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Abstract
Methylphenidate (MP) is a psychostimulant widely prescribed to treat Attention Deficit
Hyperactivity Disorder (ADHD). Although generally well tolerated, growth deficits have been
reported in children and adolescents undergoing MP treatment. This study was designed to
elucidate the skeletal effects of chronic MP administration in adolescent rats. Male, 4-week-old
rats received one of two doses of MP (MP-Low or MP-High) delivered for 8 hours a day via
drinking water, or were untreated (water only). After 13 weeks, half were sacrificed (N=12/group)
and the remaining rats were left to recover, untreated for 5 additional weeks. Femora, tibiae, and
L5 vertebra were analyzed using calipers, DXA, and mechanical testing. Immediately following
treatment, MP decreased femoral anterior-posterior diameter (5% and 9% for MP-Low and MP-
High, respectively), femoral and tibial Bone Mineral Density (BMD) (6% and 5% for MP-High
femora & tibiae, respectively), and Bone Mineral Content (BMC) (9% for MP-High femora and
tibiae). In addition, femora from MP treated rats had reduced ultimate force (20% for MP-High)
and energy to failure (20% and 33% for MP-Low and MP-High, respectively). However, after
recovery, there were no statistically significant differences for any measured parameters. Despite
these effects on the appendicular skeleton, no differences were identified between vertebral
samples at either time-point. In summary, MP treatment resulted in smaller, less mineralized, and
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weaker bones at appendicular sites, but did not affect the axial site. Although these effects were
ameliorated within 5 weeks, these data suggest that adolescents undergoing MP treatment may be
at an increased risk for long bone fractures.
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Introduction
Attention Deficit Hyperactivity Disorder (ADHD) is a neuropsychiatric disorder
characterized by inattentiveness, impulsivity, and hyperactivity. It is most commonly
diagnosed in children, with a prevalence of 6-9% in the United States, but also affects
adolescents and adults [1]. The psychosocial problems associated with ADHD are profound
and wide-ranging. For example, the effects of ADHD on school performance have been well
studied and show strong associations between ADHD with lower grades and test scores,
higher grade retention, increases in detention and expulsion, and reduced graduation [2]
Outside of the school setting, ADHD is associated with higher levels of family conflict [3]
and sleep disorders [4]. However, the most profound problems include increased risk for
other psychiatric diagnoses, substance abuse, criminality, and suicide [1,5,6].

A wide variety of treatments have been utilized for patients with ADHD that can be broadly
grouped into pharmacotherapy (stimulants), psychotherapy, and alternative therapy. In spite
of widespread use (up to 64%), no alternative therapies have been demonstrated to
effectively treat ADHD [7]. In contrast, some forms of psychotherapy have shown efficacy
in alleviating specific ADHD symptoms, with the greatest benefits seen for targeted
behavioral therapy [8]. However, the use of pharmacotherapy, alone or in combination with
behavioral therapy, remains the most successful treatment for ADHD [1, 9].

Pharmacotherapy utilizes several classes of drugs [10] but the vast majority of patients with
ADHD are treated with stimulants (i.e., methylphenidate [MP] and amphetamine). MP
accounts for most of the prescriptions in children and adolescents [11]. While MP is
generally well-tolerated and is clinically effective in 65-75% of patients, there is concern
regarding potential growth deficits in children and adolescents undergoing chronic MP
treatment [12].

One of the first studies reporting on the effects of MP on adolescent height found growth
suppression in percentile height in patients treated with MP or dextroamphetamine when
compared to non-medicated controls and that with summer holidays some growth recovery
was observed [13]. More recently, in the pivotal Multimodal Treatment Study of ADHD
(MTA), 7-9 year old children treated with MP exhibited growth suppression of 0.9 cm/yr
over the 14-month study duration, with an additional 1.04 cm/yr in growth suppression
during the 10-month follow-up phase in patients who continued medication [14]. At the 36-
month follow-up, naturalistic subgroups of cases ‘Always’ or ‘Never’ treated revealed that
stimulant-related growth suppression reached an apparent asymptote of about 2 cm. Even
stronger suppression of growth was seen in the Preschool ADHD Treatment Study (PATS)
where growth was suppressed by 1.38 cm/yr in 4-5 year old children [15]. However, as other
studies have found no evidence that MP impairs adolescent growth [16], or failed to identify
differences in the heights of adults previously treated with MP [17], the clinical relevance of
MP induced growth suppression remains under debate.
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In order to explore more precisely effects of MP on skeletal growth several studies have
been performed using animal models. In one of the first such studies, treatment of neonatal
and juvenile rats with MP resulted in dose dependant decreases in both body weight and
length [18]. As MP is known to be anorexigenic, a follow-up experiment was performed in
which untreated rats were pair-fed with MP treated rats. While pair-feeding reduced the
body weights and lengths of untreated rats to levels indistinguishable to those of MP treated
rats, skeletal growth rates remained lower in MP treated rats, suggesting that reduced food
intake is not the sole cause of MP induced growth suppression [18]. The persistence of MP
induced growth suppression following treatment cessation has also been evaluated. In a pair
of studies, treatment of neonatal rats with MP reduced body weight and femoral length when
assessed immediately post-treatment [19,20]. However, when assessed after a 30-day
recovery period, these differences were no longer present; leading the authors to conclude
that MP induced growth suppression is an acute problem that is compensated for by a
‘rebound’ in growth following MP cessation.

Although these clinical and animal data offer compelling evidence that the effects of MP on
gross skeletal development may be limited in magnitude and duration, its effects on several
specific and clinically more important measures of bone quality such as bone mineral
density and biomechanical integrity have yet to be rigorously assessed. Given that the MP
prescription rate has doubled in the US within the last decade with ~5% of children and
adolescents now taking this drug [1], thorough elucidation of its effects on specific aspects
of bone growth and quality is warranted. This study was designed to address this issue by
testing the hypothesis that chronic MP administration to adolescent rats impairs not only
bone size, but also bone mineral density, bone mineral content, and biomechanical integrity,
and that these parameters are rapidly normalized following treatment cessation.

Material and Methods
Animal Study

A total of 72 male, four-week-old, Sprague-Dawley rats (Harlan Sprague Dawley,
Indianapolis, IN) were obtained and individually housed at the Brookhaven National
Laboratory Animal Facility with ad libitum access to food. Water was provided ad libitum
prior to study initiation and following cessation of treatment. During the study water was
used to deliver treatment, as described later. Lighting was maintained in a reverse 12-hour
light/dark cycle, temperature was kept at 22 ± 2°C, and humidity was constant at 50 ± 10%
relative humidity.

The rats were randomly divided into 3 treatment groups (n=24/group): 1) Water, a control
group that received water with no MP; 2) MP-Low, a low dosage group, and; 3) MP-High, a
high dose group. Rats in the Water group were allowed access to water for 8 hours each day.
Rats in the MP treatment groups were administered solutions of methylphenidate
hydrochloride (Sigma, St. Louis, MO) dissolved in distilled water through a recently
established dual bottle 8-hour limited access protocol. This protocol involved providing
water with a lower concentration of MP for the first hour of consumption (4mg/kg for MP-
Low and 30mg/kg for MP-High) followed by a higher concentration for the remaining 7
hours (10mg/kg for MP-Low and 60mg/kg for MP-High). The rats had no access to fluids
for the remaining 16 hours/day to ensure that they consumed the entire dose each day. This
dosing protocol has been shown to result in a MP pharmacokinetic profile similar to that
observed in children treated with MP [21]. Food intake and body weight were measured
daily at 10am and fresh MP solutions prepared.

Following 13 weeks of treatment, half of the rats in each treatment group (N=12/group)
were euthanized (Standard Protocol). Blood was collected via cardiac puncture and
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centrifuged to obtain serum, which was stored at −80°C until analysis. Right tibiae, left
femora, and L5 vertebrae were dissected free of soft tissue, wrapped in saline soaked gauze
and stored at −20°C until analysis. The other half of the rats were allowed to recover from
MP treatment with ad libitum access to untreated water for 5 weeks, at which time they were
euthanized (Recovery Protocol) and blood and tissue samples were collected as previously
described.

All animal experiments were conducted in accordance with the National Academy of
Sciences Guide for Care and Use of Laboratory Animals and were approved by the
Brookhaven National Laboratory Institutional Animal Care and Use Committee prior to
study initiation.

Caliper Measurements
In order to assess gross bone size, left femora and L5 vertebrae from all rats were measured
with digital calipers (Mitutoyo, Aurora, IL). For the femora, length was measured by
positioning the calipers on the medial-lateral (ML) axis with one end on the femoral head
and the other end across the femoral condyles. Diameter was measured along the anterior-
posterior (AP) and ML axes at the mid-diaphysis. For the vertebrae, height was measured by
positioning the calipers across the endplates along the ML axis and diameter measurements
were made across the cranial endplate along the AP and ML axes.

Dual Energy X-Ray Absorptiometry
Left femora, left tibiae, and L5 vertebrae were individually scanned by dual-energy X-ray
absorptiometry (DXA) using a PIXImus II (GE-Lunar, Madison, WI) to quantify bone
mineral density (BMC), bone mineral content (BMC), and area. Femora and tibiae were
positioned posterior side down and scanned on the AP axis. Vertebrae were positioned
caudal side down and scanned on the cranial-caudal axis. All samples were fully thawed
before scanning and refrozen until biomechanical testing.

Biomechanics
Mechanical testing was performed on left femora and L5 vertebrae to determine their
biomechanical properties. Prior to testing, all samples were thawed to room temperature and
hydrated in phosphate buffered saline (Sigma). Femora were tested in 3-point bending by
positioning them, anterior surface up, in the center of a custom designed stainless steel
loading jig with an outer span of 20mm. A monotonic load to failure was applied to the
anterior surface at a cross-head speed of 20mm/min, under displacement control, using an
Electroforce 3200 materials testing system equipped with a 450N load cell (Bose, Eden
Prairie, MN). Load and displacement data were digitally sampled at 100Hz using the
WinTest software package (Bose).

The vertebral bodies were first isolated from complete L5 vertebral segments by cutting
through the pedicles using a rotary cutting tool equipped with a diamond wafer blade
(Dremel, Robert Bosch Tool Corp., Racine, WI). They were then tested in unconstrained
uniaxial compression by positioning them, caudal surface down, between two stainless steel
platens and applying a monotonic load to failure to the cranial surface at a cross-head speed
of 5mm/min, using an 858 MiniBionix II equipped with a 2kN load cell (MTS, Minneapolis,
MN). Load and displacement data were digitally sampled at 100Hz using the TestWorks
software package (MTS).

Following testing, force versus displacement curves were plotted in Excel (Microsoft,
Redmond, WA) and ultimate force, stiffness, and energy to failure were calculated using a
set of custom written macros [22,23].
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Serum Biomarker Analyses
Serum alkaline phosphatase (ALP) levels were quantified for all rats using a colorimetric
assay. Briefly, 100μl of each sample was transferred to an optically clear 96-well plate
(Fisher, Pittsburgh, PA). Next, 100μl of ALP yellow liquid ELISA substrate (Sigma) was
added and the plate was incubated in the dark at 37°C for 30min. The absorbance was then
read at 410nm using a Synergy 2 microplate reader (BioTek, Winooski, VT). All samples
were run in triplicate and ALP activity was calculated by referencing a standard curve.

Serum carboxy-terminal collagen crosslinks (CTX) levels were assayed from 4 rats per
treatment group and dosing protocol; chosen by selecting the rats with the highest, lowest,
and middle two values for femoral ultimate force. Samples were analyzed using a RatLaps
EIA (Immunodiagnostic Systems, Scottsdale, AZ) kit in accordance with the manufacturer’s
directions. All samples were run in triplicate and CTX concentrations were calculated by
referencing standard curve.

Serum testosterone from all rats was assessed using an ELISA kit (IBL, Hamburg,
Germany) in accordance with the manufacturer’s protocol. Samples were run in duplicate
and testosterone concentrations were calculated by referencing a standard curve.

Statistical Analyses
All data are presented as group mean ± standard error of the mean. Significant differences in
body weight and food intake were assessed across time and between treatment groups using
two-way ANOVA tests. When significant differences were found, pairwise comparisons
were made using the Holm-Sidak method. CTX results were compared between treatment
groups within dosing protocols using Kruskal-Wallis tests. All other outcome measures were
compared using one-way ANOVA tests to assess significant differences between treatment
groups within each dosing protocol. When significant differences were found, pairwise
comparisons were made using Dunnett’s procedure. Linear regression and correlation
analyses between body weight and the femoral, tibial, and biomarker results were conducted
to assess the influence of body weight on these outcome measures. In addition, ANCOVA
tests were conducted to determine if body weight or femoral geometric parameters
significantly contributed to the differences seen in biomechanical outcomes. For all tests, p-
values less than 0.05 were considered significant. These analyses were performed using SAS
(SAS Institute, Cary, NC) and SigmaStat (Systat, San Jose, CA).

Results
Body Weight and Food Intake

Administration of MP resulted in a dose dependent inhibition of weight gain throughout the
study period (Figure 1A). Specifically, weekly average body weights of MP-High rats were
~11% lower than those of Water controls from week 2 until the end of the study at week 18.
Cessation of MP led to a slight recovery of normal weight gain with MP-High progressing
from a 13% deficit at the end of treatment (Week 13), to an 8% deficit at week 18. In
addition, from week 2 until the end of the treatment period at week 13, the weekly average
body weights of the MP-High rats were ~7% lower than those of MP-Low rats. For the MP-
Low rats, average weekly body weights were ~6% lower than those of Water controls from
week 5 until study completion at week 18. Little change was seen during the recovery period
with MP-Low rats 8% lighter than controls at Week 13 and 5% lighter at Week 18.

Dose dependent decreases in food intake were also seen subsequent to MP administration.
However, in contrast to body weight, these effects were concentrated in the early weeks of
the study (Figure 1B). Average weekly food intake in MP-High rats decreased by ~10%
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from week 1 to 5 and week 1 to 2 as compared to Water and MP-Low, respectively. In the
MP-Low rats, average weekly food intake was ~7% lower than in Water rats for weeks 4, 5,
9, and 10.

Bone Sizes
Caliper measurement of femora revealed a dose dependent decrease in AP diameter under
the Standard protocol that corresponded for MP-Low to a diameter reduction of 5% and for
MP-High of 9%, as compared to Water controls (Figure 2A). Five weeks later, under the
Recovery protocol, these differences were abolished. Measurement of ML diameter and
length revealed no differences with MP (Low or High) (Figure 2B and C).

Significant positive correlations with body weight were observed under the Standard
protocol with ML diameter in the MP-Low rats and with length in MP-High rats (Table 1).
For the Recovery protocol, body weight was positively correlated with ML diameter and
length both in MP-Low and MP-High rats (Table 1).

Analysis of L5 vertebrae revealed a significant between group difference in AP diameter
under the Recovery protocol, but subsequent pairwise comparisons failed to identify any
significant differences (Table 2). Similarly, neither ML diameter nor vertebral height was
found to differ under either dosing protocol (Table 2).

Densitometry
The results of the DXA analyses of femora and tibiae demonstrated similar findings.
Compared to Water controls, reduced BMD and BMC were seen in MP-High rats for both
bones under the Standard dosing protocol (Figure 3). Specifically, BMD was 6% and 5%
lower for femora and tibia (Figure 3A and D), respectively, while BMC reductions of 9%
were seen for both bones (Figure 3B and E). However, under the Recovery protocol, these
parameters were no longer significantly different. Neither dosing protocol resulted in
significant BMD or BMC changes in the MP-Low rats for either bone. Furthermore, no
differences were seen in area for any of the samples (Figure 3C and F).

The correlation analysis yielded numerous significant and positive correlations with body
weight. Under the Standard protocol, femoral and tibial BMC and area correlated for the
Water group (Table 1). Femoral and tibial BMD, BMC, and area all correlated for MP-Low.
Similarly, for MP-High all three tibial parameters were correlated with body weight, while
only BMC and area were correlated in the femora. Under the Recovery protocol,
correlations were seen for all three femoral and tibial parameters in the MP-Low and MP-
High rats.

Consistent with the caliper measurements, no differences were found for any of the vertebral
DXA outcomes (Table 2).

Biomechanical Properties
Analysis of femoral mechanical testing results under the Standard dosing protocol revealed
large differences between rats treated with MP and Water controls (Figure 4). Ultimate force
in MP-High rats was reduced by 13%, while energy to failure showed dose dependent
reductions for MP-Low (20%) and MP-High (33%) rats as compared to Water controls
(Figure 4A and C). Furthermore, a trend towards reduced stiffness was seen in the MP-High
rats, though this was not significant (Figure 4B). Following the recovery phase, no
differences were apparent, though the MP-High rats showed a trend towards increased
ultimate force and energy to failure when compared to Water controls (Figure 4A and C).
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Correlation of body weight with biomechanical properties revealed only two significant
results, with ultimate force and stiffness both showing positive correlations with body
weight in the MP-Low rats (Table 1). Interestingly, the ANCOVA was not significant for
body weight, but did find significant effects for AP diameter on ultimate force, F(1,610) =
16, p<0.001 and stiffness F(1,2930) = 8.5, p<0.01. However, these effects were small with
only 8.6% of the variance for ultimate force and 0.3% of the variance for stiffness accounted
for by AP diameter (ω2 = 0.086 and 0.003, respectively).

Similar to the other outcomes, no biomechanical differences were seen between any of the
vertebral samples (Table 2).

Serum Biomarkers
Analysis of serum ALP revealed that high dose MP treatment elevated its levels, as
compared to Water controls, under both dosing protocols (Figure 5A). ALP increases with
MP-High were 31% and 16% under the Standard and Recovery protocols, respectively. For
MP-Low, ALP levels trended higher under both protocols, but were not significantly
different (Figure 5A). In addition, ALP levels did not significantly correlate with body
weight (Table 1).

In contrast to ALP, serum levels of CTX did not differ significantly between treatment
groups under either dosing protocol (Figure 5B). However trends towards dose dependent
decreases in CTX under the Standard protocol in conjunction with increases under the
Recovery protocol were noted. No significant correlations were found between CTX and
body weight (Table 1).

The testosterone analysis identified a trend towards a dose-dependent decrease in serum
testosterone under the Standard protocol (Figure 5C). In contrast, under the Recovery
protocol MP-High rats displayed a marked elevation of testosterone by 93% and 104% as
compared to Water and MP-Low, respectively. Furthermore, testosterone significantly
correlated with body weight for the MP-High rats under the Recovery protocol (Table 1).

Discussion
This study tested the hypothesis that chronic treatment of adolescent rats with MP
significantly impairs skeletal growth, mineralization, and biomechanical integrity, and that
these parameters are rapidly normalized following treatment cessation (i.e., recovery). The
results of this study overwhelmingly support this hypothesis for the appendicular sites
evaluated, with MP treatment demonstrating dose dependent decreases in the diameter,
BMD, BMC, and biomechanical properties of both femora and tibiae, when assessed at the
end of the 13-week treatment period. Furthermore, after the 5-week recovery period all of
these parameters were indistinguishable from controls, indicating that skeletal recovery was
achieved within 5 weeks of drug discontinuation. In contrast, MP treatment had no
discernable effects on L5 vertebra for any of the outcomes evaluated, leading us to conclude
that the adverse effects of MP on skeletal development are limited to appendicular sites in
this model.

These findings are in general agreement with prior studies showing that MP treatment of
neonatal and adolescent rats results in dose dependent inhibition of weight gain [18,19,20].
In addition, the rapid normalization of both body weight and skeletal growth upon MP
cessation is also in agreement with previous reports [19, 20]. However, our results extend
the basic findings of these prior studies by providing significantly more detailed measures of
bone size, as well as densitometric and biomechanical data that reveal the extent to which
MP treatment impairs skeletal development. Moreover, by analyzing both appendicular and
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axial skeletal sites, our study shows that the adverse effects of MP on skeletal development
are restricted to the appendicular skeleton. One reason underlying this specificity may be
preferential suppression of cortical rather than trabecular bone growth by MP. Another
reason may be that MP is altering normal locomotor activity and the axial sites, which are
more load-responsive, are being preferentially affected. Finally, underlying genetic and
developmental factors that result in reduced variability of axial skeletal elements compared
to appendicular elements may serve to protect these sites from the adverse effects of MP
[24].

As MP treatment inhibited weight gain, it is possible that lower body mass in MP treated
rats contributed to their impaired skeletal development. However, there are several reasons
to suggest that lower body mass cannot fully account for these findings. First, despite a
normalization of all measures of skeletal development at the end of the recovery period, MP-
High rats remained significantly lighter than controls. Second, the majority of the
differences in food intake occurred in the first 5 weeks of the study, suggesting that the
effects of MP on appetite are transient and not the main cause of reduced body weight or
impaired skeletal development. Furthermore, if body weight was the sole contributor to
impaired skeletal development, all of the bones examined should have been similarly
affected. Instead only bones from the appendicular skeleton were found to be affected.
Additionally, if reduced body weight was the main factor underlying the differences seen in
skeletal development, the strongest correlations should have been seen between body weight
and the parameters that differed most from controls. Rather, the strongest correlations were
seen for densitometric outcomes under the recovery protocol, were differences between
treatments were no longer apparent. Finally, the ANCOVA showed no significant effects for
body weight on femoral biomechanics, suggesting that MP impairs femoral biomechanical
properties independent of its effects on body weight. Thus, although lower body weight
cannot be completely ruled out as a contributor to impaired skeletal development in MP
treated rats, it is not the only reason for these effects. It should also be noted that body
composition was not measured in this study, making it impossible to determine if MP had
differential effects on fat and lean mass, which could result in different effects on skeletal
development.

One likely mechanism for the skeletal effects of MP treatment is its effects on sex hormones
such as testosterone. As testosterone is vital for normal pubertal skeletal growth, as well as
adult skeletal homeostasis [25], elevation of serum testosterone following MP cessation may
be responsible for the rapid recovery of normal skeletal health. Moreover, while not
statistically significant, reduced testosterone was seen during MP treatment suggesting that
MP-induced suppression of skeletal growth may also be driven by changes in testosterone.
Clinical evidence has also shown that MP can disrupt testosterone levels, as seen in a study
of hormone levels in adolescents undergoing MP treatment that revealed not only significant
reductions in salivary testosterone levels, but also a flattening of the normal diurnal pattern
of decreasing testosterone throughout the day [26]. Taken together, these data suggest that
altered testosterone levels contribute to the adverse effects of MP on skeletal development,
as well as their rapid normalization following treatment cessation.

While this study only assessed testosterone as a mechanism for the skeletal effects of MP,
alterations in other signaling pathways and basic physiological processes are certain to
contribute to the observed effects. These could include direct effects of MP on osteoblasts,
osteoclasts, and osteocytes, changes in general metabolic rates, altered nutrient absorption,
differential physical activity, and acute starvation responses [27]. In addition, it is probable
that MP-induced disruption of dopamine signaling also contributes to these effects because
dopamine transporter (DAT) knockout mice, which have enhanced dopaminergic signaling
as seen in animals treated with MP, also show significant reductions in bone density and size
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[28]. Complete elucidation of the mechanism by which MP impairs skeletal development
will not occur until more detailed analyses of these and other possible underlying
mechanisms are completed.

In addition to assessing the effects of MP directly on skeletal parameters and beginning to
elucidate the mechanism by which MP affects the skeletal system, serum biomarkers of
bone formation and resorption were quantified in an effort to determine if their expression
levels could be used to monitor the adverse effects of MP on skeletal development.
Consistent with the rapid skeletal normalization seen in MP-High rats under the recovery
protocol, ALP levels were significantly increased in these animals, suggesting that it may be
possible to monitor the previously reported ‘growth rebound’ effect [19,20] using this
biomarker. However, ALP levels were unexpectedly elevated in MP-High rats at the end of
treatment when these rats had reduced femoral size, and femoral and tibial BMD and BMC.
Unfortunately, as total ALP, rather than bone specific ALP was measured, we do not know
if the elevated ALP was due to alterations in bone metabolism, hepatic interference (e.g.,
MP metabolism), or intestinal changes (e.g., altered food intake). Furthermore, even if the
increase in ALP was due to increased osteoblastic activity, an even larger induction of
osteoclastic activity could have been responsible for the decreases seen in size and
mineralization. However, analysis of the resorption marker, CTX, showed no differences
between treatment groups. Therefore, these data indicate that while measurement of serum
biomarkers may ultimately show utility in noninvasively monitoring the effects of MP on
skeletal development, further research will be required to identify more relevant and
clinically useful biomarkers.

While it is challenging to compare the results of this study to clinical MP studies, several
basic findings are in good agreement with the clinical literature. For example, the well
documented decrease in weight gain for patients taking MP [14,15,16] is clearly replicated
in our animal model. Clinical studies of the phenomenon of ‘rebound growth’ following
cessation of MP treatment are more limited and inconsistent. For example, one study of 76
stimulant-treated children (with 16 continued on medication and 50 withdrawn from
medication for a summer drug holiday) showed that abnormally high weight gain occurred
during the three months of treatment cessation, but that these gains were not sufficient to
compensate for the reduced weight gain during the preceding 9 months of treatment [29].
Larger longitudinal studies (370 cases with an untreated clinical control group of 65, 147
inconsistently treated, and 158 continuously treated) have failed to show a complete rebound
in height [12]. Three long-term follow-up studies failed to find differences in adult height
and weight for patients treated with MP for a variable time in childhood and adolescence,
but these studies, which were of children with outdated diagnostic labels before the ADHD
criteria were developed, were not designed to assess height, did not always measure height,
and used self-reported height in many cases [17].

This study is the first to examine the effects of MP treatment on skeletal biomechanical
integrity and mineralization in an animal model and no similar clinical studies have been
reported, making it difficult to assess the clinical relevance of these findings. However,
given the degree of biomechanical impairment seen in the femora of MP-High rats (13% and
33% reductions in ultimate force and energy to failure, respectively) future studies should be
conducted to evaluate bone density in patients undergoing MP treatment, as well as
determine if they have an increased fracture incidence.

Unlike the clinical literature on studies of humans and animal studies on rats, our study
failed to identify any differences in length. Clinical studies reporting on reduced growth
measured total height [14,15] and prior rat studies identified reductions in both naso-anal
length [18] and femoral length [19,20]. By measuring femoral length and vertebral height in

Komatsu et al. Page 9

Bone. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



this study, it was expected that the relative contribution of appendicular and axial sites
would be able to be ascertained. However, no differences were seen at either site, suggesting
that more vertebral levels, additional appendicular samples (i.e., radius, humerus, ulna), or
naso-anal length should be measured to definitively assess the effects of MP on bone/body
length in these animals. It is also possible that no differences were present and the failure to
replicate prior rat studies arose due to differences in MP dosage, route of administration, rat
background, or ages during treatment. However, we did see reductions in femoral AP
diameter in the MP-High rats, which has not previously been reported and is indicative of
reduced periosteal bone formation.

In summary, the results of this study suggest that chronic MP treatment leads to weaker, less
mineralized appendicular bones. While cessation of treatment mitigated these adverse
effects, these data show that bones in young rats undergoing MP treatment require less force
to break and suggest that adolescents may be at an increased risk for fracture while
undergoing MP treatment. In addition, as it is not yet clear if MP treatment leads to
reductions in peak bone mass, these patients may also be at an increased risk for developing
osteoporosis. Given the rapid rise in the number of adolescents taking MP, as well as the
increasingly longer periods of time they are exposed to this drug, additional studies of its
adverse skeletal effects are clearly warranted. Elucidation of the molecular mechanisms
underlying these effects, as well as ways to identify and mitigate them in a timely manner
would enable physicians to better tailor treatment decisions for these patients in order to
effectively manage ADHD symptoms while minimizing the adverse skeletal effects of MP
treatment.
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Highlights

Chronic administration of methylphenidate to young rats adversely affects appendicular
skeletal development.

Chronic administration of methylphenidate to young rats does not affect axial skeletal
development.

The adverse effects of methylphenidate administration to young rats were eliminated
within 5 weeks of treatment cessation.

Adolescents taking methylphenidate may have an increased risk for skeletal problems.
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Figure 1. Body Weight and Food Intake
Line graphs showing: A) Body weight, and; B) Food intake; for the three treatment groups
(Water, MP-Low, and MP-High) during the 13 weeks of treatment and 5 weeks of untreated
recovery. Markers indicate average weekly weight for each group with error bars denoting
SEM. Results were compared between treatment groups each week using 2-way repeated
measures ANOVA, followed by pairwise comparisons using the Holm-Sidak method. All
comparisons were considered significant for p-values < 0.05. Weeks in which results
significantly differed are spanned by brackets and marked with symbols to identify the
groups that differed.
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Figure 2. Femoral Caliper Measurements
Line graphs showing results of caliper measurements of femoral: A) Anterior-posterior (AP)
diameter; B) Medial-lateral (ML) diameter, and; C) Length; for the three treatment groups
(Water, MP-Low, and MP-High) analyzed immediately after 13 weeks of treatment
(Standard) and following 5 weeks of untreated recovery (Recovery). Markers indicate group
average with error bars denoting SEM. Results were compared between groups within each
dosing protocol using ANOVA, followed by pairwise comparisons with Dunnett’s tests. All
comparisons were considered significant for p-values < 0.05. Significant differences
between treatment groups from the standard protocol are indicated by brackets and asterisks.
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Figure 3. Femoral and Tibial DXA Analyses
Line graphs displaying results of dual energy x-ray absorptiometry (DXA) determination of:
A) Femoral bone mineral density (BMD); B) Femoral bone mineral content (BMC); C)
Femoral area; D) Tibial BMD; E) Tibial BMC, and; F) Tibial area; for the three treatment
groups (Water, MP-Low, and MP-High) analyzed immediately after 13 weeks of treatment
(Standard) and following 5 weeks of untreated recovery (Recovery). Markers indicate group
average with error bars denoting SEM. Results were compared between groups within each
dosing protocol using ANOVA, followed by pairwise comparisons with Dunnett’s tests. All
comparisons were considered significant for p-values < 0.05. Significant differences
between treatment groups from the standard protocol are indicated by brackets and asterisks.
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Figure 4. Femoral Biomechanical Testing
Line graphs showing results of femoral biomechanical testing for the parameters of: A)
Ultimate force; B) Stiffness, and; C) Energy to failure; for the three treatment groups
(Water, MP-Low, and MP-High) analyzed immediately after 13 weeks of treatment
(Standard) and following 5 weeks of untreated recovery (Recovery). Markers indicate group
average with error bars denoting SEM. Results were compared between groups within each
dosing protocol using ANOVA, followed by pairwise comparisons with Dunnett’s tests. All
comparisons were considered significant for p-values < 0.05. Significant differences
between treatment groups from the standard protocol are indicated by brackets and asterisks.
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Figure 5. Serum Biomarkers
Bar graphs displaying serum levels of: A) Alkaline phosphatase (ALP); B) Carboxy-
terminal collagen crosslinks (CTX) and; C) Testosterone, for the three treatment groups
(Water, MP-Low, and MP-High) analyzed immediately after 13 weeks of treatment
(Standard) and following 5 weeks of untreated recovery (Recovery). Markers indicate group
average with error bars denoting SEM. Results were compared between groups within each
dosing protocol using ANOVA (ALP and Testosterone) and Kruskal-Wallis tests (CTX),
followed by pairwise comparisons with Dunnett’s tests. All comparisons were considered
significant for p-values < 0.05. Significant differences between groups are indicated by
brackets and asterisks.
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