/(Different presses during
CS + Different presses during preCS)], averaged across trials and across CSs) during the PIT test. Lines represent individual
subjects. Group: F, 30) = 3.99, P = 0.06; Lever: F(1, 30) = 4.35, P = 0.046; Group x Lever: F¢,30= 1.57, P = 0.22. *P < 0.05,
Bonferroni correction. (g) Food-port entry rate during the CSs relative to the preCS baseline periods, averaged across trials and
across the 2 CSs during the PIT test. CS period: F1,30) = 154.70, P < 0.0001; Group: F1,30) = 0.10, P = 0.75; Group x CS: Fq,
30) = 0.06, P =0.80. ***P < 0.001, Bonferroni correction. Blocking, N = 16, 11 males; Control, N = 16, 11 males.

Using this blocking procedure, we next asked whether activation of VTApa=>BLA projections is
sufficient to rescue, or unblock, the encoding of identity-specific stimulus-outcome memories (Figure 5a-
d). We expressed the excitatory opsin channelrhodopsin (ChR2) or eYFP control in VTApa neurons of
male and female Th-cre rats (Figure 5a-b) and implanted optical fibers bilaterally over BLA (Figure 5c) to
allow us to, in ChR2-expressing subjects, transiently stimulate VTApa axons and terminals in the BLA.
Rats first received instrumental conditioning, without manipulation, to learn two action-reward
relationships (Figure 5e). They then received visual cue Pavlovian conditioning, also manipulation-free.
All subjects received blocking conditions and, thus, during Pavlovian conditioning had two distinct visual
cues each paired with a unique food outcome. Both groups developed Pavlovian conditional goal-
approach responses to the visual cues (Figure 5f). Rats next received compound conditioning during

which each of the visual cues was presented concurrent with an auditory cue for 30 s terminating in the
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delivery of the same outcome the visual cue previously predicted. During each compound conditioning
session, VTApa—~>BLA projections were optically stimulated (473 nm; 20 Hz, 10 mW, 25-ms pulse width,
3 s) at the time of outcome delivery. We selected this stimulation period because it is when the stimulus-
outcome pairing and, thus, learning can occur. VTApp~>BLA stimulation had no effect on outcome
collection (Supplemental Figure 5-1). It also did not affect goal-approach responses to the compound cue
(Figure 5g). To ask about the encoded identity-specific stimulus-outcome memories, we gave rats a PIT
test with the auditory cues, without manipulation. We replicated the blocking of identity-specific stimulus-
outcome memories in the eYFP controls. These subjects were unable to use the auditory cues to guide
their choice behavior during the PIT test. Stimulation of VTApa—>BLA projections during compound
training did, however, drive the encoding of identity-specific stimulus-outcome memories. Rats in this
group were able to use the auditory cues to know which specific outcome was predicted to bias presses
towards the lever associated with that same reward (Figure 5h-i). As in compound conditioning, both
groups showed similar goal-approach responses to the cues (Figure 5j), indicating that optical stimulation
of VTApa—~>BLA projections did not augment reinforcement of a general conditional approach response.
Similarly, rats did not self-stimulate VTApa>BLA projections, indicating stimulation at this frequency,
which reflects the upper end endogenous firing rate of dopamine neurons in response to rewarding
events 1 6 53 was not itself reinforcing (Supplemental Figure 5-2). Thus, activation of VTApa>BLA
projections concurrent with outcome experience is sufficient to drive the encoding of identity-specific

stimulus-outcome memories but does not promote reinforcement.
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Figure 5. Optical stimulation of VTApa>BLA projections during stimulus-outcome pairing unblocks encoding of
identity-specific stimulus-outcome memories. (a) Bottom: Representative fluorescent image of cre-dependent ChR2-eYFP
expression in VTA cell bodies with co-expression of Th in Th-Cre rats. Middle: Schematic of optogenetic strategy for bilateral
stimulation of VTApa axons and terminals in the BLA. Top: Representative image of fiber placement in the vicinity of
immunofluorescent ChR2-eYFP-expressing VTApa axons and terminals in the BLA. (b) Schematic representation of cre-
dependent ChR2-eYFP expression in VTA and (c) placement of optical fiber tips in BLA for all subjects. (d) Procedure schematic.
A, action (left or right lever press); O, outcome (sucrose solution or grain pellet); CS, conditioned stimulus (CSA/B: house light
or flashing lights; CS1/CS2: white noise or click). (e) Instrumental conditioning. Lever-press rate averaged across levers and
across the final 2 days of instrumental conditioning. t22) = 1.39, P = 0.18. (f) Pavlovian conditioning. Food-port entry rate during
the visual CSs relative to the preCS baseline periods, averaged across trials and across the 2 visual CSs for each day of
Pavlovian conditioning. Thin lines represent individual subjects. Training x CS: F.15, 91.32) = 25.86, P < 0.0001; Training: F (2.0,
57.21) = 7.22, P =0.0006; CS period: F1,22) = 264.70, P < 0.0001; Virus: F@,22)=0.67, P =0.42; Training x Virus: F(11, 242) = 0.47,
P =0.92; Virus x CS period: F1,22) = 2.24, p=0.15; Training x Virus x CS period: F(11,242)= 0.86, P = 0.58. *P < 0.05, **P < 0.01,
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Bonferroni correction. (g) Compound conditioning. Food-port entry rate during the compound CSs relative to the preCS periods,
averaged across trials and across the 2 compound CSs for each day of compound conditioning. Training x CS period: F(2.2s, 50.21)
=9.06, P =0.0002; Training: F(1.35,20.67) = 6.43, P = 0.01; CS period: F(1,22) = 232.10, P < 0.0001; Virus: F(1,22) = 0.88, P = 0.36;
Training x Virus: F3,66) = 1.01, P = 0.40; Virus x CS: F(1,22) = 0.54, P = 0.47; Training x Virus x CS period: F,e6) = 1.07, P =0.37
**P < 0.01, Bonferroni correction (h-j) Auditory CS outcome-specific Pavlovian-to-instrumental transfer test. (h) Trial-averaged
lever-press rates during the preCS baseline periods compared to press rates during the auditory CSs separated for presses on
the lever that, in training, delivered the same outcome as predicted by the auditory CS (Same) and pressing on the other available
lever (Different). Virus x Lever x CS period: F1, 22) = 4.48, P = 0.046; Lever x CS period: F(1,22) = 19.04, P = 0.0002; Lever: Fq,
22) = 0.001, P = 0.97; Virus: F1,22) = 0.14, P = 0.72; CS period: F1,22) = 7.45, P = 0.01; Virus x Lever: F(1,22) = 1.57, p =0.22;
Virus x CS: F(1,22)=1.24, P =0.28. **P < 0.01, planned comparisons CS same presses v. preCS same presses and CS different
presses v. preCS different presses. (i) Elevation in lever presses on the lever that earned the same outcome as the presented
CS (Same; [(Same lever presses during CS)/(Same presses during CS + Same presses during preCS)], averaged across trials
and across CSs), relative to the elevation in responding on the alternate lever (Different; [(Different lever presses during
CS)/(Different presses during CS + Different presses during preCS)], averaged across trials and across CSs) during the PIT
test. Lines represent individual subjects. Virus x Lever: F¢1,22) = 5.72, P = 0.03; Virus: F1, 22) = 3.29, P = 0.08; Lever: F(1, 22)=
20.82, P = 0.0002. ***P < 0.001, Bonferroni correction. (j) Food-port entry rate during the CS relative to the preCS period,
averaged across trials and across the 2 CSs during the PIT test. CS period: F1, 22) = 36.10, P < 0.0001; Virus: F(,22)=0.08, P
=0.77; Virus x CS: F(1,22) = 1.65, P =0.21. **P < 0.01, **P < 0.001, Bonferroni correction. ChR2, N = 11, 6 males; eYFP, N =
13, 6 males.

DISCUSSION

Here we reveal the contribution of the VTApa>BLA pathway to the encoding of detailed, identity-specific,
appetitive stimulus-outcome memories. We found that the BLA is active and dopamine is released into
the BLA at the time of stimulus-outcome pairing, when subjects have the opportunity to link the features
of a rewarding outcome to a predictive cue. Correspondingly, VTApa—>BLA projection activity at stimulus-
outcome pairing is necessary to encode identity-specific stimulus-outcome memories, but not to develop
a Pavlovian goal-approach response or cache value to the cues to support general motivation.
VTApa—~>BLA pathway activation is sufficient to rescue the encoding of identity-specific stimulus-outcome
memories in a Pavlovian blocking task, but is neither reinforcing itself nor sufficient to enhance
reinforcement of a Pavlovian goal-approach response. These data reveal the VTApa~>BLA pathway as a
critical contributor to the formation of detailed stimulus-outcome memories, fundamental components of
the internal model of environmental relationships, aka cognitive map, that supports flexible decision
making.

BLA neuron activity and dopamine release in the BLA is associated with cues and outcomes during
Pavlovian conditioning. We detected BLA neuronal and dopamine responses to cue presentation on the
first day of training. These responses likely reflect the initial novelty of the stimuli, which habituates in the
absence of reward3¢ 5457, Unlike early in training, later cue-evoked activations result from associative
learning?0: 3436, 58-64 |ndeed, we continued to find robust BLA and BLA dopamine responses to cue onset
throughout training. We also detected BLA neuronal and dopamine responses to cue offset/outcome
delivery throughout training. When we separated cue offset from outcome delivery after training we found
BLA dopamine responses to both, though smaller dopamine responses to CS offset absent reward. Thus,
both BLA neurons and dopamine respond to cues, rewards, and their pairing, when cues can become

linked to the identifying features of the outcomes they predict.
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VTApa—~>BLA pathway activity at the time of stimulus-outcome pairing drives the encoding of identity-
specific reward memories. Inhibiting VTApa—>BLA projections at the time of the outcome during Pavlovian
conditioning attenuated the ability to link the identifying details of that outcome to the predictive cue such
that subjects were unable to later use information about the predicted reward to inform decision making.
Stimulation of VTApa—=>BLA projections was sufficient to rescue the encoding of identity-specific stimulus-
outcome memories, such that subjects were later able to use these memories to inform decision making.
Thus, VTApa—>BLA activity is both necessary and sufficient for the formation of detailed reward memories.
This is consistent with prior evidence that VTApa neurons track learning from unexpected changes in
outcome identity®® and can signal the identifying features of an outcome’®. It also accords with data that
VTApa neuron activity mediates unblocking driven by changes in outcome identity?? and drives learning
about the identifying features of predicted rewards needed for sensitivity of cue responses to outcome-
specific devaluation?'. The present data indicate VTApa neurons mediate the encoding of identity-specific
reward memories and that this is achieved, at least in part, via projections to BLA.

The VTApa2>BLA pathway does not assign general value to cues or mediate reinforcement. The
canonical theory of dopamine function is that it provides a teaching signal to cache the general value of
future rewarding events to a predictive cue and reinforce response policies based on past success'”. If
VTApa—~>BLA projections mediate this function, then we should have found their inhibition to disrupt the
development of a conditional approach response and prevent cues from supporting general motivated
behavior (food-port entries, non-specific lever pressing). To the contrary, conditional food-port approach
responses and general cue-induced motivation were preserved following VTApa=>BLA inhibition. This is
consistent with evidence that the BLA itself is dispensable for these processes3® % 67 If VTApp>BLA
pathway activity is sufficient to cache general value to cues and promote reinforcement, then we should
have found activation of this pathway to be reinforcing itself, to promote the reinforcement of conditional
approach responses, and/or that pairing stimulation with a cue would cause that cue to later promote
non-specific motivation. We found no evidence of this. Thus, any contribution of dopamine to general
value and reinforcement learning is likely via pathways other than those to the BLA. VTApa2>BLA
projections may be specialized for encoding the identity-specific memories that support adaptive decision
making.

By establishing a function for the VTApa—~>BLA pathway in identity-specific stimulus-outcome memory,
these data open new and important questions for future investigation. One is how VTApa>BLA
projections contribute to learning. VTApa neurons are well known to support learning by signaling errors
in reward prediction® 3 6. VTApa axons in the BLA can reflect some properties of a prediction error3*, but
also show increased activity to both appetitive and aversive events, indicating that they do not strictly
encode reward prediction error34. Recent evidence indicates that dopamine neurons can support more

complex learning by signaling reward identity and even sensory errors3 18.65 \Whether such signals occur
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in VTApa—2>BLA projections to support stimulus-outcome learning is an interesting possibility. VTApa
neurons can also support learning by signaling perceived salience® . VTApa axons in the BLA can
reflect motivational salience3*. BLA dopamine has also been shown to shape attention-related learning
signals in the BLAC. The dual reward, long-delay conditioning task, necessary here to probe identity-
specific stimulus-outcome memory and its influence on decision making, prevented clean assessment of
BLA dopamine encoding of these processes. Thus, whether BLA dopamine supports reward encoding
by signaling salience, attention, and/or components of prediction error is a critical open question.

Regarding mechanism, VTApa projections are positioned to influence stimulus-outcome learning via
modulation of neuronal plasticity in the BLA. Dopamine can act on GABAergic interneurons to increase
spontaneous inhibitory network activity3* 7- 72 and enhance long-term potentiation through suppression
of feedforward inhibition”3. Like dopaminergic function in the prefrontal cortex’* 75, this balance could
enhance signal-to-noise by filtering out weak inputs to ensure only strong inputs conveying important
information are potentiated. Indeed, dopamine can enhance BLA neuron excitability’! and activation of
VTApa~>BLA projections can elevate the second messenger cyclic adenosine monophosphate and
enhance BLA responses to cues’®. An exciting possibility is that dopamine may gate plasticity in BLA’®-
80, Indeed, dopamine has long been known to modulate synaptic plasticity in striatal circuits®'-83. Separate
populations of BLA neurons can encode unique appetitive outcomes®* 8. VTApa~>BLA projections may
contribute to identity-specific associative learning by facilitating the formation of these neuronal groups.
This is a ripe question for future investigation. Another is the excitatory synapses that dopamine signaling
may potentiate. One likely candidate is BLA input from the lateral orbitofrontal cortex, which mediates the
encoding of identity-specific reward memories®. At least in mice, some VTApar~>BLA projections can
corelease glutamate to activate BLA interneurons®+. That BLA dopamine release coincides with stimulus-
outcome pairing suggests dopamine is likely to be involved, but the extent to which glutamate corelease
contributes is another important open question.

Findings from this study have important implications for how we conceptualize VTApa function. They
contribute to the emerging understanding that VTApa neurons have a multifaceted role in learning?-2°,
This and other recent work on more canonical dopamine pathways?' 8 87 indicates dopamine’s
multifaceted contribution to learning is likely dictated by the function of downstream target regions. As we
further explore the function of distinct dopamine pathways we may reveal core principles of dopamine
function, e.g., learning and/or plasticity modulation, but we will most certainly find diversity of function
based on projection target. Here we show that the VTApa>BLA pathway drives the formation of an
association between a cue and the unique outcome it predicts. Such identity-specific stimulus-outcome
memories are fundamental components of the internal model of environmental relationships, cognitive
map, that enables us to generate the predictions and inferences that support flexible decision making® °

.12 This core form of memory can support a diverse array of behavioral and decision functions. Thus,
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VTApa~>BLA projections may also support identity-specific social, drug, and/or aversive memories.
Indeed, VTApa~>BLA projections are involved in aversive learning and behavior3? 34 8_ An inability to
properly encode predicted outcomes can lead to ill-informed motivations and decisions. This is
characteristic of the cognitive symptoms underlying many psychiatric diseases®%'%, Thus, these data
may also aid our understanding and treatment of substance use disorder and mental illnesses marked

by disruptions to dopamine function and decision making.
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