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Abstract
Developmental exposure to methamphetamine (MA) causes long-term behavioral and cognitive
deficits. One pathway through which MA might induce these deficits is by elevating
glucocorticoid levels. Glucocorticoid overexposure during brain development can lead to long-
term disruptions in the hypothalamic-pituitary-adrenal (HPA) axis. These disruptions affect the
regulation of stress responses and may contribute to behavioral and cognitive deficits reported
following developmental MA exposure. Furthermore, alterations in proteins associated with the
HPA axis, including vasopressin, oxytocin, and glucocorticoid receptors (GR), are correlated with
disruptions in mood and cognition. We therefore hypothesized that early MA exposure will result
in short- and long-term alterations in the expression of HPA axis-associated proteins. Male mice
were treated with MA (5 mg/kg daily) or Saline from postnatal day (P) 11–20. At P20 and P90,
mice were perfused and their brains processed for vasopressin, oxytocin, and GR-
immunoreactivity within HPA axis-associated regions. At P20, there was a significant decrease in
the number of vasopressin-immunoreactive cells and area occupied by vasopressin-
immunoreactiviy in the paraventricular nucleus (PVN) of MA-treated mice, but no difference in
oxytocin-immunoreactivity in the PVN, or GR-immunoreactivity in the hippocampus or PVN. In
the central nucleus of the amygdala, area occupied by GR-immunoreactivity was decreased by
MA. At P90, the number of vasopressin-immunoreactive cells was still decreased, but the area
occupied by vasopressin-immunoreactivity no longer differed from Saline controls. No effects of
MA were found on oxytocin or GR-immunoreactivity at P90. Thus developmental MA exposure
has short- and long-term effects on vasopressin-immunoreactivity and short-term effects on GR-
immunoreactivity.

Introduction
The psychostimulant methamphetamine (MA) is abused by approximately 1.2 million
individuals over the age of 12 [1]. As a result, women that abuse MA might do so while
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pregnant. Exposure to MA in utero can lead to behavioral and cognitive deficits [2] by
altering the normal trajectory of brain development [3–4].

One pathway through which MA might induce detrimental effects is by activating the
hypothalamic-pituitary-adrenal (HPA) axis. MA administered both neonatally and in
adulthood has been demonstrated to cause large and prolonged increases in
adrenocorticotropic hormone and corticosterone [5–9]. Exposure to high levels of
glucocorticoids in early development can lead to long-term disruptions of the HPA axis. In
rats exposure to MA from postnatal day 11–20, a critical period for hippocampal
development, results in blunted corticosterone responses to stress in adulthood.
Developmental glucocorticoid over-exposure has also been shown to lead to cognitive
deficits in both humans and rodents [10–11].

Elevated glucocorticoid levels alter brain development through several mechanisms
including; decreasing cell proliferation [12], increasing cell death [13–14], and altering the
pattern of cell migration and differentiation [15–16]. Developmental glucocorticoid
exposure also alters the expression of genes associated with HPA axis function including the
glucocorticoid receptor (GR) and vasopressin in pertinent brain regions such as the
paraventricular nucleus (PVN), central nucleus of the amygdala, and hippocampus [17–19].
Similarly, neonatal stress, which causes the release of glucocorticoids, results in alterations
in vasopressin and oxytocin cell number in the PVN [20]. These changes correlate with a
long-term dysregulation of HPA axis function and stress-related behaviors [18, 21–22]. GR,
vasopressin, and oxytocin have each been implicated in the regulation of cognitive
functions, particularly those related to hippocampal functions such as memory [23–25],
indicating that glucocorticoid-induced deficits in cognition may be associated with
alterations in the expression of these proteins.

Similar to glucocorticoid over-exposure, MA exposure during development can lead to
lasting alterations of the HPA axis function and cognition [6, 26, 27]. However, the
underlying mechanisms are unknown. In this study, we tested the hypothesis that exposure
to MA from P11–20 will induce acute elevations in glucocorticoid levels and cause short-
and long-term alterations in the expression of vasopressin, oxytocin, and GR in HPA axis-
associated brain regions (PVN, central nucleus of the amygdala, and hippocampus). This
treatment period corresponds to a late gestational development period in humans and is a
critical for development of HPA axis associated brain regions, particularly the hippocampus
[28, 29]. Alterations in expression of vasopressin, oxytocin and GR may contribute to
deficits in stress-related and cognitive functions reported in rodents treated with MA during
brain development [30–32].

METHODS
Animals

C57BL/6J mice used for breeding of the mice used in this study were purchased from JAX
Laboratories (Bar Harbor, Maine). The mice were bred under conditions of a 12/12 light/
dark cycle with lights on at 6:00 am. Rodent chow (PicoLab Rodent Diet 20, #5053; PMI
Nutrition International, St. Louis, MO) and water were available ad libitum. Male mice were
injected daily at 10:00 am from postnatal day 11–20 with (d)-MA hydrochloride dissolved in
Saline (5 mg/kg daily, ip.) or Saline alone (injection volume ~ 0.1 mL). Male pups from a
total of 16 litters of C57BL/6J mouse pups were used in this study. Litter sizes of 2–6 pups
were injected using a within-litter design to balance the number of distinct treatment
injections within a litter and across sexes. Every litter had up to 4 MA-injected pups per
litter. This dose was chosen because previous studies in our laboratory have shown that it
causes significant increases in corticosterone in neonatal mice [5]. Furthermore, we chose
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the P11-P20 treatment period because previous studies in our laboratory have demonstrated
that exposure to 5 mg/kg MA during this developmental phase results in lasting functional
impairments including deficits in learning and memory, circadian function, and
sensorimotor gating [27, 32, 33]. On postnatal day 20 (Saline, N=5; MA, N=6) and 90
(Saline, N=7; MA, N=4) mice were intracardially perfused with 20 ml phosphate buffered
saline (PBS) followed by 40 ml 4% paraformaldehyde. Brains were removed and stored in
30% sucrose. P20 mice were killed 1 hour after the final injection. P20 brains were frozen in
O.C.T. compound (Tissue-Tek, Torrance, CA, USA) and stored at −80 prior to sectioning
while P90 brains were sectioned following removal from 30% sucrose.

Blood Collection and Corticosterone Assay
Sixty, 120, and 240 minutes following 5 mg/kg MA or Saline injections, P11 male mice (n =
4–9 mice/treatment) were decapitated and trunk blood was collected into heparinized tubes
(Baxter, McGaw Park, IL, USA). The blood was spun at 10,000 g for 10 min at 4°C, and the
supernatant was transferred to a new tube and stored at −70°C until assay. Plasma samples
were analyzed using commercial I125 corticosterone radioimmunoassays according to the
manufacturer’s instructions (MP Biochemicals, LLC, Orangeburg, NY, USA). The intra-
and inter-assay coefficients of variation were both 7%.

Tissue Processing, immunohistochemistry, and microscope analysis
Fixed brains were coronally sectioned at 40 μm into three series using a cryostat (Microm
HM505E, MICROM international GmbH, Walldorf, Germany) and processed for
immunohistochemical detection of vasopressin, oxytocin, and GR. Briefly, sections were
rinsed in phosphate buffered saline (PBS), and incubated in 4% normal goat serum (NGS) in
PBS with 0.4% triton X-100 (PBS-TX). Next, sections were incubated overnight with
primary antibodies for vasopressin (1:250, gift from Dr. Paul Plotsky), oxytocin (1:5000,
Peninsula Lab) or GR (1:400, M-20, Santa Cruz Biotechnology) in 4% NGS in PBS-TX.
The next day, tissue sections were washed in PBS, incubated for 2.5 hours in donkey anti-
rabbit Alexa 488 (1:200) in 4% NGS in PBS-TX and again rinsed in PBS.
Immunohistochemistry was performed separately for P20 and P90 tissues.

Analysis of vasopressin, oxytocin, and GR immunoreactivity was performed using an
Olympus IX81 confocal microscope equipped with Slidebook software. Images of
hippocampal regions (CA1, CA2, CA3, dentate gyrus) were captured bilaterally within three
sections (Bregma −1.82 to −2.18) using a 20x objective (UPlan FL, Olympus). Three
bilateral sections containing PVN (Bregma −0.7 to −1.06) and central amygdala (Bregma
−1.06 to −1.34) were captured using a 10x objective (UPlan FL, Olympus). GR
immunoreactivity was quantified bilaterally within fixed area frames; CA1 (box, 160 × 55
μm), CA2 (box, 160 × 55 μm), CA3 (2 boxes, 77 × 93 μm each), dentate gyrus (2 boxes, 77
× 93 μm each), PVN (circle, 170 μm diameter), central amygdala (circle, 270 μm diameter).
Background threshold levels were set and applied to all images for comparison. Pixel
intensities above this threshold were used for quantification measures (area occupied by
pixels). Since immunohistochemistry was performed separately for P20 and P90 sections,
background threshold levels also varied between these groups. Therefore, these two time
points were analyzed separately. For vasopressin and oxytocin analyses, area occupied by
vasopressin immunoreactivity was quantified within the entire 10x image which
encompassed the PVN. A frame was not used for this analysis since vasopressin and
oxytocin-immunoreactivity is not seen in regions in close proximity to the PVN as is the
case for GR. For cell quantification, vasopressin and oxytocin-immunoreactive cells were
counted within three sections of each animal (Bregma −0.7 to −1.06). For vasopressin and
oxytocin, immunoreactive cells were quantified to determine whether MA alters the number
of these cell phenotypes in the PVN. This analysis was performed based on a previous study
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which indicated that developmental stressors can alter the number of cells expressing these
phenotypes in the PVN [20]. To determine total immunoreactivity of these proteins in the
PVN (cell body and fiber labeling), area occupied by vasopressin/oxytocin was also
quantified. Evidence suggests that stress/glucocorticoids alter GR by decreasing content
within the cell rather than affecting the number of cells expressing GR [34–36]. Therefore,
area occupied by GR-immunoreactivity measures were utilized to quantify changes in
content reflected by differences in labeling intensity. Furthermore, the high density of GR-
immunoreactive cells in these regions (particularly the hippocampus) impeded accurate cell
counting.

Statistical analyses
Data were analyzed with GraphPad Prism v.4 software (San Diego, CA) using independent
T-tests (MA vs. Saline) for each brain region analyzed in P20 and P90 mice. Since multiple
regions within the hippocampus were measured, a repeated measures ANOVA was
performed using SPSS v.16.0 software (Chicago, IL) to compare GR across treatment and
hippocampal regions. As indicated above, age comparisons were not performed since tissues
were collected separately and immunohistochemistry was also performed at different times
which led to slight variations in labeling intensity and background levels. Corticosterone
levels were analyzed using 2-way ANOVA with treatment (MA, Saline) and time (60, 120,
240 minutes) as factors. Bonferroni comparisons were used for post hoc analyses of plasma
corticosterone levels.

RESULTS
Corticosterone

A 2-way ANOVA indicated a main effect of treatment with MA-treated P11 mice showing
greater corticosterone levels than Saline-treated mice (F(1,29) = 21.07, p< .0001). Post hoc
comparisons revealed significantly higher corticosterone levels in MA-treated than Saline-
treated mice at 120 and 240 minutes (p<.05). There was also a marginal main effect of time
(F(1,29) = 3.28, p< .052) which indicated greatest plasma corticosterone levels at 2 hours
post administration. There was no significant interaction between treatment and time.

Vasopressin
Vasopressin immunoreactivity in the mouse brain was consistent with the known
distribution which includes extensive immunoreactivity in the PVN, supraoptic nucleus, and
suprachiasmatic nucleus [36]. Within the PVN, labeling was found in both magnocellular
and parvocellular populations, as described [37, 38]. The number of vasopressin-
immunoreactive cells in the PVN also appeared to increase slightly with age, which
corresponds to reports which indicate that vasopressin in the rodent brain continues to
develop during the postnatal period [39]. At P20, there was a significant decrease in the
number of cells expressing vasopressin (t(9)= 4.33; p<.01) and the area occupied by
vasopressin immunoreactivity in the PVN of MA-treated mice (t(9)= 2.31; p<.05; Figure
1A–D). At P90, there was still a significant decrease in the number of vasopressin-
expressing cells (t(9)= 2.34; p<.05), but the area of the PVN occupied by vasopressin did not
significantly differ by treatment (Figure 1E–H).

Oxytocin
Oxytocin immunoreactivity in the mouse brain was similar to previous reports with
extensive cell and fiber labeling in the PVN (both parvocellular and magnocellular) and
supraoptic nucleus [40, 20]. The rostrocaudal extent of oxytocin through the PVN was
greater than that for vasopressin, with greater oxytocin-immunoreactivity found in rostral
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aspects of the PVN as previously described in rodents [41]. There was no effect of MA
treatment in the PVN on the number of oxytocin expressing cells or the area occupied by
oxytocin immunoreactivity at either P20 or P90 (Figure 2).

Glucocorticoid receptor
The distribution of GR immuno-labeling reported was similar to the distribution previously
reported in mice, with high levels of GR in CA1, CA2, and the PVN, and low levels in CA3
[42–43; See Figures 3–4]. No significant effects of MA were found on GR
immunoreactivity in the PVN of P20 or P90 mice (Figure 3). Repeated measures ANOVA
of GR across hippocampal brain regions revealed a significant effect of region at P20
{F(3,27)= 50.00, p<.001} and P90 {F(3,27)= 90.17, p<.001} indicating less GR
immunoreactivity in the CA3 region of the hippocampus compared to other regions (Figure
4). No effects of MA treatment or treatment x region interaction were found for GR
immunoreactivity in the hippocampus (Figure 4). In the central nucleus of the amygdala, the
area occupied by GR immunoreactivity was significantly decreased by MA at P20 (t(9)=
2.41; p<.05; Figure 5). This effect was transient, as at P90 GR immunoreactivity was
comparable in MA- and Saline-treated mice (Figure 5).

DISCUSSION
In this study we report that developmental exposure to MA, which induces hyper-activation
of the HPA axis, results in short- and long-term alterations in HPA axis-associated proteins.
Specifically, vasopressin-immunoreactive cells in the PVN were significantly decreased,
both at P20 and P90 following postnatal MA treatment. On the contrary, oxytocin and GR
immunoreactivity were largely unaffected by MA treatment although GR was transiently
decreased by MA in the central nucleus of the amygdala.

The decrease in vasopressin-immunoreactive cells in the PVN may be one mechanism
through which the HPA axis and associated stress-related behaviors are altered following
developmental exposure to MA. Although long-term effects of neonatal MA exposure on
stress hormone release have not been assessed in mice, neonatal MA treatment in rats has
been shown to decrease the release of corticosterone following adult exposure to the forced
swim test [30], indicating a blunted HPA axis response to stress. A decrease in the number
of vasopressin-immunoreactive cells in the PVN may contribute to this effect since this cell
phenotype is involved in HPA axis activation [44]. Furthermore, since glucocorticoid release
is involved in cognitive behaviors including learning and memory [45], a decrease in
vasopressin may contribute to alterations in these functions. Exposure to MA during the
same neonatal treatment period used in this study results in learning and memory deficits
both in adolescent [27] and adult mice [31], therefore, an alteration in central vasopressin
may one mechanism through which MA induces these alterations. Similar to results
presented here, neonatal maternal separation also results in decreases in vasopressin
immunoreactivity in 4- and 6-week-old mice [20]. Since both maternal separation and MA
treatment involve early increases in corticosterone [46, 5], this excess exposure to
corticosterone could be the mechanism through which the number of vasopressin-
immmunoreactive cells is altered. Further studies are warranted to test this possibility.

One possible mechanism through which MA can decrease vasopressin-immunoreactive cells
in the PVN is by increasing cell death in vasopressin cells. MA has previously been reported
to increase cell death in several brain regions [47–48], although the PVN has not yet been
examined. Vasopressin-immunoreactive cells have been reported to co-localize with GR,
particularly following instances of excessive glucocorticoid exposure [49–50]. Therefore
MA-induced glucocorticoids may act directly on vasopressin-immunoreacive cells to induce
alterations. Vasopressin cells in the PVN may be particularly vulnerable to alterations from
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P11–20 since this is an important developmental period for vasopressin immunoreactivity.
Vasopressin content in the rodent PVN increases from P15 to P30 [51].

Unlike vasopressin, oxytocin expression in the PVN was unaffected by MA treatment
indicating that oxytocin may be less vulnerable to developmental MA-induced alterations.
At present, little is known about short- or long-term effects of developmental MA or
glucocorticoid exposure on the brain oxytocin system although a study in sheep indicates
that prenatal exposure to glucocorticoids fails to alter oxytocin mRNA in the pituitary gland
[52]. However, social isolation after weaning has been shown to increase oxytocin mRNA
levels in the PVN [53] and maternal separation increases the number of oxytocin-
immunoreactive cells in the PVN [20]. Both of these procedures increase glucocorticoid
levels although it is unknown whether this is the cause of these oxytocin alterations. The
lack of evidence regarding developmental glucocorticoid treatment-induced alterations in
oxytocin and the data presented here which indicate no effects on PVN oxytocin expression
suggest that an alternative mechanism may be involved.

GR was unaffected by MA in the PVN and hippocampus. This indicates that GR expression
in these regions may be minimally vulnerable to dysregulation following developmental MA
exposure. Alterations in GR by MA have been reported previously in rats. Kabbaj et al [54]
reported that chronic MA treatment in adult rats alters GR mRNA levels in the hippocampus
in one strain (Fischer 344) but not another (Lewis). In another study, repeated administration
of MA to Sprague-Dawley rats significantly decreased GR mRNA levels in the
hippocampus and hypothalamus 6 days after treatment [55]. The absence of an effect of MA
on GR immunoreactivity in the hippocampus and PVN reported here may therefore indicate
that the genetic background might modulate sensitivity to MA. It is also possible that
exposure to MA during brain development differs from that during adulthood in its effects
on GR expression. A higher dose of MA, such as those utilized to induce neurotoxicity [56–
57] may be effective in altering expression of GR and oxytocin, as well as increase effects
on vasopressin. Further studies are needed to test this possibility.

In the central nucleus of the amygdala there was a transient decrease in GR following MA
treatment at P20, although this decrease was resolved in adulthood at P90. While prenatal
exposure to glucocorticoids has been shown to alter amygdala GR levels in rats [20], to our
knowledge, this is the first study in which GR levels were measured following postnatal MA
treatment. This raises the possibility that MA-induced increases in glucocorticoids may
contribute to the effects reported here in the mouse amygdala at P20. The transient decrease
in GR immunoreactivity in the central nucleus of the amygdala in MA-treated mice may
contribute to short-term deficits in the HPA axis and associated behaviors. Little is known
about possible short-term effects on HPA axis function. Siegel et al. [27] reported that this
treatment regimen fails to alter anxiety-related behaviors, while it does alter aspects of
cognition in adolescent mice. These short-term alterations in central amygdala GR
expression may also affect the development of this region and subsequently alter its function
in adulthood. Further studies are warranted to test for lasting effects of MA on central
amygdala morphology and function.

In summary, there are short- and long-term alterations in vasopressin-immunoreactive cells
in the PVN and short-term alterations in GR that are restricted to the central nucleus of the
amygdala. These alterations in the expression of HPA axis-associated neuropeptides and
receptors may contribute to behavioral and cognitive alterations reported in adolescent and
adult rodents as well as humans [27, 31, 26, 3].
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Figure 1. Corticosterone response to MA treatment
Plasma corticosterone levels were significantly increased in P11 mice injected with MA (5
mg/kg) compared to Saline injected controls (p<.001). Post hoc comparisons revealed
significant elevations at 120 and 240 minutes after MA injection (p<.05). Shown as the
mean +/− SEM. * indicates p<.05.
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Figure 2. Vasopressin immunoreactivity in the paraventricular nucleus following postnatal MA
treatment
(A) The number of vasopressin-immunoreactive cells and (B) area occupied by vasopressin
immunoreactivity was decreased in the PVN of P20 mice treated with MA from P11–20
compared to Saline controls. At P90 (E) the number of vasopressin- immunoreactive cells
was still decreased following MA treatment, but the area occupied by vasopressin
immunoreactivity did not significantly differ between treatment groups (F). Representative
images of vasopressin immunoreactivity in the PVN are shown in (C–D, G–H). Images were
captured using a 10x objective. Each bar represents the mean +/− SEM. * indicates p<.05,
** indicates p<.01 compared to Saline treatment.
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Figure 3. Oxytocin immunoreactivity in the paraventricular nucleus following postnatal
methamphetamine treatment
(A) The number of oxytocin-immunoreactive cells and (B) area occupied by oxytocin
immunoreactivity was unaffected in the PVN of P20 mice treated with MA from P11–20
compared to Saline controls. At P90, there were no effects of MA treatment on (E) the
number of oxytocin-immunoreactive cells or (F) area occupied by oxytocin. Representative
images of oxytocin-immunoreactivity in the PVN are shown in (C–D, G–H). Images were
captured using a 10x objective. Each bar represents the mean +/− SEM.
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Figure 4. GR immunoreactivity in the paraventricular nucleus following postnatal MA
treatment
The area occupied by GR immunoreactivity was not significantly altered by MA treatment
at P20 (A) or P90 (D). Representative images of GR immunoreactivity in the P20 and P90
PVN are shown in (B–C, E–F). There was a marginal, although not significant decrease in
GR immunoreactivity in MA-treated mice. Images were captured using a 10x objective.
Each bar represents the mean +/− SEM.
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Figure 5. GR immunoreactivity in the hippocampus following postnatal MA treatment
The area occupied by GR immunoreactivity was not significantly altered by MA treatment
in any region of the hippocampus at P20 (A) or P90 (B). Representative images of GR
immunoreactivity in the P20 hippocampus are shown in (C–D). Boxes indicate areas within
which GR immunoreactivity was quantified. Images were captured using a 4x objective.
Each bar represents the mean +/− SEM. Den, dentate gyrus.
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Figure 6. GR immunoreactivity in the central amygdala following postnatal MA treatment
The area occupied by GR immunoreactivity was significantly decreased following MA
treatment at P20 (A), with no differences found at P90 (D). Representative images of GR
immunoreactivity in the central nucleus of the amygdala at P20 and P90 are shown in (B–C,
E–F). Boxes indicate areas within which GR immunoreactivity was quantified. Images were
captured using a 10x objective. Each bar represents the mean +/− SEM. * indicates p<.05.
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