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Adolescent Dopamine Neurons Represent Reward
Differently during Action and State Guided Learning
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Neuronal underpinning of learning cause-and-effect associations in the adolescent brain remains poorly understood. Two fundamental
forms of associative learning are Pavlovian (classical) conditioning, where a stimulus is followed by an outcome, and operant (instrumen-
tal) conditioning, where outcome is contingent on action execution. Both forms of learning, when associated with a rewarding outcome,
rely on midbrain dopamine neurons in the ventral tegmental area (VTA) and substantia nigra (SN). We find that, in adolescent male
rats, reward-guided associative learning is encoded differently by midbrain dopamine neurons in each conditioning paradigm.
Whereas simultaneously recorded VTA and SN adult neurons have a similar phasic response to reward delivery during both forms
of conditioning, adolescent neurons display a muted reward response during operant but a profoundly larger reward response dur-
ing Pavlovian conditioning. These results suggest that adolescent neurons assign a different value to reward when it is not gated
by action. The learning rate of adolescents and adults during both forms of conditioning was similar, supporting the notion that
differences in reward response in each paradigm may be because of differences in motivation and independent of state versus
action value learning. Static characteristics of dopamine neurons, such as dopamine cell number and size, were similar in the VTA
and SN of both ages, but there were age-related differences in stimulated dopamine release and correlated spike activity, suggesting
that differences in reward responsiveness by adolescent dopamine neurons are not because of differences in intrinsic properties of
these neurons but engagement of different dopaminergic networks.
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Significance Statement

Reckless behavior and impulsive decision-making by adolescents suggest that motivated behavioral states are encoded differ-
ently by the adolescent brain. Motivated behavior, which is dependent on the function of the dopamine system, follows learn-
ing of cause-and-effect associations in the environment. We find that dopamine neurons in adolescents encode reward
differently depending on the cause-and-effect relationship of the means to receive that reward. Compared with adults, reward
contingent on action led to a muted response, whereas reward that followed a cue but was not gated by action produced an
augmented phasic response. These data demonstrate an age-related difference in dopamine neuron response to reward that is
not uniform and is guided by processes that differentiate between state and action values.

Introduction
Understanding how motivated behavioral states are encoded by
the adolescent brain is critical for detection and prevention of
brain disorders and reckless behaviors that emerge in this devel-
opmental stage. These include, but are not limited to, suicide
attempts, addiction, mood disorders, and schizophrenia. What
about the adolescent neural processing of motivated behavior
predisposes them to these conditions? This is a question we are
poorly equipped to answer because much of the data on neuronal
representation of mental processes related to the operation of the
motivational systems were generated using adult animal models
(Robbins and Everitt, 1996; Dayan and Balleine, 2002; Berridge,
2004; Schultz, 2010; Flagel et al., 2011). These include data
related to incentive motivation, reinforcement learning, and
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decision-making that factor prominently in potential models and
influential theories that attempt to explain adolescent vulnerabil-
ities and reckless behaviors (Ernst et al., 2011; Luciana and
Collins, 2012; Naneix et al., 2012; Casey, 2015; Larsen and Luna,
2018; Hauser et al., 2019).

Motivated behavior, rudimentarily defined as an action taken
toward an expected outcome, is constrained by learning. The or-
ganism can only be motivated about an outcome if it has learned
that the outcome may be a consequence of an action or a context.
Thus, the neuronal basis of adolescent-motivated behavior is
guided by the previously learned cause-and-effect associations.
Two fundamental and complementary forms of associative
learning are Pavlovian (classical) and operant (instrumental)
conditioning (Dickinson, 1981; Fanselow and Wassum, 2015;
Corbit and Balleine, 2016). Pavlovian conditioning involves
learning that a particular stimulus (conditioned stimulus [CS])
in the environment predicts the occurrence of an outcome
(unconditioned stimulus [US]), independent of any action taken.
Operant conditioning involves learning that a particular action
by the organism leads to the occurrence of an outcome. Each
learning process can be described by temporal difference learn-
ing algorithms that differentiate between state and action values
(Averbeck and Costa, 2017). State values are defined by the infor-
mation that predicts an upcoming outcome, whereas actions can
take on different values depending on the state in which they are
enacted.

Neuronal networks and circuits that contribute to these forms
of learning are multidimensional, and involve multiple and dis-
tinct brain regions (Maren, 2001; Fanselow and Wassum, 2015;
Corbit and Balleine, 2016; O’Doherty, 2016; Bouton et al., 2021).
Both forms of conditioning, however, involve midbrain dopa-
mine neurons. In the adult brain, dopamine neurons in the
VTA, which project primarily to ventral (limbic) striatal regions
and represent state and action values as well as reward prediction
errors, are important for reward signaling during both types of
conditioning (Schultz, 1998; Pessiglione et al., 2006; Keiflin
et al., 2019). Emerging data suggest that adult dopamine
neurons in another midbrain region, the substantia nigra
(SN), are also involved in processing reward-related learn-
ing (Coddington and Dudman, 2018; Keiflin et al., 2019;
van Zessen et al., 2021). Dopamine neurons in SN primarily
project to the dorsal striatum (DS). Notably, adolescent
rodents exhibit larger reward-related firing in the DS com-
pared with adults (Sturman and Moghaddam, 2012), sug-
gesting a nigrostriatal bias in encoding reinforcement
learning.

To better understand if and how adolescent VTA and SN
neurons encode cause-and-effect relationships differently than
adults, we recorded from these regions simultaneously during
Pavlovian and operant conditioning in both age groups. The US
in the Pavlovian task and the action-led outcome in operant task
involved the delivery of an identical food reward, allowing for
comparison of the operational aspects of these learning para-
digms independent of the expected outcome. The data across
these two learning tasks suggest that, despite exhibiting the same
learning rate as adults, adolescents use different patterns of dopa-
mine neuron activation to reach the same reward endpoint.

Materials and Methods
Subjects
Experiments were started at the University of Pittsburgh and completed
at Oregon Health and Science University. Subjects for all experiments
were male Sprague Dawley rats (Harlan; Charles River Laboratories)

housed in a humidity- and temperature-controlled conditions using a 12
h reverse light/dark cycle with lights off at 8:00 or 9:00 A.M. All proce-
dures were approved by either the University of Pittsburgh Institutional
Animal Care and Use Committee or the Oregon Health and Science
University Institute Animal Care and Use Committee and were in ac-
cordance with the National Institutes of Health’s Guide for the care and
use of laboratory animals. For all experiments, adolescent animals were
postnatal day (PND) 35-38 and adults were PND.65.

Conditioning behavior
Operant chambers (Coulbourn Instruments) equipped with a food
trough and reward magazine opposite a nose-poke port with a cue light
and infrared photo-detector unit, and a tone-generating speaker were
used. One day before the start of habituation, animals were food re-
stricted to 85% of their weight. After 2-3 d of habituation, wherein ani-
mals learned to retrieve reward from the food magazine, they completed
either Pavlovian or operant conditioning. In the Pavlovian task, a light
cue (CS) was presented for 10 s on the wall opposite the food trough;
500 ms after the termination of the CS, a sugar pellet reward (45mg,
Bio-Serv) was delivered. Reward retrieval was followed by a variable (9-
12 s) intertrial interval. Each conditioning session consisted of 100 trials.
In the operant task, rats were trained to execute an action (nose-poke
into the lit port) to earn a single sugar pellet reward on a fixed ratio 1
schedule as described previously (Sturman and Moghaddam, 2012).
Immediately after the action execution, the cue light was extinguished
and the reward was delivered after a 1 s delay. Reward collection was fol-
lowed by 10 s intertrial interval and initiation of the next trial. For each
trial, the cue light remained illuminated until the rat responded. Each
session lasted 45min or 100 trials.

Learning rate
We modeled trial-by-trial changes in retrieval latencies concatenated
across all of the sessions collected per animal. Animal learning behavior
was simulated using Rescorla-Wagner model (Danks, 2003) as follows:

Vi11 ¼ Vi 1a l i � Við Þ (1)

where V is the associative value of cue to reward, a represents learning
rate, and l is the maximum reward available. Learning rate is bounded
by 0 and 1, where 0 indicates no learning and 1 indicates instant learn-
ing, and l is 0 or 1 based on animal behavior in trial (explained below).
Associative value V is set to 0 at the beginning of Session 1; and as learn-
ing takes place, this value updates using Equation 1.

Latency of animals to retrieve the reward after delivery (in the
Pavlovian task) or to poke after cue (in the operant task) was used as an
indicator of reinforcement learning stage. A latency threshold of 5 s was
established to distinguish between random and aimed retrievals/pokes,
so that the value of a retrieval/poke is 1 (l = 1) if it happens within 5 s
from delivery/cue, and zero (l = 0) if after 5 s.

Given that trial-by-trial retrieval latencies may be a noisy measure of
the rats’ learning in each task, task sessions were stitched together to
allow a better fit for the gradual decrease in latency, and a 10 trial mov-
ing average window was applied to smooth the latency data. A mapping
function was used to make associative value V and latency data L compa-
rable as follows:

Lest ¼ Lmax � Lmax � Lminð Þ � V (2)

Where maximum latency is set to 5 and minimum latency is com-
puted for each individual and is the minimum of a 100 trial moving av-
erage window. Therefore, the estimated latency is equal to 5 when
associative value is 0 in the beginning and is equal to individual’s mini-
mum latency when associative learning is 1, meaning the rat has reached
its best performance and learning is complete.

Finally, the learning rate a is estimated for each animal by minimiz-
ing the sum of squared errors between latency data and the estimated
latency.
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Electrophysiology
Recording procedures. Electrophysiology recordings of single-unit

spiking activity were conducted during both conditioning paradigms.
Laboratory-made 8-channel electrode arrays (50-mm-diameter tungsten
wire insulated with polyimide, California Fine Wire) were implanted in
the VTA (AP �5.3, ML 0.8, DV �7.7) and SN (AP �5.2, ML 2.2, DV
�7.4) under isoflurane anesthesia. All animals had 1 week to recover
from surgery before the start of habituation. Recording began on the first
day of conditioning training. During recordings, animals were con-
nected via a field-effect transistor head-stage (Omnetics Connector) to a
lightweight cable and a rotating motorized commutator to allow unre-
stricted movement during recording. Spikes were amplified at 1000�
gain, digitized at 40 kHz, and single-unit data were bandpass filtered at
300Hz. Single units were isolated in Kilosort (Allen et al., 2018) or
Offline Sorter (Plexon) using a combination of manual and semiauto-
matic sorting techniques until each unit is well isolated in state space
(minimum acceptable signal-to-noise ratio ;2.5:1). Neurons were not
screened for specific physiological characteristics or response properties
before recording.

Dopamine classification. Neurons were classified as putative dopa-
mine based on waveform width .1.2ms and mean baseline firing rate
slower than 12Hz (Grace and Bunney, 1984; Schultz and Romo, 1987;
Kim et al., 2016), consistent with the profile of optogenetically tagged
dopamine neurons in our laboratory (Lohani et al., 2019). Additionally,
a dopamine agonist drug study was conducted on a subset of subjects
following the final recording session. After a 30min baseline recording,
animals were injected with 0.75mg/kg apomorphine intraperitoneally
and recorded for an additional 30min (Grace and Bunney, 1984).
Responsive units were defined through comparison of interspike interval
distributions in a nonparametric Kolmogorov–Smirnov test (p, 0.05).
The direction of modulation after apomorphine (inhibited or excited)
was determined by whether the pre- or post-injection distribution had a
larger cumulative distribution function. Only neurons characterized as
putative dopamine are used for firing rate analyses.

Spike correlations. Spike correlations were computed by calculating
the trial-by-trial correlation in spike counts between each pair of simul-
taneously recorded neurons as described previously (Kim et al., 2012). A
Pearson’s correlation of spike counts was calculated in the 500ms win-
dow following behavioral epochs of interest, consistent with firing rate
analyses. Spike count correlations are sensitive to outliers, so we
excluded any trial in which either unit firing rate was.3 SDs away from
its mean baseline firing rate (Kohn and Smith, 2005; Ruff and Cohen,
2014). In order to preserve sufficient sample sizes, unit pairs were not
grouped based on neurotransmitter content.

Immunohistochemistry
Tissue preparation. All rats were anesthetized with chloral hydrate

and perfused transcardially with PBS (pH 7.4, Sigma-Aldrich) fol-
lowed by 4% PFA (Sigma-Aldrich). Brains were extracted and post-
fixed in 4% PFA overnight before being transferred and stored in a
20% sucrose solution at 4°C for cryoprotection; 40mm serial coro-
nal sections were sliced using a cryostat and stored as free-floating
sections in PBS1 0.05% sodium azide (NaN3).

Immunohistochemistry. Free-floating brain sections were blocked
and permeabilized in a solution of PBS with 0.05% NaN3, 3% BSA, 0.5%
Triton-X, and 0.05% Tween-80 for 2 h at room temperature. Sections
were then incubated with a chicken polyclonal primary antibody
against TH (dilution 1:1000, Abcam, ab76442) for 48 h at 4°C.
Sections were washed in a solution of PBS1 0.05% NaN3, 3% BSA,
0.1% Triton-X, and 0.01% Tween 80 before being incubated with
an AlexaFluor-conjugated goat anti-chicken secondary antibody
(dilution 1:1000, AlexaFluor-594, Abcam, ab150176) for 48 h at 4°
C. Sections were again washed before being mounted and cover-
slipped with Vectashield hard-set mounting medium for fluores-
cence with DAPI (Vector Laboratories).

Microscopy. A Zeiss Axiovert 200 microscope (Carl Zeiss) with an
Axiocam camera and Apotome II instrument with grid-based optical
sectioning was used to visualize dopamine cells (TH-labeled cells) on the
red channel. Each image was acquired with the 20� objective, and the

Zen 2 software (Carl Zeiss) generated a Z-stack scan series, consisting of
25 1-mm scans, resulting in three-dimensional images with a total vol-
ume of 120� 120 � 25 mm3 per image stack. In all cases, four images
from each brain were analyzed and averaged for each rat.

Microdialysis
For microdialysis experiments, adolescent (PND 35-38) and adult (PND
65-70) rats were implanted with guide cannulas in both the medial area
of the DS (AP = 1.6 mm, ML= 2.2 mm from bregma and DV = �4.0
mm from skull for adults; and AP = 0.7 mm, ML= 2.0 mm from bregma
and DV = �3.0 mm from skull for adolescents) and the NAc (AP = 1.2
mm, ML = 1.1 mm from bregma and DV = �6.0 mm from skull for
adults; and AP = 1.0 mm, ML = 0.9 mm from bregma and DV = �5.0
mm from skull for adolescents), plus a bipolar stimulating electrode in
the VTA (AP = �5.3 mm, ML = 0.9 mm from bregma and DV = �8.3
mm from skull for adults; and AP = �4.2, ML = �0.6 from bregma and
DV = �7.4 from skull for adolescents). One week after the surgery,
microdialysis experiments on freely moving animals were conducted.
Dialysis probes (CMAMicrodialysis) with an active membrane length of
2 mm were inserted into the guide cannula and Ringer’s solution (in mM

as follows: 37.0 NaCl, 0.7 KCl, 0.25 MgCl2, and 3.0 CaCl2) was perfused
at flow rate of 2.0ml/min. After 60min of stabilization, dialysis samples
(20min each) were collected and immediately injected into an HPLC
system with electrochemical detection of dopamine as described previ-
ously (Adams and Moghaddam, 1998; Pehrson and Moghaddam, 2010).
Once three consecutive stable baseline samples were observed, the elec-
trical stimulation was delivered. The VTA was electrically stimulated for
20min using one of two burst protocols: (1) the phasic burst stimulation
(20 pulses at 100Hz; pulse width= 1ms, burst width = 200ms, interburst
interval = 500ms) or (2) the phasic sustained stimulation (100 pulses at
20Hz; pulse width = 5ms, burst width= 5 s, interburst interval = 10 s)
(Lohani et al., 2019). Microdialysis data were expressed as the per-
centage of baseline dopamine release, where baseline is defined as
the mean of three consecutive samples obtained before the electrical
stimulation. Motor behavior was measured during the microdialysis
experiments by placing a stainless-steel frame with an array of infra-
red beams (Hamilton-Kinder) outside the rats’ home-cage environ-
ment. Beam breaks were monitored over the entire course of the
experiment using the Kinder Scientific Motor Monitor program.
Locomotor activity data are expressed in terms of basic movements
(total X/Y breaks) and values were pooled into 20 min bins corre-
sponding to the collection of dialysis samples.

Quantification and statistical analyses
Behavior and electrophysiology. All analyses were performed in

MATLAB (The MathWorks) and R (https://www.r-project.org/)
NeuroExplorer (NEX Technologies) was used for preliminary
analysis, such as perievent rasters. For electrophysiological record-
ings, we conservatively classified neurons recorded in consecutive
recording sessions as different units, despite any indications that
the same unit were recorded serially. Unit firing rates for both
behaviors were analyzed in 25 ms bins, and aligned with behavioral
events. Baseline rate for individual units was determined using
the average firing rate during the middle 3 s of the intertrial inter-
val. Isolated single-unit data were analyzed with custom-written
MATLAB functions. Behavioral events of interest included stimu-
lus onset, nose-poke response, and reward delivery. Statistical tests
were performed using activity in 500ms epoch windows, before,
during and after the event of interest. To account for within sub-
ject variability, we computed the within-subject average baseline
firing rate for each rat and analyzed age differences using Welch
two-sample t test. To assess firing rate data collapsed across ses-
sion, data were Z-score normalized, relative to baseline. Area
under the curve was computed to assess group differences in firing
rate. Group differences in physiology and behavior were assessed
using mixed effect ANOVA models. Behavioral task and age were
treated as between-subjects factors and brain region; session and
epoch were treated as within-subjects factors. Factors were treated
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as fixed effects. Dunnett’s post hoc and Bonferroni-corrected com-
parisons were used when appropriate.

Immunohistochemistry. IMARIS software (version 9.2.0; Bitplane)
was used for image processing and quantification of the parameters of
interest. Dopamine cells were visualized by TH staining visible on the
red channel, and IMARIS analysis modules were used for automated
quantification of volume and number of dopamine cells within the VTA
and SN. Statistical analyses were conducted in R (https://www.r-project.
org/). Two-way ANOVAs were used to compare dopamine cell size and
number across adult and adolescent rats in the VTA and SN.

Microdialysis. Microdialysis data were expressed as a percentage of
baseline dopamine release, with baseline defined as the mean of three
consecutive samples obtained before the electrical stimulation. For loco-
motor activity, data are expressed as the number of infrared beam breaks
within a 20 min bin (which correspond with the 20 min microdialysis
sample collection). The statistical analysis of these dependent measures
was conducted using two-factor repeated-measures ANOVA with age as
the between-subjects factor and time as the within-subjects factor.

Histology. After experiments were complete, rats were anesthetized
and transcardially perfused with 0.9% saline, followed by 10% buffered
formalin. Brains were stored in this formalin and transferred to 30% su-
crose for at least 24 h before brains were coronally sliced. Electrode and
probe placement in the VTA, SN, DS, and NAc was confirmed for all
animals who provided electrophysiological and microdialysis data.

Results
Learning rates and behavioral performance are similar in
both adults and adolescents
Adult and adolescent rats were trained in Pavlovian or operant
conditioning as we recorded from VTA and SN neurons. The
learning paradigms were designed so that, while operationally
distinct, they used the same behavioral apparatus and resulted in
the delivery of the same reward (a sugar pellet) in each trial (Fig.
1A). We assessed learning during consecutive operant (n= 16
adults, n=6 adolescents) and Pavlovian (n= 11 adults, n=4

adolescents) conditioning sessions by measuring the latency to
retrieve the reward after CS termination in Pavlovian sessions and
the latency to nose-poke into the lit port after cue onset in operant
sessions (Fig. 1B), and the total number of trials completed in either
paradigm (Fig. 1C). Age did not influence latency to retrieve in
Pavlovian conditioned animals (two-way repeated-measures
ANOVA, main effect of age, F(1,15) = 0.14, p=0.72). Both age
groups decreased their latencies over sessions (two-way repeated-
measures ANOVA, main effect of session: F(5,62) = 6.92, p,
0.0001). In operant conditioning, both adolescents and adults show
a decrease in their latency to poke over sessions (two-way repeated-
measures ANOVA, main effect of session: F(5,98) = 14.80, p,
0.0001), but adolescents showed longer latencies to make a response
(two-way repeated-measures ANOVA, main effect of age: F(1,22) =
6.91, p=0.02). Both age groups completed a comparable number of
trials during Pavlovian (main effect of age: F(1,34) = 0.39, p=0.54)
and operant conditioning (main effect of age: F(1,61) = 0.02,
p=0.88). We then modeled learning based on performance laten-
cies using the Rescorla-Wagner algorithm (Danks, 2003) to estimate
individual learning rates across behavioral sessions in both tasks
(Fig. 1D). Specifically, we estimated the rate at which adolescent
and adult rats learned the Pavlovian and operant associations with
the predictive cue or action. Adolescent and adult rats exhibited
similar learning rates in the Pavlovian and operant tasks (age,
F(1,15) = 0.003, p= 0.96; task: F(1,17) = 1.29, p= 0.27; age � task,
F(1,7) = 1.40, p= 0.25). Repeating these analyses using latency to
retrieve reward during both conditioning paradigms also did
not support significance of age (p. 0.05).

Static and dynamic characteristics of VTA and SN dopamine
neurons are similar between adolescents and adults
Recordings were conducted in all the rats included in the behav-
ioral analysis shown in Figure 1. Units were classified as putative

A B C D

Figure 1. Experimental methods and behavior. A, Schematic of operant box and behavioral paradigm for Pavlovian (gray) and operant (white) conditioned adolescent (orange) and adult
(blue) animals. During Pavlovian conditioning, a CS (a light on the opposite side of the food magazine) was presented for 10 s after which the US (sugar pellet) was delivered. During operant
conditioning, a cue (also a light) was presented in a hole located in the opposite side of the food magazine. Executing an action (nose-poke) led to delivery of reward. In both paradigms, once
the reward was retrieved, another trial was started after an intertrial interval. B, Pavlovian learning was assessed by measuring latency to retrieve a reward, and operant learning was assessed
by measuring latency to poke across sessions. C, Total number of trials completed in both tasks was also assessed. D, Individual learning rate was estimated using the Rescorla-Wagner model
(Eq. 1). Learning rate is scaled from 1 to 0, where 1 represents instant learning and 0 corresponds with no learning. There was no influence of age on learning rate of either task. Similarly,
both adolescents and adults complete similar numbers of trials and decrease latency to perform either an action or conditioned approach, collectively demonstrating that both adolescents and
adults learn each respective task. Individual points represent data from 1 animal. Values are means.
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dopamine neurons based on waveform width .1.2 ms and
mean baseline firing rate slower than 12 Hz, as reported
previously (Grace and Bunney, 1984; Schultz and Romo,
1987; Kim et al., 2016). This classical approach has been
substituted in some recent papers by optogenetic classifica-
tion of dopamine neurons (Coddington and Dudman, 2018;
Mohebi et al., 2019). We and others have observed that the
waveform and firing rate of optogenetically identified dopa-
mine neurons is consistent with classically defined criteria
(Stauffer et al., 2016; Hughes et al., 2020). Here, we were
not able to repeat the opto-tagging characterization because
the short time frame of the adolescent experiments
(,3 weeks between weaning and the start of recording)
does not allow for sufficient viral expression required for
optogenetic tagging of dopamine neurons. Instead, we sup-
plemented our waveform and firing rate characterization
approach with examining the effect of the dopamine agonist
apomorphine on the interspike interval of VTA and SN
neurons in a separate group of rats (Fig. 2A,B). Consistent

with previous reports (Guyenet and Aghajanian, 1978;
Schultz and Romo, 1987), this treatment increased the
interspike interval of neurons with dopamine-like wave-
forms without affecting neurons classified as fast spiking
putative nondopamine neurons (Fig. 2A,B). Only units
characterized as putative dopamine neurons (VTA: n = 272
adults, n = 241 adolescents; SN: n = 226 adults, n = 241 ado-
lescents) were used for further analysis. These neurons dis-
played canonical phasic response to reward during both
Pavlovian (Fig. 2C) and operant conditioning (Fig. 2D). For
each session and animal, baseline firing rates of all units
were averaged and a Welch two-sample t test was com-
puted. Baseline firing rate of putative dopamine neurons
was comparable between adults and adolescents in both the
SN (t(72.63) = �0.21, p = 0.83) and VTA (t(91.64) = �0.06,
p = 0.95; Fig. 2E). There was no effect of age (n = 11 adults,
n = 14 adolescents) on number of dopamine cells in the SN
(t(9) = �0.41, p = 0.69) or VTA (t(6) = 0.96, p = 0.37; Fig. 2F).
Also, there was no effect of age on dopamine cell size in the

A B

C D

E F

Figure 2. Dopamine neuron classification and characterization. We classified neurons as putative dopamine or nondopamine based on waveform width and mean baseline firing rate. As a
secondary classification metric, we measured the impact of the dopamine agonist apomorphine (0.75 mg/kg) on the interspike interval. Arrows indicate drug administration time point (A,B).
Apomorphine increased the interspike interval in putative dopamine neurons but has no effect on nondopamine neurons. Raster plots of individual neuron firing in response to reward (C,D).
As expected, neurons classified as dopamine exhibited a phasic response to reward during both Pavlovian (C) and operant (D) conditioning. E, Baseline firing rate in both the SN and VTA was
similar in adults and adolescents. F, Dopamine cell volume and numbers were similar in the VTA and SN in adolescent (PND 35) and adult rats (PND 75). *p, 0.05 (t test). Data are mean6
SEM.
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SN (t(10) = 0.68, p = 0.51) or VTA
(t(10) = 0.14, p = 0.89; Fig. 2F).

Session-by-session response of
dopamine neurons revealed age- and
task-specific differences during
learning
Figure 3 shows the phasic response to
presentation of the CS and US during
Pavlovian conditioning. Phasic response
to reward in the SN was larger in adoles-
cents compared with adults (main effect
of age: F(1,158) = 9.39, p=0.003; Fig. 3A).
A nonsignificant trend in peak firing rate
changes across session was also observed
(main effect of session: F(5,158) = 2.23,
p=0.05). In the VTA, peak firing rate
was influenced by both age and session
(F(5,227) = 2.37, p= 0.04; Fig. 3B). Age dif-
ferences in phasic response to reward
were most pronounced on Session 3 and
later. The larger dopamine response in
adolescents during and after Session 3
was specific to reward and did not gener-
alize to phasic response to the other
events, including CS initiation. Could
differential valuation of the reward per se
evoke a larger response by dopamine
neurons? Session-by-session analysis of
the response of dopamine during operant
conditioning suggested that this is not
case. As this form of conditioning pro-
gressed, dopamine neurons’ response to
reward was smaller in adolescents com-
pared with adults in both absolute and
normalized levels in SN and VTA (Fig. 4).
In contrast to the Pavlovian conditioning,
during operant conditioning, adults exhib-
ited a larger phasic SN response to reward
than adolescents (main effect of age: F(1,249) = 6.34, p=0.01; Fig. 4A)
and VTA (main effect of age: F(1,321) = 8.32, p=0.004; Fig. 4B).
There was no effect of session in either brain region (p values
.0.05).

Comparison of adult and adolescent phasic response to
reward and other key events during Pavlovian and operant con-
ditioning was made by considering the normalized response
across Sessions 3-6 in which performance in both tasks was sta-
ble. We first determined whether significant events, such as CS
or reward presentation, evoked a significant change in firing
rate. Firing rate was significantly altered by CS presentation in all
animals (main effect of epoch: adolescent SN: F(2,82) = 7.62,
p=0.0009; adolescent VTA: F(2,68) = 7.93, p= 0.0008; adult SN:
F(2,168) = 65.19, p, 0.01; adult VTA: F(2,194) = 68.86, p, 0.001)
where a robust phasic response to presentation of the CS was
observed in both the VTA and SN of both age groups (Fig. 5A).
During cue presentation in operant conditioning, a main effect
of epoch was observed in the SN of adults (F(2,186) = 15.15,
p, 0.001) but not adolescents (F(2,114) = 2.076, p=0.13) and the
VTA of both age groups (adult: F(2,68) = 11.95, p, 0.001; adoles-
cents: F(2,166) = 4.84, p=0.009; Fig. 5B). A phasic response to
Pavlovian reward delivery was observed in both adolescents and
adults in both the SN (adolescents: F(2,82) = 21.56, p, 0.001;
adults: F(2,168) = 14.29, p, 0.001) and VTA (adolescents: F(2,68) =

9.64, p=0.0002; adults: F(2,194) = 39.78, p, 0.001; Fig. 5C). In the
operant group, a main effect of epoch was observed in both brain
regions in adults (SN: F(2,186) = 19.26, p, 0.001; VTA: F(2,126) =
12.63, p, 0.001) and the SN of adolescents (F(2,114) = 5.98,
p= 0.003; Fig. 5D).

We next compared firing rate between behavioral groups,
brain regions, and age groups. Area under the curve (AUC) was
computed for the 500ms epoch following each event. Group dif-
ferences were then assessed by ANOVA with Bonferroni-cor-
rected post hoc tests performed as necessary. During Pavlovian
CS presentation, there was no effect of age (main effect of age:
F(1,710) = 1.16, p= 0.28) or brain on AUC firing rate (main effect
of brain: F(1,710) = 0.30, p=0.59; Fig. 5E). During cue presenta-
tion in operant conditioned rats, there was no effect of age (main
effect of age: F(1,491) = 2.93, p= 0.09) or brain region on firing
rate AUC (main effect of brain: F(1,491) = 0.71, p=0.40; Fig. 5F).
During reward delivery, overall firing rate was greater in the
Pavlovian group, compared with the operant group (main effect
of task: F(1,1146) = 66.42, p=1.03� 10�15) . Data were therefore
next stratified by behavioral task. In the Pavlovian group adoles-
cents exhibited greater firing rate during reward (main effect of
age: F(1,660) = 10.76, p=0.001; Fig. 5G). There was no difference
between brain regions in the Pavlovian animals (main effect of
brain: F(1,660) = 0.0, p= 0.98). In contrast, adults in the operant
group exhibited greater firing rate during reward delivery (main

A B

Figure 3. Pavlovian firing rates across session. Session-by-session firing rates are in adolescent (orange) and adult (blue)
rats in the SN (A) and VTA (B). Bar graphs represent mean peak phasic response 500 ms after reward. Dopamine neurons
recorded in adolescents exhibited a larger response to reward receipt than dopamine neuron responses recorded in adults. This
effect was more pronounced among dopamine neurons recorded in the SN versus the VTA. Data are mean6 SEM.
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effect of age: F(1,486) = 18.95, p=1.64� 10�5), with a nonsignifi-
cant trend between brain region differences observed (main
effect of brain: F(1,486) = 3.09, p= 0.07; Fig. 5H). In summary,
there was no effect of age on CS presentation in either paradigm,
but adolescents exhibited a larger phasic response to reward dur-
ing Pavlovian conditioning in both the SN and VTA compared
with adults, whereas adults exhibited a more pronounced phasic
response to reward during operant conditioning, compared with
adolescents. This analysis further established that the same
reward achieved as a US, as opposed to that obtained after an
action, selectively produces a larger response in adolescents.

Adolescent VTA and SN neurons exhibit different correlated
activity to reward in different conditioning paradigms
Neuronal representation of behavioral events can be distributed
across populations of neurons (Cohen et al., 2012). To assess
population dynamics in response to reward during learning in
SN and VTA of adults and adolescents, we computed spike cor-
relation in simultaneously recorded neurons (Cohen and Kohn,
2011; Kim et al., 2012). Data were stratified by brain region and
behavioral task, and two-way repeated measures ANOVAs were
performed to determine whether spike correlation ratios after
stimulus (cue or CS) presentation changed across session and
whether this effect was influenced by age group. In all groups,
the main effect of sessions was not significant (p values. 0.05).

Adolescents in the Pavlovian group exhibited more correlated
activity than adults in the SN (main effect of age F(1,22) = 42.34,
p= 1.52� 10�6) and the VTA (main effect of age (F(1,23) = 23.39,
p= 7.01� 10�5; Fig. 6A). Similarly, in the operant group, a main
effect of age was observed in the SN (F(1,46) = 20.96, p=3.56 -
� 10�5) and VTA (F(1,68) = 56.08, p=1.86� 10�10; Fig. 6B).
Differences in population response to conditioned stimuli may
reflect differences in encoding efficiency or the amount of infor-
mation encoded by that population and received by downstream
networks.

Terminal dopamine release in response of activation of
dopamine neurons is muted in adolescents
Motivated actions are mediated by dopamine release from the
terminals. Mechanisms that govern dopamine release and vol-
ume transmission may be different in adults and adolescents
(Robinson et al., 2011; Pitts et al., 2020). Our observation of
increased dopamine neuron phasic response to reward in
Pavlovian conditioning, but decreased phasic response in oper-
ant conditioning could be functionally amplified or muted if do-
pamine release is different in response to similar phasic
activation of these neurons. We therefore determined whether
the same pattern of activation of dopamine neurons in adults
(N= 34) and adolescents (N= 31) produces similar increase in
terminal release. Dopamine efflux was measured in NAc and DS

A B

Figure 4. Operant firing rates across session. Session-by-session firing rates are in adolescent (orange) and adult (blue) rats in the SN (A) and VTA (B). Bar graphs represent mean peak pha-
sic response 500 ms after reward. Dopamine neurons recorded in adults exhibited a larger response to reward receipt than dopamine neuron responses recorded in adolescents. Data are mean
6 SEM.
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in response to different patterns of stimulation
which mimicked different patterns of dopa-
mine neuron activation (Lohani et al., 2019).
These two regions have been implicated in
both forms of conditioning (O’Doherty et al.,
2004; Day and Carelli, 2007; Corbit and Janak,
2010). Phasic burst stimulation (20 pulses at
100Hz) altered dopamine release in the DS
(main effect of time: F(9,135) = 21.14, p, 2 -
� 10�16) but was not influenced by age group
(main effect of age: F(1,15) = 0.26, p= 0.62; Fig.
7B). Phasic burst stimulation also elicited an
increase of dopamine in the NAc, which was
influenced by rodent age (age � time interac-
tion: F(9,135) = 2.81, p=0.005). Specifically, both
adults and adolescents exhibited an increase in
dopamine at samples 5, 6, and 7 (Dunnett’s
post hoc, p values, 0.05). However, this
increase was greater in adults (main effect of
age: F(1,15) = 4.78, p= 0.04). Phasic sustained
(100 pulses at 20Hz) stimulation of the VTA
produced a mild increase in dopamine levels in
the DS (two-way repeated-measures ANOVA,
main effect of time: F(9,108) = 18.16, p, 2�
10�16) and the NAc (F(9,135) = 17.77, p, 2�
10�16; Fig. 7C), which was similar between
adolescents and adults (main effect of age, p
values.0.05). With regard to locomotor activ-
ity, phasic burst stimulation increased the
number of fine movements (main effect of
time: F(10,160) = 6.34, p=3.59� 10�10) but was
not influenced by age group (main effect of
age: F(1,16) = 3.03, p= 0.10; Fig. 7D). Sustained
stimulation did not increase locomotion in any
of the groups (two-way repeated-measures
ANOVA, main effect of time: F(10,132) = 1.17,
p=0.31; Fig. 7E). In summary, the general
trend we observed was reduced dopamine
release in adolescents with the most robust
effect observed in NAc after the burst activa-
tion of dopamine neuron.

Discussion
Reckless behavior and impulsive decision-making by adolescents
suggest that motivated behavioral states are encoded differently
by the adolescent brain (Simon and Moghaddam, 2015).
Motivated behavior follows learning of cause-and-effect associa-
tions in the environment. Here we sought to understand whether
the learning of these associations, and response of dopamine
neurons in VTA and SN during learning, differs in adolescents
compared with adults. We focused this work on comparing two
elementary forms of associative learning: Pavlovian and operant
conditioning. In both conditioning paradigms, we used the same
reward as the outcome. This ensured that the rewarding value of
the outcome was identical; and therefore, behavioral or neural
differences in the two paradigms were because of operational dif-
ferences in the means to reach the outcome. We find that, while
learning rate is similar in both ages, adolescent dopamine
neurons encode reward differently depending on the cause-and-
effect relationship of the means to receive that reward. Compared
with adults, reward contingent on action led to a muted response,
whereas reward that was not gated by action produced an

augmented response, suggesting that adolescent dopamine neurons
assign a higher value to rewards that are made available independ-
ent of actions.

Learning rate and response rate in Pavlovian and operant
conditioning in adolescents and adults
Pavlovian conditioning involves learning that occurrence of a
stimulus in the environment predicts the occurrence of an out-
come, independent of taking any particular action. In the par-
lance of reinforcement learning, Pavlovian learning amounts to
learning the value of state that occurs when the conditioned
stimulus is presented. We found that the learning rate of adoles-
cents is not different from adults during Pavlovian conditioning,
suggesting that state value representations are similar in adults
and adolescents.

During operant conditioning, the rats can control how and
when a reinforcing event occurs by deciding to execute an action
in a particular state. The action value of a nose-poke comes to
define the ultimate value of the state in which that action is exe-
cuted. We found that while adolescents exhibited longer latencies
to execute an action, they displayed similar learning rate,
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Figure 5. Averaged firing rates around salient events. Adolescent (orange) and adult (blue) data were combined
across Sessions 3-6, after both tasks were learned. To determine whether the phasic response following behavioral
events of interest was significantly different from basal activity, data were divided into 500 ms epochs before, during,
and after each event, and repeated-measures ANOVAs were performed in data stratified by brain region and age.
Phasic responses to CS presentation in Pavlovian conditioning (A,E) and operant conditioning (B,F) were comparable
in both ages. Compared with adults, adolescents exhibited a larger phasic response to reward during Pavlovian condi-
tioning in both the SN and VTA (C,G). In contrast, adults exhibited a pronounced phasic response to reward during
operant conditioning in both the SN and VTA, whereas the phasic response in adolescents was attenuated, relative to
adults and only observed in the SN (D,H). #p, 0.05, main effect of age. Data are mean6 SEM.
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suggesting that they can learn contextualized action values simi-
larly to adults. The longer latencies to make an operant response,
despite having learned the action-reward association, suggest
lower motivation and slower capacity to update action values af-
ter action execution.

Adolescent VTA and SN neurons are
engaged differently to reach the same
behavioral endpoints as adults
Dopamine neurons in the VTA and SN
have been implicated in operant and
Pavlovian conditioning (Schultz, 1998;
Dalley et al., 2002; Parkinson et al., 2002;
Haruno and Kawato, 2006; Lex and
Hauber, 2010; Coddington and Dudman,
2018; Keiflin et al., 2019; van Zessen et
al., 2021). While much of the learning lit-
erature has focused on dopamine neurons
in the VTA, multiple studies indicated that
SN neurons also generate reward-related
signals (Coddington and Dudman, 2018;
Saunders et al., 2018). In adult rats, we find
that neurons in VTA and SN have a near
identical magnitude of response to reward
during either conditioning paradigm. Both
neuron groups displayed similar phasic
responses to operant cue and Pavlovian
CS. Moreover, phasic response of adult
VTA and SN neurons to reward delivery
was similar regardless of whether it was
delivered as US or in response to action
execution.

Adolescent neurons, however, had a
different response to reward depending
on the conditioning paradigm and con-
tingencies that led to reward delivery. In
operant conditioning, both VTA and SN
cells displayed a smaller phasic response
to reward compared with adults. The
phasic response of adolescents to the
operant cue was equally muted consist-
ent with previous findings (Kim et al.,
2016). The lower phasic dopamine acti-
vation in adolescents may provide a
mechanism for our observation that the
latency of action to reward retrieval was
longer in adolescents during operant condi-
tioning and is consistent with dopamine’s
role in motivation for effort-based behavior
(Salamone et al., 2018). In contrast to the
muted dopamine reward response in oper-
ant conditioning, adolescents had a robust
reward response during Pavlovian condi-
tioning in both regions, with the SN
response being slightly larger than that
observed in the VTA. Thus, adolescent do-
pamine neurons may assign higher value to
a given reward when it is obtained inde-
pendent of action.

What could be the potential mecha-
nism for the difference in contingency-
dependent signaling of dopamine neu-
rons in response to the same reward?
Importantly, there was no age difference
in dopamine basal firing rate, cell num-

ber, or size. Thus, age differences in reward-evoked activity can-
not be explained by static dopamine neuron characteristics and
are likely because of different networks driving dopamine neu-
rons during reward. Consistent with this notion, we observed

A

B

Figure 6. Spike correlation ratios (correlated/noncorrelated neuron pairs) during Pavlovian and operant conditioning. The
higher the ratio, the greater the number of correlated pairs, or the smaller the variance in population dynamics. Conversely, a
lower ratio indicates fewer correlated pairs and a more heterogeneous population dynamic. In comparing coordinated activity
in adults and adolescents during stimulus presentation, we observed an age-mediated different pattern of correlated activity in
both Pavlovian (A) and operant (B) conditioning. *p, 0.05, main effect of age. Data are mean6 SEM.
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Figure 7. Microdialysis measurement of evoked dopamine release. A, Schematic illustration of VTA electrical stimulation and
simultaneous measurement of dopamine dialysates in the DS or NAc (NA) and locomotor activity in freely moving adolescent
(orange) or adult (blue) rats. B, Phasic burst stimulation was associated with increased dopamine release in the DS and NAc in
both adults and adolescents, but in the NAc the effect of stimulation was more pronounced in adults. C, Phasic sustained stim-
ulation resulted in an increase in dopamine release in both the DS and NAc, comparable in both age groups. D, Phasic burst
stimulation increased the number of fine motor movements in both age groups. E, Sustained stimulation had no effect on loco-
motor activity. Data are mean6 SEM. *p, 0.05 different from baseline (Dunnett’s post hoc). #p, 0.05, main effect of age.
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age-specific changes in spike correlation. This measure reflects
the strength of information provided by a population of neurons
to their target regions (Cohen and Kohn, 2011) and thus may be
an index of functional connectivity among networks of neurons.
While the difference we observe was not task-specific, it suggests
that activation of distinct networks contributes to the phasic acti-
vation of VTA and SN neurons in adults and adolescents. A rela-
tively large literature has, indeed, implicated distinct striatal and
cortical circuity in operant and Pavlovian conditioning (Cardinal
et al., 2002; Shiflett and Balleine, 2011; Peak et al., 2019). In par-
ticular, operant conditioning relies on participation of prefrontal
cortical regions, including the orbitofrontal cortex (OFC) and
dorsal striatal regions (McDannald et al., 2005; Yin et al., 2005).
These cortical and striatal regions, which have reciprocal connec-
tions with midbrain dopamine cells, are undergoing maturation
during adolescence (Huttenlocher, 1979; Lebel et al., 2008).
Notably, OFC and dorsal striatal neurons of adolescents display a
large excitatory phasic response to reward during operant condi-
tioning (Sturman and Moghaddam, 2011, 2012) compared with
adults. Thus, it is tempting to speculate that a weaker dopamine
reward response during operant conditioning reduces the postsy-
naptic dopamine-mediated inhibition on target regions, causing an
exaggerated excitatory response in DS and OFC. A muted dopa-
mine neuron response to reward during operant conditioning in
adolescents may therefore lead to increased engagement of DS and
OFC, two regions that have been strongly implicated in habit learn-
ing (Gremel and Costa, 2013; Barker et al., 2015).

Adolescents may exhibit nigrostriatal bias
Phasic response to Pavlovian conditioning in the SN was larger
compared with the VTA response. Moreover, muted dopamine
release in response to investigator-administered stimulation was
only observed in ventral and not DS. Dopamine neurons in the
SN preferentially innervate the DS, whereas VTA DA neurons
project to the ventral striatum (Haber, 2016). Age-mediated dif-
ferences in SN and VTA activity together with differences in dor-
sal and ventral striatal release suggest that adolescents may more
prominently engage the SN-dorsal striatal as opposed to the
VTA-accumbal pathway. Interestingly, the increase in reward-
related firing in the DS of adolescents is not observed in ventral
striatum (Sturman and Moghaddam, 2012), further suggesting a
bias toward use of nigrostriatal systems in reward processing in
adolescents. Future work delineating the roles of nigrostriatal
and mesolimbic pathways in adolescents and adults motivated
behaviors is warranted.

Caveats
Several limitations are associated with the current work. First, we
do not have direct behavioral evidence that changes in respond-
ing for reward are because of learning about cues (or CS) per se
and not related to learning about timing or other factors that
could influence the behavior. Second, because of the technical
challenges associated with adolescent recordings, the group sizes
were higher for adults than adolescents, which may potentially
influence the outcome of our analyses. Third, the rate of reward
consumption was different between tasks because of operational
differences between operant and Pavlovian conditioning. This
difference may influence motivational properties of the reward.
Finally, we did not include female subjects. While our previous
electrophysiology work (Rivera-Garcia et al., 2020) had shown
no sex differences in reward responsiveness of dopamine neu-
rons in adult rats, future work should include female adolescent
subjects.

Conclusions and potential interpretations
Adolescent learning rate was similar to adults during Pavlovian
and operant conditioning paradigms, indicating that their
capacity to learn state value representations and contextualized
action values is similar to adults. During learning, however, ado-
lescent VTA and SN dopamine neurons exhibited paradigm-spe-
cific phasic responses to reward. Whereas adult neurons
responded similarly to reward in both paradigms, adolescent
neurons had a larger response to reward delivered as a Pavlovian
unconditioned stimulus, and a muted response when the same
reward was delivered after an action. This observation has two
implications. First, it invites the field to rethink influential theo-
ries that propose blanket dopamine hyper- or hypo-responsive-
ness to reward to explain adolescent behavior (Spear, 2000;
McCutcheon et al., 2012; Ernst and Luciana, 2015; Luna et al.,
2015). Our findings clearly demonstrate that, while there is an
age-related difference in dopamine neuron response to reward,
this difference is not uniform and is guided by network processes
that differentiate between state and action values. Second, our
findings may have evolutionary significance. Pavlovian associa-
tions allow organisms to make predictions about the occurrence
of critical events, such as reward availability. Compared with
operant conditioning, which may model aspects of foraging
behavior, assignment of higher motivational value to uncondi-
tioned rewards during Pavlovian conditioning can be advanta-
geous because it does not require an action (or foraging) and
thus may help conserve energy. On the other hand, the lower
response of dopamine neurons to reward delivery during oper-
ant conditioning may be consistent with adolescents being resist-
ant to reward devaluation in instrumental responding (Serlin
and Torregrossa, 2015; Marshall et al., 2020; Towner et al., 2020)
because it suggests that adolescents assign lower value to the
reward, as opposed to cue-action component of this form of con-
ditioning. This may also be evolutionarily advantageous because
it allows adolescents to explore (Gopnik et al., 2017) and persist
in goal-directed actions and exploratory behavior in the absence
of reward availability.
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