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Abstract
The investigation of methamphetamine exposure during neonatal development in rats has
demonstrated that long-term spatial learning deficits are induced. A previous dose–response study
showed that administration of 5 mg/kg methamphetamine, four times daily from postnatal days 11
to 20 produced these deficits, although the effects were not as severe as at higher doses of 10 or 15
mg/kg. This study examined concentrations of methamphetamine at or below 5 mg/kg given over
the same period of time. Five different concentrations of methamphetamine (i.e., 5, 2.5, 1.25, 0.625,
or 0) were administered every 2 h four times daily from postnatal days 11 to 20. Body weights, zero
maze performance, and Morris water maze learning were examined. A dose-dependent decrease in
body weight was observed during the period of methamphetamine administration and these lower
weights continued throughout adulthood for the 5, 2.5, and 1.25 mg/kg concentrations, although the
adult decreases were negligible. No differences were noted in the zero maze. In the Morris water
maze during the acquisition period, dose-dependent differences in spatial orientation were seen,
however non-dose related deficits were observed for other parameters. During the shifted platform
phase (“reversal”), a similar dose-dependent difference in spatial orientation was observed, although
no other effects were noted during this phase. Females performed worse than males regardless of
treatment or the phase of learning in the Morris water maze. These data suggest that even lower doses
of methamphetamine can alter learning and memory in adulthood, although with less consistent
results than with doses higher than 5 mg/kg/dose. These data would caution against even casual use
of methamphetamine by women during pregnancy since even low doses could alter the ability of the
child to learn.
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1. Introduction
The effects of substituted amphetamines during pregnancy have not been well characterized
in humans even though the use of some of these drugs, for example, methamphetamine (MA),
increased dramatically during the 1990s (Johnston et al., 2002a,b). It has been suggested that
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in humans long-term cognitive deficits may result following exposure to amphetamine in utero
(Cernerud et al., 1996), although no retrospective studies exist for MA. There have been several
reports of short-term effects of in utero MA exposure in humans and these include: decreased
body weights at birth, smaller head circumferences, increased morbidity, and reduced
performance in a visual recognition test during the first year of life (Dixon and Bejar, 1989;
Hansen et al., 1993; Little et al., 1988; Oro and Dixon, 1987; Struthers and Hansen, 1992). It
has also been shown that women who use MA throughout all of gestation have smaller babies
than those who use during only the first trimester or the first and second trimesters (Smith et
al., 2003). MRI spectroscopy performed on children exposed to MA during gestation identified
an increase in creatine and glutamate/glutamine concentrations in the striatum, suggesting
increased cellular metabolic activity that continued years after the in utero exposure (Smith et
al., 2001). The volume of neurons and glia in the MA exposed children did not appear to be
altered in that study. Therefore, in humans, in utero MA exposure alters cellular function, while
leaving the volume of cells relatively intact. Taken together, these data suggest that MA causes
prolonged central nervous system changes that may alter cognitive ability. Nonetheless, it
remains to be proven whether MA exposure during human gestation definitively results in
long-term cognitive deficits.

Animal models offer the ability to examine the potential for long-term cognitive deficits
following MA. Since neurodevelopment in rats spans both prenatal and post-natal periods,
modeling the effects of stimulants during various periods of human pregnancy requires a range
of exposure periods. For example, we have been using the neonatal rat as a model of human
third trimester exposure since analogous development of the granule cells of the dentate gyrus
occurs between the rat and human during these respective time points (Bayer et al., 1993; Rice
and Barone Jr., 2000). In our initial study demonstrating cognitive deficits following neonatal
MA, we showed that multiple exposures to 30 mg/kg × 2 per day MA from postnatal days (P)
11 to 20, but not from P1 to P10, results in spatial learning and memory deficits in the Morris
water maze (MWM), but spared sequential learning and memory in the Cincinnati water maze
(Vorhees et al., 1994a). Furthermore, regardless of the dosing period (i.e., P1–10 or P11–20),
animals showed increased acoustic startle and decreased locomotor behavior in the open-field,
although these effects were somewhat sex and age dependent (Vorhees et al., 1994a,b). In these
initial experiments MA was delivered twice daily, although more recently we have
demonstrated that four daily doses of MA (10 mg/kg) produced more pronounced deficits than
two daily doses of MA (20 mg/kg) even though the daily concentrations of MA were identical
(Vorhees et al., 2000a). The spatial deficits in the MWM resulting from neonatal MA are neither
the result of working memory deficits (Williams et al., 2003d) nor the inability to learn the
basic parameters of the task such as swimming away from the wall of the tank or recognizing
and climbing on the platform (Williams et al., 2002). It does appear that in combination with
the spatial deficits, the MA-exposed animals also have different behavioral strategies to learn
the MWM (Williams et al., 2002). The amount of MA delivered appears to influence these
results since examination of MA administration at concentrations of 5, 10, or 15 mg/kg four
times daily from P11 to P20 resulted in some dose-related differences in spatial learning among
these animals, with the 5 mg/kg group being the least affected on some measures, especially
in learning a new platform position (Williams et al., 2003d).

There is a wide range of dosages consumed by human users of MA. For example, it has been
shown that MA use can range from 150 to 15 000 mg per day (Cho, 1990; Derlet and
Heischober, 1990). With such a large range of usage, it may be that incidental or low MA
consumption during pregnancy may not be as deleterious to cognitive ability in the children
of these users. Therefore, the purpose of the present study was to determine if administration
of MA at or below 5 mg/kg, a model of the low-end human use, would produce impairments
in the MWM when the animals were tested as adults. Male and female rats within a litter were
administered MA from P11 to P20 in a dose–response paradigm that ranged from 0 to 5 mg/
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kg in order to determine a possible no effect limit for MA-induced spatial learning deficits. A
total of five different doses were used: 0, 0.625, 1.25, 2.5 or 5 mg/kg MA. As adults, the animals
were tested for anxiety in the zero maze and in the MWM for spatial learning ability. A small
platform was used throughout all of the MWM testing.

2. Methods
2.1. Animals

Female (151–175 g) and male (251–275 g) Sprague–Dawley CD IGS rats (Charles River,
Raleigh, NC, USA) were allowed at least 2 weeks to acclimate to the housing (2 females/
polycarbonate cage) and lighting (14:10 (light:dark), lights on at 06:00 h) conditions in the lab
prior to being mated. Females were placed with a male in a hanging wire cage for a period of
2 weeks, after which time the females were singly housed in polycarbonate cages. The day a
sperm plug was detected was designated embryonic day 0 (E0). Beginning on E22, litters were
checked in the morning and afternoon for the presence of a litter and the day of birth was
designated postnatal day 0 (P0). The offspring were used as the subjects for this experiment.
On P1, litters were reduced to 10 with equal numbers of males and females. On P11, the
beginning of drug administration, pups were uniquely identified with an ear punch. Dams were
allowed to wean their offspring (Blass and Teicher, 1980; Redman and Sweney, 1976) and
offspring were then separated on P28 and housed in same sex groups until P42 when the animals
were randomly housed two to three per cage in polycarbonate cages. Because of weight
limitations for animal housing, some males that had been housed in groups of three were
randomly selected and singly housed prior to behavioral testing. The body weights of offspring
were collected on a weekly basis. The vivarium was temperature and humidity controlled and
accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care
and in compliance with all Federal animal care and use guidelines. The Institutional Animal
Care and Use Committee approved all procedures prior to the experiments, and the guidelines
outlined in the “Principles of Laboratory Care” (NIH Publication No. 85-23, revised 1985)
were followed.

2.2. Treatments
D-Methamphetamine HCl (MA; expressed as the free-base) was delivered at doses of 0.625,
1.25, 2.5, or 5 mg/kg body weight (MA-0.625, MA-1.25, MA-2.5, and MA-5, respectively) or
the saline vehicle (SAL) was administered to a randomly selected male and female within each
litter (n = 16/dose). From P11 to P20, MA or SAL was administered four times daily at 2 h
intervals. Prior to each injection the animals were weighed, and a subcutaneous route of
administration in the dorsum was used. MA and SAL were delivered in a volume of 3 ml/kg
per injection with injection sites rotated to minimize irritation. Necrosis does not occur using
this procedure.

2.3. Behavioral methods
2.3.1. Zero maze—On approximately P60, animals were tested in the elevated zero maze
for response to an anxiety provoking task (Shepherd et al., 1994) as described previously
(Williams et al., 2003b). Briefly, animals were placed in the center of one of the closed areas
of the ring-shaped apparatus and behavior was recorded for 5 min with an overhead camera
connected to a video recorder. Overhead fluorescent lighting illuminated the maze and in
between animals the maze was cleaned with 70% ethanol. The dependent measures for this
task were scored from the video recordings and included the number of head dips, stretch-
attends, and time in the open area. Time in the open was considered when animals had both
front paws past the boundary of the closed area and extending into an open area.
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2.3.2. Straight channel—One day after the zero maze, animals were examined for
swimming ability in a water-filled straight channel as described previously (Williams et al.,
2003d). Each rat received four timed consecutive trials (maximum time = 2 min/trial) and was
placed in the channel at one end facing away from an escape ladder positioned at the opposite
end. The water temperature was 22 ± 1 °C. This procedure allows the animals to be exposed
to swimming prior to the Morris water maze and determines if pre-existing motor deficits or
different motivational states are present.

2.3.3. Morris water maze—The Morris water maze apparatus was 210 cm in diameter and
filled with room temperature water (22 ± 1 °C) as described previously (Williams et al.,
2003b). Briefly, a 5 cm × 5 cm wide goal platform was used during each phase of testing. A
camera attached to a computer and monitor automatically tracked the performance of each rat
using a video tracking system (San Diego Instruments, Polytrack System, San Diego, CA,
USA). The maze was arbitrarily divided at four cardinal points designated N, S, E, W, where
N was defined as the position farthest from the experimenter. During each phase of testing, the
platform was either located in the SW or NE quadrant of the apparatus, counterbalanced among
the litters. The start positions, defined previously (Williams et al., 2003b) were quasi-
randomized with the stipulation that no position could be used more than once a day.

Training began on the third day after straight channel swimming. The procedure consisted of
an acquisition phase and a shifted-platform phase (“reversal”). During both phases, the rat
received four trials per day for 5 days with a two-minute trial limit and an ITI of 15 s spent on
the platform. If a rat failed to locate the platform, it was removed from the water and placed
on the platform. On the day following the learning trials a 30 s probe trial was administered.
During the probe trial, the platform was removed and the animal was started from a novel
position, 180° from the platform and allowed 30 s to search the tank. The dependent measures
for the learning trials during the acquisition and shifted platform phase were first bearing to
the platform, latency, path length, and cumulative distance from the platform, as well as the
distance swum in the peripheral portion of the tank. For memory (probe) trials, the dependent
measures were first bearing and average distance from the previous platform site. First bearing
was determined based on the animal’s average heading during the first 13 cm of tracking at
the beginning of each trial relative to a direct line to the goal and is therefore, a measure of
spatial orienting ability. Cumulative and average distance parameters were recorded every 55
ms. The periphery of the pool included the outer annulus of the pool that did not contain the
platform.

2.4. Statistics
Body weight, zero maze, and straight channel data were analyzed with a split-plot analyses of
variance (ANOVA) utilizing the general linear modeling procedure (SAS, SAS Institute Inc.,
Cary, NC, USA). Main effects were treatment group (MA concentration), sex, trial, and time
of dose (first or last body weights during daily dosing) and these were all treated as within-
subjects factors. The experimental unit was the litter (n = 16). We have repeatedly demonstrated
impaired learning in the Morris water maze following neonatal MA exposure from P11 to P20
(Vorhees et al., 1994a, 1998, 1999, 2000a; Williams et al., 2002, 2003b,d). Therefore, since
deficits were expected, planned comparisons (one-tailed) were used so that each MA-treated
group was compared to the SAL group for first bearing, latency to the platform, path length,
cumulative distance, and average distance in the Morris water maze. In order to determine if
any sex differences or interactions with sex or MA treatment were apparent, mixed-model split-
plot ANOVAs were used with the platform position as a between variable and treatment, sex,
and days as within factors. Main effects for these analyses were further analyzed using the step
down F-test procedure (Kirk, 1995). Interactions were analyzed by simple effect ANOVA and
then with the step-down F-test. Interactions that did not involve treatment have only P-values
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given in the text. When non-spherical matrices occurred, the Huynh–Feldt correction was used.
Significance was set at P = 0.05 and trends were noted at P = 0.10.

3. Results
3.1. Body weights

Body weights were analyzed using within-litter ANOVAs at three different stages of
development: dosing (P11–20), pre-weaning (P21 and 28), and post-weaning (P35–77). During
the period of MA administration a MA treatment × sex × days ANOVA demonstrated that all
animals gained weight over days, F(9, 135) = 177.4, P < 0.0001, and males (Fig. 1A) weighed
more than females (Fig. 1B), F(1, 15) = 37.9, P < 0.0001. As can be seen in Fig. 1, MA treatment
produced a decrease in body weight during dosing, F(4, 60) = 34.3, P < 0.0001, although this
effect was dependent upon treatment × day, F(36, 540) = 49.7, P < 0.0001. No other interactions
were observed. Further analysis of the interaction showed that beginning on P12 and continuing
until the end of treatment the animals treated with 1.25, 2.5, or 5 mg/kg MA weighed less than
the SAL controls. For the MA-0.625 treated-animals, body weights were less on P14–16 and
then again from P18–20.

For pre-weaning weights, a MA treatment × sex × week ANOVA revealed similar results
obtained during dosing (Fig. 2A and B). That is, the animals gained weight over the week, F
(1, 15) = 950.9, P < 0.0001, and males (Fig. 2A) weighed more than females (Fig. 2B), F(1,
15) = 38.8, P < 0.0001. MA treatment had a significant impact on body weight, F(4, 60) =
53.8, P < 0.0001, although this was dependent upon MA treatment × sex × week, F(4, 60) =
2.8, P < 0.05. For males, the MA-treated-animals, regardless of MA concentration, continued
to weigh less than the SAL-treated-animals on both P21 and 28 (Fig. 2A). As seen in Fig. 2,
panel B, MA-treated-females continued to have lower body weights on P21 regardless of dose
relative to SAL animals, but on P28, only the 2.5 and 5 mg/kg MA treatments differed from
SAL animals (Fig. 2B). The sex × week interaction was significant, P < 0.0001, although no
other interactions were significant.

For post-weaning weights, an MA treatment × sex × week ANOVA was employed. Males (Fig.
2C) continued to weigh more than the females (Fig 2D), F(1, 15) = 711.6, P < 0.0001, and the
animals gained weight over weeks as expected, F(6, 90) = 1140.7, P < 0.0001. The interaction
between sex and week was significant, P < 0.0001, as well. Treatment with neonatal MA
continued to influence body weight in adulthood, F(4, 60) = 4.8, P < 0.002. Regardless of sex,
the MA-1.25, 2.5, and 5-treated-animals weighed less than the SAL-treated-animals, although
the differences were small after P35.

3.2. Behavior
3.2.1. Zero maze—Three litters were not scored for the zero maze because of equipment
malfunction, therefore, n = 13. No differences among treatment groups or between sexes were
noted in the zero maze for head dips, stretch attends, time in the open (Table 1), or the number
of open arm entries. There was a tendency for females to enter the open arms more than males,
P < 0.10.

3.2.2. Straight channel—Prior to learning in the MWM, animals were exposed to a test of
swimming ability in a straight channel. No differences were noted between any of the MA-
treated-animals and SAL-treated-animals (Table 1) or between males and females.

3.2.3. Morris water maze acquisition—For first bearing, the contrasts between MA-
treated animals and SAL-treated animals revealed that the MA-2.5 and MA-5 treated-animals
did not spatially orient towards the platform position as well as the SAL-treated-animals, F(1,
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15) = 6.5 and 3.4, P < 0.05, respectively (Fig. 3A). A similar tendency was also observed in
the MA-1.25 treated-animals, P < 0.06. Males had a more direct orientation to the platform
than females, F(1, 14) = 8.1, P = 0.01 (Fig. 4A).

Different patterns of results emerged for latency to the platform, path length, and cumulative
distance from the platform during acquisition. Contrasts showed that the MA-0.625 and MA-5
animals took longer to reach the platform, F(1, 15) = 4.3 and 5.9, respectively, P < 0.03; (Fig.
3B), had longer path lengths, F(1, 15) = 5.3 and 10.6, P < 0.02 and 0.003, respectively; (Fig.
3C), and cumulative distances, F(1, 15) = 5.9 and 14.1, P < 0.03 and 0.001, respectively; (Fig.
3D) relative to the SAL animals. The MA-1.25 animals had greater cumulative distances, F
(1, 15) = 2.9, P = 0.05, and tended to have longer latencies, P < 0.10. No differences were
noted for the MA-2.5 animals compared to the SAL animals for latency, path length, or
cumulative distance. Sex differences were noted for these three measures. Regardless of
treatment, females took longer to locate the platform (Fig. 4B), had longer path lengths (Fig.
4C), and greater cumulative distances (Fig. 4D) compared to males, F(1, 14) = 7.9, 22.7, and
17.6, P < 0.02, 0.0004, and 0.0009, respectively. No interactions with sex and treatment were
significant for these measures.

For the distance swum in the periphery, there were significant effects of treatment, F(4, 56) =
3.13, P < 0.03 (Fig. 3E) and sex, F(1, 14) = 26.7, P < 0.0001 (Fig. 4E). Step-down post hoc
analysis showed that the MA-0.625 and MA-5 animals swam longer distances in the periphery
compared to SAL animals. The females also demonstrated more swimming in the periphery
relative to males (Fig. 4E). No significant interactions were noted between treatment and sex.
As expected, animals swam less in the periphery as testing continued over days, F(4, 56) =
92.3, P < 0.0001 (not shown).

During the probe trial, no differences were noted for first bearing or the average distance from
the former platform site (Table 1). The average distance from the platform was greater for the
females compared to males, F(1, 14) = 6.3, P < 0.03, however, no sex differences were noted
for the first bearing (not shown). No interactions with treatment and sex were found.

3.2.4. Morris water maze shifted platform (reversal)—During learning of the shifted
platform phase, the first bearing of the MA-5 animals was further from a direct path to the
platform relative to the SAL animals, F(1, 15) = 14.21, P < 0.0001. A similar tendency was
observed in the MA-1.25 and MA-2.5 animals compared to SAL animals, P < 0.10 and 0.07,
respectively. No difference was observed for the MA-0.625 relative to SAL (Fig. 5A). The
females tended to have greater discrepancy from a direct path compared to males (Fig. 6A),
P < 0.07, and this was influenced, but not significantly, by treatment, P < 0.06 (not shown).

For the latency to the platform, path length, and cumulative distances, no significant effects of
treatment were observed during the shifted platform phase, although the MA-0.625 treated-
animals tended to have longer path lengths than the SAL treated-animals, P = 0.10 (Fig. 5C).
Similar to the acquisition phase, females had greater difficulty solving the task compared to
males. This is shown by the greater latencies to the platform, longer path lengths, and increased
cumulative distances for the females, F(1, 14) = 16.4, 14.2, and 14.9, P < 0.002, respectively
(Fig. 6B–D). For latency, path length, and cumulative distance, the treatment × sex × day ×
platform position was also significant, F(16, 224) = 2.1, 1.9, and 2.2, P < 0.01, 0.02, and 0.01,
respectively. For latency, no differences were detected with post hoc analysis of the interaction
and increases for path lengths and cumulative distance on day 1 of testing in the MA-0.625
males that were learning the NE platform position were found (not shown).

No treatment differences were detected for the distance swum in the periphery (Fig. 5E),
although the treatment × sex × day × platform position was significant, F(16, 224) = 2.5, P <
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0.002, and showed a similar pattern for path length and cumulative distance. Females spent
more time in the periphery compared to males, F(1, 14) = 17.3, P < 0.001 (Fig. 6E).

During the probe trial both the MA-2.5 and MA-5 treated-animals had a greater deviation from
the platform site trajectory compared to SAL-treated-animals, F(1, 15) = 9.5 and 17.1, P <
0.004 and 0.0005 (Table 1). No differences for average distance were noted (Table 1) and no
differences between males and females were seen for either first bearing or average distance
(not shown).

4. Discussion
Similar to body weight differences noted in the human literature following prenatal MA
exposure (Dixon and Bejar, 1989; Little et al., 1988; Oro and Dixon, 1987; Smith et al.,
2003), we have demonstrated that even relatively low doses of MA (2.5 mg/kg per day)
administered during a period of brain development that is analogous to third trimester human
development (Bayer et al., 1993; Rice and Barone, Jr., 2000) can produce reductions in body
weight. These reductions were dose-dependent with the 0.625 dose having the smallest effect
and the 2.5 and 5 mg/kg doses producing the largest decrements. The decreased body weights
continued throughout life for the MA-1.25, 2.5, and 5 mg/kg treated groups, although the effect
was diminished compared to body weight differences during drug administration (see Fig. 1A
versus Fig. 2C or Fig. 1B versus Fig. 2D), demonstrating that the MA-treated-animals actually
gained more weight relative to their immediate post-drug administration body weights. Taken
together these data demonstrate that body weight change is a sensitive indicator of MA
exposure.

Because lower body weights might be an indication of malnutrition or more likely
undernutrition, there is concern that any changes in learning and memory ability may be the
result of the undernutrition rather than the drug exposure per se. MA and other drugs of abuse
consistently produce decreased body weights in neonates (Vorhees et al., 2000a,b; Williams
et al., 2003c,d). The premise that undernutrition does not induce spatial learning deficits has
been supported by previous studies (Levitsky and Strupp, 1995; Strupp and Levitsky, 1995;
Williams et al., 2003c) although see (Fukuda et al., 2002). The results from this study suggest
that following MA exposure body weight decrements during the period of drug administration
and even the long-lasting effects on body weight in adulthood are not predictive of learning
deficits. This is especially apparent since a non-dose-dependent relationship was found for
various parameters of learning in the MWM, although the decreases in body weight were dose-
dependent.

During the acquisition phase of Morris water maze learning, all the MA-treated groups
displayed some form of impairment in learning, although this was not consistent across
parameters. For first bearing, the ability of an animal to initially orient to the platform, there
was a dose-dependent effect such that the 5 and 2.5 mg/kg MA-treated groups were impaired
the greatest with intermediate levels in the MA-1.25 treated-animals and no differences noted
for the MA-0.625 group. With the exception of the MA-2.5 treated-animals, the other MA-
treated groups showed increased cumulative distances from the platform compared to SAL
animals during acquisition. Cumulative distance is thought to be a more accurate measure of
spatial learning (Gallagher et al., 1993) and generally is consistent at distinguishing neonatal
drug-induced spatial learning deficits better than other measures (Williams et al., 2003c).
Concurrent with the cumulative distance deficits, a similar pattern of deficits was observed for
the MA-0.625 and MA-5 treated-animals for latency, path length, and distance swum in the
periphery; however, these measures were not significant for the MA-1.25 animals, although
latency approached significance. Why the MA-2.5 treated-animals did not demonstrate any
deficits other than first bearing is unknown. Whether or not these animals were influenced
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differentially within the litter or by the dams or whether the randomized selection of animals
included more non-responders to MA than in the other groups will have to be explored in other
studies. It is also unlikely that any change in housing would have influenced these results. For
example, only males reached the maximum weight limit for group housing in our cages,
however this did not occur until approximately P60 and redistribution was completed prior to
behavioral testing. Secondly, a single male was randomly removed from a cage that contained
three males and housed singly and there were no differences among groups for the number of
males that were singly housed. Finally, the females never were separated. Therefore, if housing
were an issue it may have been expected that there would be a greater likelihood of a treatment
× sex interaction, although this never occurred during the acquisition phase of MWM testing.
Taken together, the acquisition data indicate that an animal’s ability to initially orient to a
spatial location (first bearing) is more likely to be influenced by early MA exposure and may
indicate subtle differences in spatial ability. By contrast, the other measures of spatial learning
(latency, path length, and cumulative distance) may be “corrected” while navigating to the
platform and therefore not produce a similar pattern of results when the effect of the drug is
subtle. In a previous study, we showed greater differences in first bearing in animals treated
neonatally with MA when they were learning a new platform location, however these animals
did not display differences in other parameters of learning even though underlying differences
in spatial learning were present. These underlying differences became apparent when the
animals were again tested to find a new location of the platform, except this time the platform
was reduced in size (Vorhees et al., 2000a).

Because we showed that using a reduced platform size can reveal learning and memory deficits
even when these deficits may not be apparent using other task parameters (i.e., shifted platform
with a large platform), (Broening et al., 2001; Morford et al., 2002; Vorhees et al., 2000a;
Williams et al., 2003d), we reasoned that using a smaller platform from the onset, during
acquisition, would make the Morris water maze an even more sensitive test of spatial learning
ability. It should be noted that the overall latencies to reach the small platform in previous
studies when it was introduced during a third phase of testing were comparable to those seen
with the large platform during acquisition or reversal. Therefore, in the current study we used
a small platform (5 cm × 5 cm) throughout testing, rather than the larger platform (10 cm × 10
cm) we have used in the past for acquisition and reversal. As can be seen in Fig. 7, a comparison
of control animals (SAL) from one previous study with an identical tank dimension (Williams
et al., 2003d) and those in the current study demonstrates that the learning curves are
dramatically shifted upward during acquisition when using a small platform. Furthermore,
asymptotic performance appears to occur on day 4 of learning, although animals learning the
small platform took almost four times longer to locate the platform. Animals that had a large
platform for both acquisition and the shifted platform phases learned the new platform position
quickly and in the shifted platform phase were demonstrating asymptotic performance by day
2 of testing. On the other hand, animals that had the smaller platform throughout were still
demonstrating improvement in locating the platform on the last day of testing in the shifted
platform phase. These data suggest several possibilities. First, when a small platform is used,
the animals may have incomplete spatial learning during acquisition, therefore interference
from previous learning during the shifted platform phase would be minimal. This might help
explain why no deficits in MA-treated-animals were apparent in the shifted platform phase on
latency, path length or cumulative distance. Second, the animals with a small platform may
develop a different strategy for locating the platform. Others have demonstrated that when the
task parameters are increasingly more difficult (e.g., a fixed platform with no extra maze cues,
or extramaze cues with a random platform location but equidistant from the tank wall), animals
can learn the task, but never do as well as animals with a large platform in a fixed position with
many extramaze cues present (Baldi et al., 2003). Although the animals in this study were
afforded extramaze cues, a fixed platform position, and located the platform above the level
of chance, they did not perform as efficiently as controls in the previous study with a larger
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platform (Fig. 7). This suggests that a different strategy to locate the platform was used. It has
been shown that the distance from the wall is an important factor for animals to locate a hidden
platform (Baldi et al., 2003; Maurer and Derivaz, 2000). Therefore, animals in this study may
have concentrated on the distance from the tank wall more than on landmarks outside of the
maze. It is interesting to note that peripheral swimming during acquisition was greater for the
MA-0.625 and MA-5-treated-animals, and these animals showed the most consistent deficits.
The third most salient comparison between small and large platform conditions is that there is
a dramatic increase in variability (see error bars in Fig. 7). Increased variability has the effect
of decreasing detection sensitivity and could obscure treatment effects. Lastly, a general
phenomenon may be at work in the Morris water maze regardless of the initial platform size:
spatial deficits may be more readily observed during acquisition compared to the shifted
platform phase when the same size platform is used in both phases. Pretraining in the Morris
water maze is known to attenuate deficits in spatial learning (Cain et al., 1996; Williams et al.,
2002). Acquisition might be considered a form of pretraining for the shifted platform phase,
in that it teaches the animal to move away from the periphery because the platform is located
a fixed distance from the wall. Once this is learned during acquisition it may attenuate deficits
observed during the shifted platform phase. However, if a second parameter is manipulated
during the shifted platform phase, then the deficits may re-emerge. Perhaps, if we had tried
another shifted platform phase with a smaller platform, we might have observed the spatial
deficits again as in previous studies (Broening et al., 2001; Morford et al., 2002; Vorhees et
al., 2000a; Williams et al., 2003d).

Males have previously been shown to perform better than females in locating the hidden
platform in the Morris water maze and this has been supported here (Roof and Stein, 1999;
Williams et al., 2003c,d; Perrot-Sinal et al., 1996; Beiko et al., 2004), however differences
between males and females may depend upon the learning requirements. For example, no sex
differences were noted when the start position and platform position were held constant (Roof
and Stein, 1999) or if females were pretrained prior to spatial learning (Beiko et al., 2004).
Interestingly, the difference between males and females, regardless of treatment, was stable
using the current method of Morris water maze testing. Females had longer latencies to the
platform, increased path lengths, and increased cumulative distances during acquisition and
shifted platform phases. Unlike the apparent change in strategies by the MA-treated-animals
during the shifted platform phase (i.e., decreased swimming in the periphery), the females
continued to spend more time in the periphery than the males. This is somewhat at odds with
a recent study demonstrating that pretraining alleviates the peripheral swimming in females
(Beiko et al., 2004), however this may be the result of the more difficult task parameters (larger
pool with a smaller platform) in the present study. It appears that the differences in females
may be related to the level of circulating corticosterone (CORT) present during the swimming
task since pretraining reduced CORT levels as well.

In previous studies we have demonstrated that MA administration on P11 produces protracted
increases in CORT that were apparent hours after drug administration (Williams et al., 2000).
Furthermore, continued daily administration of MA altered this protracted pattern, such that
on P15 and P20 only transient increases in CORT were observed. More recently, we
demonstrated that the adrenal response to 15 min of forced swim was smaller in animals
exposed to MA (5 mg/kg × 4 doses) from P11 to P20 (Williams et al., 2003a). These data
suggest that the response to stressful situations in neonatal MA exposed animals may be
permanently altered. A potential explanation for the lack of effect in the zero maze might be
that the decreased adrenal response in the pervious study was observed following a combination
of physical exertion and presentation to a novel environment, whereas with the zero maze, only
a novel environment is present. Determination of the adrenal response following a
“psychological” (zero maze) stressor may produce a different pattern of response.
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In relation to the human usage of MA the doses used in this study increase the range of doses
modeled for MA users, i.e., 150–15 000 mg per day (Cho, 1990; Derlet and Heischober,
1990). In addition, it has been reported that the amount of MA used in a single “hit” may be
as high as 250 mg (McCann et al., 1998), whereas casual users may only take between 60–100
mg per “hit” (see (Burchfield et al., 1991)). Therefore, on a non-scaled mg/kg basis, a 60 kg
women who consumed 60 or 250 mg of MA would have used 1 or 4.2 mg/kg, respectively, in
a single “hit.” In this study we administered doses that ranged from 3.125 to 20 mg/kg per day.
The lowest dose in this study is well within the range of even a single “hit” of MA for some
human users and the upper dose would also fall in the range of human use since many users
take several hits during the day (Cho, 1990). It has been argued that rather than using a straight
mg/kg dosage for comparison, there should be some scaling to account for the differences in
metabolic rate and rate of elimination of drug between humans and other species (for review
see Green et al., 2003). Using the Mordenti and Chappell scaling formula of Dosehuman =
Doseanimal (Weighthuman/Weightanimal)0.7 (Green et al., 2003) and assuming a 60 kg women,
a 60 mg “hit,” and a 300 g animal, the equivalent dose would be 1.47 mg or 4.9 mg/kg. If we
used the 250 mg dose then it would be 6.1 mg or 20 mg/kg. In either case, the doses used in
this study are comparable to what estimated human exposures are. It should be realized that
identifying a comparable dose to model third trimester exposure in a fetus is difficult especially
considering that there are several unknowns, such as the amount of drug to which the fetus is
exposed or the body weight of the fetus. One study in sheep suggested that the dam had greater
peak concentrations of MA present after intravenous administration, but that the fetus had a
longer elimination high-life (Burchfield et al., 1991). These authors demonstrated that if one
considers the area under the time/concentration curve for the ewe and the fetus, there was very
little difference in regard to total exposure to MA. This suggests that fetal concentrations may
mimic the concentrations found in the mother. The data in the present study model casual use
(i.e., a single hit per day) of MA in humans rather than just heavy users, making the findings
applicable to a larger range of MA users.

Overall, these data suggest that MA administration even at very small doses produces lasting
effects on spatial learning and memory in rats. These effects may be near the threshold for MA
effectiveness since the 2.5 mg/kg treated-animals only displayed subtle differences in learning.
Together with the reductions in body weight and the learning deficits, these data would caution
against even low dose exposures to MA during the third trimester of pregnancy.
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Fig. 1.
Body weights are shown for males (A) and females (B) during methamphetamine (MA)
administration from P11 to P20. Dose and sex dependent differences, were noted for the various
doses of MA. Only a treatment by day interaction was significant. Refer to text for details.
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Fig. 2.
Body weights are shown for males (A and C) and females (B and D) immediately following
methamphetamine (MA) administration in the pre-weaning period (panels A and B) as well as
the post-weaning period (panels C and D). Dose-dependent differences were noted only in the
pre-weaning period. Sex differences were noted at all times. Refer to text for details.
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Fig. 3.
Acquisition phase data for the Morris water maze following methamphetamine (MA)
administration at various doses or saline (SAL) administered from P11 to P20. The first bearing
(panel A), latency to the platform (panel B), path length (panel C), cumulative distance (panel
D), and distance swum in the periphery (panel E) are depicted. As can be seen, dose
responsiveness was noted for the first bearing, whereas the MA-0.625 and MA-5 animals
consistently performed worse on the other measures compared to SAL animals. *P < 0.05
and †P < 0.1.
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Fig. 4.
Acquisition phase data for the Morris water maze comparing male and female performance for
first bearing (panel A), latency to the platform (panel B), path length (panel C), cumulative
distance (panel D), and distance swum in the periphery (panel E). As can be seen, females
performed worse than males on all measures. *P < 0.05.
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Fig. 5.
The shifted platform phase data for the Morris water maze following methamphetamine (MA)
administration at various doses or saline (SAL) administration from P11 to P20. The first
bearing (panel A), latency to the platform (panel B), path length (panel C), cumulative distance
(panel D), and distance swum in the periphery (panel E) are depicted. Similar to the acquisition
phase, dose responsiveness was noted for the first bearing, however with the exception for a
tendency in the MA-1.25 animals on path length, no other differences were noted. *P < 0.05
and †P < 0.1.
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Fig. 6.
Shifted platform phase data for the Morris water maze comparing male and female performance
for first bearing (panel A), latency to the platform (panel B), path length (panel C), cumulative
distance (panel D), and distance swum in the periphery (panel E). As can be seen, with the
exception of first bearing the females performed worse than males on all other measures *P <
0.05.
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Fig. 7.
Saline control animals in this study (open circles) using a small platform (5 cm × 5 cm) during
both acquisition and the shifted platform phases compared to saline control animals from a
previous study (open triangles) with a large platform (10 cm × 10 cm) during both phases
(Williams et al., 2003d). The tank diameter and extramaze cues were identical between
experiments, however as can be seen the small platform disrupts the learning ability of animals
during both acquisition and the shifted platform phase.
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