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Abstract
Rationale—Neonatal rat methamphetamine (MA) exposure has been shown to cause long-term
behavioral impairments similar to some of those observed following neonatal stress. The mechanism
by which MA induces impairments is unknown but may be related to early increases in corticosterone
release. We previously developed a method to attenuate MA-induced corticosterone release using
adrenal autotransplantation (ADXA) in neonatal rats. This exposure period corresponds to the
second-half of human pregnancy.

Objective—To determine whether inhibition of neonatal MA-induced increases in corticosterone
attenuates the long-term behavioral deficits associated with early MA treatment.

Results—ADXA successfully attenuated MA-induced plasma corticosterone increases by ~50%
during treatment (P11-20) but did not attenuate the long-term behavioral effects of MA-treatment.
MA-treated rats, regardless of surgery, showed increased errors and latencies in the Cincinnati water
maze test of egocentric learning and increased latency, path length, and cumulative distance in three
phases of Morris water maze spatial learning and reference memory. MA-treated offspring were
hypoactive, had subtle reductions in anxiety in the elevated zero maze but not in the light-dark test.
ADXA had no effect on MA-induced long-term 5-HT reductions in the neostriatum or entorhinal
cortex or on 5-HIAA reductions in the hippocampus.

Conclusions—Fifty percent attenuation of neonatal MA-induced elevations in corticosterone does
not alter the long-term egocentric or allocentric learning deficits or other behavioral effects of
neonatal MA exposure. Because the ADXA effect was partial, the data cannot rule out the possibility
that a more complete block of MA-induced corticosterone release might not prevent later cognitive
deficits.
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Introduction
Methamphetamine (MA) abuse has become a worldwide problem (Johnston et al., 2008a;
Johnston et al., 2008b; Srisurapanont et al., 2001). MA is abused primarily by adolescents and
young adults (Johnston et al., 2008a; Johnston et al., 2008b). Some percentage of female users
will become pregnant. Approximately 40% of pregnant MA users continue to use throughout
pregnancy (Smith et al., 2003). One out of every 4 pregnant women seeking drug treatment in
the U.S. reports MA as their primary drug of abuse (Terplan et al., 2009). Since MA readily
crosses the placenta, (Burchfield et al., 1991; Garcia-Bournissen et al., 2007) fetal exposure in
such cases is inevitable.

A limited number of human prenatal MA studies exist. Findings include reduced birth weight,
length, and head circumference and higher rates of placental and intraventricular hemorrhage
and anemia (Chomchai et al., 2004; Dixon, 1989; Dixon and Bejar, 1989; Little et al., 1988;
Oro and Dixon, 1987; Smith et al., 2008). Additionally, increased agitation, vomiting,
temperature instability, and rapid respiration have been noted (Chomchai et al., 2004).
Magnetic resonance imaging studies report that exposed children have smaller volumes of the
hippocampus, putamen, and globus pallidus, and reduced attention, visual motor integration,
psychomotor speed, and spatial and verbal memory (Chang et al., 2004). Changes in white
matter diffusivity have also been reported (Cloak et al., 2009) as have reduced object
recognition scores on the Fagan Test of Infant Intelligence (Struthers and Hansen, 1992).

We have developed an animal model of MA exposure comparable to second-half of human
pregnancy using the neonatal rat. This model is based on observations that cells in the dentate
gyrus continue to proliferate until approximately postnatal day (P)19 in the rat which is
approximately equivalent to post-conception day 240 in humans (Bayer et al., 1993). We also
incorporate interspecies scaling algorithms and one such model shows that P11 rat brain is
approximately equivalent to human gestation at 26 weeks for cortical structures and at 19 weeks
for limbic structures (Clancy et al., 2006; Clancy et al., 2007). MA treatment from P11-20
produces reductions in neostriatal and hippocampal serotonin (5-HT) that are apparent within
24 h following the first MA treatment without affecting dopamine (DA) (Schaefer et al.,
2008). P11-15 MA treatment also reduces hippocampal and neostriatal 5-HT 24 h after the P15
dose (Schaefer et al., 2008) whereas P11-only exposure does not reduce hippocampal or
neostriatal 5-HT (Schaefer et al., 2006). Yet neither P11-15 nor P11-20 causes any 5-HT
reductions when examined on P30 (Schaefer et al., 2008). This is in contrast to the profound
effects of adult MA exposure. For example, adult rats treated with MA on a single day show
large reductions in neostriatal DA and 5-HT that last for months (O’Callaghan and Miller,
2002). In a separate experiment DA reductions were apparent at P90 following P11-20 MA
treatment (Crawford et al., 2003). P11, 11-15, or 11-20 MA treatment also induces large
increases in plasma corticosterone (CORT) that last at least 24 h after the last dose (Schaefer
et al., 2006; Schaefer et al., 2008; Williams et al., 2000). Since early stress induces changes in
brain development and behavior, (Chapillon et al., 2002; Sanchez et al., 2001) this effect of
the drug may be important.

Behaviorally, long-term deficits in spatial learning and memory in the Morris water maze
(MWM) are seen after P11-20 MA treatment (Vorhees et al., 1994; Vorhees et al., 2000;
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Williams et al., 2002; Williams et al., 2003c). An experiment comparing P11-15 to P16-20
MA treatment on MWM performance showed disproportionately more effects after the P11-15
than after P16-20 exposure (Williams et al., 2003b). Follow-up experiments have revealed that
10-day exposures result in more severe MWM deficits than shorter intervals (Vorhees et al.,
2008a) whereas the effects on a different maze, the Cincinnati water maze (CWM), result in
reliable effects after P11-15 or P11-20 MA treatment (Vorhees et al., 2008a). By contrast,
P1-10 MA treatment causes no deficits in MWM performance (Vorhees et al., 1994). Taken
together, the data show that exposure intervals in which MA results in MWM and CWM deficits
overlap. Intriguingly, the susceptible periods of MA-induced MWM and CWM deficits overlap
with the stress hyporesponsive period (SHRP).

The SHRP is a period from approximately P4-14 when the adrenal gland is resistant to
environmental stressor-induced CORT release (Sapolsky and Meaney, 1986). The SHRP is
not a refractory period, but rather a phase of diminished responsiveness. For example,
maternally separated neonatal rats show elevated CORT levels 30 min after exposure to
novelty, saline injection, or adrenocorticotropic hormone (ACTH) exposure compared to
controls but the levels are below those seen in adult stressed rats (Levine et al., 1991). Similarly,
MA increases plasma ACTH and CORT in neonatal rats but to an even greater extent than do
stressors such as forced swim or confinement (Grace et al., 2008; Williams et al., 2000;
Williams et al., 2006).

In the following experiments, we tested whether the heightened CORT response caused by
neonatal MA exposure during the SHRP contributes to the learning and behavioral deficits
observed later in life. Adrenal autotransplantation (ADXA) has been previously shown in
adults to inhibit the CORT response for a period of days with eventual recovery. Therefore,
ADXA was performed on P9 followed by MA exposure from P11-20. We chose ADXA
because we have previously demonstrated that it reduces CORT in neonates by ~50% from
P11-20 (unpublished observation). Using alternative (unpublished observation) methods such
as complete adrenalectomy (ADX) or pharmacological inhibition were not as successful and/
or caused secondary effects (unpublished observation). Pharmacological inhibition of CORT
synthesis using ketoconazole or metyrapone initially blocks the CORT response to MA, but
CORT rebounds 24 h later even with continuing inhibitor treatment (unpublished observation).
Complete bilateral ADX overcomes the problems with synthesis inhibitors and completely
blocks MA-induced CORT release, but also causes depletions in hippocampal 5-HT greater
than those seen in SHAM-MA treated animals (unpublished observation). This potential
confounder is avoided using the ADXA method (unpublished observation) and was therefore
used herein.

Materials and Methods
Subjects and Conditions

Male (251-275 g) and nulliparous female (151-175 g) Sprague-Dawley CD IGS rats were
obtained from Charles River Laboratories (Raleigh, NC) and acclimatized to the vivarium for
at least one week prior to breeding. The offspring were the subjects of this experiment.
Environmental stimuli (semicircular stainless steel enclosures) were placed in the cage upon
receipt of the animals and remained in the home cage for the duration of the experiment (see
(Vorhees et al., 2008b) for details). Food and water were provided ad libitum and the housing
room was maintained on a 14 h light: 10 h dark cycle (lights on at 600 h EST). Litters were
culled with preferential retention of males up to 10. Litters with < 8 males at birth had no more
than 2 pups fostered from other litters born on the same day. For simplicity and because there
are rarely MA-induced sex differences in later behavior, males were used (unpublished
observation). Within each litter, 4 animals were assigned to the SHAM operation groups and
4-6 to the ADXA group. The extra 2 ADXA animals were assigned to the MA treatment
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condition in the event of mortality (unpublished observation). Hence, each litter contained 2
pups for each of 4 groups: 2 SHAM-SAL, 2 SHAM-MA, 2 ADXA-SAL, and 2 ADXA-MA.
Extra ADXA-MA animals were removed from the experiment at weaning (P28) if not needed
as replacements such that the final design contained 4 animals/treatment/litter. Animals were
housed in pairs after being separated from the dam. Behavioral testing began on P60. Protocols
were approved by the Institutional Animal Care and Use Committee. The vivarium is accredited
by the Association for the Assessment and Accreditation of Laboratory Animal Care.

Surgical Procedures
The ADXA procedure was derived from (Okamoto et al., 1992) in adult rats and adapted here
for P9 rats. Our procedures differed in that specific placement of the adrenals under the
cutaneous maximus was not performed and antibiotics were not given following surgery. Rats
were transported in their home cage to a surgical suite and half of the litter was subjected to
severing of the adrenal glands via a dorsal route and then the adrenals were placed into the
peritoneum for spontaneous engraftment. The remaining animals in each litter were given the
same operation except that the adrenals were untouched (SHAM). Animals in both surgery
groups (ADXA or SHAM) were anesthetized with isoflurane and the dorsum was swabbed
with 70% ethanol and betadine prior to surgery. After surgery the wound was sutured, the
dermis stapled, and the dorsum swabbed with warm saline. Following surgery, subjects were
returned to the home cage. Staples were removed on P21.

Treatments
(+)-Methamphetamine HCL (expressed as the freebase and > 95% pure, National Institute on
Drug Abuse, Bethesda, MD) was injected at 10 mg/kg in a volume of 3 ml/kg s.c. or an equal
volume of saline to controls. Animals were dosed four times per day at 2 h intervals from
P11-20. Sites of injection were varied in order to prevent skin irritation.

Body Weights
Animals were weighed prior to each dose from P11-20, on P21, and weekly thereafter.

Behavioral Experiments
Animals were assigned to one of 2 different pathways for behavioral testing. One pup of each
group/litter was assigned to receive the pathway A set of tests and one pup of each group/litter
was assigned to receive the pathway B set of tests.

Pathway A tests
Light/Dark Exploration (P60)

Animals were placed in 41 × 41 cm locomotor test chambers (Accuscan Instruments,
Columbus, OH) with a black acrylic enclosure placed inside. The enclosure filled half of the
chamber with an opening of 10 cm × 6.5 cm (w × h) facing the open side of the chamber.
Animals were placed in the middle of the open side. Rats were tested for 10 min and data were
collected every minute. The number of transitions from light to dark (open to closed) and total
time spent on each side were recorded. Chambers were cleaned with 70% ethanol between
subjects.

Novel Object Recognition (P61-64)
On P61, subjects were placed in circular, polyethylene arenas (91 cm in diameter with 51 cm
high walls) and allowed to habituate for 10 min/day to the test chambers for 3 days prior to
testing; chambers were cleaned with 70% ethanol between trials. On the fourth day, testing
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was conducted in two phases. During familiarization, two identical objects were placed along
a line bisecting the arena 41 cm apart and 25 cm from the sides. Rats were placed in the center
and allowed to explore until 30 s of combined object exploration time was accumulated, after
which the animals were removed. Exploration was scored using a video camera above the
arena. If an animal did not accumulate 30 s of exploration time within 10 min, it was removed
and not tested further. Object exploration was scored when the animal was oriented toward
and within 1 cm of the object and when climbing on the object only if the rat was actively
exploring it. Retention was tested 1 h after familiarization by being placed back in the test arena
with a new object and an exact copy of the original object and allowed to accumulate 30 s of
object investigation time.

Straight Channel (P65)
Each subject was placed in a 244 cm straight channel containing room temperature water. The
animal was placed facing the wall at the opposite end of that containing an escape platform.
Latency to reach the escape was recorded for 4 trials with a maximum of 2 min/trial.

Cincinnati Water Maze (P66-83)
On the day following straight channel, rats were tested in the CWM, a multiple-T water maze
as previously described (Vorhees, 1987; Vorhees et al., 1991; Vorhees et al., 2009). The task
was performed under infrared light and a CCD camera was mounted above the maze and
attached to a monitor in an adjacent room. Rats were acclimated to the dark for 5 min before
testing. Two trials were given per day for 18 consecutive days with a maximum of 5 min/trial
and an intertrial interval (ITI) of 5 min. Latency to reach the escape and the number of errors
were recorded. An error was committed when an animal left the direct path to the goal and
entered a cul-de-sac. An error was scored when the head and shoulders crossed an imaginary
boundary at the “stem” of the cul-de-sac and whenever it crossed into either arm of a “T”.
Animals that did not complete the task within 5 min were given an error score equal to the
maximum number of errors committed by the worst performing animal + 1 to correct for cases
where an animal stopped searching before reaching the time limit.

Morris Water Maze Working Memory (P84-104)
A short-term working memory version of the MWM task was employed for 21 days (P84-104)
adapted from (Morris et al., 1986). Animals were to locate a submerged platform (10 cm
diameter) in a tank (210 cm diameter) of water (21 ± 1°C) based on the positions of distal cues
in the room. The platform was submerged 1.5-2.0 cm below the water level. Each rat was given
2 trials/day with a time limit of 2 min/trial. The ITI was 15 s on the platform. If the platform
was not located within 2 min, the animal was placed on the platform. Start and platform
positions were pseudo-randomized each day but start positions were always a cardinal direction
and platform positions always an ordinal direction. For example, on the first day of testing,
animals were placed in the north position and the platform was situated at the southeast position.
Both positions were fixed for both trials on a given day. Animals were tracked and data
collected using AnyMaze software (Stoelting, Wood Dale, IL).

Pathway B tests
Elevated Zero Maze (P60)

The elevated zero maze (EZM) test began on P60 and was run in the morning to control for
ultradian and circadian rhythm effects. The maze is 105 cm in diameter with a 10 cm wide
circular runway divided into four equal quadrants with 2 quadrants being open and two being
closed with black side walls. Both open and both closed quadrants were positioned across from
each other. The runway was mounted 72 cm above the floor. The open quadrants had 1 cm
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clear acrylic curbs to prevent slipping and the closed quadrants had 28 cm high black acrylic
walls. A dimmed halogen floor lamp was used as the lighting source. Each animal began the
task in the middle of a closed quadrant and was tested for 5 min. Latency to enter the open,
time spent in the open, and number of head dips were recorded from video recordings made
using an overhead camera and DVD recorder. DVDR malfunction resulted in several trials
being lost. The apparatus was cleaned with 70% ethanol between subjects.

Locomotor Activity (P61)
On the day following EZM, animals were placed in 41 × 41 cm locomotor chambers (Accuscan
Instruments, Columbus, OH) and movements were recorded in 5 min intervals for 1 h. The
number of vertical and horizontal movements as well as the amount of time spent in the center
vs. periphery were extracted and analyzed. Chambers were cleaned with 70% ethanol between
animals.

Straight Channel (P62)
Morris Water Maze Hidden Platform (P63-80)—Subjects were placed in a 210 cm
diameter tank of water (21 ± 1°C) and required to find a submerged platform. The platform
was submerged 1.5-2.0 cm below the water. There were three phases of the MWM hidden
platform test each consisting of 6 days of platform trials with 4 trials/day, and on the sixth day
a single probe trial with no platform present was performed and the animal started from a novel
position. The three phases were: Acquisition (P63-68) with a 10 cm diameter platform in the
southwest quadrant; reversal (P69-74) with a 7 cm platform in the northeast quadrant; and shift
(P75-80) with a 5 cm platform in the northwest quadrant. Probe trials lasted for 30 s; learning
trials were up to a maximum of 2 min with an ITI of 15 s on the platform. Curtains were opened
during hidden platform trials so that distal room cues were revealed. Data were collected using
video tracking software (AnyMaze, Stoelting, Wood Dale, IL).

Morris Water Maze Cued (P81-82)—MWM cued testing began the day following hidden
platform trials and was conducted for 2 days. Subjects were placed in the tank and were tested
for latency to reach a 10 cm diameter platform submerged 1.5-2.0 cm below the water with a
yellow plastic ball mounted on a brass rod to mark its location. Curtains were drawn closed
around the tank to minimize distal cues. On each day, subjects were given 4 trials with the
locations of the platform and starting positions randomized ((2 min trial limit with ~30 s ITI)
(15 s on the platform + 15-20 s to reposition the platform)).

Tissue Collection
On P109 after the end of behavioral testing, brains were removed and assayed for DA, 3,4-
dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), 5-HT, 5-
hydroxyindoleacetic acid (5-HIAA) and norepinephrine (NE) in neostriatum, 5-HT, 5-HIAA,
and NE in the hippocampus, and DA, DOPAC, 5-HT, 5-HIAA, and NE in entorhinal cortex
for animals in pathway A only. Animals were taken into an adjacent suite, decapitated, and
brains removed and dissected over ice with the aid of a brain block (Zivic-Miller, Pittsburgh,
PA). The brain was sliced coronally at the optic chiasm and caudal to the mammillary body
and the hippocampus dissected bilaterally. The neostriatum was dissected from the 2 mm
section rostral to the optic chiasm and entorhinal cortex 2 mm caudal from the mammillary
body. Tissues were stored at −80°C until assayed.

Corticosterone levels following an acute stressor were obtained in order to estimate the adrenal
response. Litters assigned to pathway B were placed in 46 cm tall × 15 cm in diameter clear
acrylic cylinders filled to a depth of 35 cm (22 ± 1 °C) for 10 min. Rats were removed,
decapitated and blood collected in polyethylene tubes containing 2% EDTA (0.05 ml). Plasma
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was isolated from whole blood by centrifugation at 1300 RCF for 25 min and the supernatant
collected and stored at −80°C.

Monoamine Assays
HPLC reagents were obtained from Sigma Chemical (Sigma-Aldrich Co., St. Louis, MO)
unless otherwise specified. Frozen tissues were weighed, thawed, and sonicated in 0.1 N
perchloric acid. Samples were centrifuged for 14 min at 13,000 × g at 4°C. The supernatant
for each sample was transferred to a new vial for injection onto a Supelco Supelcosil™ LC-18
column (15 cm × 4.6 mm, 3 μm) (Sigma-Aldrich Co.). The HPLC system consisted of a Waters
717plus autosampler (Waters Corp., Milford, MA) and ESA 5840 binary pump and Coulochem
III electrochemical detector. The potential settings were E1 at −150 mV and E2 at +250 mV,
with a guard cell potential set at +350 mV. MD-TM mobile phase (ESA Inc., Chelmsford, MA)
was used and consisted of 75 mM sodium dihydrogen phosphate (monohydrate), 1.7 mM 1-
octanesulfonic acid sodium salt, 100 μl/l triethylamine, 25 μM EDTA, and 10% acetonitrile
(pH = 3.0). The pump flow rate was 0.7 ml/min, and the samples were run at 28°C. Standards
for DA, DOPAC, HVA, NE, 5-HT, and 5-HIAA were prepared in 0.1 N perchloric acid. All
neurotransmitters were run on a single chromatogram.

Corticosterone Assay
Plasma samples were thawed and assayed with Octeia Corticosterone ELISA kits (IDS,
Fountain Hills, AZ). Each sample was diluted 1:5 and assayed according to the manufacturer’s
protocol. The ELISAs were measured and quantified on a SpectraMax Plus microtiter plate
reader (Molecular Devices, Sunnyvale, CA).

Statistics
Data were analyzed using mixed linear analyses of variance (ANOVAs) (SAS Proc Mixed,
SAS Institute, SAS v.9.1, Cary, NC). The covariance matrix for each data set was checked
using best fit statistics and in each case the best fit was to the autoregressive-1 covariance
structure. Proc Mixed uses Kenward-Roger adjusted degrees of freedom that do not match
those obtained from general linear model ANOVAs and can be fractional. Measures taken
repetitively on the same animal, such as day, were repeated measure factors. Significant
interactions were analyzed using slice effect ANOVAs at each level of the repeated measure
factor. Data are presented as least square (LS) mean ± LS SEM.

Results
Body Weight

During treatment, there were effects of surgery, F(1,138) = 28.4, p< 0.0001, drug, F (1,138) =
274.6, p< 0.0001, day, F(9,1333) = 502.9, p< 0.0001, surgery × day, F(9,1333) = 3.9, p<0.0001,
and drug × day, F(9,1333) = 96.9, p< 0.0001. MA-treated and ADXA animals had decreased
body weight gain but no drug × surgery interaction was observed. The surgery × day interaction
revealed that ADXA animals had reduced weight gain compared to SHAM animals (P11-20).
The drug × day interaction showed that MA animals had reduced weight gain beginning on
P12 that lasted throughout the dosing period. For post weaning weights, there were main effects
of surgery, F(1,138) = 4.2, p< 0.04, drug, F(1,138) = 21.2, p< 0.0001, and week, F(9,1112) =
2853.3, p< 0.0001, but no interactions. The ADXA animals weighed less than the SHAM
animals and MA-treated animals weighed less than SAL-treated animals. Representative body
weights are shown in Table 1.
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Pathway A tests
Light/Dark

There were no significant effects of drug, surgery, or interactions for time in light, time in dark,
latency to dark entry or number of dark entries. For example, time (s) in light ls means ± SEM
were SHAM-SAL = 204.1 ± 18.7, SHAM-MA = 204.0 ± 19.1, ADXA-SAL = 177.0 ± 19.1
and ADXA-MA = 197.1 ± 18.7.

Novel Object Recognition
During familiarization there was no preference for one side over the other. During retention,
there were no significant effects of surgery, drug, or interactions among these.

Straight Channel Swimming
There was a main effect of trial, F(3,359) = 96.8, p< 0.0001, but no effect of drug, surgery, or
interaction of these on latency to swim the straight channel.

Cincinnati Water Maze
For errors (Figure 1A-C), there were main effects of drug, F(1,78.4) = 10.8, p< 0.002, and day,
F(17,1125) = 50.2, p< 0.0001. Both MA-treated groups committed more errors than SAL-
treated groups regardless of surgery condition (Figure 1C). For latency (Figure 1D-F) to the
platform, there were main effects of drug, F(1,79.1) = 10.7, p< 0.002, and day, F(17, 1122) =
48.05, p< 0.0001; a similar pattern as errors was seen. MA-treated groups had longer latencies
to the platform (Figure 1F) than SAL-treated groups regardless of surgical condition. No main
effect of surgery or interactions between surgery and drug were obtained for errors or latency.

Morris Water Maze Working Memory
For the trial-dependent, matching-to-sample (working memory) version of the MWM, there
was a surgery × drug × day interaction, F(20,1345) = 1.9, p< 0.01 for latency. The ADXA-MA
group showed an increased percent change in latency between trial-1 and trial-2 only on day
6 and the SHAM-MA group showed decreased percent change compared to SHAM-SAL on
days 15 and 17. Analysis of swim speed showed a main effect of day, F(20,1352) = 2.7,
p<0.0001, and interactions of surgery × day, F(20,1352) = 1.6, p< 0.05, and drug × day, F
(20,1352) = 2.0, p< 0.01. The ADXA groups had decreased percent change in speed on days
10, 16, and 18 and increased percent change on day 20 compared to the SHAM groups. In
addition, the MA groups had decreased percent change on day 5 and 10 and increased percent
change on day 20. All these effects were sporadic and small and showed no consistent pattern
of effects (not shown).

Pathway B tests
Elevated Zero Maze

Latency to first open quadrant entry, time in open, and number of head dips were analyzed.
For latency, there was a main effect of drug, F(1,49) = 4.5, p< 0.04; the MA-treated groups
had decreased latency to first open entry compared to the SAL-treated groups (Figure 2). There
were no main effects or interactions on time in open or head dips.

Locomotor Activity
Total, central, and peripheral distances, horizontal activity, and vertical activity were analyzed.
For total distance, there were no surgery × treatment × day interactions, (Figure 3 A and B),
but there were main effects of drug, F(1,72.8) = 5.1, p< 0.03, time, F(11,674) = 92.5, p< 0.0001,
and interactions of surgery × time, F(11,674) = 1.9, p< 0.04, and drug × time, F(11,674) = 2.3,
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p< 0.01. MA-treated groups were hypoactive compared to SAL-treated groups (Figure 3C
inset). Further analysis of the drug × time interaction revealed that the MA-treated groups had
reduced locomotion from 10-20 min and at 55 min compared to SAL-treated groups (Figure
3C). Similar results were obtained for horizontal activity. For peripheral distance, there were
main effects of drug, F(1,72.8) = 10.4, p< 0.002, time, F(11,679) = 65.2, p< 0.0001, and
interactions of surgery × time, F(11,679) = 2.1, p< 0.02, and drug × time, F(11,679) = 4.2, p<
0.0001. MA-treated groups moved less in the periphery than did SAL-treated groups (not
shown). The drug × time interaction showed decreased peripheral distance in MA-treated
groups from 10-20 and 50-55 min compared to SAL-treated groups (not shown). For center
distance, an overall effect of time was observed, F(11,658) = 83.5, p< 0.001, but no treatment-
related effects were seen. For vertical activity, there were main effects of drug, F(1,55.9) =
11.24, p< 0.001, and time, F(11,679) = 3.5, p< 0.0001. MA-treated groups had increased
vertical movements compared to SAL-treated groups (not shown).

Morris Water Maze Hidden Platform
Spatial learning in the MWM was analyzed for path length, latency to the target platform,
cumulative distance, and mean speed. For acquisition path length (Figure 4A-C), there were
main effects of drug, F(1,54.7) = 8.6, p< 0.005, and day, F(4,201) = 97.2, p< 0.0001, and the
interaction of drug × day, F(4,201) = 3.5, p< 0.01. Further analysis of the interaction showed
that on days 1 and 2, MA-treated groups had increased path length compared to SAL-treated
groups, regardless of surgery (Figure 4C). Similar findings were observed for latency and
cumulative distance (not shown). For swim speed, there were main effects of drug, F(1,55.7)
= 4.5, p< 0.04, and day, F(4,212) = 4.4, p< 0.002. MA-treated groups swam slower compared
to SAL-treated groups (not shown). There were no other significant effects.

For reversal path length (Figure 4D-F), there were main effects of drug, F(1,74) = 8.6, p< 0.005,
and day, F(4,220) = 66.9, p< 0.0001, and a drug × day interaction, F(4,220) = 2.8, p< 0.03.
The interaction was attributable to increased path length in MA-treated groups on days 1 and
2 (Figure 4F). Analyses of latency and cumulative distance were similar. For swim speed, the
only main effect was day, F(4,210) = 13.0, p< 0.0001.

For shift path length (Figure 4G-I), there were main effects of drug, F(1,53.3) = 9.5, p< 0.003
(Figure 4I), and day, F(4,204) = 66.7, p<0.0001, but no interactions. The MA-treated animals
had longer path lengths than the SAL-treated animals, regardless of surgery. Similar findings
were observed for latency and cumulative distance. For speed the only main effect was for day,
F(4,214) = 12.3, p< 0.0001.

For probe trials, platform site crossovers, initial heading error, and average distance from the
target were analyzed. For acquisition probe initial heading error, there was a main effect of
drug, F(1,53) = 10.7, p< 0.002, which was attributable to increased heading error in MA-treated
groups compared to SAL-treated groups (Figure 5A). There were no effects for crossovers or
average distance.

For reversal probe crossovers, there was a main effect of surgery, F(1,53) = 6.0, p< 0.02. For
initial heading error, there was a main effect of drug, F(1,53) = 4.6, p< 0.04. SHAM groups
had fewer crossovers than the ADXA groups (not shown) and MA-treated groups had increased
initial heading errors than SAL-treated groups (Figure 5B).

For shift probe initial heading error, there was a main effect of drug, F(1,53) = 18.6, p< 0.0001,
in which MA-treated groups had greater heading errors than SAL-treated groups (Figure 5C).
There were no effects for average distance from the target on acquisition, reversal, or shift
probe trials.
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Morris Water Maze Cued
There was a latency main effect of day, F(1,71) = 29.6, p< 0.0001, but no effects of drug,
surgery, or interactions.

Corticosterone
Corticosterone levels were measured following 10 min forced swim in adulthood to determine
the extent of which ADXA attenuated CORT release. There was an overall effect of surgery,
F(1,45) = 17.7, p< 0.001, in which the ADXA groups had plasma CORT levels that were
significantly lower than SHAM groups (Figure 6B). CORT levels were 50.2% of their
respective controls (Figure 6A). There were no effects of drug or interactions.

Monoamines
Monoamines were analyzed in the hippocampus, neostriatum, and entorhinal cortex (Figure
7). In the hippocampus (Figure 7A-B), there was a main effect of drug for 5-HIAA, F(1,40) =
5.1, p< 0.03, and a surgery × drug interaction for NE, F(1,40) = 4.0, p< 0.05. 5-HIAA was
decreased in the MA-treated groups compared to SAL-treated groups (Figure 7B) and NE was
increased in the ADXA-MA group (Figure 7A) compared to the ADXA-SAL group. For
neostriatal 5-HT (Figure 7C-D), there was a main effect of drug, F(1,39) = 2.6, p< 0.05, in
which the MA-treated groups had reduced 5-HT compared to the SAL-treated groups (Figure
7D). No neonatal surgery × drug interactions were observed. In the entorhinal cortex (Figure
7E-F), there were main effects of drug for both 5-HT, F(1,39) = 5.7, p< 0.02, and 5-HIAA
levels, F(1,38) = 4.6, p< 0.04. 5-HT and 5-HIAA levels were reduced in the MA-treated groups
compared to the SAL-treated groups (Figure 7F).

Discussion
In the present experiment, it was determined that attenuation of the CORT response to MA
was produced using ADXA, but did not reduce the long-term cognitive deficits seen in MWM
or CWM learning/memory. These data suggest that large increases in plasma CORT during
neonatal MA exposure may not be responsible for the later cognitive deficits. Despite a
substantial literature demonstrating long-term alterations in HPA-axis reactivity (Aisa et al.,
2007; Biagini et al., 1998; Felszeghy et al., 2000; Hodgson et al., 2001; Kalinichev et al.,
2002; Shanks et al., 1995; Wigger and Neumann, 1999), deficits in spatial learning, deficits in
novel object recognition (Aisa et al., 2007), and alterations in anxiety (Huot et al., 2001;
Kalinichev et al., 2002; Knuth and Etgen, 2007; Romeo et al., 2003; Wigger and Neumann,
1999) following neonatal exposure to physical or psychological stressors, the present data did
not demonstrate a beneficial effect on later behavior by reducing the magnitude of the MA-
induced release of CORT during an early and sensitive period of brain development. Another
possible explanation for the lack of attenuation of the cognitive deficits by ADXA is that there
may be a threshold at which CORT elicits its adverse effects. It is conceivable that the CORT
reductions by ADXA are not sufficient to be below such a threshold and therefore do not
provide neuroprotection. In this regard, we have shown that MA exposure during the neonatal
period produces a larger increase in CORT than physical or psychological stressors (Grace et
al., 2008). Therefore the ~50% reduction in CORT increase caused by MA may still be within
the range of that produced by stressors that have been shown to elicit long-term changes in
behavior. Experiments to determine if a further reduction in CORT release following MA may
alleviate the learning and memory changes will require different approaches or modification
of the ADXA method to make it more complete. Alternatively, the type of stressor involved
may be important at least for causing alterations in long-term HPA-axis reactivity. Here we
examined CORT levels following an acute forced swim stressor in adulthood and observed no
effects of MA treatment, suggesting normal HPA axis reactivity to stress. We have observed
a similar absence of long-term MA effects on CORT release in adult offspring following forced
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swim, confinement to a small space, or acute MA treatment (unpublished observation). These
data, combined with those in the present experiment, suggest that a pharmacological neonatal
stressor such as MA may be different from physical or psychological stressors at least in terms
of altering the developing HPA axis. Alternatively, ADXA may have induced secondary/
compensatory changes that offset any beneficial effect of reducing MA-related CORT
increases. For example, it is known that ADX causes compensatory increases in the release of
ACTH and CRF (Dallman et al., 1987) which may have deleterious consequences. With the
removal of CORT, changes in both the mineralocorticoid receptors (MR) and glucocorticoid
receptors (GR) are likely to occur. It is conceivable that alterations in MR and GR by ADXA
could affect later cognition and future experiments will be designed to test this hypothesis.
Another important issue in future studies testing the possible involvement of early drug-
induced increases in plasma CORT levels will be to assess these potential compensatory
systems to determine if they change in ways that effectively cancel the beneficial effect of
preventing large increases in CORT release.

The positive control group (SHAM-MA) replicated our previous findings and since the ADXA
treatment (ADXA-MA) failed to prevent this effect, this group too effectively replicated our
previous findings. We have previously demonstrated that deficits in hippocampal-dependent
spatial learning and reference memory in the MWM emerge in adulthood following neonatal
exposure to MA (Vorhees et al., 2008b; Vorhees et al., 2009; Williams et al., 2002; Williams
et al., 2003a; Williams et al., 2003b), an effect seen here in both the SHAM-MA and ADXA-
MA treated groups. In the acquisition phase, MA-treated animals had reductions in mean speed
compared to controls, which we do not typically see. However, these changes cannot account
for the navigational impairment for several reasons. First, MA animals had increased path
lengths to the target platform regardless of the time it took them to get there. Second, the straight
channel showed no differences in maximal swimming speed across groups. Third, there were
no differences observed between groups in the cued (visible platform) version of the MWM
showing that speed differences were not instrumental in determining the outcome on hidden
platform trials. Taken together, these data represent consistent evidence of spatial learning
deficits in MA-treated groups not confounded by unrelated performance differences.

We have previously demonstrated that neonates exposed to MA have deficits in egocentric
learning in the CWM (Vorhees et al., 2009) and this effect was also seen here. Egocentric
learning is the ability to navigate to a destination using self-motion cues and routes rather than
distant landmarks and is thought to involve the hippocampus (Etienne et al., 1996; Etienne and
Jeffery, 2004), grid and border cells in the entorhinal cortex, head direction cells in the
presubiculum, and cells in other regions. MA-treated animals showed long-term alterations in
monoamines in both the hippocampus (5-HIAA) and entorhinal cortex (5-HT and 5-HIAA),
which suggest that the serotonergic system may correlate to changes in egocentric learning;
however, further analysis showed that such correlations were not significant (not shown).
However, the changes in the serotonergic system seen after testing are smaller than those
induced during the period of drug administration, limiting the likelihood of finding high
correlations between these variables.

We found that rats developmentally exposed to MA have reduced locomotor activity prior to
maze testing. Several experiments using early stress exposure find no differences in
spontaneous locomotion in adulthood (Aisa et al., 2007; Knuth and Etgen, 2007),
demonstrating that effects may depend upon the stressor involved. However, as discussed,
these effects do not appear to affect MWM or CWM learning or memory since no changes in
swimming speed or straight channel swimming times were found and therefore represent a
separate effect of the drug independent of its effects on learning and memory.

Grace et al. Page 11

Int J Dev Neurosci. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MA-treated animals also showed a subtle reduction in the elevated zero maze test of anxiety;
but no effect in light/dark exploration. Taken with our previous observations (Skelton et al.,
2007), long-term effects on anxiety by neonatal MA exposure appear to be minor. A number
of studies have demonstrated that neonatal maternal separation increases anxiety in the elevated
plus maze in adulthood (Huot et al., 2001; Kalinichev et al., 2002; Knuth and Etgen, 2007;
Romeo et al., 2003; Wigger and Neumann, 1999) again suggesting that neonatal MA exposure
works through different mechanisms than maternal separation. A possible explanation for this
is that the increases in CORT may not be associated with a particular event as with maternal
separation. For example, rats that exhibit CORT increases following maternal separation also
incur a psychological event of prolonged maternal deprivation of care in the form of nursing,
grooming, and physical contact. During drug treatment, the animals were only briefly separated
from the dam and remained with their littermates and hence did not experience the same type
of deprivation as in maternal separation experiments.

Several studies have found that following adrenal autotransplantation in adult rats, plasma
CORT levels are detectable 1 to 5 weeks post-transplantation (Nabishah et al., 1998; Okamoto
et al., 1992; Srougi et al., 1978; Srougi and Gittes, 1978; Vendeira et al., 1992) and are similar
to controls by 6 to 9 weeks (Nabishah et al., 1998; Srougi and Gittes, 1978). The regenerative
properties of the adrenal gland have been examined and grafts containing adrenal cortical
tissue, regardless of size, have the ability to regenerate (Belloni et al., 1982; Nabishah et al.,
1998; Okamoto et al., 1992; Srougi et al., 1978; Vendeira et al., 1992). Histological evidence
shows that following ADXA, early necrosis of cells in the adrenal occurs, followed by cortical
cell proliferation, differentiation into zones, formation of an adrenal capsule, and return of
function (Belloni et al., 1982; Nabishah et al., 1998; Okamoto et al., 1992; Srougi et al.,
1978; Vendeira et al., 1992) which resembles normal morphology by 180 days (Vendeira et
al., 1992). The timeline by which these processes occur differ slightly between experiments.
Necrosis occurs and regeneration begins within one week (Srougi et al., 1978; Srougi and
Gittes, 1978; Vendeira et al., 1992). Organization into zones occurs by 15 days and
encapsulation by 30 days (Vendeira et al., 1992). There is also evidence that adrenal autografts
are reinnervated (Ulrich-Lai and Engeland, 2000). The adrenal medulla does not regenerate
(Srougi and Gittes, 1978), possibly due to its increased sensitivity to anoxia; CORT levels
remain low in animals in which only adrenal medulla was engrafted (Nabishah et al., 1998).
Despite the evidence concerning ADXA in adult rats, nothing is known about this approach in
neonatal rats. We recently demonstrated that in P9 rats, ADXA causes rapid re-engraftment
and restoration of partial function in as little as 2-3 days (unpublished observation).

The mechanisms by which MA causes long-term learning and memory deficits are unknown.
A candidate other than increased CORT release is reduction of brain 5-HT. Hippocampal
serotonin has been shown to be reduced throughout the period of neonatal MA exposure
(Schaefer et al., 2006; Schaefer et al., 2008). The current experiment demonstrates that
depletions in 5-HT in the neostriatum and entorhinal cortex and 5-HIAA in the hippocampus
and entorhinal cortex persist into adulthood. Even with alterations in the serotonergic system
in brain regions that are known to be involved in allocentric and egocentric learning, how
serotonin mediates such effects remains to be determined. However, a test of the role of 5-HT
in contributing to the long-term effects of MA is a logical step in future experiments in order
to understand how MA induces cognitive deficits.
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Abbreviations

MA methamphetamine

CORT corticosterone

ADXA adrenal autotransplantation

DA dopamine

5-HT serotonin
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Figure 1.
Cincinnati water maze: The MA-treated groups show significant deficits in CWM performance
regardless of surgery. A-C: Errors: D-F: latency to reach the escape platform. Learning curves
for the SHAM and ADXA groups are shown separately in the left panels for each dependent
measure and the main effect of drug treatment with surgical conditions combined are shown
in the right-hand panel; **p< 0.01 or ***p < 0.001 combined MA-treated groups vs. combined
SAL-treated groups.

Grace et al. Page 17

Int J Dev Neurosci. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Elevated zero-maze: The combined MA-treated groups had reduced time to first entry to an
open quadrant compared to the combined SAL-treated groups *p < 0.05.
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Figure 3.
Locomotor activity: Ls mean ± SEM total distance moved (cm) during a 60 min test session.
A: Activity for SHAM and B: ADXA per treatment group. MA groups had reduced total
distance (C inset) compared to SAL groups, and specifically MA groups had reduced total
distance from 10-20 min and at 55 min (C). *p< 0.05, **p< 0.01, ***p< 0.001, all compared
to SAL controls.
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Figure 4.
Morris water maze learning trials: Ls mean ± SEM path length (cm) averaged by day (4 trials/
day) in neonatally MA vs. SAL-treated rats having ADXA or SHAM surgery. Left and middle
panels show each treatment group as a function of surgical condition. Right panels show the
main effect of drug treatment with the two MA-treated and two SAL-treated groups merged.
Top row: acquisition; middle row: reversal; bottom row: shift. Panels C and F are shown by
day to illustrate a significant drug × day interaction. Panel I is shown averaged across days to
illustrate a drug main effect with no drug × day interaction. *p < 0.05, **p < 0.01, ***p < 0.001
combined MA-treated groups vs. combined SAL-treated groups.
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Figure 5.
Morris water maze probe trials: Ls mean ± SEM average heading error to the former location
of the platform 24 h after the last platform trial for each phase of MWM testing. There were
no significant main effects of surgical condition and no interactions between drug and surgical
condition. There were significant main effects of drug. For clarity the main effect of drug (with
surgical conditions averaged together) are shown. *p < 0.05, **p < 0.01, ***p < 0.001
combined MA-treated groups vs. combined SAL-treated groups.
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Figure 6.
Corticosterone levels following forced swim: Ls mean ± SEM (ng/ml) plasma CORT levels
in rats following completion of behavioral testing (P106). Rats were euthanized 10 min
following 30 min of forced swim. ADXA reduced CORT levels by 50.2% in both ADXA-SAL
and ADXA-MA animals compared to their respective SHAM controls (A). The main effect of
decreased CORT in ADXA animals is shown, regardless of surgery (B). ***p< 0.001 compared
to SHAM controls.
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Figure 7.
Monoamine concentrations: DA and 5-HT in neonatally MA vs. SAL treated rats as a function
of ADXA vs. SHAM surgery following the completion of behavioral testing (P106). A, C, E:
monoamines in each region analyzed by group. B, D, F: main effect of drug with surgical
conditions combined. *p < 0.05 combined MA-treated groups vs. combined SAL-treated
groups.
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