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Abstract
Adderall is widely prescribed for attention deficit hyperactivity disorder (ADHD) though long
term neurological effects of the main ingredient d-amphetamine are not well understood. The
purpose of this study was to examine effects of clinically prescribed doses of d-amphetamine and
one abuse dose administered from childhood to adulthood on adult hippocampal neurogenesis and
activation of the granule layer of the dentate gyrus. Beginning in early adolescence (age 28 days)
to adulthood (age 71), male C57BL/6J mice were administered twice daily i.p. injections of
vehicle, 0.25, 0.5 or 2 mg/kg d-amphetamine. Locomotor activity was measured in home cages by
video tracking. At age 53–56, mice received BrdU injections to label dividing cells.
Immunohistochemical detection of BrdU, NeuN, Doublecortin (Dcx) and Ki67 was used to
measure neurogenesis and cell proliferation at age 71. ΔFosB was measured as an indicator of
repeated neuronal activation. An additional cohort of mice was treated similarly except euthanized
at age 58 to measure activation of granule neurons from d-amphetamine (by detection of c-Fos)
and cell proliferation (ki67) at a time when the fate of BrdU cells would have been determined in
the first cohort. D-amphetamine dose-dependently increased survival and differentiation of BrdU
cells into neurons and increased number of Dcx cells without affecting number of Ki67 cells. Low
doses of d-amphetamine decreased c-Fos and ΔFosB in the granule layer. Only the high dose
induced substantial locomotor stimulation and sensitization. Results suggest both therapeutic and
abuse doses of d-amphetamine increase number of new neurons in the hippocampus when
administered from adolescence to adulthood by increasing survival and differentiation of cells into
neurons not by increasing progenitor cell proliferation. Mechanisms for amphetamine-induced
neurogenesis are unknown but appear activity-independent. Results suggest part of the beneficial
effects of therapeutic doses of d-amphetamine for ADHD could be via increased hippocampal
neurogenesis.
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Introduction
Stimulant medications, such as d-amphetamine are widely prescribed for treatment of
attention deficit hyperactivity disorder (ADHD) (Greenhill et al., 2002). Most properly
diagnosed individuals require treatment for ADHD starting from childhood through
adulthood (Angold et al., 2000). However, few studies have examined the long term
neurological effects of d-amphetamine or any other approved medications for ADHD over
this time period (Peterson et al., 2008). Experimental data for abuse doses of d-amphetamine
suggest it can damage dopamine nerve terminals and induce cell death (Ryan et al., 1990,
Cunha-Oliveira et al., 2006, Atianjoh et al., 2008). However, little is known about how
lower therapeutic doses administered chronically affect the brain. One measurement of
interest is adult hippocampal neurogenesis. New neurons are continuously born in the
dentate gyrus of mice and humans and both the proliferation and survival of these cells is
strongly influenced by environmental factors such as stress, physical activity, nutrition,
drugs and medications (Gould et al., 1991, van Praag et al., 1999, Eisch et al., 2000, Lee et
al., 2002a, Lee et al., 2002b, Santarelli et al., 2003). Depending on the environmental
factors, the addition or subtraction of new neurons can increase or decrease the total
numbers of neurons and volume of the dentate gyrus (Rhodes et al., 2003). Although the
functional significance of adult neurogenesis is not known, new neurons in the hippocampus
are thought to contribute to cognitive performance, learning and memory (van Praag et al.,
1999, Clark et al., 2008, Mustroph et al., 2011).

Recent studies suggest that stimulant drugs decrease adult hippocampal neurogenesis under
a variety of conditions in rodent models (Yamaguchi et al., 2004, Lagace et al., 2006,
Mandyam et al., 2008, Noonan et al., 2010, Venkatesan et al., 2011, Yuan et al., 2011).
However, only a few studies have specifically explored the effect of d-amphetamine on
adult hippocampal neurogenesis. A recent study found that 2.5 mg/kg d-amphetamine
injections administered for 14 days had no effect on the proliferation or survival of new
neurons in the dentate gyrus of adult male Sprague-Dawley rats (Barr et al., 2010).
However, in the new neuron survival group, BrdU was administered 2 weeks before
amphetamine exposure. At 2 weeks of age, new neurons may already be in the process of
integrating into hippocampal circuitry and could be less vulnerable to the amphetamine
treatment. To the best of our knowledge, no previous study has explored the effect of
chronic administration of d-amphetamine from childhood to adulthood on the survival of
new neurons born and surviving in the presence of continuous d-amphetamine
administration. Therefore, one of the goals of this study was to measure the effect of 2
clinically relevant d-amphetamine doses (0.25, and 0.5 mg/kg) and one abuse dose (2 mg/
kg) on adult hippocampal neurogenesis.

Given that d-amphetamine at high doses is neurotoxic, (i.e., induces cell death) (Ryan et al.,
1990, Atianjoh et al., 2008), one might predict that chronic d-amphetamine exposure would
decrease the survival of new neurons. On the other hand, d-amphetamine is a stimulant, and
generally increases the activity of neurons in the brain (Rotllant et al., 2010). If the dentate
gyrus experiences increased neuronal activation in response to d-amphetamine
administration, then the increased activity would be expected to increase the survival of new
neurons in an activity-dependent manner (Deisseroth et al., 2004, Clark et al., 2010, Clark et
al., 2011). Although many studies have examined patterns of activation in the brain from d-
amphetamine using such techniques as immunohistochemical detection of c-Fos and ΔFosB
(Johansson et al., 1994, Badiani et al., 1998, Engber et al., 1998, Trinh et al., 2003, Renthal
et al., 2008, Rotllant et al., 2010), typically the dentate gyrus is not examined [but see (Trinh
et al., 2003) who found increased c-Fos from 2 mg/kg amphetamine in the granule layer].
Acute induction of c-Fos from stimulant drugs is known to decline upon repeated
stimulation, whereas ΔFosB accumulates in brain regions such as the striatum (Nestler et al.,
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2001, Renthal et al., 2008). Hence, another goal of this study was to determine the extent to
which the granule layer of the dentate gyrus displays increased c-Fos and ΔFosB
accumulation from the chronic d-amphetamine treatments in order to help interpret the
results for the neurogenesis measures. Based on the limited literature, it is difficult to predict
the outcome of long term administration of therapeutic doses of d-amphetamine on adult
hippocampal neurogenesis. If the low doses of d-amphetamine decrease neurogenesis, then
that would constitute evidence for neurotoxicity. Alternatively, if the low doses of d-
amphetamine increase neurogenesis, then that would support the activity-dependent survival
hypothesis. The high dose (2 mg/kg) was expected to decrease neurogenesis as this has been
observed for many other drugs of abuse including methamphetamine, cocaine, morphine,
heroin, and alcohol (Eisch et al., 2000, Klintsova et al., 2007, Mandyam et al., 2008, Noonan
et al., 2010, Venkatesan et al., 2011, Yuan et al., 2011).

Methods
A total of 60 male C57BL/6J mice from The Jackson Laboratory (Bar Harbor, ME) arrived
at our facility at 21 days of age and were placed into cages in groups of 4. The mice were
left undisturbed for 1 week except for daily handling to acclimate the mice to the
experimenter. At age 28 days (equivalent to late childhood, early adolescence), mice were
injected intraperitoneally (i.p.) twice daily at the beginning of the dark cycle and again three
hours later with either saline, 0.25, 0.5, or 2.0 mg/kg d-amphetamine. D-amphetamine
sulfate (Sigma Aldrich, St. Louis, MO) was dissolved in 0.9% saline and was administered
in a volume of 10 ml/kg. Doses were prepared according to the salt not the base form. After
injections mice were returned to their home cages in groups of 4. At age 40, mice were
individually housed as described below for experiments 1 and 2 and the twice daily
injections continued (see Fig. 1). In experiment 1, animals were euthanized at 72 days of
age, after having received 44 days of twice daily injections. In experiment 2, animals were
euthanized at 58 days of age, after having received 30 days of twice daily injections.

The two lowest doses (0.25 and 0.5 mg/kg) were chosen to represent the therapeutic range
for humans. The high dose (2 mg/kg) was chosen because it is known to elicit robust
locomotor stimulation and sensitization in rodent models of d-amphetamine abuse. The two
daily d-amphetamine administrations were separated by 3 hours because previous studies on
the brain concentrations of d-amphetamine showed levels of d-amphetamine to be almost
completely negligible after 3 hours (Riffee et al., 1978). The injections were administered
during the dark cycle when mice are normally awake and attentive because previous studies
have indicated that some of the detrimental effects of stimulants (caffeine,
methamphetamine, and modafinil) on neurogenesis could be partially due to the side effect
of insomnia caused by administering stimulants during the light cycle rather than an inherent
effect of the drugs (Kochman et al., 2009).

Experiment 1. Chronic effect of d-amphetamine on adult hippocampal neurogenesis
Experiment 1 included the following groups: saline, 0.25, 0.5, and 2 mg/kg d-amphetamine
(n=8 mice per group). On experimental days 12–14 (mouse age 40–42 days), mice were
transferred into individual custom-made home cages for video tracking (for details and
dimensions of the housing see Zombeck et al., 2010a, Zombeck et al., 2010b). Animals lived
in these cages continuously for 3 days during which time the drug treatments continued, i.e.,
twice daily injections of d-amphetamine or saline depending on the group (see Fig. 1). The
movement of the animals was continuously recorded with TopScan video tracking software
(CleverSys Inc., Reston, VA). At the end of this three day session, mice were individually
housed in standard home cages. Mice remained individually housed for the duration of the
experiment in order to prevent fighting that can occur when adult males are re-introduced
back into the same cage after a period of separation. The drug treatments continued on days
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15–25 in standard home cages. On experimental days 25 through 28 (mouse age 53–56), the
drug treatments continued except the animals were given an additional i.p. injection of BrdU
(50 mg/kg) to label dividing cells 1.5 hours after the first amphetamine (or saline) injections.
On Days 29–39, the drug treatments continued. On days 40–42 (mice age 68–70 days) mice
were once again moved into the custom cages for video tracking during which time the drug
treatments continued. On day 44 (age 72 days) mice were transcardially perfused with 4%
paraformaldehyde.

Experiment 2. Acute effect of d-amphetamine on neuronal activation of the granule layer
after chronic treatment

Experiment 2 included the following groups: saline (n=9), 0.5 (n=9) and 2 (n=10) mg/kg d-
amphetamine. On experimental day 12 (age 40), the mice were individually housed in
standard cages. On experimental days 28–30 (mouse age 56–58 days; see Fig. 1), mice were
transferred into individual custom-made home cages for video tracking. The movement of
the animals was continuously recorded with TopScan video tracking software (CleverSys
Inc., Reston, VA). Animals lived in these cages continuously for 3 days during which time
the drug treatments continued, i.e., twice daily injections of d-amphetamine or saline
depending on the group, except for the last day when the animals only received their
morning injection. Exactly 90 minutes following their last injection, animals were
transcardially perfused with 4% paraformaldehyde.

Immunohistochemistry
Brains were post-fixed overnight, and then transferred to 30% sucrose in PBS. The brains
were then sectioned using a cryostat into 40 micrometer thick coronal sections. Sections
were placed into tissue cryoprotectant in 24 well plates and stored at −20 °C. Six separate
one-in-six series of these sections (i.e., series of sections throughout the rostro-caudal extent
of the dentate gyrus with 240 micrometer increments separating each section, approximately
nine sections) were stained in the following ways:

1. BrdU-DAB (Experiment 1). BrdU-DAB staining was performed to detect BrdU-
positive (newly divided) cells in the dentate gyrus. Free floating sections were
washed in tissue buffering solution (TBS) and then treated with 0.6% hydrogen
peroxide in TBS for 30 min. To denature DNA, sections were treated for 120 min
with a solution of 50% de-ionized formamide and 2X SCC buffer, rinsed for 15
min in 2X SCC buffer, then treated with 2 N hydrochloric acid for 30 min at 37 °C,
then 0.1 M boric acid in TBS (pH 8.5) for 10 min at room temperature. Sections
were then treated (blocked) with a solution of 0.3% Triton-X and 3% goat serum in
TBS (TBS-X plus) for 30 min, and then incubated in primary antibody against
BrdU made in rat at a dilution of 1:100 in TBS-X plus for 72 h at 4 °C. Sections
were then washed in TBS, treated with TBS-X plus for 30 min and then incubated
in biotinylated secondary antibody against rat made in goat at 1:250 in TBS-X plus
for 100 min at room temperature. Sections were then treated using the ABC system
and stained using diaminobenzidine as the chromogen.

2. Double fluorescent label BrdU and NeuN (Experiment 1). Double fluorescent
staining was performed to estimate the proportion of BrdU-positive cells in the
granule layer that had differentiated into neurons as indicated by co-expression of
NeuN (neuronal nuclear protein, a mature neuronal marker). The BrdU-DAB
procedure was repeated except that a cocktail was used for the primary antibody
step. Rat anti-BrdU (1:100, catalog number OBT0030; AbD Serotec) was
combined with mouse anti-neuronal nuclear protein (NeuN) (1:50, catalog number
MAB377; Millipore, Billerica, MA, USA) for 72 h at 4°C. Secondary antibodies
were conjugated with fluorescent markers (Cy2-green anti-mouse, and Cy3-red
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anti-rat, catalog numbers 115-225-166 and 112-165-167; Jackson
ImmunoResearch, West Grove, PA, USA, respectively) at a dilution of 1:250, and
also delivered as a cocktail.

3. Ki67-DAB (Experiment 1 and Experiment 2). Ki67-DAB staining was
performed to estimate total number of cells in the subgranule layer of the dentate
gyrus in the process of dividing at the time when the animals were euthanized (i.e.,
marker of cell proliferation). The immunohistochemistry proceeded similar to
BrdU-DAB except omitting the DNA denaturing steps. The Primary antibody was
rabbit anti-Ki67 (1:500; catalog number ab15580; Abcam, Cambridge, MA);
secondary antibody was biotinylated rabbit anti goat (1:250; Vector Laboratories,
Burlingame, CA).

4. Doublecortin-DAB (DCX-DAB; Experiment 1). DCX-DAB staining was
conducted to estimate total numbers of immature neurons in the granule cell layer
of the dentate gyrus at the time when the animals were euthanized. The
immunohistochemistry proceeded similar to BrdU-DAB except omitting the DNA
denaturing steps. The Primary antibody was goat anti-DCX (1:1000; catalog
number sc-8066; Santa Cruz Biotechnology, Santa Cruz, CA); secondary antibody
was biotinylated donkey anti goat (1:200; Santa Cruz Biotechnology, Santa Cruz,
CA).

5. ΔFosB-DAB (Experiment 1). ΔFosB-DAB staining was performed to estimate
the total number of granule neurons in the dentate gyrus that had experienced
repeated neuronal activation sufficient to accumulate ΔFosB in the nucleus. The
immunohistochemistry proceeded similar to BrdU-DAB except omitting the DNA
denaturing steps. The Primary antibody was rabbit anti ΔFosB (1:500; catlog
number 9890S; Cell Signaling Technology, Danvers, MA); secondary antibody was
biotinylated goat anti rabbit 1:200; Vector Laboratories, Burlingame, CA).

6. c-Fos-DAB (Experiment 2). c-Fos-DAB staining was performed to estimate the
total number of neurons that had experienced acute activation sufficient to
accumulate c-Fos within approximately 90 min prior to euthanasia. The total
number of c-Fos positive neurons in the dentate gyrus and number of c-Fos positive
neurons in a sampled region of the paraventricular thalamic nucleus were
estimated. The paraventricular thalamic nucleus was included as a positive control,
i.e., based on previous literature it was expected to display increased c-Fos from
acute amphetamine. The immunohistochemistry proceeded similar to BrdU-DAB
except omitting the DNA denaturing steps. The primary antibody was rabbit anti-c-
Fos (1:20000; catalog number PC38; EMD Millipore, Billerica, MA); secondary
antibody was biotinylated goat anti-rabbit (1:200; Vector Laboratories,
Burlingame, CA).

Image analysis
BrdU-DAB, Ki67-DAB, DCX-DAB, ΔFosB-DAB, c-Fos-DAB (dentate gyrus)—
The entire granule layer of the dentate gyrus (bilateral), represented in the one-in-six series,
was photographed by systematically advancing the field of view of the Zeiss brightfield light
microscope, and taking multiple photographs, via video camera interfaced to computer,
under 10X or 20X (total 100X or 200X) magnification. The number of DAB-positive cells
was then hand-counted for each image. Cells in the top plane of the sections were
discounted. Total number of cells was multiplied by 6 to account for the space between the
one-in-six series of sections.
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Volume of the dentate gyrus—For all the DAB stained sections analyzed above for cell
counts in the dentate gyrus, we also estimated the area of the granule layer in those sections
by carefully outlining the structure using ImageJ software at 100 X total magnification. The
software determined the total number of pixels within the outlined area. The total number of
pixels was then converted to square microns using the internal calibration within Axiovision
(Zeiss software), and checked using a micrometer. This area was then multiplied by 40
microns between sections to estimate volume in cubic microns.

c-Fos-DAB (paraventricular thalamic nucleus)—The paraventricular thalamic
niucleus was analyzed to serve as a positive control for induction of c-Fos from acute d-
amphetamine. This brain region occurs in the same coronal sections as the dentate gyrus and
displays robust c-Fos induction from stimulant drugs and drug-paired stimuli (Rhodes et al.,
2005, Pasumarthi and Fadel, 2008). Three coronal sections starting at stereotaxic
coordinates −1.3 mm relative to bregma with 240 microns separating posterior sections were
analyzed for numbers of c-Fos positive cells within the paraventricular thalamic nucleus.
Within these three sections, the paraventricular thalamic nucleus was photographed under
20X (total 200X) magnification. The number of DAB-positive cells was automatically
counted within a hand-drawn border around the nucleus using ImageJ software.

Double fluorescent BrdU/NeuN—A Leica SP2 laser scanning confocal microscope
(40X oil objective; pinhole size, 81.35 lm in diameter) was used to determine the proportion
of dentate gyrus BrdU-positive cells that differentiated into neurons (NeuN). Dentate gyrus
BrdU-positive cells in the granule layer were identified as either co-expressing NeuN or not.
Each BrdU-positive cell (represented in the one-in-six series) was analyzed by focusing
through the tissue in the z-axis to establish co-labeling with NeuN. The number of new
neurons per mouse was calculated as the total number of BrdU cells multiplied by the
average proportion of BrdU cells co-expressing NeuN for the designated group.

Statistical analysis
Data were analyzed with SAS (version 9.2) and R (version 2.13.1) statistical software. In all
analyses, P ≤ 0.05 was considered to be statistically significant. Numbers of BrdU, Ki67,
DCX, ΔFosB, and c-Fos positive cells, and volume of the dentate gyrus were analyzed by 1-
way ANOVA with dose as the factor (saline, 0.25, 0.5, 2 mg/kg). These data were also
analyzing using polynomial regression with dose entered as a continuous variable.
Cumulative distance traveled 1 hour after injections was analyzed by repeated measures
ANOVA with dose as the between-subjects factor, and day as the within-subjects factor. The
first day of each 3 day test was omitted due to increased activity from the novelty of recently
being moved into the new cage. Hence, for experiment 1 there were 4 days of locomotor
data analyzed, days 2 and 3 of the first test, and days 2 and 3 of the second test. Posthoc
comparisons of means were conducted using Tukey tests. The proportion of BrdU cells co-
labeled with NeuN was analyzed using logistic regression with dose as the factor (saline,
0.25, 0.5, 2 mg/kg), and with dose entered as a continuous variable. For these analyses, the
deviance is reported in place of the F statistic.

Results
Experiment 1

Locomotor activity—Distance traveled 1 hour after injections was not significantly
different during the first and second tests (separated by three hour intervals) within each day.
Therefore, the two tests were averaged to produce a single measurement of distance traveled
post injection per individual per day. The repeated measures ANOVA revealed a significant
effect of dose (F3,84=241.3, P<0.0001), day (F3,84=25.5, P<0.0001) and the interaction of
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dose and day (F9,84=42.7, P<0.0001; Fig. 2A). On average across test days, distance traveled
after the 2 mg/kg dose was 8-fold greater than the two lower doses, and 13-fold greater than
the saline group (all doses significantly different from saline; Fig. 2B). However, the two
low doses only showed significant dose-dependent differences from saline during the second
locomotor testing session at the end of the experiment (all pairwise differences, P<0.05; Fig.
2A). During the first session, levels of locomotor activity were similar for saline and the two
low doses of d-amphetamine. Distance traveled after saline and 0.25 mg/kg tended to
decrease across days (all pairwise differences between the first and second sessions,
P<0.05), whereas at the 0.5 mg/kg dose, distance remained relatively similar on all 4 test
days (Fig. 2A). Locomotor activity increased on successive days for the 2 mg/kg dose of d-
amphetamine indicating locomotor sensitization had occurred (all pairwise differences
between the first and second sessions, P<0.05; Fig. 2A).

Adult hippocampal neurogenesis—D-amphetamine dose-dependently increased the
proportion of BrdU-positive cells that differentiated into neurons (Deviance=9.9, p=0.02). In
the saline group, 74% (± 5.3 SE) of BrdU labeled cells co-expressed NeuN, whereas 88% (±
4.3), 91% (± 3.7) and 91% (± 3.8) co-labeled with NeuN in the 0.25, 0.5 and 2 mg/kg
groups, respectively. When dose was entered as a continuous variable and analyzed by
logistic regression, the proportion of BrdU labeled cells co-expressing NeuN displayed a
significant positive slope in relation to dose (Deviance=4.5, P=0.03). The polynomial term
was negative and also statistically significant indicating an outward curve in the dose
response, i.e., curve toward a plateau or peak within the dose range tested (Deviance=5.2,
P=0.02).

D-amphetamine dose-dependently increased the total number of BrdU-positive cells
(F3,28=9.3, P=0.0002; means ± standard errors were 2,377 ± 222, 2806 ± 85, 3264 ± 200,
3766 ± 239 for saline, 0.25,0.5, and 2 mg/kg, respectively), number of new neurons
(F3,28=18.1, P<0.0001; Fig. 3A), and DCX-positive cells (F3,28=5.1, P=0.006; Fig. 3B) in
the granule layer. D-amphetamine also increased volume of the granule layer, at least for the
0.25 and 2 mg/kg groups (F3,27=9.6, P=0.0002; Fig. 3C). D-amphetamine treatment did not
significantly affect number of Ki67-positive cells (Fig. 3D). Posthoc analysis revealed the
following results. For BrdU, saline was different from 0.5 and 2 mg/kg, and 0.25 was
different from 2 mg/kg at P<0.05 level. For number of new neurons, all pairwise differences
were significant except 0.25 versus 0.5 mg/kg and 0.5 versus 2.0 mg/kg. For volume, saline
was different from 0.25 and 2 mg/kg, and 2 mg/kg was different from 0.5 mg/kg. For DCX,
saline and 0.25 mg/kg were different from 2 mg/kg. When dose was entered as a continuous
variable and analyzed by polynomial regression, all the outcome variables, BrdU cells, DCX
cells, number of new neurons and volume displayed a significant positive slope in relation to
dose (all p<0.05). For number of new neurons, the polynomial (second order) term was also
statistically significant and indicated an outward curve in the dose-response relationship
toward a plateau or peak.

Number of BrdU-positive cells, new neurons, DCX-positive cells, and Ki67-positive cells
were significantly correlated with the volume of the granule layer (R2=0.36, 0.30, 0.16,
0.18, respectively; all P<0.05). Number of new neurons and number of BrdU cells were
significantly correlated with number of DCX positive cells (R2=0.34, 0.31, respectively; all
P<0.05). Number of Ki67 cells was not significantly correlated with new neurons, BrdU
cells or DCX cells.

ΔFosB marker of repeated neuronal activation—D-amphetamine decreased ΔFosB-
positive cells (F3,27=12.3, P<0.0001), with greater decreases caused by lower doses of d-
amphetamine (Fig. 4A). All posthoc pairwise differences were significant (P<0.05) except
0.25 versus 0.5 mg/kg and 0.5 versus 2.0 mg/kg. When dose was entered as a continuous
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variable, no linear relationship between dose and ΔFosB-positive cells was detected.
However, the polynomial regression indicated a significant negative first order term
(F1,28=14.0, P<0.0001) and positive second order term (F1,28=15.0, P<0.0001) indicating a
significant U-shape curve in the dose response. Number of ΔFosB-positive cells was not
significantly correlated with number of new neurons, DCX-positive cells, Ki67-positive
cells or volume of the granule layer.

Experiment 2
c-Fos marker of acute neuronal activation in the granule cell layer of the
dentate gyrus—The medium dose of d-amphetamine (0.5 mg/kg) decreased total number
of c-Fos positive cells in the granule cell layer of the dentate gyrus (F2,25=5.6, P=0.01; Fig.
4B). Posthoc comparisons indicated that the 0.5 mg/kg group displayed significantly lower
c-Fos than saline. No other pairwise differences were significant. When dose was entered as
a continuous variable, no linear relationship between dose and c-Fos-positive cells was
detected. However, the polynomial regression indicated a non-significant negative first order
term and a significant positive second order term (F1,25=10.5, P=0.003) indicating a
significant U-shape curve in the dose response. Within the saline group, number of c-Fos
positive cells was not significantly correlated with cumulative distance traveled 90 min after
injection (Fig. 4C). However, in the 0.5 mg/kg group a trend for a positive correlation was
detected (R2=0.26, P=0.16; Fig. 4D) and in the 2 mg/kg group, a significant positive
correlation was detected (R2=0.38, P=0.05; Fig. 4E). Collapsed across groups, no significant
correlation was observed.

c-Fos marker of acute neuronal activation in the paraventricular thalamic
nucleus—Upon inspection of the c-Fos-DAB stained tissue, many brain regions displayed
increased c-Fos from the 2 mg/kg dose of d-amphetamine relative to saline including most
of the cortex, striatum and thalamus, similar to previous reports (Johansson et al., 1994,
Badiani et al., 1998, Engber et al., 1998, Trinh et al., 2003, Rotllant et al., 2010). As a
representative positive control for c-Fos induction from d-amphetamine in the brain, the
paraventricular thalamic nucleus was quantified (Pasumarthi and Fadel, 2008, Rotllant et al.,
2010). The high dose (2 mg/kg) d-amphetamine increased number of c-Fos positive cells in
the paraventricular thalamic nucleus (F2,25=17.8, P<0.0001; Fig. 5A). Posthoc comparisons
indicated that the 2 mg/kg group displayed significantly higher c-Fos than saline or 0.5 mg/
kg. Saline and 0.5 mg/kg were not significantly different from each other. Number of c-Fos
positive cells was significantly correlated with cumulative distance traveled 90 min after
injection across groups (R2=0.62, P<0.0001; Fig. 5B), but not within groups.

Cell proliferation in the subgranule layer of the dentate gyrus—Numbers of Ki67
positive cells were counted in the subgranule layer of the dentate gyrus using the same
method as described in Experiment 1. Consistent with results in Experiment 1, number of
Ki67 cells did not differ among the three experimental groups (data not shown).

Discussion
The main discovery of the study is that chronic d-amphetamine treatment starting in
childhood to adulthood increases adult hippocampal neurogenesis in male C57BL/6J mice
(Fig. 3). The dose-dependent increase in neurogenesis was supported by 3 different
independent measures of neurogenesis including counts of total numbers of BrdU-labeled
cells in the granule layer, the proportion of BrdU cells differentiated as neurons as indicated
by co-labeling with NeuN (mature neuron marker), and counts of doublecortin (DCX)
positive cells, a marker of immature neurons. Moreover, increased neurogenesis was
correlated with increased volume of the granule layer suggesting that the new neurons were
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not simply replacing dead cells, but instead were adding neurons to the granule layer. The
increased BrdU and DCX cell numbers together with no change in Ki67 cell numbers
suggests d-amphetamine increased numbers of new neurons by increasing the survival and
differentiation of new cells into neurons, not by increasing proliferation. This is similar to
other environmental factors that increase neurogenesis such as wheel running (Clark et al.,
2010).

D-amphetamine-induced neurogenesis is a novel discovery with mixed support from the
literature. No previous study that we are aware of except for Barr et al. (2010) has examined
effects of repeated administration of therapeutic doses of d-amphetamine on adult
hippocampal neurogenesis. In Barr et al. (2010), 2.5 mg/kg d-amphetamine administered for
14 days had no effect on the proliferation or survival of new neurons in the granule layer.
However, in the new neuron survival group, animals were injected with BrdU 2 weeks
before the amphetamine treatment began. It is possible that 2-week old neurons were already
integrated into the circuit and could no longer be influenced by d-amphetamine. In our study
the BrdU was administered starting on day 25 of twice daily amphetamine treatments and
animals were euthanized on day 44 (see Fig. 1) to measure the survival of new neurons born
and surviving in the presence of amphetamine. Barr et al. (2010) also examined a group
euthanized 4 weeks after the amphetamine treatment ceased which displayed decreased
neurogenesis, but this group has marginal relevance for our study because it was measuring
neurogenesis during amphetamine withdrawal (Barr et al., 2010).

A few related studies have been conducted with methylphenidate. Schaefers et al. (2009)
found that 5 mg/kg methylphenidate administered from post natal day (PND) 30–60 in
gerbils had no effect on numbers of BrdU positive cells in the granule layer on PND 90, 7
days after a single BrdU injection. However, Lagace et al. (2006) found that 2 mg/kg
methylphenidate administered from PND 20–35 decreased BrdU positive cells in the granule
layer on PND 112, 27 days after single BrdU injection. One major difference between our
study and the studies of Schaefers et al. (2009) and Lagace et al. (2006), is that in our study,
neurogenesis was measured during a continuous amphetamine treatment from childhood to
adult, whereas in Schaefers et al. (2009) and Lagace et al. (2006), neurogenesis was
measured long after the amphetamine treatment had ended, 30 days in Schaefers et al.
(2009) and 77 days in Lagace et al. (2006).

Based on the available literature on abuse doses of other stimulants such as
methamphetamine (Teuchert-Noodt et al., 2000, Mandyam et al., 2008, Venkatesan et al.,
2011, Yuan et al., 2011) and cocaine (Yamaguchi et al., 2004, Noonan et al., 2010), we
expected d-amphetamine to reduce adult hippocampal neurogenesis, particularly when given
at the 2 mg/kg dose. On the other hand, some authors have found no effect (Mustroph et al.,
2011) or increased neurogenesis from repeated cocaine treatment (Lloyd et al., 2010).
Moreover, self-administration of methamphetamine for one hour, twice weekly for
approximately 50 days increased numbers of immature neurons as indicated by DCX in rats
(Mandyam et al., 2008). Hence, our finding that d-amphetamine increases adult
hippocampal neurogenesis is not without precedent. However, the functional significance of
amphetamine-induced neurogenesis and the mechanisms by which d-amphetamine increased
neurogenesis in the hippocampus remain elusive. The hypothesis that amphetamine-induced
neurogenesis results from increased neuronal activation of the granule layer was not
supported by the data because both c-Fos and ΔFosB data indicated decreased activation of
granule neurons from amphetamine at low doses and no effect at the 2 mg/kg dose (Fig. 4).
Taken together, the results support the novel hypothesis that d-amphetamine increases adult
hippocampal neurogenesis via an activity-independent process.
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The activity-independent hypothesis is only supported to the extent that c-Fos and ΔFosB
were good indicators of neuronal activation in the granule layer. It is possible that d-
amphetamine increased neuronal activation of the granule layer without inducing c-Fos and
ΔFosB (Dragunow and Faull, 1989). However, this possibility is unlikely. Previous studies
from our laboratory have shown strong induction of c-Fos in the granule layer from wheel
running, even after 50 days of running, demonstrating c-Fos is a good indicator of neuronal
activation of the granule layer (Clark et al., 2010). Moreover, in previous studies, we have
observed strong correlations between numbers of c-Fos-positive cells in the granule layer
and adult hippocampal neurogenesis induced from wheel running demonstrating that c-Fos
in the granule layer can predict neurogenesis (Clark et al., 2010, Clark et al., 2011). In the
current study, we confirmed that d-amphetamine indeed increased c-Fos in the
paraventricular thalamic nucleus, as a positive control (Fig. 5). However, in the dentate
gyrus, results were more complicated. The relationship between dose of d-amphetamine and
c-Fos was U-shape, with 0.5 mg/kg reducing c-Fos and 2 mg/kg having no effect relative to
saline (Fig. 4B). Within the 2 mg/kg group, a positive correlation between locomotor
activity and c-Fos was observed (Fig. 4E) indicating that locomotor stimulation was
associated with increased c-Fos in the granule layer. Average levels of c-Fos for 2 mg/kg
were similar to saline even though 2 mg/kg displayed substantial locomotor stimulation (Fig.
2). These results suggest 2 mg/kg d-amphetamine reduced c-Fos, and that levels were
recovered to baseline because of the increased locomotor stimulation. Taken together, c-Fos
appeared to reflect neuronal activation accurately in the granule layer, was reduced from d-
amphetamine and uncoupled with neurogenesis.

We reasoned that if neuronal activation of the granule layer was decreased or not changed as
a direct acute response to d-amphetamine, then perhaps the granule layer was excited during
withdrawal or other drug-free periods to account for the increased neurogenesis (Recinto et
al., 2012). To that end, we also examined ΔFosB which accumulates upon repeated neuronal
stimulation (Nestler et al., 2001, Renthal et al., 2008). If the granule layer were repeatedly
activated at some other time besides during the acute response to d-amphetamine, then
ΔFosB should reflect that repeated activation. However, the ΔFosB data showed the same
U-shape dose response as c-Fos with low doses decreasing ΔFosB, providing another piece
of evidence that amphetamine-induced neurogenesis is activity-independent.

The molecular mechanisms supporting activity independent neurogenesis from d-
amphetamine observed in our study remain unclear. A previous study in rats found that d-
amphetamine increased levels of brain-derived neurotrophic factor (BDNF) in the
hippocampus (Griesbach et al., 2008), and BDNF is required for both baseline levels of
adult hippocampal neurogenesis and increased neurogenesis from environmental enrichment
(Rossi et al., 2006) and dietary restriction (Lee et al., 2002a) in mice. Hence, it is possible
that BDNF contributed to the increased neurogenesis induced from d-amphetamine observed
in our study. However, we did not measure BDNF, so the role of BDNF or any other
molecules known to influence neurogenesis remain viable candidate mechanisms.

The implication of amphetamine-induced neurogenesis for behavior is not known and will
be the topic of future investigation. Although adult neurogenesis is widely believed to have
functional significance for cognitive performance and learning and memory (van Praag et
al., 1999, Shors et al., 2001, Kempermann et al., 2004, Sahay et al., 2011), we did not test
cognitive performance in the animals in this study so the cognitive outcome cannot be
determined. It is important to note that increased neurogenesis is not sufficient for enhanced
learning and memory performance in rodents (Rhodes et al., 2003). Moreover, the literature
is mixed about the functional significance of new neurons in learning and memory (Shors et
al., 2001, Meshi et al., 2006, Clark et al., 2008, Jaholkowski et al., 2009). D-amphetamine at
low or moderate doses tends to enhance learning and memory via its stimulant and attention-
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enhancing properties (e.g., Brown et al., 2000). Therefore, it may be tempting to conclude
that amphetamine-induced neurogenesis could contribute to some of these pro-cognitive
effects of amphetamine. However, most of the cognitive benefits of amphetamine are
thought to be due to the stimulant properties of the drug and are acute effects, i.e., they occur
on first exposure to amphetamine, whereas it takes weeks to months for new neurons to
integrate into the circuit in a way that could affect learning. Therefore, it seems unlikely that
amphetamine-induced neurogenesis contributes to any of the acute cognitive benefits
observed from low doses of amphetamine in the literature (e.g., Kulkarni and Job, 1967,
Martinez et al., 1980, Brown et al., 2000, Fenu and Di Chiara, 2003, Breitenstein et al.,
2004).

The data in our study suggest that the d-amphetamine increased neurogenesis by increasing
survival and differentiation of new cells into neurons rather than by increasing proliferation
of new cells. This is because of the group differences in the proportion of BrdU cells co-
labeled with NeuN, numbers of BrdU positive cells and Dcx positive cells without any
change in Ki67 cells. However, it is still possible that cell proliferation contributed to the
increased BrdU and Dcx cells if d-amphetamine shortened the length of the cell cycle
(Brandt et al., 2010, Yoshinaga et al., 2010). In that case, Ki67 would be expressed for a
shorter time for each cell undergoing division and total Ki67 positive cells could remain
unchanged if the total number of cell divisions increased. Future analysis is needed to
confirm that cell proliferation rates in the adult mouse hippocampus are not affected by d-
amphetamine.

In conclusion, results demonstrate that d-amphetamine increases adult hippocampal
neurogenesis in mice when administered at low doses from childhood to adulthood. The
increased neurogenesis appears to result from increased survival and differentiation of new
cells into neurons rather than increased proliferation of progenitor cells. The c-Fos and
ΔFosB data suggest that d-amphetamine-induced neurogenesis was unrelated to neuronal
activation of the granule layer. Future studies are needed to determine the functional
significance of amphetamine-induced neurogenesis.
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Highlights

• D-amphetamine dose dependently increases adult hippocampal neurogenesis.

• D-amphetamine enhances survival and differentiation of new hippocampal
neurons.

• D-amphetamine-induced neurogenesis appears to be activity independent.
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Figure 1. Experimental design
Experiment 1 was conducted to measure the effect of two low (therapeutic) doses and one
abuse dose of d-amphetamine administered from childhood to adult on adult hippocampal
neurogenesis. Animals were administered twice daily saline, 0.25, 0.5, or 2 mg/kg d-
amphetamine (n=8 mice per group) for 44 days starting (experimental day 1) when the mice
were 28 days old and continuing until they were 72 days old (experimental day 44). On
experimental days 12–14 locomotor activity data were collected by video tracking. On
experimental days 25 through 28 (mouse age 53–56) mice were given an additional i.p.
injection of BrdU (50 mg/kg) to label dividing cells. On experimental days 40–42 (mice age
68–70 days) locomotor activity data were collected again by video tracking. On day 44 (age
72 days) mice were transcardially perfused with 4% paraformaldehyde. Experiment 2 was
conducted to measure the effect of d-amphetamine on c-Fos expression in the dentate gyrus
as a marker for neuronal activation at a time-point matched to experiment 1 when the fate of
newly divided BrdU labeled cells in experiment 1 would have been decided. Animals were
administered twice daily saline (n=9), 0.5 (n=9) or 2 (n=10) mg/kg d-amphetamine for 30
days starting when the mice were 28 days old and continuing until the mice were 58 days
old. On experimental days 28–30 (mouse age 56–58 days), locomotor activity data were
collected by video tracking. Exactly 90 minutes following their last injection, animals were
transcardially perfused with 4% paraformaldehyde.
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Figure 2. Locomotor activity
A) Average distance traveled (m) the first hour after injection of saline (open circles), 0.25
mg/kg (closed circles), 0.5 mg/kg (open triangles), and 2 mg/kg (closed triangles) d-
amphetamine (n=8 per group). Data are shown for PND 41 and 42 (session 1) and PND 69
and 70 (session 2). Data were collected using continuous video tracking in home cages after
animals had acclimated to their cages. During the first session, distance was significantly
elevated in the 2 mg/kg group relative to the other groups. In the second session, all three
doses were elevated as compared to saline. Only the 2 mg/kg dose displayed significant
sensitization, i.e., elevated stimulation in session 2 relative to session 1. B) Average distance
traveled (m) across all 4 days of data shown in panel A. Standard error bars are shown.
*indicates significantly different from saline.
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Figure 3. Adult hippocampal neurogenesis
A) Total number of BrdU positive cells in the granule layer of the dentate gyrus co-labeled
with NeuN mature neuronal marker. B) Total number of cells in the granule layer of the
dentate gyrus expressing doublecortin (DCX) marker of immature neurons. C) Total volume
of the granule layer of the dentate gyrus. D) Total number of cells in the subgranule layer of
the dentate gyrus expressing Ki67 mitotic marker. Averages and standard error bars are
shown for each treatment group: saline, 0.25, 0.5, and 2 mg/kg d-amphetamine (n=8 per
group). *indicates significantly different from saline. E) photographs of representative
sections through the dentate gyrus from a saline treated animal immunohistochemically
stained for BrdU and NeuN (left), DCX (middle), and Ki67 (right). F) photographs of
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representative sections through the dentate gyrus from an animal treated with 2 mg/kg d-
amphetamine stained as described in E.
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Figure 4. Neuronal activation markers
A) Total number of ΔFosB positive cells in the granule cell layer of the dentate gyrus in
animals from experiment 1. Averages and standard errors shown for each treatment group:
saline, 0.25, 0.5, and 2 mg/kg d-amphetamine (n=8 per group). *indicates significantly
different from saline. Photographs to the right of the graph show representative sections
through the dentate gyrus immunohistochemically stained for ΔFosB from a saline-treated
animal (top) and an animal treated with 2 mg/kg d-amphetamine (bottom). B) Total number
of c-Fos positive cells in the granule layer of the dentate gyrus in animals from experiment
2. Averages and standard errors shown for each treatment group: saline (n=9), 0.5 mg/kg
(n=9), and 2 mg/kg (n=10) d-amphetamine. *indicates significantly different from saline.
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Photographs to the right show representative sections through the dentate gyrus
immunohistochemically stained for c-Fos from a saline treated animal (top) and an animal
treated with 2 mg/kg d-amphetamine (bottom) C) Total number of c-Fos positive cells
plotted against the distance traveled (m) 90 min preceding euthanasia for the saline
treatment group. D) same as C except for the 0.5 mg/kg d-amphetamine group. E) same as C
except for the 2 mg/kg d-amphetamine group. Simple linear regression lines and R2 values
are shown in each plot.
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Figure 5. Induction of c-Fos from d-amphetamine in the paraventricular thalamic nucleus as a
representative positive control
A) Total number of c-Fos positive cells in the sampled region of the paraventricular
thalamic nucleus in animals from experiment 2. Averages and standard errors shown for
each treatment group: saline (n=9), 0.5 mg/kg (n=9), and 2 mg/kg (n=10) d-amphetamine.
*indicates significantly different from saline. Photographs to the right show representative
sections through the paraventricular thalamic nucleus immunohistochemically stained for c-
Fos from a saline treated animal (top) and an animal treated with 2 mg/kg d-amphetamine
(bottom) B) Total number of c-Fos positive cells in the sampled region of the

Dabe et al. Page 22

Neuroscience. Author manuscript; available in PMC 2014 February 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



paraventricular thalamic nucleus plotted against the distance traveled (m) 90 min preceding
euthanasia. Simple linear regression line and R2 value is shown.
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