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Dopamine transporter blockade during adolescence increases
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Sensitive developmental periods shape neural circuits and enable adaptation. However, they also engender vulnerability to factors
that can perturb developmental trajectories. An understanding of sensitive period phenomena and mechanisms separate from
sensory system development is still lacking, yet critical to understanding disease etiology and risk. The dopamine system is pivotal
in controlling and shaping adolescent behaviors, and it undergoes heightened plasticity during that time, such that interference
with dopamine signaling can have long-lasting behavioral consequences. Here we sought to gain mechanistic insight into this
dopamine-sensitive period and its impact on behavior. In mice, dopamine transporter (DAT) blockade from postnatal (P) day 22 to
41 increases aggression and sensitivity to amphetamine (AMPH) behavioral stimulation in adulthood. Here, we refined this sensitive
window to P32-41 and identified increased firing of dopaminergic neurons in vitro and in vivo as a neural correlate to altered adult
behavior. Aggression can result from enhanced impulsivity and cognitive dysfunction, and dopamine regulates working memory
and motivated behavior. Hence, we assessed these behavioral domains and found that P32-41 DAT blockade increases impulsivity
but has no effect on cognition, working memory, or motivation in adulthood. Lastly, using optogenetics to drive dopamine
neurons, we find that increased VTA but not SNc dopaminergic activity mimics the increase in impulsive behavior in the Go/NoGo
task observed after adolescent DAT blockade. Together our data provide insight into the developmental origins of aggression and
impulsivity that may ultimately improve diagnosis, prevention, and treatment strategies for related neuropsychiatric disorders.
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INTRODUCTION
Neural plasticity during sensitive developmental periods
endows organisms with the ability to adapt to their changing
environment. As brain circuits form and mature, their use and
activity provide instructive feedback to strengthen or weaken
nascent neural connections [1]. These developmental windows
of high plasticity are successful from an evolutionary perspective
[1, 2]. However, sensitive period plasticity may also enable
maladaptive shifts in ontogenetic pathways, resulting in
heightened risk for pathological behaviors and neuropsychiatric
disorders [3].
While monoamine systems are classically known for their

modulatory roles in the mature brain, they also influence
neurodevelopmental processes early in life [3], and can thereby
alter ontogenetic pathways governed by sensitive period plasti-
city. A striking example is aggressive behavior resulting from
lifelong hypofunction or ablation of monoamine oxidase A
(MAOA) activity [4–7]. The behavioral phenotypes of genetic
loss-of-maoa-function are conserved in mice and humans [5, 8].
However, chronic pharmacologic MAOA blockade during adult-
hood does not recapitulate these effects. The origins of
heightened aggression in genetic maoa deficiency are in fact

developmental and dopamine (DA)ergic in nature because the
aggressive phenotype can be mimicked by transient develop-
mental MAOA or DAT blockade from P22-P41 or by gestational
intervention [4, 6]. Here, we refine the P22-41 period using
narrower treatment windows.
Altered aggression in mice after P22-41 DAT blockade correlates

positively with the locomotor response to amphetamine (AMPH)
in adulthood [6]. In turn, increased behavioral response to AMPH is
associated with a hyper-functioning DA system [9, 10]. Further-
more, striatal DA and DOPAC content is increased after peri-
adolescent MAOA-blockade, and stimulation of VTA DAergic
activity can trigger aggression [6]. Together these findings indicate
that DAergic activity is altered as a consequence of peri-
adolescent DAT blockade. Here, we test this hypothesis using
slice and in vivo electrophysiology.
Aggression can result from enhanced impulsivity and cognitive

dysfunction, and DA-signaling modulates both behavioral
domains [11]. Moreover, adolescent amphetamine exposure can
alter adult impulsive and aggressive behavior [12]. Our findings of
increased behavioral response to amphetamine following peri-
adolescent DAT blockade indicate that neural substrates regulat-
ing working memory and motivation might be affected.
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To investigate the behavioral consequences elicited by peri-
adolescent DAT-blockade, we assessed impulsive behavior,
cognition, motivation, and working memory. To investigate the
link between altered DAergic activity in adulthood and impulsive
behavior we studied the modulatory role of DA signaling using
optogenetic stimulation in the Go/Nogo task.
Together, our findings reveal developmental mechanisms

underlying increased aggression and impulsivity in mice. By
extension, our data can inform how genetic and pharmacologic
factors impacting DA signaling during peri-adolescence engender
risk for aggressive and impulsive dysfunction in humans.

RESULTS
DAT blockade between P32-41 increases aggression and
AMPH responsivity in adulthood
To refine the DA-sensitive developmental window that affects adult
aggression and AMPH responsivity we administered the DAT blocker
GBR12909 (GBR) during three consecutive developmental periods:
P22-P31 (pre-adolescence), P32-P41 (early adolescence), and P42-51
(late adolescence) [13–16]. We found no effect of GBR given during
P22-P31 on adult amphetamine-induced hyperlocomotion or
aggressive behavior (Fig. 1A–C). Analysis of ambulatory distance in
the open field over time showed no significant interaction of
treatment × time (F(12, 444)= 1.365, p= 0.1794), a significant effect
of time (F(12, 444)= 28.51, p < 0.0001), and no significant effect of
treatment (F(1, 37)= 0.1730, p= 0.6798). Similarly, analysis of Pre-
AMPH (30min) and Post-AMPH (90min) showed no significant
interaction of treatment × time (F(1, 37)= 0.7987, p= 0.3773), a
significant effect of AMPH (F(1, 37)= 70.02, p < 0.0001), and no
significant effect of GBR (F(1, 37)= 0.1504, p= 0.7004). GBR treatment
from P22-31 did not alter aggression (t(16)= 0.7257, p= 0.4785).
However, when GBR was administered during the peri-adolescent
P32-P41 period, we found that adult animals displayed higher
locomotion upon AMPH challenge as well as elevated aggression
(Fig. 1D–F). Analysis of ambulatory distance traveled in the open
field over time showed a significant interaction of treatment × time
(F(12, 456)= 5.459, p < 0.0001) and a significant effect of time
(F(12, 456)= 21.5, p < 0.0001). Post hoc analysis between treatments
showed that GBR animals had significantly higher locomotion post-
amphetamine at 5min (p= 0.0019) and at 10min (p= 0.0104).
Likewise, analysis of Pre-AMPH and Post-AMPH showed a significant
interaction of treatment × time (F(1, 38)= 8.005, p= 0.0074) and a
significant effect of time (F(1, 38)= 103.4, p < 0.0001). Post hoc
analysis revealed a significant effect of GBR compared to vehicle in
the post-AMPH period (p= 0.0051). Moreover, GBR treatment from
P32-41 increased aggressive behavior (t(18)= 2.856, p= 0.0105).
GBR given during P42-P51 had no effect on adult amphetamine-
induced hyperlocomotion or aggressive behavior (Fig. 1G–I). Ana-
lysis of ambulatory distance in the open field over time showed no
significant interaction between treatment × time (F(12, 444)= 0.8971,
p= 0.5499), a significant effect of time (F(12, 444)= 9.219, p < 0.0001),
and no significant effect of treatment (F(1, 37)= 0.03325, p= 0.8563).
Analysis of Pre-AMPH and Post-AMPH showed no significant
interaction of treatment × time (F(1, 37)= 1.033, p= 0.3160, a
significant effect of time (F(1, 37)= 42.67, p < 0.0001), and no
significant effect of treatment (F(1, 37)= 0.03049, p= 0.8623). GBR
treatment from P42-51 showed a trend for reduced aggressive
behavior (t (37)= 1.763, p= 0.0909). Individual data for total time
fighting as a percent of baseline and non-normalized data are
plotted in Supplementary Fig. 1A–F. Analyzing the behavioral sub-
components individually we find a significant increase in biting,
mounting and tail rattling after GBR administration from P32-41
(Supplementary Table). We also find a trend decrease for mounting
after GBR administration from P42-51 (Supplementary Table). For
latencies, we detect a significant main effect of treatment only for
the P32-41 period, where P32-41 GBR mice have shorter latencies to
engage in fighting behavior when compared to VEH controls

(Supplementary Fig. 1K). Again, we detect a trend for increased
latencies for P42-51 GBR treated mice (Supplementary Fig. 1L).
Analyzing bout frequencies for aggression behavior we find bi-
directional consequences, where P32-41 GBR administration
increased overall bout frequencies for biting, rattling, and mounting
combined (main effect of treatment F(1, 54)= 15.55, p= 0.0002)
while P42-51 GBR administration reduced them (main effect of
treatment F(1, 111)= 5.188, p= 0.0247) (Supplementary Fig. 1N, O,
respectively). Taken together, these data demonstrate the opening
and closing of the DA-sensitive peri-adolescent P32-P41 window
during which DAT blockade results in increased adult aggression
and amphetamine-induced hyperlocomotion.

P32-41 DAT blockade increases in vitro firing of DAergic
neurons in adulthood
The enhanced effects of AMPH challenge on locomotion could be
the consequence of potentiated pre-synaptic DA function. To
investigate this hypothesis, we recorded from DAergic neurons in
acute brain slice preparations. Specifically, mice were injected from
P32-41 with GBR or VEH, brain slices were prepared after P60, and
whole cell current clamp recording was performed in DAergic
neurons in the ventral tegmental area (VTA) and the substantia
nigra pars compacta (SNc) (Fig. 2A). Membrane capacitance (Cm)
(Fig. 2B) and resting membrane voltage (Vmrest) (Fig. 2C) did not
differ between GBR and VEH animals, neither in the VTA nor the
SNc [membrane capacitance: no treatment × brain region interac-
tion (F(1, 53)= 0.2560, p= 0.6150) and no main effect of treatment
(F(1, 53)= 0.3193, p= 0.5744), resting membrane potential: no
treatment × brain region interaction (F(1, 85)= 0.1720, p= 0.6793),
no main effect of treatment (F(1, 85)= 0.4481, p= 0.5051)]. Even
though these basic parameters were unaffected, we detected a
main effect of treatment on firing rates (effect of treatment:
F(1, 84)= 8.686, p= 0.0042) with GBR treatment increasing overall
DAergic firing rates. While we did not detect an interaction
between treatment and brain region (treatment × brain region:
F(1, 84)= 0.7038, p= 0.4039), the mean effect size was higher in the
VTA than in the SNc (VTAGBR/VEH= 1.47 Hz, SNcGBR/VEH= 1.19)
(Fig. 2D).

P32-41 DAT blockade increases in vivo firing of putative
DAergic neurons in the adult
Next, we assessed DAergic neuron firing in vivo by recording from
putative DAergic neurons in the VTA and SNc of anesthetized mice.
Analysis of the cells active per track showed a significant main
effect of treatment (F(1, 26)= 6.387, p= 0.00179) and no significant
effect of brain region (F(1, 26)= 1.872, p= 0.1829) nor treatment ×
brain region interaction (F(1, 26)= 1.649, p= 0.2104), with GBR
treatment increasing the number of active cells (Fig. 3A). Analysis of
DAergic neuron firing rates showed no significant main effect of
treatment nor treatment × brain region interaction (F(1, 26)= 0.4225,
p= 0.5214 and F(1, 26)= 0.04641, p= 0.8311, respectively, Fig. 3B).
Analysis of DAergic neuron firing patterns revealed a main effect of
treatment for percent of spikes in bursts (F(1, 26)= 6.398, p= 0.0178,
Fig. 3C) and a trend for a main effect of treatment on burst firing
rate treatment (F(1, 26)= 3.542, p= 0.0711, Fig. 3D). Using cells as N
we also found a main effect of treatment for percent of spikes in
bursts: (F(1, 171)= 6.634, p= 0.0109, Supplementary Fig. 2C). No
significant treatment × brain region interaction was detected for
percent of spikes in bursts (F(1, 26) < 0.0001, p= 0.9969) nor burst
firing rate (F(1, 26= 0.06487, p= 0.8010). Even though we did not
detect significances for treatment × brain region interaction for any
of the parameters, the treatment effect sizes are consistently larger
in the VTA than SNc.

P32-41 DAT blockade does not affect working memory and
reversal learning in adults
Aggression can result from a lack of top-down cortico-limbic
control in brain structures that are relevant to working memory
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and cognitive flexibility [17]. Owing also to the role of DA signaling
in these behavioral domains [18, 19], we examined if the origin of
aggression after DAT blockade during peri-adolescence could be
related to working memory and cognitive inflexibility. We found
that in the non-match to sample T-maze task learning abilities
were unchanged. No effect of treatment nor treatment × days
interaction was detected for percent correct arm entries (treat-
ment: F(1, 24)= 0.8821, p= 0.3570; treatment × days interaction:
F(9, 216)= 1.419, p= 0.1813). A significant effect of days demon-
strated learning (F (9, 216)= 13.75, p < 0.0001) (Fig. 4A). Likewise,
there was no effect of treatment in percent correct arm entries at
different delays (F(1, 25)= 0.2066, p= 0.6533) nor treatment ×
delay interaction (F(3, 65)= 0.7816, p= 0.5085). A significant effect
of delay demonstrated an equal decrease in performance with an
increase in task difficulty in both VEH and GBR animals
(F(3, 65)= 8.705, p < 0.0001) (Fig. 4B). Next, we tested animals in

an operant reversal learning task, which assesses the ability to
discriminate between two stimuli, one rewarded and one not
rewarded. Treatment did not affect the acquisition phase of the
discrimination task as there was no significant treatment × days
interaction (F(6, 153)= 0.6957, p= 0.6535) and no significant effect
of treatment (F(1, 26)= 1.201, p= 0.2832). A main effect of days
demonstrated discrimination learning over time (F(6, 153)= 12.37,
p < 0.0001) (Fig. 4C). After successful discrimination learning we
tested mice over 8 days with rule reversal. Treatment did not
affect reversal learning given that there was no treatment × days
interaction (F(6, 155)= 0.1631, p= 0.9861) and no effect of
treatment (F(1, 26)= 1.074, p= 0.3097). Again, a main effect of
days demonstrated reversal learning over time (F(6, 155)= 10.89,
p < 0.0001) (Fig. 4D). These results suggest that P32-41 DAT
blockade did not affect learning, working memory and cognitive
flexibility.
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Fig. 1 DAT blockade from P32-41, but not before or after, increases amphetamine-induced hyperlocomotion and baseline aggression in
adulthood. Line graph showing the total distance traveled over time of mice administered GBR or VEH control from P22-P31 (N= 19 VEH,
N= 20 GBR) (A), P32-41 (N= 20 VEH, N= 20 GBR) (D), and P42-51 (N= 19 VEH, N= 20 GBR) (G). The first bin (0) represents the average of
behavior during the 5min before amphetamine injection. The following bins (5–60) represent the average of behavior after amphetamine
injection (0.5 mg/kg, i.p.). Upon amphetamine challenge, animals increased their total distance traveled. In the P32-41 treatment group, GBR
animals had significantly higher locomotion after amphetamine challenge than VEH-treated animals (D). B, E, H Bar graph showing average
distance traveled during 30min pre-amphetamine (Pre-AMPH) and during 60min post-amphetamine (Post-AMPH). C, F, I Bar graph showing
the total time fighting as a percent of baseline. No effect of treatment was detected for P22-31 (N= 9 VEH, N= 9 GBR) (C) or P42-51 (N= 20
VEH, N= 19 GBR) (I). However, an effect of treatment was detected for P32-41 (N= 10 VEH, N= 10 GBR), with GBR treatment increasing
aggressive behavior (E). *p < 0.05, **p < 0.01, ***p < 0.001.
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P32-41 DAT blockade increases adult impulsivity
Aggression and impulsivity behaviors are highly related [20, 21].
Impulsivity can manifest as a lack of behavioral inhibition (impulsive
actions) or as a decrease in tolerance for delayed rewards (impulsive
choices) [22–24]. Both behaviors are regulated by the DAergic
system [25]. Thus, we sought to examine if, in parallel with adult
aggressive behavior, adult impulsivity was also sensitive to P32-41
DAT blockade. Impulsive choice was examined using the Delayed
Discounting task, which assesses the ability to tolerate reward-
associated delays (Fig. 5A, B). Indeed, we found a significant effect of
treatment (F(1, 40)= 4.516, p= 0.0398), with GBR mice showing
increased preference for small but more immediate rewards. A main
effect of delay duration (F (5, 200)= 158.6, p < 0.0001) demonstrates
that both treatment groups are sensitive to increasing delays. While
we did not detect a significant treatment × delay duration interac-
tion (F(5, 200)= 1.404, p= 0.2242), post hoc comparisons were
significant only for 6 s and 8 s delays (Fig. 5B). Next, we examined
impulsive actions using the Go/No-Go task, in which the ability to
refrain from responding during specific trials is rewarded [24, 25]
(Fig. 5D, E). We find that animals learned to inhibit behavioral
responses over time by increasing the percent correct NoGo
responses, but GBR treated animals performed worse than VEH
controls with task progression (Fig. 5F). In the 5 s NoGo trials (days
1–12), we detected a treatment × days interaction (F(11, 406)= 2.085,
p= 0.0204) and a significant effect of days (F(11, 406)= 50.66,
p < 0.0001). Post hoc analysis revealed that GBR treated mice have
a slower learning curve for percent correct NoGo trials when
compared to VEH-treated controls with significant differences at
days 10 to 12. All animals decreased their percent correct NoGo trials
when NoGo trial length was increased to 10 s (days 13–15). Within
days 13–15 all mice increased their performance (significant effect of
days: F(2, 74)= 3.801, p= 0.0268), but GBR treated mice had lower
correct percent NoGo trials when compared to VEH controls
(significant effect of treatment: F(1, 37)= 4.356, p= 0.0438). Go trials
were not affected by treatment throughout the experiment (no
treatment × days interaction for days 1–12: F(11,418)= 1.548,
p= 0.1119, no treatment effect for days 1–12: F= (1, 38)= 1.994,
p= 0.1660, no treatment × days interaction for days 13–15:
F(2.76)= 0.5511, p= 0.5786, and no treatment effect for days 1–12:
F(1, 38)= 1.605, p= 0.2129; Fig. 5G). These data suggest that P32-41
DAT blockade increased both types of impulsivities in adults.

P32-41 DAT blockade does not affect motivation
To test for a potential contribution of motivation in performing
the impulsivity tasks, we assessed behaviors of the two treatment
groups on the progressive ratio task. This control experiment is
particularly important considering the role of dopamine in
mediating behavioral motivation [26]. Importantly, we found no
significant effect of treatment on performance in the progressive
ratio task. In session duration (Fig. 6A) over different progressive

ratios (PR+ 2, PR+ 5, and PR × 2) there was no significant
treatment × days interaction (F(8, 107)= 0.8756, p= 0.8356), nor a
significant effect of treatment (F(1, 15)= 0.3543, p= 0.5606). A
significant effect of days (F(8, 107)= 7.754, p < 0.0001) demon-
strated learning and sensitivity to workload. In total presses
(Fig. 6B) over different progressive ratios (PR+ 2, PR+ 5, and
PR × 2), again there was no significant treatment × days interac-
tion (F(8, 103)= 0.1102, p= 0.9988) and no effect of treatment
(F(1, 15)= 0.01035, p= 0.9203). A main effect of days
(F(8, 103)= 2.449, p= 0.0181) again demonstrated learning and
sensitivity to workload. These data suggest that P32-41 DAT
blockade does not affect motivation to perform a task.

Optogenetic stimulation of VTA DAergic neurons increases
impulsivity
DA neuron signaling aligns with the value of a reward, either
expected or delivered [27, 28], and it is necessary for learning the
association of a stimulus paired to a reward [29]. During the
learning phases of a reward-based Go/NoGo task DAergic activity
scales with the encoding of the reward predictive stimulus [30].
Here we measured VTA DAergic neuron activity by measuring
Ca2+ transients in vivo during behavior. We injected an AAV
(AAV1.Syn.Flex.GCaMP6s.WPRE.SV40) virus expressing the calcium
(Ca2+) sensor GCaMP6s into the VTA of heterozygous DatIRESCre

mice. Using fiber photometry, we recorded fluorescence signals
from 2 mice during the Go/NoGo task. For Go trials, VEH and GBR
animals took on average 1.2 s to press the lever (no treatment
effect, t= 6.558, p= 0.5219) (Supplementary Fig. 3A), and 0.4 s to
consume the reward (no treatment effect, t= 1.939, p= 0.0683)
(Supplementary Fig. 3B). We therefore aligned the analysis of the
fluorescent signals to the lever extension and confirmed DAergic
neuronal activity during the anticipatory phase (1 s after lever
extension) as well as during reward consumption (1.5 s after lever
extension in correct Go trials and 5 s after lever extension in
correct NoGo trials) (Fig. 7A and Supplementary Fig. 4A–C). Of
note, the peak during the first 3 s of lever extension was higher for
correct Go trials than for correct NoGo trials (t= 3.241, p= 0.0013,
Fig. 7D). To better separate the anticipatory peak from the
consummatory peak for both trial types, we also ran a second
version of the task where both Go and NoGo trials have the same
delay (4 s) between lever extension and reward (Fig. 7B and
Supplementary Fig. 4G–I). Again, we find that the peak at lever
extension was higher for correct Go trials than for correct NoGo
trials (t= 7.024, p < 0.0001, Fig. 7E). Furthermore, incorrect NoGo
trials show the same high amplitude of the anticipatory peak as
the Correct Go trials (Fig. 7C, F). Lastly, incorrect NoGo trials
furthermore lack the consummatory peak due to the lack of
positive reinforcement (no milk), and even display a steeper
decline (inverted S-shape), akin to a negative prediction error
response, typical for VTA DAergic neurons (Fig. 7C). Based on the
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DAergic activity signatures during the anticipatory phase, we
predicted that elevated DAergic neuron activity in GBR treated
mice drives impulsive behavior causing mice to respond with Go-
responses in NoGo-trials. To test this hypothesis, we performed a
DAergic gain-of-function experiment to mimic the GBR phenotype
using in vivo optogenetics [6, 31]. Specifically, we implanted optic
fiber in the VTA of DatCre;Ai32 mice that express channelrho-
dopsin (ChR2) in DAergic neurons and Wt;Ai32 littermate control
mice that do not express ChR2. To test for placement, we
evaluated behavior in the open field, where stimulation over
multiple minutes increases locomotion [32, 33]. Indeed, we found
that in vivo, optogenetic stimulation with 3 min of laser pulses
(473 nm, 10 ms, 20 Hz) increased locomotor activity of DatCre;Ai32
but not WT;Ai32 mice (genotype × stimulation interaction:
F(3, 144)= 16.27, p < 0.0001, Supplementary Fig. 5A). Post hoc
analysis showed that during light ON periods DatCre;Ai32 mice
were more active than Wt;Ai32 animals (p < 0.0001), supporting
correct targeting.
For operant behavior, all animals were left unstimulated until and

including day 8. DatCre;Ai32 and Wt;Ai32 acquired the NoGo task
equally well. Starting on day 9 we delivered 3 s of light pulses (20 Hz,
10ms, 8–10mW) aligned with lever presentation (1-s prior lever out
and 2 s into lever out). Optogenetic stimulation resulted in a lower
percent correct NoGo trials in DatCre;Ai32 mice when compared to
Wt;Ai32 mice, supporting our hypothesis that elevated VTA DAergic
activity at trial signaling drives impulsive choices (Fig. 7G). Repeated
measure two-way ANOVA of day 1 to 8 (no stimulation) revealed no
interaction of genotype × days (F(7, 77)= 0.5611, p= 0.7852), a
significant effect of days (F(7,77)= 4.084, p= 0.0007), and no
significant effect of genotype (F(1, 11)= 0.09306, p= 0.7660). Two-
way ANOVA of the stimulation days 9–14 revealed a significant
interaction of genotype × stimulation (F(5, 55)= 2.452, p= 0.0447), a
significant effect of stimulation (F(3.118, 34.30)= 10.21, p < 0.0001), and
no significant effect of genotype (F(1, 11)= 1.100, p= 0.3168). Post
hoc multiple comparison Fisher’s LSD test revealed that on day 14
DatCre;Ai32 animals had significantly fewer percent correct NoGo
trials compared to Wt;Ai32 animals (p= 0.0392). For Go-trials, we
found no interaction of genotype × days (F(13, 137)= 1.101,
p= 0.3634), no effect of days (F(13,137)= 1.191, p= 0.2919), and no
effect of genotype (F(1, 11)= 1.151, p= 0.3062) (Fig. 7H). Also for Go
trials, we found no effect of optogenetic stimulation on the latency
to lever press (Supplementary Fig. 6A), or the latency to consume
the reward (Supplementary Fig. 6B). Taken together, our data
demonstrate that increased activity of VTA DAergic neurons during
reward predictive stimulus presentation promotes impulsive choice
without altering performance on Go-trials, mimicking the behavior
of GBR mice.

Optogenetic stimulation of SNc DAergic neurons impairs
response on Go-trials but does not alter action impulsivity
SNc DAergic neuronal activity is pivotal in movement coordination
and reward [34, 35] and more importantly regulates the suppression
of movement initiation during learning [36]. Therefore, we

investigated the effect that optogenetic DA cell stimulation targeted
to the substantia nigra compacta (SNc) has on the Go/NoGo task. In
vivo optogenetic stimulation of DatCre;Ai32 mice through an optical
fiber implanted in the SNc showed that brief 3 s of 473 nm laser
pulses 10ms long did not alter the percent correct NoGo trials and
all animals increased the percent correct of NoGo trials over time
irrespective of the genotype (Fig. 8A). Two-way ANOVA revealed no
interaction of genotype × days (F(8, 91)= 0.5855, p= 0.7875), a
significant effect of days (F(4.303, 4895)= 6.732, p= 0.0002), and no
significant effect of genotype (F(1, 13)= 0.6361, p= 0.4395). Analysis
of the percent correct Go trials revealed that SNc dopamine cell
stimulation significantly impaired task performance with a decrease
of the percent correct Go trials (Fig. 8B). Two-way ANOVA revealed a
significant interaction of genotype × stimulation (F(8, 89)= 2.373,
p= 0.0230), a significant effect of stimulation (F(3.704, 41.21)= 3.896,
p= 0.0104), and no significant effect of genotype (F(1, 13)= 0.01933,
p= 0.8916). Post hoc analysis revealed that at day 9 of stimulation
DatCre;Ai32 animals had a significantly decreased percent correct
Go compared to Wt;Ai32 (p= 0.0462). These data suggest that the
impulsivity observed after P32-41 DAT blockade results from
increased activity of VTA rather than SNc DA neurons.

DISCUSSION
Sensitive periods are essential for experience-dependent refine-
ment of neural circuits [1]. These developmental windows are
characterized by heightened brain plasticity. We identified P32-41
as a DA-sensitive developmental period during which DAT
blockade increases aggression, impulsivity, and amphetamine
responsivity in adulthood. Altered behavior is associated with
increased DAergic neuronal activity, and elevated VTA DAergic
activity drives impulsive choices.
Because we did not observe robust changes in adult behavior

after P22-31 or P42-51 DAT blockade, the systems that are
underlying aggression and behavioral amphetamine response are
likely maturing with peaking plasticity during P32-41. Indeed, DA
system maturation is ongoing during this time window
[13, 37, 38], when the cortex undergoes progressive DAergic
innervation [39], DAT increases in density [40], DA receptors are
pruned [41, 42] in particular in NAc [43], and DAergic activity
peaks [44, 45]. Therefore, we hypothesize that auto-regulatory
processes during P32-41 lead to permanently changed set points
in DA function relevant for aggression and amphetamine
response. Given that P32-41 DAT blockade also increases
impulsivity, we furthermore hypothesize that the DA function
underlying this behavioral domain is also permanently altered. In
contrast, we find no effects of P32-41 DAT blockade on baseline
locomotor activity, motivation, working memory, and reversal-
learning—behaviors known to be modulated and controlled by
DAergic activity. Hence, we conclude that DAergic subsystems
related to these behavioral domains are either not affected (they
don’t transition through a P32-41 sensitive period), or changes
in DAergic function are too subtle to affect these behaviors.
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One interesting observation is that aggression might be slightly
reduced after P42-51 GBR exposure, which indicates that sensitive
periods might be concatenated and bi-directional. Another
interesting comparison is that amphetamine administration from
P22-31 but not P35-44 also impairs behavioral inhibition [46]. This
finding demonstrates the robust nature of this sensitive period but
also highlights that genetic mouse background and/or specific
pharmacology may influence sensitive period boundaries. Further
mapping of behavioral consequences and refining of (the)
developmental window(s) will allow us to formulate more specific
predictions as to which DAergic subsystems are affected.
Starting to test our hypothesis of altered adult DAergic activity

resulting from P32-41 DAT blockade, we performed electrophy-
siology experiments. In vitro, we found that DAergic neurons
indeed exhibit increased spontaneous firing rates after peri-
adolescent DAT blockade. Firing in slices is largely determined by
intrinsic ion channel properties, which determine pacemaker firing
as well as baseline excitability [47, 48]. In vivo, we do not find an
effect of peri-adolescent DAT blockade on tonic firing. Tonic
DAergic neuron activity is largely controlled by tonic GABAergic
input [49]. Thus, our findings indicate that this GABAergic control
is not altered. However, we found an increased number of VTA
DAergic neurons active as well as increased bursting activity after
peri-adolescent DAT blockade. Both parameters are strongly
dependent on glutamate and nicotine input [50–52]. Thus our
in vitro and in vivo data together indicate that peri-adolescent
DAT blockade renders DAergic neurons more sensitive to phasic
excitatory input. This interpretation can explain the lack of
behavioral effects in baseline locomotor activity and motivation.
Yet, if more cells are readily activated by specific triggers and their

firing patterns favor bursting, this can lead to significantly
increased DAergic release in response to phasic excitatory input
[53]. Behavioral phenotypes indicate that this increased sensitivity
is DAergic pathways specific, preferentially affecting mesolimbic
and mesocortical pathways over the nigrostriatal pathway.
Although we did not detect statistically significant interactions
when stratifying our electrophysiological data by brain region
(VTA vs. SNc), effect sizes in the VTA were consistently larger when
compared to the SNc. This conclusion is also in line with AMPH
sensitivity being a behavioral indicator of an over-responsive VTA
DA system [54–56]. Future experiments using in vivo cyclic
voltammetry or genetically encoded DA sensors will directly assess
pathway activity and heightened responsiveness (via increased
sensitivity to excitatory input) in vivo. It is possible that multiple
pre-synaptic aspects combined will produce prominent DA release
net effects selectively in specific DAergic pathways. If for example
more DAergic neurons are active and their burst-firing properties
are increased (as we have found), and in addition, their DA-release
capacity is increased, these parameters might synergize to
significantly increase DA release during specific behaviors.
It is a telling coincidence that behaviors sensitive to P32-41 DAT

blockade are also the ones that are still maturing during this same
period. Play behavior during adolescence forms adult agonistic
behavior and social peer interactions [1, 57–59]. Exploratory risk-
taking and motivation during adolescence form adult experience-
based risk/reward preferences and impulsive behaviors [60, 61].
Together, these processes play a pivotal role in the establishment
of adaptive behaviors [57–64], and they are necessary for a normal
transition into adulthood with behavior that is adapted to the
social and environmental context [65, 66]. This reflects the
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sensitive period principals highlighting ethological footings.
Although the role of DA in adolescent behaviors has been
investigated [9, 67], the impact of behavior and experience during
adolescence and associated long-term effects on DA-modulated
behaviors in the adult are not well understood. In other words,
how does DAergic brain circuitry adapt to behavioral and
experience-based feedback? In an elegant study that combined
ethological and molecular approaches in the study of DAergic

pathway maturation it has for example been shown that
microglia-mediated D1-receptor pruning in the NAc is required
for natural changes in male social play behavior during
adolescence [68]. Further understanding the dynamic feedback
of behavior on such processes will be critical to improve our
understanding of sensitive periods.
Aggression is correlated with and can result from cognitive

dysfunction and enhanced impulsivity [69–71]. DA-signaling

C

D E

Go Trial NoGo Trial

Lever

Milk 
dispenser

Milk 
dispenser

LED light ON LED light ON

Lever

A

B

0s 2s 4s 6s 8s 10s
0

20

40

60

80

100

Reward delays

%
 p

re
fe

re
nc

e 
fo

r l
ar

ge
r r

ew
ar

d 

VEH
GBR

*

*
*

0 1 2 3 4 5 6 7 8 9 10 11 12
0

20

40

60

80

100

13 14 15
Days

Pe
rc

en
t c

or
re

ct
 N

oG
o 

tr
ia

ls
 (%

)
 

VEH
GBR

5sec 10sec

Interaction = 0.0204 ** * *

0 1 2 3 4 5 6 7 8 9 10 11 12
0

13 14 15

60

70

80

90

100

Days

Pe
rc

en
t c

or
re

ct
 G

o 
tr

ia
ls

 (%
)

VEH
GBR

5sec 10sec

* *
*

Lever 
large reward

Lever 
small reward

Signal light OFF

Milk
dispenser

House light OFFHouse light ON

Fig. 5 Peri-adolescent GBR treatment increases impulsivity in the delayed discounting and Go/NoGo tasks. A Experimental design and
schematic for delayed discounting task testing. Animals were trained to associate one lever with a large reward and a second lever with a
smaller reward. Animals were then presented with both levers to freely choose between levers with increasing delays associated with the
larger reward. B Percent preference for the larger reward decreased with increasing delays. P32-41 GBR administration resulted in steeper
discounting of the larger reward with an increase in delay when compared to P32-41 VEH administration (N= 13 VEH, N= 14 GBR).
C Experimental design and schematic for Go/NoGo task testing. Animals first underwent dipper training, followed by continuous
reinforcement (CRF) training until criterion (50/60 correct Go trials). NoGo trials were introduced after criterion was met for 3 consecutive days.
30 Go and 30 NoGo trials were randomly presented for 5 s for 12 days. Go trials used house light on and lever LED light off as cues (cartoon
lower left), vice versa NoGo trials used light house off and lever LED light on (cartoon lower right). From day 13 onwards the duration of Go
and NoGo trials was extended to 10 s. D All animals learned to inhibit behavioral responses as revealed by increasing percent correct NoGo
responses over time. However, P32-41 GBR administration impaired performance as the increase in percent correct NoGo responses over time
was less steep. E Go trial performance was not affected by either time or drug treatment. (N= 19 VEH and N= 21 GBR). *p < 0.05.

D. Suri et al.

3518

Molecular Psychiatry (2023) 28:3512 – 3523



modulates impulsivity and cognition [24, 72, 73]. Furthermore,
altered behavioral response to AMPH after P32-41 DAT blockade
indicates that neural substrates regulating working memory and
reversal learning might be affected [74–76]. Yet, we report no effect
of GBR on working memory nor reversal learning, dissociating these
behavioral domains by developmental period sensitivity. However,
we find increased impulsivity after GBR, supporting a strong
mechanistic relationship with aggression, and even pointing at
shared ontogeny and etiology. Aggression can be triggered by
stimulation of VTA DAergic neurons [6]. To investigate the
mechanistic relationship between aggression and impulsivity, we
tested if impulsivity is likewise sensitive to DAergic activation.
Indeed, we find that optogenetic stimulation of VTA but not SNc
DAergic neurons increases impulsivity in the Go-NoGo task. This
finding is in line with a role for the nucleus accumbens in impulsive
action [77–79], and specifically with increased impulsivity in the
5-choice serial reaction time task after optogenetic stimulation of
the VTA to nucleus accumbens shell pathway [80]. This finding is
also in line with DA projections to the PFC, which continue to grow
and mature across adolescence, playing a role in impulsive action
[81–83]. We had based our optogenetic stimulation protocol on our
fiber photometry data that had revealed a reduced anticipatory
peak in VTA DAergic activity for correct NoGo trials. We thus had
speculated that we can drive impulsive choices by stimulating VTA
DAergic activity during lever presentation. While our hypothesis was
confirmed, we want to highlight that our fiber photometry data
were collected from only two mice. A more detailed analysis of
endogenous activities and coding properties of DAergic neurons can
only be done with a larger dataset. Further analyses of endogenous
DAergic pathway activities during behavior and their necessary and
sufficient roles for aspects of aggression and impulsive control will
allow us to more fully understand how closely related the underlying
mechanisms of these behaviors are, and how selectively targetable
treatment approaches for specific dysfunctions might be.
Aggression can be behaviorally classified into reactive aggres-

sion which occurs impulsively in response to perceived external
threat and proactive aggression that is premeditated, planned,
and directly motivated by a drive for appetitive reward [84–86].
While we found strong effects of P32-41 DAT blockade on
aggression and impulsivity, we did not find effects on motivation
as assessed by the progressive ratio task. This finding indicates
that the P32-41 sensitive period may be specific for reactive
aggression without affecting appetitive aspects of aggression,
potentially isolating stress-response-related behavior. Alternatively
effects on the DAergic reward pathways might be too subtle to
impact progressive ratio performance but may be unmasked in
the context of aggression. This hypothesis can be directly tested

by assessing the impact of P32-41 DAT blockade on the appetitive
drive for aggressive behavior.
Our findings also agree with human vulnerabilities to impulsivity

and aggression conferred by functional genetic polymorphisms
that act during development [3]. Our data also indicate that the
specific environmental factor “drug exposure” could alter risk for
pathological aggression, impulsivity, and potentially substance use
disorder. Drugs that target the DA systems are commonly
prescribed during adolescence for attention deficit disorders
[87–89]. Use of stimulant medications without prescription is also
prevalent—largely for recreational use or to improve performance
in high school/college [90–92]. While these drugs are generally
considered safe without severe side effects, their long-lasting
consequences are not fully understood. Our experiments using
mice potentially provide insight into the consequences of transient
stimulant exposure during early adolescence in humans. However,
it is important to note that our experiments were performed in
wild-type animals and not in animals that display phenotypes
resembling ADHD symptomatology. Hence, we cannot directly
translate our findings to the clinically appropriate use of
psychostimulants, but maybe more so to chronic recreational use
or improper prescription (over-prescription). In a diseased state that
results from dopamine system hypofunction, transient exposure to
psychostimulants during adolescence might potentially be correc-
tive, but this hypothesis needs to be experimentally tested.
Critically, we argue that an understanding of the underlying
biology is necessary for a clear risk/benefit evaluation of recrea-
tional or therapeutic drug exposure prior to adulthood is impeded.
In summary, deficits in impulse control and increased aggres-

sion are prominent symptoms of mental disorders such as
attention deficit disorders, schizophrenia, bipolar disorder, and
substance use disorders. Our data expand the knowledge of
sensitive periods that determine the developmental trajectory of
neuronal pathways underlying impulsive and aggressive behavior.
This insight is a necessary step toward improving diagnosis,
prevention, and treatment approaches for pathological and
maladaptive behavior.

METHODS
Subjects behavior, and electrophysiology
Mice (129SvEv/Tac) were bred at Columbia Psychiatry, New York State
Psychiatric Institute. Only male mice were used to examine aggression
behavior and amphetamine response. Male and female mice were used to
assess operant behavior, working memory, and electrophysiology. No
interactions between sex other independent variables were detected, and
data were collapsed for sex as a consequence. Behavior, slice electro-
physiology, and in vivo electrophysiology were performed as previously
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described [6, 32, 93, 94] and as detailed in the Supplementary Material.
Animal testing was conducted in accordance with the Principles of
Laboratory Animal Care National Institute of Health (NIH) guidelines and
the institutional animal committee guidelines.

Optogenetics and fiber photometry
For optogenetics, fiber optic implants were prepared using 1.25 mm
zirconia ferrules (Precision Fiber Products) with a 200 µm optical fiber

(ThorLabs). At 3 months of age fiber-optic implants were placed
targeting the VTA (anterior/posterior (AP) −3.5 mm, medial/lateral (ML)
−0.5 mm, and dorsal/ventral (DV) −3.5 mm), and SNc (AP −3.5, ML −1.5,
DV −5.5). All coordinates are in reference to Bregma (AP and ML) and
brain surface (DV). Mice were allowed to recover for at least 2 weeks
after surgery.
For fiber photometry, DatIRESCre mice were stereotaxically injected in the

VTA ((AP) −3.5 mm, (ML) −0.5 mm, and (DV) −3.5 m) with a GCaMP6 virus
(AAV1.Syn.Flex.GCaMP6s.WPRE.SV40) and implanted with a 2.5 mm flat tip
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metal 400 µm optic fiber patch cord (MFC_400/430-0.48_5mm_
MF2.5_FLT, Doric Lenses Inc.). We waited at least 6 weeks prior to
recording to allow for viral expression. For recording, we used dual
excitation wave-length fiber photometry and corrected the channel
(470 nm) with a reference point of tissue-auto-fluorescence near its
isosbestic point (405 nm) (Thorlabs Inc.). We used Synapse software (TDT)
to acquire the data. DAergic activity was recorded during the Go/No-Go
task and a TTL trigger (Med Associates Inc., St Albans, VT) enabled the
alignment of the lever contingencies of the operant task to the DAergic
brain activity. Data were analyzed with custom-written MATLAB scripts (see
Supplementary Material for details).
After completion of experiments, animals with intact implants were

perfused transcardially with NaCl 0.9% and PFA 4%, and brains were
sectioned and checked for anatomical fiber placement (Supplementary
Fig. 7). Missing placement validation was due to attrition.

Statistical analysis
Statistical analyses were performed using Prism GraphPad version
9.3.1 software, LLC. Statistical analyses of main effects and interactions
were performed using t-test, ANOVA and repeated measures ANOVA as
indicated. Post hoc tests were performed using either Sidak’s post hoc
analysis or uncorrected Fisher’s LSD as indicated. The criterion for
significance for all analyses was *p < 0.05; **p < 0.01; ***p < 0.001. Data
are reported as mean ± SEM.
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