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Stimulant Medications: How to Minimize 
Their Reinforcing Effects?

It is believed that methylphenidate and amphetamine, the most frequently used phar-
macological treatments for ADHD, exert their therapeutic effects in part by their ability
to increase extracellular dopamine in the striatum and cortical brain regions (1). Both
increase dopamine by their actions on dopamine transporters: methylphenidate by
blocking them (2) and amphetamine by releasing dopamine from the terminal using
the dopamine transporter as the carrier (3). The ability of methylphenidate and am-
phetamine to increase dopamine is also associated with their reinforcing effects, and
this is likely to be one of the main mechanisms underlying their abuse; other reasons for
abuse are to improve performance or to lose weight. Note that the ability to increase
dopamine in the nucleus accumbens (ventral
part of the striatum involved with reward cir-
cuitry) is believed to be a common pharmacolog-
ical effect underlying the reinforcing effects of
drugs of abuse (4). However, the patterns of stim-
ulant-induced increases in dopamine that are as-
sociated with therapeutic effects differ from
those accounting for reinforcing effects. Whereas
steady state and stable dopamine increases are
associated with the therapeutic effects of stimu-
lant medications, abrupt and fast dopamine in-
creases are associated with their reinforcing ef-
fects (5). This is likely to reflect the two processes
that regulate dopamine extracellular levels and
signaling in the brain: tonic dopamine cell firing (which maintains baseline steady state
dopamine levels and sets the overall responsiveness of the dopamine system) and pha-
sic dopamine cell firing (which leads to fast dopamine changes that highlight the sa-
liency of stimuli) (6). Whether a stimulant drug induces a fast versus a slow increase in
dopamine will be dependent on the rate at which the stimulant enters the brain and
reaches the dopamine transporter. Because the rate of entry into the brain is affected by
the dose (larger doses will lead to higher concentrations per unit of time) and the route
of administration (fastest rate of brain delivery: smoking, followed by injection, then
snorting, then oral ingestion), these are variables that modify the reinforcing effects of
stimulant medications. Thus, higher doses are more reinforcing than lower doses and
the faster the rate of delivery, the greater the reinforcing effects of stimulant medica-
tions. Indeed, when stimulant medications are abused for their reinforcing effects they
are frequently snorted or injected, and when given orally at therapeutically recom-
mended doses they have minimal or no reinforcing effects (5).

On the basis of these findings from basic research over the past decade, preparations
of methylphenidate or amphetamine that lead to slow rates of brain uptake as well as
those that cannot be snorted or injected are predicted to have less abuse liability. The
paper by Spencer and colleagues in this issue of the Journal provides evidence that even
for oral formulations of stimulant medications, delivery by systems that lead to slower
rates of release will be less reinforcing than delivery that leads to faster rates of release.
In their study, they compared the brain pharmacokinetics and the reinforcing effects of
methylphenidate when delivered by an immediate-release oral formulation to the ef-
fects when delivered by a controlled osmotic-release formulation. They used positron
emission tomography (PET) and the dopamine transporter radioligand [11C]altropane
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to measure dopamine transporter blockade by methylphenidate at different times after
its administration when delivered as immediate-release versus when delivered as os-
motic-release methylphenidate. They found that doses of immediate-release meth-
ylphenidate (40 mg) and osmotic-release methylphenidate (90 mg) led to equivalent
peak levels of dopamine transporter blockade (immediate release: 72%; osmotic re-
lease: 68%) but at different times after administration of the doses. The peak dopamine
transporter blockade was achieved significantly faster (after 1.7 hours) with the imme-
diate-release formulation than with osmotic-release methylphenidate (5 hours). Also,
the levels of dopamine transporter blockade during the first 2 hours were significantly
higher and thus achieved faster for immediate-release methylphenidate than for the os-
motic-release formulation. The peak level of dopamine transporter blockade achieved
with 40 mg of immediate-release methylphenidate was associated with mild but still
significant reinforcing effects (according to subjects’ self-reports of drug liking), but the
same peak level achieved with 90 mg of osmotic-release methylphenidate was devoid of
any reinforcing effects. These findings corroborate that the relevant variable for the re-
inforcing effects of stimulant drugs is the rate at which dopamine increases (change in
dopamine concentration per time unit) rather than dopamine level per se. Thus, deliv-
ery systems that lead to very slow rates of dopamine transporter blockade and slow
rates of dopamine increases are likely to have less abuse liability than delivery systems
that lead to faster dopamine changes.

Dr. Spencer and colleagues also found that the duration of dopamine transporter
blockade was longer with the 90-mg dose of osmotic-release methylphenidate than
with the 40-mg dose of immediate-release methylphenidate, so that at a constant time
after dosing (e.g., 7 hours) the level of dopamine transporter blockade for osmotic-re-
lease methylphenidate was considerably higher (65% versus 40% for immediate-release
methylphenidate). If the rate of dopamine change is positively associated with the rein-
forcing effects of methylphenidate, its slow clearance from and its long occupancy of
dopamine transporter will limit the rate at which it can be administered before produc-
ing dopamine transporter saturation. Also, because the rate at which rodents self-ad-
minister stimulant drugs is associated with the downward slope of dopamine after prior
increases in the nucleus accumbens (7), this predicts that delivery systems that main-
tain steady state plasma levels for longer time periods are less likely to be abused than
delivery systems that lead to more abrupt changes.

The relatively high rates of stimulant abuse highlight the urgent need to develop strat-
egies that minimize stimulants’ potential reinforcing effects and prevent their abuse.
Prevalence rates for the abuse of stimulant medications in the general population are not
negligible. In 2005, the prevalence rates among 12th graders for amphetamine and me-
thylphenidate abuse in the past year were 8.6% and 4.4%, respectively (8). The data from
Spencer and collaborators provide an example of how imaging technologies can now be
utilized to predict the likelihood for a drug to have reinforcing effects by being able to di-
rectly monitor the temporal course of their effects in dopamine targets in the human
brain. Since most prescriptions for methylphenidate are now for controlled-release for-
mulations, and much less immediate-release methylphenidate is produced and thus
available, monitoring over time should reveal a decrease in methylphenidate abuse.

References

1. Solanto MV: Dopamine dysfunction in AD/HD: integrating clinical and basic neuroscience research. Behav
Brain Res 2002; 130:65–71

2. Volkow ND, Ding YS, Fowler JS, Wang GJ, Logan J, Gatley JS, Dewey S, Ashby C, Liebermann J, Hitzemann R, et
al.: Is Ritalin like cocaine? Studies on their pharmacokinetics and distribution in the human brain. Arch Gen
Psychiatry 1995; 52:456–463

3. Jones SR, Gainetdinov RR, Wightman RM, Caron MG: Mechanisms of amphetamine action revealed in mice
lacking the dopamine transporter. J Neurosci 1998; 18:1979–1986

4. Di Chiara G, Imperato A: Drugs abused by humans preferentially increase synaptic dopamine concentrations
in the mesolimbic system of freely moving rats. Proc Natl Acad Sci USA 1988; 85:5274–5278



Am J Psychiatry 163:3, March 2006 361

EDITORIAL

http://ajp.psychiatryonline.org

5. Volkow ND, Swanson JM: Variables that affect the clinical use and abuse of Ritalin in the treatment of ADHD.
Am J Psychiatry 2003; 160:1909–1918

6. Grace AA: The tonic/phasic model of dopamine system regulation and its implications for understanding al-
cohol and psychostimulant craving. Addiction 2000; 95(suppl 2):S119–S128

7. Ranaldi R, Pocock D, Zereik R, Wise RA: Dopamine fluctuations in the nucleus accumbens during mainte-
nance, extinction, and reinstatement of intravenous D-amphetamine self-administration. J Neurosci 1999;
19:4102–4109

8. University of Michigan: Monitoring The Future 2005 Full Press Release on Drug Use. Ann Arbor, University of
Michigan News Service, 2005 (http://www.drugabuse.gov/Newsroom/05/MTF2005Drug.pdf)

NORA D. VOLKOW, M.D.
Director, National Institute on Drug Abuse

Address correspondence and reprint requests to Dr. Volkow, Director, National Institute on Drug Abuse, 6001
Executive Blvd., Room 5274, Bethesda, MD 20892; nvolkow@nida.nih.gov (e-mail).


