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Purpose: Methylphenidate is the most widely used central nervous system stimulant in patients with attention deficit hyperac-
tivity disorder. However, few studies have assessed its effects on voiding. Various doses of methylphenidate were investigated for
their effects on cystometric parameters in conscious mice.

Methods: Ten male C57BL/6 mice, weighing between 20 and 23 g, were used in this study. To compare the acute drug responses
before and after the oral medication was administered in the awake condition, we injected the solution through a catheter inserted
into the stomach. Methylphenidate (1.25, 2.5, and 5 mg/kg) in an injection volume of 0.05 mL was administered.

Results: Four mice that received high doses of methylphenidate (2.5 and 5 mg/kg) showed no voiding contraction, with urine
leakage. Six mice that received a low dose of methylphenidate (1.25 mg/kg) showed typical micturition cycles before and after
administration. The micturition pressure decreased and bladder capacity increased without an increased residual volume after
administration.

Conclusions: Methylphenidate has differential, dose-dependent effects on the function of the lower urinary tract, due to the de-
pendent relationship between the brain and lower urinary tract. Especially at higher doses, this drug may interfere with normal
micturition. Therefore, more detailed clinical or experimental studies are warranted in the future.
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INTRODUCTION

Methylphenidate is recommended as the first-line medication
for attention deficit hyperactivity disorder (ADHD), and is be-
lieved to affect certain metabolic mechanisms of the central ner-
vous system (CNS) [1]. Methylphenidate is widely prescribed as
a CNS stimulant and its use has increased in recent years as the
diagnosis of ADHD has become more specific and reliable [2].
Recent clinical evidence indicates that this agent is effective for
ADHD throughout the disease course [3,4], which usually be-
gins in early childhood [5] and is often maintained into adult-
hood [6]. Despite the well-established therapeutic efficacy of
methylphenidate, the mechanisms underlying its therapeutic

effects and side effects remain poorly understood. Moreover,
data remain limited data regarding the direct effects of methyl-
phenidate on bladder function.

The urinary bladder and urethra, comprising the lower uri-
nary tract, constitute a single functional unit controlled by a
complex network of the CNS, peripheral nervous system, and
local regulatory factors [7,8]. The CNS acts as a terminal switch
to modulate the ensuing involuntary steps of micturition con-
trolled by the autonomic nervous system [9]. Thus, CNS diseas-
es such as ADHD have tended to obscure or modify the true
nature of the voiding dysfunction associated with the disease.
Animal studies demonstrate that methylphenidate exerts differ-
ential effects on brain function, such as stereotyped behavior, in
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a dose-dependent manner [10]. Because the autonomic func-
tions of the lower urinary tract are directly dependent on brain
functions [9,11], animal studies of the awake responses on mic-
turition caused by various doses of methylphenidate may lead
to a better understanding of the mechanisms underlying its
psychostimulatory effects.

This study aimed to investigate and compare the patterns of
urodynamic changes after intragastric injection of various doses
of methylphenidate in mice. Our hypothesis was that methyl-
phenidate exerts peripheral effects on the autonomic nervous
system, which are related to micturition, although the patterns
of micturition differ in a dose-dependent manner.

MATERIALS AND METHODS

Experimental Animals

Ten male C57BL/6 mice, weighing between 20 and 23 g, ob-
tained from Orient Bio Inc. (Seongnam, Korea), were used in
this study. The mice were handled under standard laboratory
conditions with a 12:12-hour light:dark cycle, with free access
to food pellets and tap water. All animal handling and treatment
procedures were performed in accordance with the Guide for
the Care and Use of Laboratory Animals of the National Insti-
tutes of Health and were approved by the Ethics Committee of
the Inha University College of Medicine.

Surgical Procedures

Mice were anaesthetized with ketamine (75 mg/kg intraperito-
neally; Yuhan Co., Seoul, Korea). The bladder and urethra were
approached through a lower abdominal midline incision. A
polyethylene catheter (PE-10, Becton Dickinson, Parsipanny;,
NJ, USA) with a cuff was implanted in the dome and held in
place with a purse-string suture. For drug delivery, another PE-
10 catheter with a cuff was introduced into the gastric body
around the greater curvature of the stomach using a similar
method as that employed for the bladder. Both catheters were
tunneled subcutaneously and anchored to the skin of the back
with a silk ligature. The free end of the catheter was sealed. Af-
ter surgery, the animals were caged individually and maintained
in the same manner.

Cystometric Investigations

Cystometry was performed without anesthesia 2 days after the
implantation of the bladder and gastric catheters. Conscious
mice were placed in mouse metabolic cages (Tecniplast, Bugug-
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giate, Italy) without restraints and the bladder catheter was con-
nected via a T-tube to a pressure transducer (Research Grade
Blood Pressure Transducer, Harvard Apparatus, Holliston, MA,
USA) and a microinjection pump (PHD22/2000 pump, Harvard
Apparatus). Micturition volumes were recorded with a fluid
collector connected to a force displacement transducer (Research
Grade Isometric Transducer). Room-temperature saline was
infused into the bladder continuously at a rate of 2 mL/hr. Pres-
sure and micturition volumes were recorded continuously with
Acq Knowledge 3.8.1 software and an MP150 data acquisition
system (Biopac Systems, Goleta, CA, USA) at a sampling rate of
100 Hz. The mean values from three reproducible micturition
cycles of each mouse from the three groups were used for the
urodynamic evaluation.

The following urodynamic parameters were investigated:
basal pressure (BP, the lowest bladder pressure during filling),
threshold pressure (TP, bladder pressure immediately before
micturition), maximal pressure (MP, maximum bladder pres-
sure during micturition), bladder capacity (BC, residual volume
at the most recent previous micturition plus the volume of in-
fused saline at micturition), micturition volume (MV, volume
of expelled urine), residual volume (RV; bladder capacity minus
micturition volume), and micturition interval (MI, intercon-
traction interval).

Drug and Administration

Methylphenidate (Ritalin, Novartis Co., Basel, Switzerland) was
dissolved in normal saline on the day of cystometry. To com-
pare the drug responses before and after oral medication ad-
ministration in the awake condition, we injected the solution
directly through the catheter into the stomach. After three rep-
resentative continuous micturitions were taken to establish base-
line cystometric data, methylphenidate (1.25, 2.5, and 5 mg/kg)
in an injection volume of 0.05 mL was administered via the
gastric catheter, followed by 0.02 mL of normal saline (0.9%).
Thirty minutes after the injection, cystometry was repeated,
and the results were compared with those at baseline.

Statistical Analysis

Results are given as mean + standard errors of the mean (SEM).
Normal distributions were confirmed by the Shapiro-Wilk W
test. Statistical significance was determined with paired Student
t-tests when appropriate. All analyses were performed using
GraphPad Prism, ver. 5.03, 2009 (Graph Pad Software, San Di-
ego, CA, USA). Statistical significance was considered at the
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P<0.05 level.

RESULTS

Generally, the micturition patterns of the mice were consistent
and similar detailed features were observed in all micturition
cycles. The representative tracings of the baseline and medicat-
ed urodynamic results are shown in Fig. 1. After the injection
of methylphenidate into the gastric tube, the mice showed no
features of excitation or pain related to the administration meth-
od. On the contrary, they showed more appeared more focused
and calm after receiving the medication.

Four mice that received high doses of methylphenidate (2.5
and 5 mg/kg) were excluded from the analysis of the pressure
and volume parameters because they did not show the typical
configurations of the micturition cycles. They showed no pres-
sure rise representing the voiding contraction, with the urine
leaking in the sitting position with eyes closed (Figs. 1C, 2).

Six mice that received a low dose of methylphenidate (1.25
mg/kg) showed the typical configurations of the micturition
cycles before and after medication administration (Fig. 1A, B),

. Pves

m Il

—
5 min

1

5 min

(c
0.69 Vol 0.64
] Vo
0.2 0.24
(mL Q (mL) e
Pves
60+

204 W
(cm H,
1L2Vol 5 min '
0.84
(mL) e

Fig. 1. Representative tracings showing the effects of methylphe-
nidate injected into the gastric tube on cystometric findings. (A)
Basic cystometry before methylphenidate administration. (B)
Cystometric findings after administration of the lower dose of
methylphenidate (1.25 mg/kg). (C) Cystometric findings after
administration of the highest dose of methylphenidate (5 mg/
kg). The mice that received the highest dose showed no voiding
contraction pattern and showed only continuous leakage of a
small amount of urine. Pves, vesical pressure.
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and in these mice, the pressure and volume parameters were
analyzed. There were no significant differences in BP before
(20.8£1.5 cm H,O) or after (18.0£3.8 cm H,O) methylpheni-
date treatment. TPs (37.1+4.3 cm H,O) and MPs (71.2+6.6
cm H,O) significantly decreased after treatment (30.0+4.7 cm
H>0 and 60.8 £4.5 cm H,O, respectively). BCs (0.08 £0.01 mL),
MVs (0.08£0.01 mL), and MIs (4.90 +0.86 minutes) signifi-
cantly increased (0.10+0.01, 0.09+0.01, and 5.67 +0.81, respec-
tively), whereas the RV showed no significant difference after
treatment (Fig. 3).

DISCUSSION

A functional role for methylphenidate in the lower urinary tract
has not yet been established. However, the findings of a few
studies suggest a possible beneficial effect of methylphenidate
in the therapy of patients with voiding dysfunctions such as
giggle incontinence, which improved following medication ad-
ministration [12,13]. The urodynamic changes induced by this
drug, even in those studies, have never been elucidated. The re-
sults of the present study showed that methylphenidate in lower
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Fig. 2. Representative tracings showing the effects of methylphe-
nidate injected into the gastric tube on cystometric findings. (A)
Basic cystometry before methylphenidate admiration. (B) Cysto-
metric findings after administration of the higher dose of meth-
ylphenidate (2.5 mg/kg). The mice that received this dose also
showed no voiding contraction. There was no residual urine at
the time point at which the urine leaked (arrow). Pves, vesical
pressure.
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Fig. 3. Effects of lower-dose methylphenidate (1.25 mg/kg) on
cystometric parameters. (A) Basal pressure. (B) Threshold pres-
sure. (C) Micturition pressure. (D) Bladder capacity. (E) Mictu-
rition volume. (F) Residual volume. Empty and black circles in-
dicate the values before and after methylphenidate administra-
tion. MPH, methylphenidate; NS, not significant. *P <0.05.
PP <0.001.

doses significantly changes the urodynamic parameters related
to the functions of the lower urinary tract, including the blad-
der and urethra. The pressure parameters decreased as the vol-
ume parameters increased, which implies that this drug im-
proves the storage function without a detrimental effect on the
voiding function. However, higher doses of this drug showed
some unusual urodynamic findings; the peripheral effects
seemed to be masked by the central effects.

Despite the widespread use of methylphenidate to treat ADHD,
very little is known about the mechanisms underlying the uro-
dynamic changes related to this drug, but we can presume the
nature of the mechanisms of action from an ADHD study [14-
16]. The frontal cortex inhibits subcortical structures via the
dopaminergic and noradrenergic pathways, which enables the
brain to perform attention and cognition functions and sensory
signal processing [17]. Impairment of the dopaminergic tracts
leading to inappropriate inhibition is the hallmark of ADHD
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[1,15]. The main mechanism of action by which methylpheni-
date suppresses the symptoms of ADHD is thought to involve
modulation of the catecholamines in the prefrontal cortex of
the brain through binding to the dopamine transporter [13].
The prefrontal cortex is believed to be involved in goal-directed
behaviors and the processes of attention, which might be in-
volved in the determination to start the voiding process by the
autonomic nervous system [9,18].

The normal micturition reflex is mediated by the spinobul-
bospinal pathway regulated by higher brain centers such as the
pontine micturition center, periaqueductal gray, and cerebral
cortex [19,20]. During the storage phase, afferent signals from
the full bladder enter the periaqueductal gray in the CNS, which
controls micturition by communicating with two different re-
gions of the pontine tegmentum, the pontine micturition center
and the pontine urine storage center [7,21,22]. The preoptic area
of the hypothalamus influences the pontine micturition center
and determines the initiation of micturition. Experimental re-
sults in animals show that diencephalic dopamine-immunore-
active neurons are closely related to the ventricles in the preop-
tic area and hypothalamus [11]. This suggests that methylphe-
nidate can directly influence the determination of micturition
initiation. With higher doses of methylphenidate, mice showed
no pressure increase of the micturition contraction in the curve
of intravesical pressure, but showed urine leakage. This effect
may be related to the inhibition of the start of micturition and
overflow incontinence. However, with low doses of methylphe-
nidate, the mice showed decreased TP and MP during the void-
ing phase, although there were no definite changes in the BP as
the parameter of the storage phase. The bladder capacity was
increased without an increase in the RV. This may result from
the direct influence on the peripheral nervous system of the
lower urinary tract.

In order to investigate the acute drug effect in mice, the most
widely used method is gavage using a stomach tube. This model
is comparable to the effects of oral medications in human sub-
jects [23,24]. The restraint method is needed to minimize the
risk of adverse effects related to this procedure. However, such
restraint and other coercive acts have the possibility of causing
excitation and irritation of the bladder. Cystometry provides
objective information on the function of the lower urinary tract
during the storage and voiding phases of the bladder cycle, us-
ing measured parameters of pressures and volumes. The pres-
sures measured in the bladder, namely the intravesical pressures,
include the true detrusor pressure and the intra-abdominal
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pressure [25]. Awake murine cystometry, performed under
conscious conditions, is vulnerable to the excitation of animals,
which makes it difficult to compare the parameters before and
after the medication is administered. Our method of injection
into the previously inserted gastric catheter seems to be a solu-
tion to this problem. Injection of the drug into the gastric tube
yielded no excitation or irritation of the bladder.

Recent surveys of children with ADHD indicate higher risks
of nocturnal enuresis, incontinence, urgency, infrequent voiding,
dysuria, and constipation compared to those without ADHD
[26,27]. Furthermore, CNS stimulants such as methylphenidate
are considered to be the “Gold Standard” of medication treat-
ment for ADHD [1,2], and most children with ADHD are first
administered this medication. Thus, there is a high possibility
that the dependent relationship between the brain and lower
urinary tract leads to underestimation of the true incidence of
voiding dysfunctions in ADHD patients treated with methyl-
phenidate, as they may omit complaints about their voiding
problems. Our study showed the possibility that methylpheni-
date may change voiding patterns in children with ADHD, with
different voiding patterns showing different dose-response rela-
tionships. Therefore, more detailed clinical or experimental
studies are warranted in the future.

Our study showed that the responses of the lower urinary
tract to various dosages of methylphenidate are different, due to
the peculiar control system of the lower urinary tract. These
findings suggest that these characteristics can lead to underesti-
mation of the prevalence of voiding problems. Reinvestigation
of voiding patterns in children on methylphenidate is warrant-
ed, both experimentally and clinically.
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