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Abstract
Psychiatric conditions marked by impairments in cognitive control often emerge during adolescence, when the prefrontal
cortex (PFC) and its inputs undergo structural and functional maturation and are vulnerable to disruption by external
events. It is not known, however, whether there exists a specific temporal window within the broad range of adolescence
when the development of PFC circuitry and its related behaviors are sensitive to disruption. Here we show, in male mice,
that repeated exposure to amphetamine during early adolescence leads to impaired behavioral inhibition, aberrant PFC
dopamine connectivity, and reduced PFC dopamine function in adulthood. Remarkably, these deficits are not observed
following exposure to the exact same amphetamine regimen at later times. These findings demonstrate that there is a
critical period for the disruption of the adolescent maturation of cognitive control and PFC dopamine function and suggest
that early adolescence is particularly relevant to the emergence of psychopathology in humans.
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The mammalian prefrontal cortex (PFC) is essential to decision-
making and cognitive control, including the ability to evaluate
and interpret environmental cues so as to appropriately
respond, or inhibit responses, to ongoing opportunities and
challenges. It is not surprising then, that adaptive behavior
requires the proper functioning of the PFC and that deficits in
PFC function, and subsequent impairments in cognitive control,
are a common denominator in psychiatric disorders ranging

from schizophrenia and depression to drug addiction
(McTeague et al. 2016). In humans, PFC synaptic connectivity
undergoes a prolonged period of dynamic refinement, stabiliz-
ing only in the third decade of life following dramatic changes
across adolescence (Sowell et al. 2003; Gogtay et al. 2004;
Petanjek et al. 2011). Likewise, the establishment of PFC cir-
cuitry is protracted in both rodents and nonhuman primates,
with the maturation of cellular phenotype (Tseng and
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O’Donnell 2005; 2007), architecture (Lambe et al. 2000; Koss
et al. 2014), and functional and structural connectivity continu-
ing throughout adolescence (Manitt et al. 2011; Reynolds et al.
2018). This prolonged period of maturation renders the normal
trajectory of PFC development and function vulnerable to dis-
ruption by external events experienced at this age (Makinodan
et al. 2012; Baarendse et al. 2013; Reynolds et al. 2015; Baker
and Reichelt 2016; Abbas et al. 2017; Manduca et al. 2017;
Yamamuro et al. 2017). It is not known, however, whether there
exists a specific temporal window within the broad range of
adolescence during which the development of the PFC and its
related behaviors are particularly sensitive to disruption.

One neurochemical system of the brain known to have
influence over the function of the PFC in decision-making and
cognitive control is the mesocortical dopamine system
(Robbins et al. 1994; Chudasama and Robbins 2004; Floresco
and Magyar 2006; Stefani and Moghaddam 2006; Simon and
Moghaddam 2017). The density of mesocortical dopamine
innervation continues to increase until early adulthood
(Kalsbeek et al. 1988; Benes et al. 2000; Manitt et al. 2011;
Naneix et al. 2012; Willing et al. 2017) due to the ongoing
growth of dopamine axons during adolescence (Hoops et al.
2018; Reynolds et al. 2018). Although dopamine varicosities in
the adult PFC are sparse, nearly all form functional synapses
(Séguéla et al. 1988), suggesting that adolescent dopamine axon
pathfinding is tightly regulated to correctly establish essential
connections. Indeed, subtle changes to the organization of PFC
dopamine connectivity during adolescence produce profound
alterations in the morphology of postsynaptic neurons,
response to abused drugs, and in cognitive control in adulthood
(Manitt et al. 2013; Pokinko et al. 2015; Reynolds et al. 2018).

In fact, the developmental timeline of mesocortical dopa-
mine circuitry appears to mirror the maturation of cognitive
control. In humans, performance on behavioral inhibition tasks
peaks in adulthood, following a gradual improvement across
adolescence (Casey et al. 1997; Davidson et al. 2006; Luna 2009;
Luna et al. 2010; Ordaz et al. 2013), and evidence suggests that
the development of behavioral inhibition in rodents follows a
similar developmental trajectory (Andrzejewski et al. 2011;
Naneix et al. 2012). It is therefore plausible that external events
experienced during adolescence that alter the trajectory of
mesocortical dopamine development have the unique potential
to impact cognitive control in an enduring and significant way.
We have previously shown that exposure to the stimulant drug
amphetamine from postnatal day (PND) 22–31 enduringly alters
the establishment of mesocortical dopamine connectivity

(Reynolds et al. 2015). What remains unknown is whether expe-
rience with amphetamine during adolescence has a corre-
sponding lasting effect on cognitive control, and whether these
effects are restricted to a particular temporal domain within
the adolescent period.

We therefore designed our study to test whether there exists
a critical period within the broad range of adolescence during
which the maturation of inhibitory behavior and mesocortical
dopamine innervation are particularly sensitive to disruption.
Early adolescent, mid-adolescent, and adult male mice were
administered the same amphetamine treatment regimen as
used in our previous studies (Yetnikoff et al. 2007; 2011; 2013;
Reynolds et al. 2015). After a 6-week interval, once all adolescent
animals reached adulthood, we examined age-dependent dis-
ruptions in the maturation of cognitive control by measuring
behavioral inhibition using a Go/No-Go task. In parallel, separate
groups of age-matched mice were used to assess disruptions in
mesocortical dopamine function and organization in adulthood.

Materials and Methods
Animals

All experiments and procedures were performed in accordance
with the guidelines of the Canadian Council of Animal Care
and the McGill University/Douglas Mental Health University
Institute Animal Care Committee. Mice were bred in the
Douglas Mental Health University Institute Neurophenotyping
center, maintained on a 12-h light–dark cycle (light on at
08:00 h) and given ad libitum access to food and water unless
noted. Pups were weaned at PND 21 ± 1 and housed with same-
sex littermates. DATCre mice, which do not differ from wild-
type controls, were used for axon-tracing experiments so that
dopaminergic fibers could be labeled with a Cre-dependent
eYFP virus. While sex differences in the structure and function
of reward-related circuitries exist and are likely to emerge dur-
ing adolescence (Walker et al. 2017), the current study focused
only on male mice. Future studies will explore potential sex dif-
ferences in the enduring effects of amphetamine exposure in
early adolescence.

Amphetamine Treatment

Drugs
d-Amphetamine sulfate (AMPH; Sigma-Aldrich) was dissolved
in 0.9% saline. All amphetamine injections were administered
i.p. at a volume of 0.1mL/10 g.

PND 22±1 PND 31±1

AMPH or saline

PND 84±15PND 75±15

PND 44±1

PND 75±15

Behavioral, neurochemical, 

and neuroanatomical experiments

PND 120±15

days

PND 85±15PND 35±1

Figure 1. Treatment timeline for all experiments. Mice received 5 injections of amphetamine (4mg/kg) or saline, every other day, for a total of 5 treatment days.

Behavioral, neurochemical, or neuroanatomical experiments were performed 6 weeks after treatment.
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Treatment Regimen
Figure 1 shows the drug treatment regimen used in all the
experiments. Mice received one injection of amphetamine
(4mg/kg) or vehicle (saline), once every other day for a total of 5
treatment days. This pretreatment regimen was given either
during early adolescence (from PND 22 ± 1 to PND 31 ± 1), mid-
adolescence (PND 35 ± 1 to PND 44 ± 1), or during adulthood
(from PND 75 ± 15 to 84 ± 15). Locomotor activity was measured
15min prior to and 90min after each saline or amphetamine
injection. This noncontingent 4mg/kg dose of amphetamine
was selected based on evidence that it 1) produces robust
behavioral sensitization after repeated administration in wild-
type mice (Karper et al. 2002; Flores et al. 2005), 2) regulates Dcc
expression in the VTA in an age-dependent manner (Yetnikoff
et al. 2007, 2011, 2013), and 3) achieves plasma concentrations
of >400 ng/mL in mice, within the range reported in the plasma
of human amphetamine abusers (Kramer et al. 1967; Anggård
et al. 1970; Riffee et al. 1978; Gustavsen et al. 2006; Van
Swearingen et al. 2013).

Behavior

Go/No-Go
The Go/No-Go task was performed as previously (Reynolds
et al. 2018). Briefly, mice were food restricted to 1.5 g food per
day for the duration of the task in order to maintain a body
weight that was 85% of the initial free feeding weight. Mice
were trained to nose poke for chocolate-flavored dustless preci-
sion pellets (BioServ, Inc.) in MedAssociates operant boxes (see
Supplementary Material for full training information). After
training, mice underwent 10 daily sessions of the Go/No-Go
task. This task required the mice to respond to a lighted “Go”
cue or inhibit their response to this cue when presented in tan-
dem with an auditory “No-Go” cue. In the “Go” trials, mice had
to respond to the illuminated nose poke hole in the 3-s time-
frame during which the cue light was on in order to receive a
reward. This was counted as a “Hit” in our analysis. In the “No-
Go” trials, an 80-dB tone was paired with the 3-s cue light to
signal that the mouse should withhold from responding. If
mice responded during the 3-s “No-Go” trial, an ITI was initi-
ated and no reward was dispensed. This was counted as a
“Commission Error” in our analysis. However, if mice withheld
from responding for the 3 s duration of the tone/light “No-Go”
cue, a reward was dispensed. A randomized, variable pretrial
period of 3–9 s preceded each trial and the number of prema-
ture responses was recorded. Within each session, the number
of “Go” and “No-Go” trials were given in an approximately 1:1
ratio and presented in a randomized order. Each session lasted
30min and consisted of approximately 30–50 “Go” and 30–50
“No-Go” trials.

High-Performance Liquid Chromatography

Mice were returned to the locomotor boxes one month after the
last pretreatment day, administered a saline injection and
killed by decapitation 90min later. Brains were dissected from
the skull cavities and immersed in 2-methylbutane, chilled
with dry ice, and stored at −80 C. Bilateral punches of the
medial PFC and nucleus accumbens (NAcc) from 600-µm-thick
coronal sections were resuspended in 100 µL 0.1M phosphate
buffer, pH 7.0 and filtered using 0.45-µm syringe filters. A 10 µL
volume of this filtrate was loaded onto a 15-cm C-18 reverse-
phase column (15 cm × 0.46 cm Spherisorb-ODS2, 5m; Higgins
Analytical) via manual injection ports (Rheodyne 7125;

Rheodyne LLC, Rhonert Park; 20-µL loop). Dual-channel coulo-
metric III detectors (model 5100A; ESA, Inc.) were used to mea-
sure the reduction and oxidation currents for dopamine and
dopamine metabolites (3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA)). Concentrations were
obtained by comparing the peak heights for each compound
against peak heights of previously injected standards contain-
ing known concentrations of each compound. The mobile
phase (17% acetonitrile 40mg, 0.076M SDS, 0.1M EDTA, 0.058M
NaPO4, 0.03M citric acid, pH3.35) was circulated at a flow rate
of 1.2mL/min by Waters 515 HPLC pumps. The peaks corre-
sponding to dopamine, DOPAC, and HVA were quantified and
analyzed ysing the EZChrom Data Chromatography Data
System (Scientific Software, Inc.). Two HPLC–ED systems were
used in parallel, and the dialysate samples from a given mouse
were always analyzed using the same system.

Dopamine Axon Architecture

The fine structure of PFC dopamine axon terminals was assessed
as previously (Reynolds et al. 2018). Briefly, adult DATCre mice that
received saline or amphetamine at each of our 3 treatment ages
received unilateral stereotaxic infusions of the Cre-dependent
fluorophore virus DIO-eYFP (AAV-EF1a-DIO-EYFP; UNC Vector
Core) into the VTA. The following coordinates were used: −3.2mm
(anterior/posterior), +1.0mm (lateral), and −4.6mm (dorsal/ventral)
relative to Bregma, and at a 10° angle. A total of 0.5 μL of purified
virus was delivered on each side over an 8-min period followed by
a pause of 6min. Four to 5 weeks after virus injections, mice were
intracardially perfused with 4% paraformaldehyde and their brains
prepared for immunofluorescence. Sections of brain 35 μm thick
were incubated with a polyclonal anti-GFP raised in chicken (1:500,
antibody #1020, Aves labs) and immunostaining was visualized
with Alexa Fluor 488-conjugated secondary antibodies raised in
goat. Sections were mounted on slides and coverslipped with
DAPI. Regions of interest were delineated according to the mouse
brain atlas (Paxinos and Franklin 2008) at 5× magnification with a
Leica DM4000B microscope. Only eYFP+ axons with intact arbors,
defined as having all of the tips of their terminal branches within
the section, were included in the analyses. Individual axon arbors
were identified at 20× magnification. Neurolucida software
(MicroBrightField) was used to trace the terminal arbors of selected
axons at high magnification (40×), and to quantify axon arbor
length, branch order, and varicosity density of each axon. Axon
complexity was determined by computing the Axon Complexity
Index (ACI) as previously (Marshak et al. 2007; Reynolds et al.
2018). Two-way mixed-design ANOVAs with genotype as a
between-subjects factor and subregion as a within-subjects factor
were used to analyze axon arbor length, complexity, and varicosity
density.

Data Analysis

Planned comparisons were made between treatment groups
within each treatment age for each experiment. For the Go/No-
Go task, mice were grouped by treatment and the number of
Commission Errors and Hits (correct responses to the “Go” cue)
were analyzed over 10 testing days using a two-way mixed-
design ANOVA with treatment as a between-subjects factor
and day as a within-subjects factor. The performance of each
mouse was averaged over the last 2 days of the task (Days 9–10)
for Commission Errors and grouped by treatment. Students
t-tests were performed on group means. For HPLC analysis,
mice were grouped by treatment and the levels of dopamine
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and HVA were analyzed using a two-way mixed-design ANOVA
with treatment as a between-subjects factor and metabolite as
a within-subjects factor. Following a significant interaction in
the ANOVA, we used the post hoc Bonferroni Multiple
Comparison Test to assess differences. All statistical analyses
for neurochemical experiments were performed using the raw
data (i.e., actual concentration values for dopamine and HVA).
Data in the figures are expressed as percentages of the saline
group. Neuroanatomical data were analyzed using two-way
mixed-design ANOVAs with treatment as a between-subjects
factor and subregion as a within-subjects factor. All statistical
analyses were carried out using Prism software (GraphPad).

Results
Amphetamine Exposure Only During the Earliest Part of
Adolescence Leads to Deficits in Behavioral Inhibition in
Adulthood

We treated male mice with a regimen of 5 injections of 4mg/kg
amphetamine or volume-matched saline, every other day for 5
treatment days during early adolescence (PND 22 ± 1–PND 31 ± 1),
mid-adolescence (PND 35 ± 1–PND 44 ± 1), or adulthood (PND 75 ±
15–PND 84 ± 15) (Fig. 1). While the timing of adolescence in rodents
is not well defined, these age groups were selected based on previ-
ous work from our lab and others suggesting that they represent
discrete periods for 1) PFC dopamine fiber development and recep-
tor expression (Kalsbeek et al. 1988; Andersen et al. 2000; 2008;
Naneix et al. 2012; Reynolds et al. 2015; Hoops and Flores 2017;
Pokinko et al. 2017; Walker et al. 2017; Willing et al. 2017), 2) differ-
ential regulation of proteins involved in axon growth and plasticity
in response to stimulant drug exposure (Yetnikoff et al. 2007; 2011;
2013), and 3) vulnerability to the long-term effects of abused drugs
or dopamine receptor activation (Gulley and Juraska 2013; Naneix
et al. 2013; Reynolds et al. 2015; DePoy et al. 2016; Abbas et al.
2017). Six weeks after amphetamine exposure, when all
adolescent-treated mice reached adulthood, we assessed behav-
ioral inhibition using a Go/No-Go task (Fig. 2A, (Reynolds et al.
2018)). Remarkably, only adult mice that were treated with
amphetamine in early adolescence, and not those treated in mid-
adolescence or adulthood, showed an impairment in behavioral
inhibition, evidenced by their maintenance of a high number of
commission errors throughout the Go/No-Go task (Fig. 2B, left
panel: Two-way mixed-design ANOVA, significant main effect of
treatment, F(1,18) = 4.698, P = 0.0439; significant main effect of day,
F(9,162) = 5.876, P < 0.0001; no interaction, F(9,162) = 1.731, P = 0.09.
Amphetamine n = 8, Saline n = 12). This impairment is most evi-
dent in later Go-No/Go sessions (Fig. 2B, right panel: t(18) = 4.392,
P = 0.0004). In contrast, adult mice treated with saline during early
adolescence show a robust reduction in commission errors over
the course of the Go/No-Go task, demonstrating that they are capa-
ble of effectively inhibiting disadvantageous behaviors, in line with
previous findings from untreated, adult wild-type mice (Fig. 2B,
(Reynolds et al. 2018)). Adult mice treated with amphetamine in
mid-adolescence (Fig. 2D) or in adulthood (Fig. 2F) do not have defi-
cits in behavioral inhibition in comparison to saline-treated con-
trols when tested 6 weeks later (mid-adolescent treatment: left
panel, two-way mixed-design ANOVA, no effect of treatment,
F(1,9) = 0.2549, P = 0.63; significant main effect of day, F(9,81) = 16.75,
P < 0.0001; no interaction, F(9,81) = 0.9303, P = 0.50. Right panel, t(9) =
0.49, P = 0.64. Amphetamine n = 6, Saline n = 5. Adult treatment:
left panel, two-way mixed-design ANOVA, no effect of treatment,
F(1,13) = 0.4422, P = 0.52; significant main effect of day, F(9,117) = 11.43,

P < 0.0001; no interaction, F(9,177) = 0.9656, P = 0.47. Right panel, t(13)
= 0.30, P = 0.77. Amphetamine n = 7, Saline n = 8).

It is important to note that because of the experimental
design, there are qualitative differences in the pattern of com-
mission errors over the course of the 10-day Go/No-Go task.
These differences most likely result from the fact that 1) we
tested mice that were treated at each experimental age sepa-
rately, leading to subtle variations in response pattern and
2) we tested mice 6 weeks after the drug treatment to allow the
group treated in early adolescence to reach adulthood.
Therefore the different experimental groups were tested at dif-
ferent ages in adulthood.

Amphetamine treatment in early adolescence impairs
behavioral inhibition but does not alter operant responding to
the “Go” cue. In fact, there is no difference between saline- and
amphetamine-treated mice in the number of correct responses
within any treatment age (Hits, Fig. 2C,E,G. Early adolescent
treatment: Two-way mixed-design ANOVA, no effect of treat-
ment, F(1,18) = 0.3145, P = 0.58; significant main effect of day,
F(9,162) = 3.0, P = 0.0025; no interaction, F(9,162) = 1.935, P = 0.0504.
Mid-adolescent treatment: Two-way mixed-design ANOVA, no
effect of treatment, F(1,9) = 2.509, P = 0.15; significant main effect
of day, F(9,81) = 3.079, P = 0.0032; no interaction, F(9,81) = 0.7510,
P = 0.66. Adult treatment: Two-way mixed-design ANOVA, no
effect of treatment, F(1,13) = 0.1806, P = 0.68; significant main
effect of day, F(9,117) = 6.349, P < 0.0001; no interaction, F(9,117) =
1.886, P = 0.06.). Furthermore, performance during training con-
ditions was not different between amphetamine- and saline-
treated mice at any exposure age (Supplementary Fig. 1). This
indicates that the increase in the number of commission errors
we observe in the Go/No-Go task following early adolescent
amphetamine exposure does not result from a deficit in learn-
ing the task. Together, our results establish early adolescence
as a defined critical period for the development of inhibitory
control in mice.

Dopamine Turnover in the PFC is Enduringly Decreased
Following Exposure to Amphetamine During Early
Adolescence, But Not at Other Ages

Mesocortical dopamine function plays an important role in reg-
ulating inhibitory behavior in rodents (Sokolowski and
Salamone 1994; Grégoire et al. 2012; Bari and Robbins 2013;
Willing and Wagner 2015a; Abraham et al. 2017). Thus, we next
assessed whether amphetamine treatment produces enduring
age-of-exposure dependent changes in mesocortical dopamine
turnover. We exposed mice to amphetamine in early adoles-
cence (PND 22 ± 1–PND 31 ± 1), mid-adolescence (PND 35 ±
1–PND 44 ± 1), or adulthood (PND 75 ± 15–PND 84 ± 15) (Fig. 1),
and 4 weeks later we processed PFC tissue samples for HPLC to
measure the ex vivo tissue content of dopamine and its metab-
olite HVA. While reuptake by the dopamine transporter is the
primary method for terminating dopamine signals in the stria-
tum (Giros et al. 1996), the dopamine transporter is only
sparsely expressed in the PFC (Sesack et al. 1998). Instead,
dopamine in the PFC is catabolized by Catechol-O-methyltrans-
ferase (COMT), which is bound to the membranes of postsynap-
tic neurons and glial cells (Käenmäki et al. 2010; Chen et al.
2011; Laatikainen et al. 2013). Unlike other brain regions, dis-
abling COMT function in the PFC eliminates detectable levels of
HVA, suggesting that the ratio of HVA/dopamine content is a
measure of dopamine turnover for the PFC that primarily relies
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Figure 2. Behavioral inhibition is specifically impaired in adult mice exposed to amphetamine early in adolescence, delimiting a critical period for the maturation of

inhibitory behavior. (A) Diagram of the Go/No-Go task to measure behavioral inhibition in adult mice. Adapted from Reynolds et al. (2018). (B) Adult mice that received

amphetamine during early adolescence make more commission errors across the 10 days of the Go/No-Go task. Over the final 2 days of the task (shaded area), adult

mice that received amphetamine during early adolescence make significantly more commission errors than their saline-treated littermates. (C) There are no signifi-

cant differences in the number of correct responses (Hits) between treatment groups. (D) Adult mice that received amphetamine during mid-adolescence do not

show impaired performance in the Go/No-Go task when tested as adults. (E) There are no significant differences in the number of correct responses (Hits) between

treatment groups. (F) Mice that received amphetamine during adulthood do not have altered performance in the Go/No-Go task (G) There are no significant differ-

ences in the number of correct responses (Hits) between treatment groups.
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on the extracellular breakdown of synaptically released dopa-
mine (Moghaddam et al. 1993; Gogos et al. 1998; Castner et al.
2005; Kellendonk et al. 2006; Käenmäki et al. 2010).

Dopamine concentration in the PFC of adult mice that received
amphetamine in early adolescence is not different from that of
their saline-treated littermates. However, the concentration of
HVA is significantly lower in amphetamine- versus saline-treated
mice (Fig. 3A, left panel: two-way mixed-design ANOVA,

significant treatment × metabolite interaction, F(1,9) = 7.224, P =
0.025; significant main effect of metabolite, F(1,9) = 41.43, P = 0.0001;
no main effect of treatment, F(1,9) = 3.478, P = 0.10. * = P < 0.05, post
hoc Bonferroni’s multiple comparisons test. Amphetamine n = 6,
saline n = 5). In fact, dopamine turnover, expressed as the ratio of
HVA/DA content, is significantly reduced in mice treated with
amphetamine in early adolescence (Fig. 3A, right panel: t(9) = 3.13,
P = 0.012). In line with our behavioral results, neither PFC dopa-
mine, HVA content, nor dopamine turnover is altered in adult
mice that were exposed to amphetamine in mid-adolescence or
adulthood (Fig. 3B,C. mid-adolescent treatment: left panel, two-
way mixed-design ANOVA, significant main effect of metabolite,
F(1,10) = 13.24, P = 0.0045; no effect of treatment, F(1, 10) = 3.306, P =
0.10; no interaction, F(1,10) = 2.124, P = 0.18. right panel, t(10) = 0.97,
P = 0.35. Amphetamine n = 6, saline n = 6. Adult treatment: left
panel, two-way mixed-design ANOVA, significant main effect of
metabolite, F(1,12) = 58.72, P < 0.0001; no effect of treatment, F(1,12) =
0.1436, P = 0.71; no interaction, F(1,12) = 1.712, P = 0.22. Right panel,
t(12) = 1.2, P = 0.24. Amphetamine n = 7, saline n = 7). Furthermore,
this enduring effect of amphetamine exposure in early adoles-
cence on dopamine turnover is limited to the PFC, as dopamine
turnover in the nucleus accumbens is unaffected by exposure at
any age (Supplementary Fig. 2). These findings indicate that early
adolescence is a critical period in which amphetamine can alter
mesocortical dopamine function.

Exposure to Amphetamine Specifically in Early
Adolescence Results in Reduced Density of Presynaptic
Sites Along Mesocortical Dopamine Axons

In contrast to subcortical regions, dopamine axons innervate the
PFC sparsely and strategically, with nearly all of their presynaptic
sites forming functional synapses (Séguéla et al. 1988; Manitt et al.
2013; Pokinko et al. 2015; Reynolds et al. 2018). The decrease in PFC
dopamine turnover following early adolescent exposure to
amphetamine may be associated with a disruption in the estab-
lishment of synapses by dopamine axons. Previously, we have
found that exposure to amphetamine in early adolescence, but not
in adulthood, reduces the density of dopamine varicosities across
the inner layers of the PFC (Reynolds et al. 2015). However, it
remains unknown whether there exists a critical period for this
effect. Therefore, we next determined whether exposure to
amphetamine in early adolescence (PND 22 ± 1–PND 31 ± 1), mid-
adolescence (PND 35 ± 1–PND 44 ± 1), or adulthood (PND 75 ± 15–
PND 84 ± 15) impacts the fine architecture and varicosity density
of PFC dopamine axon arbors. We infected dopamine neurons of
DATCre mice with a Cre-dependent eYFP virus microinjected into
the ventral tegmental area (Fig. 4A). We then used Neurolucida to
quantify the complexity and varicosity density of individual eYFP-
labeled PFC dopamine axon arbors in the cingulate, prelimbic, and
infralimbic subregions of the PFC (Fig. 4B,C)(Reynolds et al. 2018).
We found that adult mice exposed to amphetamine early in ado-
lescence have a reduced density of varicosities along individual
dopamine axon arbors in their PFC (Fig. 4D, two-way mixed-design
ANOVA, significant main effect of treatment, F(1,11) = 6.17, P =
0.0304; no effect of subregion, F(2,22) = 0.1420, P = 0.86; no interac-
tion. F(2,22) = 1.934, P = 0.17. Amphetamine n = 7, saline n = 6), with-
out alterations in arbor complexity (Fig. 4E, two-way mixed-design
ANOVA, no effect of treatment, F(1,11) = 0.06623, P = 0.80; no effect
of subregion, F(2,22) = 0.2058, P = 0.81; no interaction, F(2,22) = 0.1128,
P = 0.89). This is in line with our previous results where we
assessed presynaptic site density across the PFC as a whole using
stereology (Reynolds et al. 2015). In contrast, exposure to amphet-
amine during mid-adolescence or adulthood did not alter
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Figure 3. Exposure to amphetamine in early adolescence, but not mid-

adolescence or adulthood, leads to blunted PFC dopamine turnover in adult-

hood. (A) Mice that received amphetamine during early adolescence have

reduced baseline HVA content in the PFC. Dopamine turnover, as assessed by

the ratio of HVA/dopamine content, is significantly reduced in adult mice that

received amphetamine in early adolescence. (B) Baseline dopamine and HVA

content are not altered in adult mice that received amphetamine during mid-

adolescence. There are no significant changes in dopamine turnover in the PFC

of mice that received amphetamine in mid-adolescence. (C) Baseline dopamine

and HVA content are not altered in adult mice that received amphetamine dur-

ing adulthood. There are no significant changes in dopamine turnover in the

PFC of mice that received amphetamine in adulthood.
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dopamine varicosity density, nor the complexity of dopamine
axon arbors (Fig. 4G–L. Mid-adolescent treatment: varicosity den-
sity, two-way mixed-design ANOVA, no effect of treatment, F(1,10)
= 0.2502, P = 0.63; no effect of subregion, F(2,20) = 2.239, P = 0.13; no
interaction, F(2,20) = 0.5332, P = 0.60. Complexity, two-way mixed-
design ANOVA, no effect of treatment, F(1,10) = 0.2627, P = 0.62; no
effect of subregion, F(2,20) = 3.090, P = 0.07; no interaction, F(2, 20) =
0.6430, P = 0.54. Amphetamine n = 6, saline n = 6. Adult treatment:
varicosity density, two-way mixed-design ANOVA, no effect of
treatment, F(1,6) = 0.05995, P = 0.81; no effect of subregion, F(2,12) =
1.196, P = 0.34; no interaction, F(2,12) = 0.9554, P = 0.41. Complexity,
two-way mixed-design ANOVA, no effect of treatment, F(1,6) =
0.8775, P = 0.39; no effect of subregion, F(2,12) = 1.707, P = 0.22; no
interaction, F(2,12) = 0.4107, P = 0.67. Amphetamine n = 5, saline

n = 3). These results show that early adolescence marks the time
during which exposure to amphetamine disrupts both the devel-
opment of PFC dopamine presynaptic sites and dopamine turnover.
Early adolescence is therefore a critical period for the establishment
of adult PFC dopamine connectivity and function. Whether the
amphetamine treatment during this early adolescent critical period
also affects the maturation of other neuronal or hormonal systems,
including pubertal onset, remains to be determined (Yetnikoff et al.
2014; Kang et al. 2016).

Discussion
In this study, we report that early adolescence is the critical
period for the maturation of behavioral inhibition and

Figure 4. Only amphetamine treatment during early adolescence enduringly disrupts the distribution of presynaptic sites along PFC dopamine axons. (A) Viral recom-

bination strategy. (B) Subregions of the PFC where dopamine axons were analyzed. (C) Representative micrograph and example tracing of a PFC dopamine axon.

(D) PFC dopamine axons of adult mice that received amphetamine early in adolescence have a significant reduction in varicosity density.(E) Quantitative assessment

reveals that dopamine axons in the PFC of adult mice that received amphetamine early in adolescence do not have differences in their complexity. Inset: ACI calcula-

tion. (F) Schematic of PFC dopamine axons of adult mice that received saline or amphetamine in early adolescence. (G) Amphetamine exposure in mid-adolescence

does not change the varicosity density of PFC dopamine axons in adulthood. (H) Dopamine axons in the PFC of adult mice that received amphetamine in mid-

adolescence do not have differences in their complexity. (I) Schematic of PFC dopamine axons of adult mice that received saline or amphetamine in mid-

adolescence. (J) Amphetamine exposure in adulthood does not change the varicosity density of PFC dopamine axons. (K) Dopamine axons in the PFC of adult mice

that received amphetamine in adulthood did not have differences in their complexity. (L) Schematic of PFC dopamine axons of adult mice that received saline or

amphetamine in adulthood.
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mesocortical dopamine function in male mice. Only during
this time non-contingent repeated exposure to amphetamine,
at a dose corresponding to what it is used recreationally in
humans, leads to adult (a) impaired performance in a Go/No-
Go task, (b) reduced PFC dopamine turnover, and (c) reduced
number of varicosities. It is well established that dopamine in
the PFC regulates cognitive control, including maintaining
appropriate levels of behavioral inhibition, working memory,
attentional set shifting, and cue–reward associations
(Sokolowski and Salamone 1994; Jentsch et al. 1997; Phillips
et al. 2004; Stefani and Moghaddam 2006; Goldstein and
Volkow 2011; Grégoire et al. 2012; Bari and Robbins 2013;
Willing and Wagner 2015b; Abraham et al. 2017; Ellwood et al.
2017; Reynolds et al. 2018). The disruption of mesocortical
dopamine development by amphetamine in early adolescence
may therefore underlie impaired cognitive processing in
adulthood.

Our previous work on the guidance cue receptor DCC provides
insight into why amphetamine exposure during early adoles-
cence, but not later, alters mesocortical dopamine development.
DCC receptors delimit the adolescent growth of dopamine axons
into the PFC (Manitt et al. 2013; Hoops et al. 2018; Reynolds et al.
2018) and, in turn, drive the maturation of PFC pyramidal neu-
rons and behavioral inhibition (Reynolds et al. 2018). Remarkably,
exposure to amphetamine in early adolescence, but not in mid-
adolescence or adulthood, downregulates DCC expression in
dopamine neurons (Yetnikoff et al. 2007; 2011; 2013; Cuesta et al.
2018). Furthermore, amphetamine-induced downregulation of
DCC expression in dopamine neurons is necessary for its endur-
ing effects on PFC dopamine connectivity and salience attribution
to drug-paired contexts (Reynolds et al. 2015). Together, these
results suggest that the early adolescent critical period of vulner-
ability to amphetamine exposure results from a DCC-mediated
mechanism.

It is remarkable that the disruption of the development of
both dopamine function and behavioral inhibition by repeated
amphetamine exposure occurs during the exact same period,
namely, early adolescence. The fact that the changes in dopa-
mine function are so perfectly tied to the changes in cognitive
control suggest that the critical period is delimited by the
developmental timeline of mesocortical dopamine innervation.
Combined with our recent report that DCC is involved in the
formation of mesocorticolimbic circuitry and related behavioral
traits in humans (Vosberg et al. 2018), our current preclinical
findings suggest that the greater risk for addiction during adult-
hood imparted by initiation of drug use during early adoles-
cence (Grant and Dawson 2003; McCabe et al. 2007; Jordan and
Andersen 2017) may arise from an age-specific disruption of
mesocortical dopamine circuitry and inhibitory control by
drugs of abuse.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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