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Abstract
(+)-Methamphetamine (MA) administered on postnatal days (P) 11–15 (four times/day) results in
increased corticosterone that overlaps the stress hyporesponsive period (SHRP; P2–14) and leads to
later learning and memory deficits. Elevated corticosterone during the SHRP results in neurotrophin
changes and long-term effects on learning. We determined whether two known stressors could mimic
the effects of MA [10 (mg/kg)/dose] administration in neonatal rats. Stressors were four 15-min
sessions of forced swim or isolation (confinement in forced swim tubes without water). Saline and
weighed-only controls were included and all five treatments were represented within each litter.
Corticosterone in plasma and brain-derived neurotrophic factor (BDNF) and nerve growth factor
(NGF) in neostriatum and hippocampus were examined after one or four treatments on P11 or P15
(0.5, 1.75, 6.5, or 24 h after first dose). MA increased corticosterone and BDNF; forced swim and
isolation also increased corticosterone, but to a lesser extent than MA, and neither stressor increased
BDNF. NGF was unaffected by saline treatment, but there was a minor reduction in NGF in the
forced swim group compared with the weighed-only group. The data show that MA is more potent
at releasing corticosterone and increasing BDNF than short-term, repeated episodes of forced swim
or isolation. The possible relationship between these changes and the long-term cognitive effects of
developmental MA administration are discussed.
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INTRODUCTION
The prevalence of use of methamphetamine (MA) is greatest among young adults (Johnston
et al., 2006). However, the use of MA by women of child-bearing age raises concerns about
potential exposure of fetuses and their subsequent development (Chomchai et al., 2004). Case-
control studies of newborns and infants suggest increased rates of preterm delivery, decreased
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head circumference, reduced birth weight and length, increased rates of neurological
symptoms, and reduced performance on the Fagan test of infant intelligence (a test of novel
object recognition) (Chomchai et al., 2004; Dixon, 1989; Dixon and Bejar, 1989; Little et al.,
1988; Smith et al., 2003, 2006; Struthers and Hansen, 1992). Children 7- to 8-years old who
were prenatally exposed to MA showed increased creatine and glutamate/glutamine spectral
peaks in the striatum by magnetic resonance spectroscopy (Smith et al., 2001). Prenatal
exposure to MA is also associated with reduced brain volume (in putamen, globus pallidus,
caudate, and hippocampus) as shown by magnetic resonance imaging, reduced sustained
attention, and delayed verbal memory (Chang et al. 2004). Although limited, these data suggest
that children with a history of intrauterine exposure to MA have long-term changes in the brain
and concomitant cognitive effects. However, the mechanisms underlying these effects are
unknown. Recent data in animals exposed to MA developmentally suggest that stress
mechanisms may be contributory (Williams et al., 2000, 2006). Human users of MA also show
increases in cortisol following MA (Gouzoulis-Mayfrank et al., 1999) and neonates exposed
to MA in utero exhibit similar physical changes to neonates exposed to stress in utero
(Wadhwa, 2005).

The time during gestation when women use MA is variable. At least some MA users continue
to use the drug to term and studies have documented positive urine and/or blood toxicology
tests for MA up to and during labor and delivery (Chang et al., 2004; Chomchai et al., 2004).
Brain regions critical to learning (hippocampus, basal ganglia, prefrontal cortex, and temporal
cortex) develop predominantly during the second half of human gestation and may be affected
by use of MA during this period. Equivalent stages of rodent brain development occur later in
relation to birth than in humans. For example, cells in the dentate gyrus proliferate until
postnatal day (P)19 in the rat, a stage most analogous to third trimester in humans (Bayer et
al., 1993). An interspecies algorithm that uses multiple markers to compare development
between species reveals that P11 rat brain is approximately equivalent to gestational week 19
for limbic regions and week 26 for cortical regions during fetal development in humans (Clancy
et al., 2007). Consistent with this timetable and the aforementioned human data, we have
demonstrated that rats exposed to MA on P11-20 exhibit spatial learning and memory deficits
when tested as adults in the Morris water maze (Vorhees et al., 1994; Williams et al., 2002,
2003b, 2003a). Further investigation of this exposure period revealed that P11-15 MA exposure
is critical for causing impaired spatial learning and memory compared with P16-20 MA
exposure (Williams et al., 2003a).

Administration of MA during some and/or all of the days of this critical period results in release
of corticosterone (CORT) and ACTH (Schaefer et al., 2006; Williams et al., 2000, 2006). As
in other species, rodents pass through a stress hyporesponsive period (SHRP) of development
(Sapolsky and Meaney, 1986; Vazquez, 1998), i.e., a period of pituitary and adrenal
hypoactivity during hypothalamic-pituitary-adrenal (HPA) axis development (Dent et al.,
2000). The sensitive period for the effects of MA on later learning, P11–15, overlaps with the
SHRP (Sapolsky and Meaney, 1986) leading us to examine the impact of stressors delivered
on the same schedule as MA at inducing changes in CORT release. Stressors selected for
comparison, 15 min of forced swim (FS) or isolation (ISO), were ones that could be
administered discretely and intermittently in a regimen comparable with that used for MA
administration, i.e., given four times per day at 2-h intervals. The short duration of application
of the stressors was used since animals given MA spend very little time outside of the litter,
but still demonstrate increased plasma CORT. Others have demonstrated that longer periods
of separation from the dam or litter can produce increases in CORT (McCormick et al.,
1998), however we wanted stressors that did not involve long periods of separation since to do
so would not be comparable to the MA treatment regimen. However, it should be noted that
we were not attempting to match CORT levels between the FS-, ISO-, and MA-treatments.
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Various signaling molecules are important to the normal development of the brain and
disruption of these can disrupt developmental processes. For example, consistent CORT levels
during the SHRP are important for hippocampal development (Sapolsky and Meaney, 1986),
whereas neurotrophic factors are generally important for the survival and maintenance of
neurons during development. Neurotrophic factors not only play a role in nervous system
development, they have also been implicated in learning and memory processes in adult
animals. For example, BDNF and trkB mRNA were shown to be increased after spatial learning
(Gomez-Pinilla et al., 2001; Kesslak et al., 1998), and heterozygous BDNF or nerve growth
factor (NGF) knockout mice (Chen et al., 1997; Linnarsson et al., 1997) demonstrated reduced
performance in the Morris water maze. Neurotrophins can also be affected by alterations in
CORT in both developing and adult animals. For example, BDNF mRNA was shown to be
decreased in the dentate gyrus of adult animals following immobilization stress (Smith et al.,
1995), while NGF mRNA was increased in the hippocampus following high levels of neonatal
CORT exposure (Roskoden et al., 2004). We previously showed that when MA is administered
from P11–14 (four times/day) and examined on P15 or administered from P11–20 (four times/
day) and examined on P20, BDNF is increased in the hippocampus compared with the saline-
treated animals (Skelton et al., 2007). In the present experiment, we wanted to know whether
intermittent intervals of stress altered BDNF and NGF similarly to what we have seen after
P11–15 MA given four times each day at 2-h intervals.

Studies in humans have reported MA daily doses of 0.25–10 g with averages in the 1–1.6 g
per day range (Chang et al., 2005; Simon et al., 2000; Volkow et al., 2001). Assuming a
maternal body mass of 60 kg, the range of daily doses from the aforementioned studies would
be 4.2 to 166.7 mg/kg. Comparing doses on a strictly body mass basis may underestimate
human exposure since species differences in basal metabolic rate, oxygen utilization, and
CO2 clearance are not taken into account. An alternative approach to comparing doses across
species is use of allocentric scaling formulae that have been used for therapeutic drugs to
estimate human doses based on preclinical data (Mordenti and Chapell, 1989). A typical
formula is Dosehuman = Doseanimal [(Weighthuman/Weightanimal)0.7]. If one assumes a maternal
body mass of 60 kg, a 25-g neonatal rat, and an average human dose of 1600 mg the formula
yields a per rat dose of 6.9 mg or 275.6 mg/kg with a range of 43–1721.5 mg/kg. Thus, the
dose of MA used in the present experiment (10 mg/kg × four doses/day) represents a moderate
to low-moderate user if one accepts dose comparisons based on body mass or interspecies
scaling. It is important to note, however, that interspecies scaling has its limits (Lin, 1998) and
its application to other substituted amphetamines (MDMA) has recently been questioned
(Baumann et al., 2007; de la Torre and Farre, 2004).

MATERIALS AND METHODS
Subjects

Nulliparous female (151–175 g) Sprague Dawley CD IGS rats (Charles River, Raleigh, NC)
were mated with males (251–275 g) of the same strain and supplier; and the offspring were the
subjects in this experiment. Rats were acclimated to the homeroom (14-h dark: 10-h light, lights
on at 0600 h with temperature and humidity controlled) for at least 1 week prior to breeding.
Birth was considered P0. On P1, pups were removed from their mothers, weighed, sexed, and
culled to five males and five females. On P11, pups were marked for identification by ear
punch. Animals had ad libitum access to food and water and all protocols were approved by
the Cincinnati Children’s Research Foundation’s Institutional Animal Care and Use
Committee. The vivarium is accredited by the Association for the Assessment and
Accreditation of Laboratory Animal Care.
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Treatments
A split-litter design was employed such that one male and female pair from each litter was
administered one of the five treatments. Offspring pairs were assigned to one of five-treatment
groups as follows: (1) (+)-MA, (2) FS, (3) ISO, (4) saline (SAL), or (5) weighed-only
(WEIGH). Whole litters were randomly assigned to be assessed at one of eight different age–
time combinations (five treatments × two sexes × two ages × four times). The age–time
combinations were as follows: 0.5 or 1.75 h after a single treatment on P11; 0.5 or 18 h after
the last of four treatments on P11 (hereafter referred to as 6.5 and 24 h after the first treatment,
respectively); 0.5 or 1.75 h after a single treatment on P15 following four daily treatments from
P11–14; and finally 0.5 or 18 h after the last of four treatments on P15 following four daily
treatments from P11–14 (i.e., 6.5 or 24 h after the first treatment, respectively, on the final day
of treatment). Treatments were administered at 2-h intervals, four times a day, and body weights
were obtained prior to each treatment. These time points were used because we have previously
shown that increases in CORT occur in MA-treated animals at 0.5 and 1.75 h after a single
dose and up to 24 h after four doses on P11 and on P15 at 0.5 h after four doses on each day
from P11–14 and one dose on P15, however it should be noted that on P15 levels of CORT at
1.75 h were similar between MA- and SAL-treated animals (Schaefer et al., 2006; Williams et
al., 2000, 2006). For each age–time combination, eight litters were used. Pups were treated
according to the schedule detailed in Figure 1.

For the injected animals, one male and female pair received either (+)-MA HCL (MA, 10 mg/
kg, expressed as the freebase; >95% pure, National Institute on Drug Abuse), or saline vehicle
(SAL) subcutaneously in the dorsum in a volume of 3 ml/kg. Animals receiving treatment
throughout the entire assessment period received four injections, 2-h apart per day. Sites of
injection were alternated in order to avoid irritation of the skin.

In addition to the MA and SAL-treated pair in each litter, one male and female pair from each
litter was placed in FS and another pair in ISO for 15 min at each treatment time. For FS,
animals were placed for 15 min in a cylinder 46-cm tall and 15 cm in diameter containing 35-
cm deep water (22 ± 1°C). Animals were monitored throughout the swimming period. ISO
animals received 15 min in identical cylinders used in the FS procedure, with the exception
that the cylinders contained no water. During ISO, cylinders were maintained at room
temperature (22 ± 1°C). Upon removal from the cylinder, animals were placed back with their
litters. The fifth male and female pair in each litter served as an untreated control. These animals
were picked up, weighed, and replaced in the litter at each of the time points when other animals
in the litter were being weighed and treated.

Tissue collection
At the time of assessment, animals were removed from the litter, transferred to another suite,
and immediately decapitated (Holson, 1992) (<30 s after removal from the litter). Trunk blood
was collected in polyethylene tubes containing 0.05 ml 2% EDTA and stored on ice until
centrifuged. Plasma was isolated from whole blood by centrifugation at 1300g for 25 min, after
which the supernatant was collected. Concurrent with blood collection, brains were removed
and the hippocampus and neostriatum (caudate-putamen) dissected over ice with the aid of a
brain block (Zivic-Miller, Pittsburgh, PA). The brain was first sliced coronally at the optic
chiasm and the neostriatum was dissected freehand from a block of tissue that was 2-mm
immediately rostral to this first coronal cut. The remaining forebrain was sliced sagitally and
the hippocampus removed from each cerebral hemisphere. All tissues were frozen on dry ice
immediately upon dissection and stored at −80°C until assayed. Finally, because stress is
known to affect both the adrenal and thymus glands (Selye, 1936), these tissues were removed,
freed of fatty tissue, and weighed. These tissue weights were expressed both as absolute weight
and as a percentage of body weight.
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Neurotrophin and corticosterone assessment
The concentration of BDNF and NGF in the hippocampus and neostriatum was determined on
P11 and P15 using the Emax ImmunoAssay System (Promega Corp, Madison WI). The
samples were homogenized in lysis buffer according to the kit instructions in 1 ml of buffer
and the hippocampal samples were further diluted 1:1 and the neostriatal samples 1:10 prior
to assay. All samples were assayed in duplicate according to the manufacturer’s instructions
and levels were expressed against total protein (i.e., pg/mg). Protein was assayed using a BCA
protein assay kit (Pierce Biotechnology, Rockford, IL). CORT levels (ng/ml) in plasma were
assayed with Octeia corticosterone ELISA kits (IDS, Fountain Hills, AZ) and each sample was
diluted 1:5 and assayed in duplicate according to the manufacturer’s protocol. Optical densities
for the ELI-SAs were measured on a SpectraMax Plus microtiter plate reader (Molecular
Devices, Sunnyvale, CA).

Statistics
Significance for all measures was determined using a mixed general linear model analysis of
variance (ANOVA; Proc Mixed, SAS, Cary, NC) with treatment group (MA, Saline, FS, ISO,
or WEIGH) × time (0.5, 1.75, 6.5, or 24 h) × age (P11 or 15) × sex (male or female) model
and with litter as a blocking factor to control for litter effects. When significant interactions
were obtained, simple-effect ANOVAs were performed to further localize differences. A
posteriori group comparisons were made using the step-down Bonferroni method and
significance was accepted at P ≤ 0.05. Data are presented as least square means ± standard
error of the mean.

RESULTS
Body weight

Body weights were recorded on P7 and during dosing. Animals that were administered one or
four treatments on P11 were similar in weight regardless of the treatment. After multiple
treatments from P11–15, MA-treated animals showed decreased weight gain i.e., they weighed
~80% of the WEIGH controls; all other treatments were similar in weight to controls (not
shown).

Forced swim
At the earliest ages, some rats could not tolerate 15 min of swimming because of fatigue and
were therefore assisted. Assistance was defined as removal from FS if the tip of the animal’s
nose did not remain above the water. When this occurred the animal was removed for the
remainder of the trial and was tested again at the next scheduled trial. In the P11 condition,
17/64 animals required assistance, i.e., 13/64 animals required assistance on the first trial, 2/32
on the second trial, and 2/32 on the remaining two trials combined. In the P11–15 condition,
33/60 rats required assistance on at least one trial on P11 and 21/60 on at least one trial on P12.
On P13, 9/60 required assistance, on P14 5/60, and by P15 only 1/60. Since multiple animals
had difficulty with a 15-min FS, increasing the duration of FS for inducing greater stress effects
on CORT release was not feasible. Despite the fact that some rats required assistance, the FS
procedure resulted in significant CORT responses (see below).

Corticosterone
An ANOVA on levels of CORT demonstrated a significant main effect of treatment, F(4, 486)
= 52.92, P < 0.0001, and the interactions of treatment × age, F(4, 486) = 6.68, P < 0.0001,
treatment × time, F(12, 486) = 4.98, P < 0.0001, and treatment × age × time, F(12, 486) = 6.75,
P < 0.0001. Examination of the three-way interaction showed that on P11 after a single
treatment, levels of CORT in animals administered MA were significantly increased 0.5 h after
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injection compared with all other treatments (Fig. 2A). At 1.75 h, this increase in CORT in
MA-administered animals was more pronounced and significantly different from all other
treatments, (Fig. 2B); no other significant group differences were observed following a single
dose on P11.

Following four treatments on P11, animals given MA had increased CORT levels at 6.5 h after
the first dose (30 min after last dose) compared with all other treatments (Fig. 2C), and the FS
animals had elevated levels of CORT compared with the WEIGH group. At the 24-h time point
(on P12), MA-treated animals had higher levels of CORT compared with all other treatments
(Fig. 2D). No other differences were noted at 24 h.

Identical time points to those following P11 treatment were examined after multiple treatments
from P11–14 with a single treatment on P15. At 0.5 h after the P15 dose, MA-treated animals
had increased CORT compared with all other treatments. ISO animals had levels of CORT that
were significantly increased compared with WEIGH and SAL controls, (Fig. 2E). The FS
animals had intermediate levels that were different from MA-treated animals but not from
WEIGH or SAL. At 1.75 h, no significant differences in CORT were observed among treatment
groups (Fig. 2F).

After four treatments per day on P11–14 and four treatments on P15, at the 6.5-h time point,
MA-treated animals had increased CORT compared with both WEIGH and SAL-treated
animals but were not different from FS or ISO animals (Fig. 2G). CORT levels were
significantly increased in the FS and ISO animals compared with WEIGH animals. At 24 h
(P16), only MA-treated animals had increased levels of CORT compared with all other
treatments (Fig. 2H), F(4, 66) = 6.50, P < 0.0001. No differences between males and females
or between SAL and WEIGH animals were observed for CORT at any of the time points
examined on either P11 or P15.

Neurotrophins
For BDNF in the hippocampus, an ANOVA revealed a significant main effect of treatment, F
(4, 431) = 13.31, P < 0.0001, and age, F(1, 431) = 25.58, P < 0.0001, but no main effect of
time or sex. There was also a treatment × age interaction, F(4, 431) = 8.69, P < 0.0001, but no
other significant interactions with treatment. As shown in Figure 3, BDNF levels increased
across ages. Examination of the interaction showed that on P11 none of the treatments altered
BDNF in the hippocampus (Fig. 3 top), however there was a significant treatment main effect
on P15, F(4, 235) = 18.40, P < 0.0001 (Fig. 3 bottom). Levels of BDNF in the hippocampus
were increased in MA-treated animals on P15 compared with the other treatments, P < 0.01.
Neither FS nor ISO significantly affected BDNF in the hippocampus. No other treatment- or
sex-related differences were noted.

For NGF in the hippocampus, there was a significant main effect of treatment, F(4, 400) =
2.66, P < 0.04, age, F(1, 400) = 4.66, P < 0.05, and sex, F(1, 400) = 11.56, P < 0.0007, observed.
There were no other significant main effects or interactions. The treatment effect was the result
of lower NGF in the FS group compared with the WEIGH controls (P < 0.03), (Fig. 4A); there
was no effect of MA. As can be seen, although significant, the magnitude of the FS effect was
small. Higher NGF levels were observed in females compared with males, (Fig. 4B) and on
P15, animals had higher NGF compared with animals on P11 (Fig. 4C).

In the neostriatum, there were significant main effects on BDNF of treatment, F(4, 419) = 9.88,
P < 0.0001, sex, F(1, 419) = 15.76, P < 0.0001, and a significant treatment × sex interaction
(Fig. 5), F(4, 419) = 2.88, P < 0.02. Although BDNF was examined on P11 and P15, no effect
of age was observed and there were no other significant main effects or interactions. ANOVAs
at each level and Bonferroni step-down analyses demonstrated a significant difference between
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the MA group compared with all other treatments in males (Fig. 5 top); whereas the only
significant difference in females was between MA and FS animals (Fig. 5 bottom). Regardless
of treatment, females (13.66 ± 0.68 pg/mg protein) had greater levels of BDNF than males
(12.56 ± 0.68 pg/mg protein).

For NGF in the neostriatum, only a main effect of sex was observed, F(1, 305) = 14.96, P <
0.0001. Similar to BDNF in the neostriatum, females had higher levels of NGF than males
(Fig. 6 bottom). There were no effects of treatment (Fig. 6 top) or any other main effects for
neostriatal NGF.

Adrenals and thymuses were collected and weighed. Absolute tissue weight and weight as a
percentage of body weight are shown in Table I. ANOVAs on adrenal weights revealed
significant main effects of treatment, F(4, 484) = 4.65, P < 0.001, and age, F(1,484) = 15.70,
P < 0.0001, and the interaction of treatment × age, F(4, 484) = 3.97, P < 0.004. No other main
effects were observed. Analysis of the treatment × age interaction demonstrated that the MA
group had smaller adrenal weights on P15 compared with all other groups, F(4, 261) = 3.75,
P < 0.006, but there was no effect on P11. ANOVAs on percentage of body weight for adrenals
demonstrated a main effect of treatment, F(4, 484) = 2.61, P < 0.04, and age, F(1, 484) = 8.53,
P < 0.004, as well as a significant treatment × age interaction, F(4, 484) = 2.58, P < 0.04. No
other main effects or interactions with treatment were observed. The follow-up analysis of the
treatment × age effect demonstrated a trend toward an effect on P15 that was similar to that
seen with the unadjusted weights, i.e., reduced weight in the MA-treated group.

For thymic weights, there were main effects of treatment, F(4, 488) = 49.23, P < 0.0001 and
age, F(1, 488) = 19.01, P < 0.0001, as well as treatment × age, F(4, 488) = 42.26, P < 0.0001,
and treatment × time, F(12, 488) = 1.83, P < 0.05 interactions. These were the only effects
observed. The treatment × age interaction revealed that on P15, thymic weights in the MA
group were less than thymic weights of all other treatments by pairwise comparison, P < 0.0001.
In addition, the FS group had lower thymic weights than the WEIGH and ISO groups, P <
0.001. Follow-up of the treatment × time interaction showed a significant treatment effect at
all times. The thymic weights for the MA-treated group were less than those of all other groups
at all time points, P < 0.05, except MA-treated animals compared with SAL-treated animals
at 1.75 h. Main effects of treatment, treatment × time, and treatment × age were also observed
for thymic weight as a percentage of body weight, F(4, 488) = 17.70, P < 0.0001, F(12, 488)
= 1.77, P < 0.05, and F(4, 488) = 11.62, P < 0.0001, respectively. MA-treated animals
demonstrated a lower percentage of thymus to body weight on P15 compared with all other
treatments, P < 0.0001. The treatment × time interaction was significant only at the 0.5- and
24-h time points, where MA-treated animals displayed lower percentages compared with all
groups, P < 0.05, except MA compared with FS at the 0.5-h time point.

DISCUSSION
Previously, our lab has demonstrated that administration of MA to rats from P11–20 or from
P11–15 produces spatial learning and memory deficits in the Morris water maze when the
animals are tested in adulthood (Vorhees et al., 1994; Williams et al., 2002, 2003a,b). In the
current study and previous studies performed in our lab we showed that MA can activate the
HPA axis even during the SHRP when adrenal output is normally quiescent or blunted. The
SHRP overlaps with a period of rapid hippocampal neurogenesis (Bayer et al., 1993), and the
restricted CORT output (but not absence) from the adrenals is thought to be necessary to ensure
neuronal survival (Sapolsky and Meaney, 1986). Although brief activation of the HPA axis
can be vital and beneficial, prolonged activation, as evidenced by increased levels of
glucocorticoids, can cause neuronal damage (Gould et al., 1991; McEwen et al., 1992). In this
study, we were unable to match the increased adrenal output following MA when using physical
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or psychological stressors that are widely utilized to induce increases in CORT in adult animals.
Although prolonged ISO in neonates has been shown to increase CORT (McCormick et al.,
1998), few if any studies have actually examined the effect of repeated FS or ISO when applied
within a day or over multiple days on the CORT response of the animals. It would have been
useful had the stressors we used produced CORT increases comparable with those induced by
MA without having to resort to long periods of maternal separation. Longer periods of maternal
separation would make comparisons with the MA treatment difficult because of differences in
maternal care and conversely lowering the MA doses to induce similar levels of CORT to the
FS or ISO conditions could be problematic since lower doses of MA may have less reliable
effects on spatial learning and memory (Williams et al., 2004b). Had the CORT responses in
the FS and/or ISO groups been comparable with the MA-treated group we could have compared
MA administration and the stressors for long-term effects in the cognitive ability of the animals.
Unfortunately, we found that MA, when administered on P11, increases CORT levels more
than either FS or ISO. More importantly, MA-induced increases in CORT continued for at
least 18-h post-treatment (i.e., 24 h after the first treatment), thereby precluding use of these
stressor methods for comparison with MA; in effect, the action of MA on CORT release proved
to be too potent to match to other discrete stressors. Contrary to the protracted increases
following one or four treatments of MA on P11, FS produced an increase in CORT only after
four treatments (i.e., 30 min after the end of FS), with no effect at the other time points, and
ISO failed to produce a significant effect at any of the time points examined on P11.

The HPA axis culminates in the release of CORT and this release is eventually halted through
negative feedback at the level of the pituitary and hypothalamus and other feedback pathways
through several brain regions including the hippocampus. Therefore, since CORT remains
increased in MA-treated animals after 24 h, it suggests that: (1) there is still enough MA in the
blood to stimulate adrenal production of CORT, (2) MA has altered the developmental state
of the adrenal, and/or (3) MA exerts some effect that overrides or interferes with negative
feedback mechanisms. The increases in CORT observed up to 24 h after MA administration
are unlikely to be attributable to residual MA in the system since pharmacokinetic analysis of
MA administered at 10 mg/kg, four times/day in the rat at these ages shows a t1/2 in plasma of
2.8 h (Cappon and Vorhees, 2001). When administered at 10 mg/kg, four times/day in the rat,
<1% of the maximum concentration of MA of 6100 ng/ml is predicted to remain in the plasma
after 24 h (Cappon and Vorhees, 2001). It is more likely that MA has a direct effect on the
adrenal that stimulates precocious development and as a result increased release of CORT,
similar to what is observed after 24 h of maternal ISO (Levine et al., 1991). Alternatively, MA
could alter development of glucocorticoid (GR) and mineralocorticoid (MR) receptors,
rendering negative feedback signals less effective, and while MA has been shown to alter MR
and GR in adult animals (Lowy and Novotney, 1994), no such data exist in developing animals.

We have demonstrated previously that exposure to MA alters the subsequent response of the
adrenal gland after 4 days of drug exposure (i.e., P11-14) as demonstrated by the fact that
CORT increases were exaggerated on the fifth day of exposure (i.e., P15) compared with if the
drug was delivered only on P15 (Williams et al., 2006). In the current study, we replicate that
finding at the 0.5-h time point following administration from P11–14 and a single dose on P15
and extend it to show that when MA is administered four times daily from P11–15, CORT
levels are elevated 24 h after the first dose on P15 (i.e. to P16). This elevation in CORT 24 h
later is as large as the increase seen at the 6.5-h time point on P15. While we showed that MA
produces extended increases in CORT on P11 previously and in the present experiment, this
is the first experiment to demonstrate that increased CORT occurs as long as 24 h after the first
dose on P15. The mechanism for this effect is unknown, but may involve increased sensitivity
of the adrenal gland to ACTH. Comparison of the initial CORT responses on P11 and P15
show that maturation of the HPA axis occurred since there is a significant adrenal response to
FS, ISO, and to MA on P15. As would be expected if negative feedback mechanisms are intact,
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levels of CORT returned to baseline levels at the 1.75-h time point following the first dose, as
we have demonstrated previously (Williams et al., 2000). Regardless of the fact that FS and
ISO produced some increase in CORT on P15, the data indicate that MA produces larger CORT
increases in neonates than these other stressors during late phases of the SHRP.

The increased levels of CORT in MA-treated animals raise the possibility that the hippocampus
may have been adversely affected since high levels of glucocorticoids are known to be
neurotoxic (Sapolsky, 1996). Consistent with this hypothesis, we have shown that there is a
reduction in spine numbers in the dentate gyrus in animals exposed to MA during the neonatal
period (Williams et al., 2004a), suggesting that there are either fewer numbers of neurons for
connections to be made, or that synaptogenesis was affected. The temporal increases in CORT
during drug administration, the location of MR and GR in the hippocampus, and the previous
data showing that CORT can damage neurons during development all suggest the possibility
that changes in hippocampal development might be attributed to protracted increases in CORT.
This hypothesis does not rule out contributions from other factors as well.

Numerous signals are important in the development of the hippocampus and these include but
are not limited to the neurotrophins. Neurotrophins are necessary for neuronal survival and
maintenance and as stated previously have been implicated as important factors in learning
and memory (Chen et al., 1997; Kesslak et al., 1998; Linnarsson et al., 1997; Mizuno et al.,
2000). Two members of the family of neurotrophins are BDNF and NGF. Levels of both
proteins peak at different times during development. For instance, it was reported that in the
hippocampus, NGF levels peak around P7, while BDNF levels peak at P14 (Das et al., 2001).
Consistent with these previous data, we also showed that BDNF levels increased between P11
and P15 in the hippocampus whereas NGF levels in the neostriatum were consistent across
ages. However, we also demonstrated that BDNF levels were unchanged in the neostriatum
and NGF levels were increased over the time periods examined in the hippocampus. Therefore,
our data demonstrate that NGF may not reach peak levels until a time later than P7.

Neurotrophins can also be affected by stressors or CORT administration. For example, rats
administered CORT from P1–12 show increases in NGF and the neurotrophin receptors trkA,
trkB, and trkC in the hippocampus (Roskoden et al., 2004). Consistent with this, we observed
higher levels of NGF on P15 in the hippocampus than on P11. In contrast, we showed a small
decrease in NGF levels in the hippocampus of FS-treated animals. These differences are likely
the result of the timing of treatment administration. In adult animals, increases in CORT either
by CORT injection or by immobilization are associated with reductions in BDNF mRNA in
the hippocampus (Schaaf et al., 1997; Smith et al., 1995). Furthermore, in adult rats, repeated
stress not only reduces BDNF mRNA, but also increases trkB mRNA, the primary receptor
for BDNF (Nibuya et al., 1999). Because of the association that has been demonstrated between
the neurotrophins and stress or CORT, as well as our previous findings (Skelton et al., 2007),
we examined NGF and BDNF levels during development to determine if alterations in these
neurotrophins occurred. The results demonstrate that only MA was able to induce an increase
in BDNF in the hippocampus and neostriatum, but this effect only occurred on P15, and only
after 4 days of a dosing regimen that began on P11. Neither ISO nor FS altered BDNF at any
time point examined, showing that MA was unique in this respect. The effect of MA on BDNF
appears to either require multiple days of exposure or it is protected from fluctuations by some
mechanism on P11 since no changes in BDNF were observed in MA-treated animals on P11.
There is a study suggesting that changes in BDNF levels are difficult to induce prior to P14
even with a known neurotoxin (Danzer et al., 2004). Although reductions in BDNF mRNA
after stress or CORT injection occurs in adult animals (Schaaf et al., 1997; Smith et al.,
1995), we saw increased BDNF protein in the MA-treated animals. This finding suggests that:
(1) CORT may not interact with BDNF during this early period of development; (2) that very
large increases in CORT are required to produce a change; or (3) that CORT actually induces
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an opposite effect compared with that seen in adult animals. Although the FS and ISO
procedures did produce significant increases in CORT on P15, these increases were smaller
than that observed for MA treatment. The increased BDNF in MA-treated animals could also
arise as a response to neuronal damage. This would require cell counting and silver
degeneration staining to determine and these were not performed in the present experiment.

Sexually dimorphic effects were observed in NGF levels in both the hippocampus and
neostriatum as well as BDNF in the neostriatum. Females had higher levels than males in all
three cases and levels of BDNF in the neostriatum were increased in MA-administered males
when compared with other males. This sexually dimorphic MA effect has not been reported
previously, but raises interest as to whether sex itself affects neurotrophin levels in developing
animals and what role sexually dimorphic effects of BDNF may play in the developing brain.
There were no sexually dimorphic effects observed in CORT in this study, which is consistent
with previous studies in neonates of this age in our lab following MA administration (Williams
et al., 2000, 2006) or on P11 following MDMA administration (Williams et al., 2005).

We have previously demonstrated that rats administered MA from P11–20 had a trend toward
an increase in BDNF 60 min after Morris water maze testing compared with controls (Skelton
et al., 2007). This study lead us to suggest that, at least in the short term, increased BDNF levels
may be important for neuronal protection and survival during MA administration. It is unclear
whether increases in BDNF during the SHRP contribute to the learning deficits seen later in
life. It may be that protracted increases in CORT are involved in the previously observed
learning deficits in MA neonates and BDNF may be involved in mediating some part of this
effect. In future studies, we will determine how changes in CORT and neurotrophins are related
to the learning and memory deficits observed later in life in MA-treated animals.

In conclusion, the data demonstrate that neonatal MA administration alters the profile of CORT
release during the later phases of the SHRP as well as BDNF after multiple-day exposure.
Further investigation is required to determine the importance of the CORT and BDNF changes
in producing the long-term learning and memory deficits caused by early MA treatment.
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Fig. 1.
Experimental design. Diagram showing times that subjects were given one of the five
treatments (WEIGH, SAL, MA, FS, ISO) and times they were sacrificed for tissue collection.
Gray arrows above the line indicate when animals were administered a treatment (2-h
intervals). White arrows beneath the line show times animals were sacrificed. For P11, rats
were administered either one treatment and sacrificed at 0.5 or 1.75 h after treatment, or four
treatments and sacrificed 6.5 h or 24 h after the first treatment. Another group was treated four
times daily from P11–14 and once or four times on P15 and tissue collected. On P15, collections
were made 0.5 or 1.75 h after a single treatment or 6.5 or 24 h after the first of four treatments.
The numbers of litter treated per day and time points are depicted in the table on the bottom.
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Fig. 2.
Corticosterone levels. CORT in plasma of animals treated with SAL, MA, ISO, FS, or WEIGH.
(A) Increases in CORT occurred in MA-treated animals on P11 after one treatment at 0.5 h
and at 1.75 h (B) on P11. All other treatments were comparable with basal levels after a single
treatment. (C) At 6.5 h on P11, CORT levels were increased in MA- and FS-treated animals
and at 24 h only in MA-treated animals (D). (E) When animals were treated four times daily
from P11–14 and once on P15, MA-, FS-, and ISO-treated animals showed increased CORT
at 0.5 h, with MA-treated animals having the highest levels. (F) At 1.75 h all groups were at
baseline levels. (G) Levels of CORT were increased in MA-, FS-, and ISO-treated animals at
6.5 h on P15, but only the MA effect remained elevated at 24 h (H). *** = P < 0.001 compared
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with SAL and WEIGH, ** = P < 0.01 compared with SAL and WEIGH, ††† = P < 0.001 when
compared with MA, †† = P < 0.01 when compared with MA, ## = P < 0.01 when compared
with WEIGH, and # = P < 0.05 when compared with WEIGH.
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Fig. 3.
BDNF in the hippocampus. BDNF was measured in the hippocampus of animals given one of
the five treatments (SAL, MA, FS, ISO, or WEIGH). No differences in BDNF were observed
among treatments on P11 regardless of treatment or time point assessed (top). On P15, BDNF
was increased in MA-administered animals, regardless of time assessed (bottom). *** = P <
0.001 compared with all other treatments.
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Fig. 4.
NGF in the hippocampus. (A) NGF levels. (B) Females had higher NGF levels than males
averaged across treatment groups. (C) Animals examined on P15 displayed higher NGF levels
than those on P11 averaged across treatment groups and sexes. WEIGH animals were used as
a representative of all treatments at both time points (C). *** = P < 0.001, * = P < 0.05.
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Fig. 5.
BDNF in the neostriatum. MA-treated males had increased BDNF compared with males in the
other treatment groups (top). In females, levels were comparable across treatment groups;
decreased BDNF was observed in FS females when compared with MA-treated females
(bottom). Across treatment groups, females had higher BDNF levels than males. Data were
averaged across ages (P11 and P15). *** = P < 0.001 compared to all other treatments, † =
P < 0.05 compared to MA.
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Fig. 6.
Neostriatal NGF. There were no differences in NGF observed across treatment groups in the
neostriatum (top). Females displayed increased levels of NGF in the neostriatum compared
with males averaged across treatment groups (bottom). *** = P < 0.001.

GRACE et al. Page 20

Synapse. Author manuscript; available in PMC 2009 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

GRACE et al. Page 21
TA

B
LE

 I
A

dr
en

al
 a

nd
 th

ym
us

 m
ea

su
re

m
en

ts

T
re

at
m

en
t

A
dr

en
al

 w
t. 

(m
g)

%
 B

od
y 

w
t.

T
hy

m
us

 w
t. 

(m
g)

%
 B

od
y 

w
t.

P 
11

W
EI

G
H

7.
24

 ±
 0

.3
2

0.
03

0 
± 

0.
00

1
94

.6
6 

± 
3.

80
0.

39
0 

± 
0.

01
1

SA
L

7.
47

 ±
 0

.3
2

0.
03

0 
± 

0.
00

1
96

.8
6 

± 
3.

79
0.

38
8 

± 
0.

01
1

M
A

7.
21

 ±
 0

.3
2

0.
03

0 
± 

0.
00

1
92

.4
6 

± 
3.

79
0.

37
6 

± 
0.

01
1

FS
7.

31
 ±

 0
.3

2
0.

03
0 

± 
0.

00
1

96
.7

0 
± 

3.
79

0.
39

1 
± 

0.
01

1

IS
O

7.
44

 ±
 0

.3
2

0.
03

1 
± 

0.
00

1
91

.9
0 

± 
3.

79
0.

37
9 

± 
0.

01
1

P 
15

W
EI

G
H

10
.8

4 
± 

1.
54

0.
03

4 
± 

0.
00

4
13

5.
40

 ±
 5

.3
0

0.
42

4 
± 

0.
01

3

SA
L

15
.2

4 
± 

1.
53

0.
04

7 
± 

0.
00

4
12

8.
30

 ±
 5

.2
9

0.
40

9 
± 

0.
01

3

M
A

8.
89

 ±
 1

.5
6**

0.
03

6 
± 

0.
00

4
82

.6
1 

± 
5.

33
**

**
0.

32
9 

± 
0.

01
4**

**

FS
11

.5
9 

± 
1.

54
0.

03
8 

± 
0.

00
4

12
0.

3 
± 

5.
23

††
†

0.
39

8 
± 

0.
01

3

IS
O

11
.4

0 
± 

1.
53

0.
03

6 
± 

0.
00

4
13

2.
3 

± 
5.

23
0.

42
2 

± 
0.

01
3

A
dr

en
al

 an
d 

th
ym

us
 le

as
t s

qu
ar

e m
ea

n 
w

ei
gh

ts
 fo

r w
ei

gh
ed

 o
nl

y 
(W

EI
G

H
), 

sa
lin

e (
SA

L)
, (

+)
-m

et
ha

m
ph

et
am

in
e (

M
A

), 
fo

rc
ed

 sw
im

 (F
S)

, a
nd

 is
ol

at
io

n 
(I

SO
) t

re
at

m
en

ts
 fo

r P
11

 an
d 

P1
5.

 F
or

 co
m

pa
ris

on
,

ea
ch

 ti
ss

ue
 w

as
 n

or
m

al
iz

ed
 to

 b
od

y 
w

ei
gh

t a
nd

 e
xp

re
ss

ed
 a

s t
he

 p
er

ce
nt

ag
e 

of
 ti

ss
ue

 p
er

 to
ta

l b
od

y 
w

ei
gh

t,

**
= 

P 
< 

0.
01

,

**
**

= 
P 

< 
0.

00
01

 c
om

pa
re

d 
w

ith
 a

ll 
ot

he
r t

re
at

m
en

ts
,

††
† = 

P 
< 

0.
00

1 
w

he
n 

co
m

pa
re

d 
w

ith
 W

EI
G

H
 a

nd
 IS

O
.

Synapse. Author manuscript; available in PMC 2009 September 16.


