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Abstract
Methylphenidate (Ritalin, MPH) is the most commonly prescribed psychoactive drug for children.
Used to treat attention-deficit/hyperactivity disorder (ADHD) and for cognitive enhancement in
healthy individuals, its cellular mechanisms of action and potential long-term effects are poorly
understood. We recently reported that a clinically relevant (1 mg/kg i.p., single injection) dose of
MPH significantly decreased neuronal excitability in the juvenile rat prefrontal cortical neurons.
Here we further explore the actions of acute treatment with MPH on the level of NMDA receptor
subunits and NMDA receptor-mediated short- and long-term synaptic plasticity in the juvenile rat
prefrontal cortical neurons. We found that a single dose of MPH treatment (1 mg/kg,
intraperitoneal) significantly decreased the surface and total protein levels of NMDA receptor
subunits NR1 and NR2B, but not NR2A, in the juvenile prefrontal cortex. In addition, the
amplitude, decay time and charge transfer of NMDA receptor-mediated EPSCs were significantly
decreased whereas the amplitude and short-term depression of AMPA receptor-mediated EPSCs
were significantly increased in the prefrontal neurons. Furthermore, MPH treatment also
significantly increased the probability and magnitude of LTP induction, but had only a small effect
on LTD induction in juvenile rat prefrontal cortical neurons. Our data thus present a novel
mechanism of action of MPH, i.e., changes in glutamatergic receptor-mediated synaptic plasticity
following early-life treatment. Furthermore, since a single dosage resulted in significant changes
in NMDA receptors, off-label usage by healthy individuals, especially children and adolescents,
may result in altered potential for plastic learning.
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INTRODUCTION
Attention deficit/hyperactivity disorder, or ADHD, is an increasingly common childhood
disorder, and is now recognized in adults as well. ADHD is thought to affect between 3 and
5% of school-aged children, although some estimates go as high as 8% (Faraone, Sergeant,
Gillberg, and Biederman, 2003; Polanczyk, de Lima, Horta, Biederman, and Rohde, 2007).
Methylphenidate (Ritalin®, MPH) is the most commonly prescribed agent for treating
ADHD (Challman and Lipsky, 2000). It has been determined that MPH acts primarily on the
dopaminergic and noradrenergic systems through blockade of the dopamine and
norepinephrine reuptake transporters, thereby increasing the concentrations of these
neurotransmitters in the brain to correct the attention deficits and hyperactivity (Arnsten and
Pliszka, 2011; Berridge, Devilbiss, Andrzejewski, Arnsten, Kelley, Schmeichel, Hamilton,
and Spencer, 2006; Greenhill, Kollins, Abikoff, McCracken, Riddle, Swanson, McGough,
Wigal, Wigal, Vitiello, Skrobala, Posner, Ghuman, Cunningham, Davies, Chuang, and
Cooper, 2006; Kuczenski and Segal, 2001; 2002).

Although MPH acts primarily on dopamine and norepinephrine, it likely has effects on other
neurotransmitter systems, especially the glutamatergic system, to regulate attention,
learning, and memory functions. In fact, the dopamine and glutamatergic systems are
intricately interlinked, via intracellular signaling pathways as well as their physical
interactions (Cepeda and Levine, 2006). During development, NR2B-containing NMDA
receptors are replaced by NR2A-containing ones (Cull-Candy, Brickley, and Farrant, 2001),
raising the threshold for long-term potentiation (LTP) and lowering the threshold for long-
term depression (LTD), making learning more selective (Kopp, Longordo, and Luthi, 2007;
Yashiro and Philpot, 2008). However, the prefrontal cortex (PFC) is unique among cortical
regions in that it does not experience a significant alteration in the NR2A/NR2B ratio during
development; thus, the potential for plasticity remains high throughout adulthood (Wang,
Stradtman, Wang, and Gao, 2008). NMDA receptors, due to their relationship with neural
plasticity and learning/memory, are likely to be affected by stimulant drugs, including MPH.
Indeed, the levels of NR2B have been shown to be decreased by treatment with
amphetamine, a psychostimulant closely related to MPH (Mao, Wang, Chu, Zhang, Liu,
Yang, Haines, Papasian, Fibuch, Buch, Chen, and Wang, 2009).

Despite the decades of research on MPH effects, little is known about its potential
developmental effects on the PFC circuitry. Furthermore, development of the PFC is not
complete until young adulthood (Arnsten, 1999; Arnsten and Shansky, 2004; Gonzalez-
Burgos, Kroener, Zaitsev, Povysheva, Krimer, Barrionuevo, and Lewis, 2008; Hashimoto,
Nguyen, Rotaru, Keenan, Arion, Beneyto, Gonzalez-Burgos, and Lewis, 2009; Lewis, 1997;
Tseng and O'Donnell, 2007; Woo, Pucak, Kye, Matus, and Lewis, 1997). We have
previously reported striking differences in the response of PFC neurons to MPH in adult
versus juvenile systems; a clinically-relevant 1mg/kg i.p. dose resulted in enhancement of
PFC function in adults, but caused a relatively hyperdopamine state in the juveniles (Urban,
Gao, and Waterhouse, 2012). It has been shown that hyperdopamine significantly attenuates
NMDA receptor-mediated currents in the PFC pyramidal neurons (Li and Gao, 2011; Li, Xi,
Roman, Huang, and Gao, 2009). Furthermore, excessive stimulation of the ventral tegmental
area that results in dopamine overflow in the PFC has been shown to enhance the magnitude
of hippocampal-PFC LTP (Jay, Rocher, Hotte, Naudon, Gurden, and Spedding, 2004).
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Therefore, it is important to understand how treatment with MPH affects NMDA receptors
and synaptic plasticity in prefrontal cortical neurons of juvenile brain. We hypothesize that
treatment with a clinically-relevant dose of MPH, as we reported recently (Urban et al.,
2012), will result in decreased expression of NMDA receptors in the juvenile rat PFC, which
in turn, will translate functionally to a decrease in NMDA current as well as an altered
induction of LTP/LTD in the PFC cortical pyramidal neurons. We tested this hypothesis
with a combination of biochemical and electrophysiological techniques and we confirmed an
altered NMDA receptor composition and an altered synaptic transmission and plasticity in
response to acute MPH treatment in the juvenile rat PFC.

MATERIALS AND METHODS
Animal Care and Preparation

Male and female Sprague-Dawley rats at age of postnatal day (PD) 12 were purchased from
Charles River. Upon arrival, animals were allowed 3–5 days to acclimate before treatment
began. Rats aged PD15–25 received a single, 1 mg/kg i.p. injection of MPH, as we reported
previously (Urban et al., 2012), and were sacrificed one hour later for physiological
recording. Control animals received an equivalent amount of physiological saline. Both male
and female pups were included in this study because our previous work found no significant
differences between juvenile males and females in regards to responses to MPH treatment at
this age group (Urban et al., 2012).

Prefrontal Cortical Slice Preparation
Rats were anesthetized with sodium pentobarbital (Euthasol, Virbac Animal Health) and
level of anesthesia was determined with rear toe pinch. When the animal gave no response
to a toe pinch, it was quickly decapitated and the brain was removed and placed in ice-cold
sucrose-rich artificial cerebrospinal fluid (aCSF) containing (87 mM NaCl, 75 mM Sucrose,
25 mM NaHCO3, 25 mM glucose, 2.5 mM KCl, 1.25 mM NaH2PO4, 0.5 mM CaCl2, 7 mM
MgSO4) and bubbled with 95% O2/5% CO2. Brain region containing PFC was trimmed and
coronal slices were made 300 µm thick using a Leica VT1000S vibratome (Leica
Microsystems, Bannockburn, IL). Slices were collected and incubated in 35.5°C sucrose-
rich aCSF bubbled with 95% O2/5% CO2 for one hour, then stored at room temperature until
recording.

Electrophysiological Recordings
For recording, brain slices were bathed in heated (~35°C) aerated (95%O2/5%CO2) Ringer’s
solution (125 mM NaCl, 25 mM NaHCO3, 25 mM glucose, 2.5 mM KCl, 1.25 mM
NaH2PO4, 2 mM CaCl2, 1 mM MgCl2) on a recording chamber placed under an upright
Zeiss Axioskop 1 microscope (Zeiss Microsystems). Layer 5 PFC pyramidal neurons were
identified by their cell soma shape and dendrite morphology using an infrared differential
interference contrast video system (Hamamatsu Cop. USA, Bridgewater, NJ). Electrode
pipettes were pulled using a Sutter P-97 horizontal puller (Sutter Instruments, USA) and
filled with a cesium-containing intracellular solution (110 mM D-gluconic acid, 110 mM
CsOH, 10 mM CsCl2, 1 mM EGTA, 1 mM CaCl2, 10 mM HEPES, 1 mM ATP-Mg).
Clampex 9.2 software (Molecular Devices) was used for data recordings and a 700A Multi-
Clamp Commander was used for data amplification and neuronal recording manipulations
such as bridge-balance and current/voltage injection. A bipolar stimulus electrode
(CBBRC75, FHC Inc., Bowdoin, ME) was placed in layer 2/3, about 200 to 300 µm from
the recording layer 5 pyramidal neurons of the PFC. Only cells that formed a gigaohm seal
were kept and recorded from. The highly potent and specific chloride channel blocker 4,4′-
dinitro-stilbene-2,2′-disulphonic acid (DNDS, 0.5mM, Sigma-Aldrich) was added into the
recording pipette to block GABAA receptor-mediated current (Dudek and Friedlander, 1996;
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Volgyi, Xin, and Bloomfield, 2002) in the recording of NMDA receptor-mediated current.
For short-term plasticity experiments, cells were placed in voltage-clamp mode, and held at
−60 mV. A 20-Hz train of 10 pulses was given, with stimulus strength being adjusted so that
the first AMPA-EPSC peak was approximately 50 pA in amplitude. Next, cells were held at
+60 mV to record NMDA receptor-mediated current and summation in response to the pulse
train in the presence of AMPA receptor antagonist DNQX (20 µM). To determine the NR2B
component of NMDA receptor-mediated current, a potent and selective NR2B antagonist
Ro-256981 (0.5 µM, Tocris) was added to the bath solution for 5 min to block NR2B-
containing receptors in the NMDAR-mediated currents recorded at +60 mV in the presence
of GABAA receptor antagonist picrotoxin (50 µM) and AMPA receptor antagonist DNQX
(20 µM). Ro-256981 was then washed out and the NMDA-EPSCs were recorded for an
additional 10 minutes for recovery. For all recordings, the input resistance of the neuron was
constantly monitored with an injected negative current (−100 pA, 200 ms) and was adjusted
during recording. For reversal potential, a separate set of neurons was used. Cells were held
in different voltages from −80 mV to +60 mV with 20 mV increments, using the same
cesium-intracellular solution used to measure AMPAR- and NMDAR- mediated currents,
and resulting EPSCs were recorded for 5 minutes at each holding potential.

For LTP recordings, the stimulating electrode was placed in layer 2/3 and a low-resistance
(0.5–1 MOhm) recording glass pipette containing Ringer’s solution was placed in layer 5 of
the medial PFC. Field potential was recorded in current clamp, with a sweep interval of 15
seconds. Stimulus intensity was adjusted to bring the initial EPSP amplitude to about 0.5
mV. Baseline was recorded for 15 minutes with a stimulus every 15 seconds, and then LTP
was induced with 4 trains of 100 pulses at 100 Hz, with an inter-train interval of 30 seconds.
Following LTP protocol, fEPSPs were recorded every 15 seconds for an additional 45
minutes. Four fEPSPs were averaged to result in one data point per minute, and graphed. For
LTD studies, baseline was recorded with a sweep interval of 15 seconds for 15 minutes,
followed by a low-frequency stimulation protocol (900 pulses at 1 Hz) for LTD induction.
Field potential EPSPs were recorded for an addition 45 minutes, and averaged to one data
point per minute, and graphed.

Data Analysis for Electrophysiological Recording
The amplitudes of the evoked EPSCs were measured by averaging 30 traces from the onset
to peak of EPSCs using Clampfit 9.2 software (Molecular Devices). A stable baseline,
which was determined by no clear change in EPSC amplitudes and no alteration in input
resistance (<20%), was a prerequisite for continuous recording and further data analysis.
Specifically, to determine whether the recordings were stable and reliable, we exported the
baseline EPSC amplitudes of each recording (or EPSPs for LTP/LTD recordings) to excel
datasheet to make a scatter graph and examined the linear relationship by adding a trend line
for each recording. If the EPSC/EPSP amplitudes increased or decreased during the
recording, the trend line would not be horizontal and the R2 would increase. The stable
baseline recording was thus determined by a recording showing no progressive changes
(increase or decrease) in EPSC/EPSP amplitudes, including a flat/horizontal trend line and a
small R2 value. All recordings without stable baseline for 5 min for EPSCs or 15 min for
EPSPs in LTP/LTD data or with input resistance increased more than 20% were discarded
for further analysis. The peak amplitudes of EPSCs recorded at −60 mV were directly
measured to represent AMPA receptor-mediated current because the opening of NMDA
receptor channel at this potential was negligible. The ratios of the 2nd divided by the 1st

EPSC, as well as the ratios of nth/1st, were calculated to show the dynamic of synaptic
transmission at 20 Hz train. The decay time course of EPSC was fitted with a single
exponential using standard exponential formula in Clampfit 9.2. Amplitude of the NMDA
receptor-mediated currents were measured 50 ms after the peak of the EPSCs recorded at
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+60 mV to avoid the contamination of AMPA current amplitude because AMPA current
usually returns to baseline within 50 ms, allowing us to determine pure NMDA receptor-
mediated EPSC component. The integrated EPSC areas (charge transfer) were measured and
expressed as pico-Coulomb (pC) and a slope was obtained by fitting the points to linear
regression analysis. Slopes for the amplitude curves of AMPA-EPSCs and charge transfer of
NMDA-EPSCs were obtained by fitting the linear regression lines with slope-intercept
equation y = mx + b, where y is the value of the point along the y-axis, x is the value along
the x-axis, m is the slope of the line, and b is the y-intercept. Student’s t-test assuming non-
equal variance was run on control versus MPH-treated for each parameter. Statistical
significance was held at p<0.05. For LTP/LTD recordings, EPSPs were recorded every 15
seconds, then EPSP slope was measured and data points for each minute were averaged.
ANOVA analysis was run on the averaged traces to determine the difference between
neurons from saline- and MPH-treated rats. In addition, because the change in LTD was of
small magnitude, the data in the post-trough area (5 min after the low-frequency induction
protocol was applied) were plotted in a scatter graph to show the number of occurrences of
EPSP slopes of MPH-treated cells vs. saline-treated cells over the unity line versus under the
line. Further, a single-factor ANOVA analysis was performed to confirm the statistical
differences in the EPSP slopes between saline- and MPH-treated neurons. In addition, a z-
test was run to examine the distribution of EPSP slopes. To account for reversal potential
shifts that might be caused by the cesium-containing intracellular solution, liquid junction
potential of the solution was calculated with Clampex and subtracted from the command
voltage to yield a Vm. EPSC amplitudes were plotted against Vm, and linear regression was
performed to determine reversal potential. Two-way ANOVA was run to determine the
significance.

BS3-crosslinking Assay
Following drug treatment, rats were anesthetized and decapitated one hour after MPH or
saline injection. Prefrontal cortical tissue was removed, and 400-µm-thick slices generated.
Slices were incubated for 45 minutes at 35.5°C in Ringer’s solution bubbled with 95%
O2/5% CO2. Slices were then removed and incubated in Ringer’s solution containing Bis
(sulfosuccinimidyl) suberate (BS3) (1 mg/ml; Pierce Biotechnology, Rockford, IL, USA) in
aerated ACSF (95% O2/5% CO2) with gentle agitation for 45 minutes (Li et al., 2009). BS3

is a membrane-impermeable agent, which selectively cross-links cell surface proteins to
form high-molecular-weight aggregates. Intracellular proteins are not crosslinked; thus, they
retain normal molecular weight. BS3-crosslinking allows for the separation of surface-
expressed and intracellular forms of proteins by SDS-PAGE and Western blotting. The
slices were then washed three times with ice-cold ACSF containing 20 mM Tris (pH 7.6) to
quench the remaining BS3 and halt the reaction. Surface expression was determined using
Western blot analysis.

Western Blotting
Prefrontal cortical slices from BS3-crosslinking assay were homogenized in lysis buffer (20
mM Tris-HCl with pH 7.4, 200 mM NaCl, 1 mM Na3VO4, 10 mM NaF, and protease
inhibitor cocktail). Homogenates were then centrifuged at 13,000g for 5 minutes; the
supernatant was transferred to new tubes. Protein concentrations were measured and sample
tubes created with lysis buffer, Laemli buffer and β-mercaptoethanol to a total volume of 30
µg protein. The protein samples were boiled at 95°C for 5 min, subjected to SDS–PAGE gel
electrophoresis, and then transferred to PVDF membranes (Bio-Rad) overnight at 5V, 4°C.
The membranes were blocked with 5% nonfat dry milk in TBST (0.05% Tween-20 in 1
Tris-buffered saline) for 1 h and were incubated in the following dilutions of primary
antibodies for 1 h: monoclonal mouse anti-NR2B and anti-NR1(1:4000, Zymed/Invitrogen),
or monoclonal rabbit anti-NR2A (1:4000, Zymed/Invitrogen). All blots used monoclonal
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mouse anti-actin (1:20,000, Sigma-Aldrich) to generate control bands. After several rinses
with TBST, the membranes were incubated in horseradish peroxidase- conjugated goat anti-
mouse or rabbit IgG (Jackson ImmunoResearch Laboratories) at 1:8000 for 2 h.
Immunopositive protein bands were detected with ECL Western Blotting System
(Amersham Bioscience). After exposure of the membranes to the film, the band densities
were measured with Image J (NIH). Final data were normalized to the levels of β-actin and
then to the control levels with control as 1. To minimize inter-blot variability, each treatment
group included 4–5 rats and each sample from an animal was analyzed at least three times.
The total protein level of a NMDA receptor subunit was calculated as sum of the surface
protein (500 KD) and intracellular pool of protein level. The mean value for each sample
was calculated from all of the replicates in the different animals, and the results were
presented as mean ± standard error. Significance was determined with the Student t test or
ANOVA.

Drugs
MPH was purchased from Sigma-Aldrich, and diluted to a 5 mM stock solution in
physiological saline. Prepared solution was stored at −20°C in 1 ml aliquots. Ro-256981 was
purchased from Tocris Bioscience and diluted to a 5 mM stock, and stored in 1 ml aliquots
at −20°C. 4,4′-dinitro-stilbene-2,2′-disulphonic acid (DNDS) was purchased from Sigma-
Aldrich, diluted to a 5 mM stock and stored at −20°C in 1 ml aliquots.

RESULTS
MPH treatment selectively reduces levels of NR2B and NR1, but not NR2A subunits

MPH is known to significantly increase extracellular level of dopamine and norepinephrine
in the brain. Our previous studies have indicated that the PFC contains a relatively high ratio
of NR2B subunits (Wang et al., 2008) and that a hyperdopaminergic state induces
internalization of the NMDA receptor subunit NR2B (Li et al., 2009). We therefore
examined whether MPH has effects on the surface expression of NMDA receptors subunits
in the PFC tissue with BS3-crosslinking and western blotting. As shown in Figure 1, we
found that a single dose (1 mg/kg, i.p.) of MPH treatment induced a significant decrease in
the levels of NR2B protein, both surface-expressed and intracellular. Surface expressed
protein was reduced to 39% of the saline vehicle control (Student’s t-test, p= 0.0007), while
intracellular was reduced to 68.5% of the saline control (Student’s t-test, p= 0.01), and total
protein levels were reduced to 61% of the saline control (n = 4 rats for saline, n = 5 rats for
MPH, p= 0.0005; Fig. 1A).

NR2A protein levels, however, were not significantly changed, neither for surface-expressed
protein (n = 4 rats for saline, n = 5 rats for MPH p = 0.37), intracellular (p= 0.495), or total
protein levels (p= 0.384; Fig. 1B), as examined by Student’s t-test. There was a slight
increase in levels of NR2A, although non-significant, suggesting a possible compensatory
response to the lack of NR2B that may become more evident following extended MPH
treatment. NR1 is an obligatory subunit; every NMDA receptor must contain 2 NR1
subunits. Therefore, a change in NR1 protein levels would suggest an overall alteration in
the number of NMDARs. We found that total protein levels of NR1 showed a small but
significant decrease following MPH treatment (n = 4 rats for saline, n = 5 rats for MPH,
93.2% of the saline control, p= 0.0383). Surface expression was likewise reduced (88.6% of
the saline control, p= 0.011) whereas the intracellular levels of NR1 remained unchanged
(p= 0.84; Fig. 1C). These results suggest a selective trafficking of NR2B-containing NMDA
receptors and/or a reduced transcription of the NR2B and NR1 subunits in response to acute
MPH treatment in the juvenile rat PFC.
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MPH treatment significantly decreases NMDA-mediated current but enhances AMPA-
mediated current and alters short-term plasticity in prefrontal cortical neurons

It has been reported that NR2B subunits play a critical role in working memory and the
extremely plastic property of the PFC (Li et al., 2009; Wang et al., 2008; Zhao, Toyoda,
Lee, Wu, Ko, Zhang, Jia, Shum, Xu, Li, Kaang, and Zhuo, 2005) due to their slower
activation kinetics and highly dynamic properties compared to the relatively stable NR2A
subunits (Cull-Candy et al., 2001; Hallett, Spoelgen, Hyman, Standaert, and Dunah, 2006;
Li et al., 2009; Paoletti and Neyton, 2007; Wang et al., 2008). The PFC is known to contain
a high percentage of NR2B-containing NMDA receptors relative to other cortical regions;
thus, there is greater activation of signaling cascades following stimulation and greater
facilitation in response to physiological (20–40 Hz) inputs (Wang et al., 2008). We have
therefore first confirmed the changes of NMDA receptors subunits with electrophysiology.
We recorded AMPA- and NMDA-mediated currents and examined short-term plasticity in
response to physiologically-relevant stimulus trains. In agreement with the significantly
decreased levels of NR1 and NR2B subunits, a single dose of MPH resulted in significant
depression of the NMDA receptor-mediated current.

We first applied a protocol with 10-pulse train to the patch-clamped layer 5 pyramidal PFC
neurons to examine AMPA receptor-mediated short-term plasticity. We found that AMPA
receptor-mediated current (measured at −60 mV) exhibited a clear short-term depression in
both saline- and MPH-treated neurons, i.e., the EPSCs become smaller and smaller in the
train (Fig. 2A). However, the slope of the linear regression line of the EPSC amplitudes was
significantly increased following MPH treatment compared with that of saline control (slope
of the curve = −2.910 in saline vs −5.766 in MPH, Fig. 2B). The change in short-term
depression was mainly attributable to the significant increase of EPSC amplitudes,
especially the amplitudes of the first several EPSCs, which were significantly larger than
those in saline controls [n = 7 cells for each group; 4 rats for saline and 5 rats for MPH; p <
0.05; one-way ANOVA, F(1, 12) = 5.108, p = 0.0364; Fig. 2B]. Despite the differences in
the EPSC amplitude and summation, the stimulus intensity applied to evoke EPSCs was not
significantly different between saline- and MPH-treated neurons (Student’s t-test, 44.8 ±
6.42 µA for saline vs. 39.8 ± 3.13 µA for MPH, n = 7 cells for each group, p = 0.25; Fig.
2C). Reversal potential of AMPA receptor-mediated EPSCs (n = 9 cells, 4 rats for saline, 8
cells, 5 rats for MPH) was not altered by MPH treatment [−26.78 ± 1.91 mV for saline vs.
−22.7 ± 3.88 mV for MPH, F(1, 15) = 0.891, p = 0.361; Fig. 2D]. Therefore, any differences
observed in the EPSCs can be attributed to the drug treatment. Consistently, the paired-pulse
ratios of the successive EPSCs to the first EPSC were altered with the last several ratios
showing significant decreases in MPH-treated neurons compared to those in saline controls
(n = 7 neurons each group, 4 rats for saline and 5 rats for MPH; t-test, p = 0.000075; Fig.
2E). However, the amplitude of the first AMPA-mediated EPSC was significantly increased
by MPH-treatment ( Student’s t-test, p < 0.05; Fig. 2A, B), which indicates a possible
compensatory response to the decreased postsynaptic NMDA receptors and/or presynaptic
glutamate release due to the decreased neuronal excitability (Urban et al, 2012). Indeed,
analysis of coefficient of variance (CV) supports the presence of a postsynaptic mechanism,
as the CV was not significantly altered by MPH treatment despite a trend of change
(Student’s t-test, n = 7 cells, 4 rats for saline and 7 cells, 5 rats for MPH; p = 0.096; Fig. 2F).
AMPA receptor-mediated EPSC decay time was also not significantly affected by MPH
treatment but a trend of change exists (p = 0.093). These data suggest that acute MPH
treatment enhances AMPA receptor-mediated current and short-term plasticity in the
juvenile rat PFC.

Once AMPA-mediated current was recorded, the holding potential of each recording neuron
was switched to +60mV to record NMDA-mediated current. The same 10-pulse protocol
was applied, and current amplitude was measured at 50ms after the peak to exclude
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AMPAR-mediated component. As shown in Figure 3, the amplitude of each subsequent
NMDA-mediated EPSC within a 10-pulse 20-Hz train summated well to exhibit a clear and
significant progressive increase of integrated areas under the EPSC train in the saline-treated
controls (upper panel, Fig. 3A). In contrast, NMDA receptor-mediated current was
significantly decreased with less summation in the MPH-treated neurons versus the saline-
treated control neurons (lower panel, Fig. 3A). The amplitude of the first EPSC in MPH-
treated neurons was significantly smaller than that in saline controls (Student’s t-test, 17.0 ±
2.3 pA in MPH vs. 99.5 ± 17.38 pA in saline control; n = 7 cells each group, 4 rats for saline
and 5 rats for MPH, p= 0.0017; Fig, 3B). The decrease in NMDA-mediated EPSC amplitude
and summation was further evidenced by measuring the integrated areas under the current as
charge transfer. As expected, there was a strong linear increase in current areas with
increased pulse number in the saline-treated controls (slope of the line = 16.014; Fig. 3C);
however, in MPH-treated neurons, there was almost no increase in charge area despite
increasing stimulation number (slope of the line = 1.512; Fig. 3C) and there was a
significant difference between the saline-and MPH-treated neurons [F (1, 12) = 4.413, p =
0.00013). To further confirm the NR2B change, a selective NR2B antagonist Ro-256981
(0.5 µM) was applied to bath solution to examine the relative contribution of NR2B to total
NMDA receptor-mediated current, and the change in current amplitude was recorded. As
shown in Figure 3D and 3E, Ro-256981 caused a significantly greater decrease in NMDA
receptor-mediated current in saline-treated neurons than in MPH-treated neurons, suggesting
that NR2B-containing receptors comprise a lesser percentage of the total pool of NMDARs
in MPH-treated brains (Student’s t-test, n = 7 cells, 4 rats for saline and 7 cells, 5 rats for
MPH, p = 0.028; Fig. 3E). These data confirm the significant functional decrease of NMDA
receptors in MPH-treated neurons as a consequence of the decrease in protein levels seen in
our Western blotting experiments.

Treatment with MPH significantly increased the tendency for LTP but had a small
inhibitory effect on LTD in prefrontal cortical neurons

While short-term plasticity is a good measure of cortical plasticity and flexibility, it is best
paired with examinations of LTP as well. Both NMDA and AMPA receptors are intricately
involved in generation of LTP and LTD in response to strong or weak external stimulation.
Although there is still some dissentions in the literature about the specific roles of NR2A
and NR2B subunits, it is generally believed that higher levels of NR2B result in more long-
term depression, whereas higher levels of NR2A result in more long-term potentiation, but
this is also dependent on the relative ratios of the two receptor subtypes (Liu, Wong, Pozza,
Lingenhoehl, Wang, Sheng, Auberson, and Wang, 2004; Massey, 2004; Xu, Chen, Gu, Yan,
Wang, Liu, and Lu, 2009; Yashiro and Philpot, 2008). Therefore, with our Western blots
revealing a specific decrease in NR2B-containing receptors following MPH treatment, we
expected to see an increased LTP and/or attenuated LTD. Indeed, as shown in the
representative fEPSP traces in Figure 4A, the tetanus stimulation protocol for LTP induced
no change in the fEPSP amplitude in saline-treated neurons but caused a clear increase of
fEPSP amplitude in MPH-treated neurons and the effect was long-lasting. Repeated-
measures ANOVA of the fEPSPs taken from each minute revealed a significantly greater
fEPSP slope following a single dose of 1 mg/kg i.p. MPH (n = 8 cells from 5 rats, 60 data
points in final trace average) than in saline-treated controls [n = 10 neurons from 6 rats, 60
data points in final trace average; F (1, 118) = 101.99, p = 9.95×10−18; Fig. 4B].

In contrast, LTD was slightly decreased, although significantly, by MPH treatment. As in
the representative traces shown in Figure 5A, the amplitude of fEPSPs taken from each
minute was slightly (8.14% reduction at 30-min after tetanus vs. saline control) but
significantly decreased by the low-frequency stimulation [repeated-measures ANOVA; F (1,
118) = 5.57, p = 0.0098; n = 7 neurons from 5 rats, 60 data points in final trace average for
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saline, n = 8 neurons from 5 rats, 60 data points in final trace average for MPH; Figure 5B].
When EPSP slope values for MPH-treated cells were plotted against those from saline-
treated controls, the data showed a skewed scatterplot, with 38 post-trough points above the
unity line, but only two on the line (p = 2×10−13, Fig. 5C). Furthermore, histograms of EPSP
frequency count revealed different distributions, with a mean for saline at 6.6 and a mean for
MPH at 7.25 (Fig. 5D). A z-test revealed statistically significant distributions (z = 5.53, p =
1.6×10−8).

DISCUSSION
We have shown in this study that treatment of juvenile rats with 1 mg/kg i.p. MPH, a dose
thought to create blood serum levels equivalent to clinically effective doses, results in a
significant decrease in the total protein levels of NR2B subunit, as well as a significant
decrease in surface expression and intracellular pools of this protein. In addition, total and
surface expressed NR1 protein levels also decreased whereas the expression of NR2A was
unaltered. Furthermore, we showed that the changes in NR1 and NR2B levels resulted in
decrease in NMDA-EPSC that was accompanied with an altered AMPA receptor-mediated
short-term plasticity and an enhanced potential for LTP induction. Our data thus provide
novel evidence for a role of NMDA receptors in the effects of MPH on brain function, and
identify changes to prefrontal cortical plasticity following a dose of MPH generally accepted
as therapeutic, particularly for juveniles.

MPH is widely used to treat ADHD in children and adolescents as well as in adults. The
behavioral and cognitive actions of MPH also occur in both normal human subjects and
animal models; thus, comparative studies can be performed on normal, healthy rats (Arnsten
and Dudley, 2005; Berridge et al., 2006; Kuczenski and Segal, 2002; Mehta, Owen,
Sahakian, Mavaddat, Pickard, and Robbins, 2000). Most evidence supports the continued
use of MPH as the best available pharmacotherapy for the treatment of children with
ADHD, but little is known about the consequences of psychostimulant exposure early in life
(Grund, Lehmann, Bock, Rothenberger, and Teuchert-Noodt, 2006; Yano and Steiner,
2007).

Previous studies have indicated that low, therapeutic doses of MPH enhance levels of
dopamine and norepinephrine only in the PFC (Arnsten, 1999; Berridge, 2006; Casey, 2008;
Giedd, 2004). Because the PFC continues to undergo development until young adulthood
(Lewis, 1997; Woo et al., 1997), it is interesting to know whether early life perturbation of
the dopamine and norepinephrine systems with MPH treatment would alter the
developmental course of the PFC. We have previously reported that treatment with 1 mg/kg
i.p. MPH resulted in a dose-dependent depression of pyramidal neuron excitability and
spontaneous release of glutamate in the PFC, an effect opposite to that seen at the same
dosage in adult rats, and that these effects were not fully reversible at dosages above 1mg/kg
(Urban et al., 2012). However, how this cellular depression occurs, and what effects it may
have on circuitry level function remained unclear.

In order to understand the potential effects on cortical plasticity of MPH in the juvenile
brain, one must look beyond the dopamine/norepinephrine systems, to the glutamate system,
which is involved in regulating plasticity via AMPA and NMDA receptors (Lee and
Kirkwood, 2011; Malinow and Malenka, 2002; Nicoll and Malenka, 1999). The dopamine
and glutamatergic systems are intricately interlinked via signaling pathways as well as
physical interactions (Cepeda and Levine, 2006). Indeed, we found that a single injection of
MPH induced a significant decrease in protein expressions of both NR1 and NR2B subunits
in the juvenile rat PFC. The findings of this study are certainly intriguing but the question
remains: how does acute MPH treatment induce these changes? The NMDA receptor is
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composed of two obligatory NRI subunits, and two other subunits - NR2A, NR2B, NR3A,
or NR3B. It is generally believed that the NMDA receptor subunit is targeted for transport to
the cellular membrane through phosphorylation by PKA, which is increased through the
adenylate cyclase cascade by D1-like receptor activation but decreased by D2-like receptor
activation (Cepeda and Levine, 1998; Greengard, 2001; Neve, Seamans, and Trantham-
Davidson, 2004; Seamans, Durstewitz, Christie, Stevens, and Sejnowski, 2001; Yang and
Chen, 2005; Zheng, Zhang, Bunney, and Shi, 1999). Indeed, our recent study indicated that
excessive levels of dopamine indiscriminately activate the D2-like receptors, which result in
a reduction in NMDAR trafficking (Li et al., 2009). It is likely that MPH at 1 mg/kg dosage
induces a hyperdopaminergic state in the juvenile rat PFC that has been shown to result in
an attenuated NMDA current (Li and Gao, 2011; Li et al., 2009). This presumption is in
agreement with a previous study indicating that the NR2A subunit was not associated with
response to psychostimulant drugs or to plasticity, while NR2B was dramatically decreased
by amphetamine exposure (Mao et al., 2009). Since MPH is a derivative of amphetamine
with closely related chemical structures, it is possible that it results in similar reduction in
NR2B expression but does not affect levels of NR2A, as observed in this study.

The decreased protein levels in NR1 and NR2B subunits were further confirmed by the
electrophysiological findings. However, a downregulation of NR1 surface level seemingly
cannot explain the profound reduction in EPSC amplitude measure at the + 60mV holding
potential. However, there was almost 60% reduction in NR2B levels. In the juvenile PFC, a
much larger proportion of NMDAR channels are derived from NR1-NR2B combination
(Wang et al., 2008); thus, reducing NR2B will have a profound effect on the NMDAR-
mediated current. Indeed, we have determined a subunit-specific mechanism for the
decreased NMDA-EPSC. It is known that NR2B-containing NMDA receptors have a two-
to three-fold longer decay time than NR2A-containing receptors (Cull-Candy et al., 2001;
Wang et al., 2008), which allows for the summation of responses to incoming physiological
stimuli, usually in the range of 10–40 Hz (Wang et al., 2008).

The behavioral and functional consequences of such a specific decrease in NR1 and NR2B
levels are striking and potentially devastating to proper prefrontal cortical function. The PFC
is unique among cortical regions in that it does not experience a significant alteration in the
NR2A/B ratio during development (Wang et al., 2008). Thus, selectively decreasing the
levels of NR2B-containing NMDA receptors in the PFC would remove the unique plasticity,
rendering the region similar to other cortical regions and potentially alter executive function.
Indeed, following our treatment with a single dose of 1 mg/kg MPH, we saw a significantly
decreased NMDA-EPSC in response to 20-Hz train stimulation, suggesting the MPH may
affect the integration of incoming signals and thus impair working memory function in the
juvenile brain.

It should be pointed out that in our recent study, we reported a dose-dependent depression of
pyramidal neuron excitability and a decreased spontaneous release of glutamate in the
presynaptic site following treatment with 1 mg/kg MPH in the PFC (Urban et al., 2012)
whereas the amplitude of AMPA-EPSC was significantly increased by MPH treatment in
this study. These results are seemingly contradictory but the change in AMPA-EPSC
observed here is likely attributable to a compensatory increase of AMPA receptors in the
postsynaptic site because the paired-pulse ratio in the first several EPSCs and the CV were
not altered. In fact, NMDA receptors control acute plasticity by regulating trafficking of
AMPARs to the postsynaptic sites (Barry and Ziff, 2002; Bredt and Nicoll, 2003; Keifer and
Zheng, 2010) and reduced presynaptic release of glutamate could potentially initiate a
compensatory increase of AMPA receptor trafficking or transcription as well (Adesnik, Li,
During, Pleasure, and Nicoll, 2008). Nevertheless, the increase of AMPA receptor-mediated
current is consistent with the increase in LTP induction. The AMPA receptor has long been
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associated with synaptic plasticity and we found that the MPH effects on long-term
plasticity were indeed significant.

One may ask how a reduced NMDA-mediated transmission affects LTP induction. In fact,
the mechanism associated with NR2 subunits and long-term synaptic plasticity remains
unclear. There is dissention in the field as to the exact roles of NR2B and NR2A in
regulating the balance of LTP to LTD (Berberich, 2005 ; Liu et al., 2004; Massey, 2004;
Weitlauf, 2005; Xu et al., 2009) but the NR2A/NR2B ratio is proposed to control the LTP/
LTD threshold (Yashiro and Philpot, 2008). We examined both LTP and LTD and we found
that treatment with a single dose of 1 mg/kg MPH increased the magnitude and potential of
LTP induction but had a small depressive effect on LTD. While hippocampal plasticity has
been very well characterized, prefrontal plasticity and its dependence on NMDA receptor
composition is not as well understood. Prefrontal cortical LTP has been shown to require a
balance of contributions from both NR2A and NR2B receptors; however, blocking NR2A
had a stronger inhibitory effect on LTP than blocking NR2B (Zhao et al., 2005).
Furthermore, a recent study by Liu et al. suggested that selectively blocking NMDARs that
contain the NR2B subunit abolishes the induction of LTD but not LTP. In contrast,
preferential inhibition of NR2A-containing NMDARs prevents the induction of LTP without
affecting LTD production (Liu et al., 2004). It is not as clear how this relates to PFC
plasticity; however, due to the interconnectedness of the two brain regions, these results
demonstrate that distinct NMDAR subunits are critical factors that determine the polarity of
synaptic plasticity (Liu et al., 2004). Thus, by selectively inhibiting NR2B-containing
NMDA receptors without affecting NR2A-containing receptors, the plasticity may be
skewed in favor of depression. Furthermore, the dopamine levels in the PFC have been
found to tightly regulate cortical potentiation and depression. MPH treatment is known to
result in a blockade of the dopamine and norepinephrine reuptake transporters, creating
higher synaptic levels of the neurotransmitters that would impair the synaptic transmission
and plasticity. Otani recently found that LTP in prefrontal cortical slices is more reliably
generated when dopamine is added to the bath prior to the induction protocol: a priming
effect (Blond, Crepel, and Otani, 2002). In addition, Matsuda et al demonstrated that
background dopamine signal in the prefrontal cortical slices can shift the result of a tetanic
stimulation from depression to potentiation (Matsuda, Marzo, and Otani, 2006). Thus, we
believe that the switch from depression to potentiation in our MPH-treated slices is likely a
result of both selective removal of NR2B-containing receptors and a higher synaptic level of
dopamine in the brain slices creating a dopamine-priming effect similar to that reported by
Otani (Blond et al., 2002).

Accumulating evidence suggests that prefrontal cortical neurons possess the cellular
machinery of synaptic plasticity and exhibit lasting changes of neural activity associated
with various cognitive processes. Alterations or deficits in the mechanisms of synaptic
plasticity induction in the PFC might be involved in the pathophysiology of psychiatric
disorders (Goto, Yang, and Otani, 2010). Indeed, our results suggest that even relatively low
dose of MPH could result in hyperdopaminergic states in the healthy juvenile PFC, and a
single dose could be sufficient to alter synaptic function and plasticity. While we did not
examine adult rats in this study, the decreased NR2B levels and NMDA-mediated current
that we believe to be evidence of hyperdopamine-related pathology in the juvenile rats
should not be evident in adult rats given the same dosage of 1mg/kg i.p. MPH, as previous
studies in adult animals suggested (Arnsten, 1999; Berridge, 2006; Casey, 2008; Giedd,
2004).

In conclusion, this study presents several striking findings on the effects of MPH treatment
on the juvenile PFC. These results should be cause for reevaluation of the safety of MPH
and other psychostimulants in the treatment of children and adolescents. While it is currently
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unclear whether the selective decrease in NR2B protein levels indicates a deleterious side
effect of treatment, or suggests that ADHD pathology may involve an alteration (presumably
an increase) in NR2B levels, we need to develop stronger diagnostic and treatment
measures. Currently the diagnosis based on Diagnostic and Statistical Manual, Version IV
(DSM-IV, 1999) is subjective, and leaves room for erroneous diagnosis and treatment.
Findings such as those presented in this study stress the need for the development of more
stringent, effective diagnostic and treatment measures that will help to minimize the number
of persons needing psychostimulant treatment. Furthermore, our results suggest a potential
role of glutamatergic system dysfunction in the pathology of ADHD. Future studies will be
needed to examine the effects of related psychostimulants on NR2B levels and plasticity, as
well as to determine if selective enhancement of NR2B levels can result in some of the
symptoms associated with ADHD pathology.
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Methylphenidate (MPH) is the most prescribed psychoactive drug for children Widely
used for ADHD and cognition, its cellular mechanisms are poorly understood

MPH decreased NR1 and NR2B, but not NR2A subunits, in juvenile prefrontal cortex

MPH also decreased NMDAR-EPSCs but increased AMPAR-mediated short-term
plasticity

MPH increased the probability of LTP induction, but had a small effect on LTD
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Figure 1.
Treatment with a single dose of 1 mg/kg MPH significantly reduced levels of NR2B and
NR1, but not NR2A subunits, in the juvenile rat PFC. Images on the left columns in A, B
and C are raw data samples showing the BS3 crosslinked protein expressions of NR2B,
NR2A and NR1 subunits exhibited with western blotting. (A) Levels of NR2B total protein,
which was calculated as a sum of surface and intracellular protein level, were significantly
reduced in MPH-treated tissue as compared to saline-treated control (p < 0.01), along with
intracellular pools of NR2B (180 kD, p < 0.01) and surface-expressed NR2B (500 kD, p <
0.01). B, Levels of NR2A, including surface (500 kD), intracellular (170 kD) and total
proteins, were slightly increased by MPH treatment but the changes were not statistically
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significant. C, Surface-expressed NR1 levels (120 kD, p < 0.01), as well as total protein
levels (p < 0.05), but not intracellular pools (500 kD, p > 0.05), were significantly reduced.
This result suggests a targeted suppressive effect of MPH on NR2B-, but not NR2A-
containing NMDARs in the juvenile PFC neurons (n = 4 rats for saline and n = 5 rats for
MPH, sample from each animal repeated 3 times). Note: * = p < 0.05, ** = p < 0.01
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Figure 2.
The evoked AMPA receptor-mediated current was significantly increased by MPH
treatment. A, Representative traces from saline controls and MPH-treated neurons. B, MPH
treatment significantly changed the pattern of short-term depression of AMPA receptor-
mediated currents (n = 7 for saline and 7 for MPH, ANOVA F = 4.41, p < 0.05) with the
first several EPSCs significantly greater than those in saline controls (* p < 0.05). C,
Stimulus intensities applied to evoked EPSCs were not different between saline-and MPH-
treated neurons (44.8 ± 6.42 µA for saline vs. 39.84 ± 3.13 µA for MPH; n = 7 cells for each
group, p > 0.05). D, The reversal potentials of AMPA receptor-mediated EPSCs in saline-
and MPH-treated neurons were also similar, without statistical significance (n = 9 cells, 4
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rats for saline, 8 cells, 4 rats for MPH, p > 0.05). E, MPH treatment decreased paired-pulse
ratio of successive AMPA receptor-mediated EPSCs in a train overall (ANOVA F = 4.413,
p < 0.01) but ad hoc t-test exhibited statistical significances only in the last several EPSCs (*
p < 0.05), indicating an altered short-term synaptic plasticity. F, Coefficient of variance was
not significantly altered by MPH treatment (p = 0.096).
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Figure 3.
Treatment with 1 mg/kg MPH significantly decreases NMDA receptor-mediated current via
depression of NR2B subunits. A, Representative traces of EPSCs recorded at +60 mV in the
presence of picrotoxin (50 µM) and DNQX (20 µM) in response to a 10-pulse 20-Hz train of
stimuli from saline-treated controls (n = 7) and MPH-treated neurons (n = 7). B, The
amplitude of the first EPSC was significantly reduced in MPH-treated neurons compared to
saline controls (*p < 0.05). C, Charge transfer, which was measured as an integrated area of
the EPSCs, MPH-treated neurons exhibited a significant reduction in summation and linear
relationship compared to saline-treated control neurons (F = 4.413, * p <0.05). D,
Representative traces of NMDA current trains before and after applications of selective
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NR2B antagonist Ro-256981 are shown for both saline and MPH-treated neurons. E, Bath
application of Ro-256981 resulted in a significantly greater decrease in NMDA current
amplitude in saline-treated neurons vs. MPH-treated neurons (decrease to 61.7% of baseline
for saline, and decrease to 82.1% of baseline for MPH, p < 0.05).
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Figure 4.
LTP induction was significantly increased by 1 mg/kg acute MPH treatment. A,
Representative fEPSP traces from saline-treated control neurons (n = 10) and MPH-treated
neurons (n = 8) in the PFC. B, Graphical representation showing normalized fEPSP slope
over one hour. Repeated-measures ANOVA revealed a significant 302.3% increase in LTP
in MPH-treated neurons (ANOVA p < 0.01).
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Figure 5.
Treatment with 1 mg/kg MPH exhibited a small effect on the LTD induction. A,
Representative fEPSP traces from saline-treated controls (n = 7) and MPH-treated neurons
(n = 8) in the PFC. B, Summary graph shows that the change in LTD, which was measured
as the normalized fEPSP slopes, following MPH treatment was minimal (decreased by only
8.14% at 30-min after tetanus) but repeated-measures ANOVA revealed a significant
decrease in magnitude of LTD (p < 0.01). C, Scatter graph of EPSP slope values in MPH-
treated neurons plotted against those in saline controls reveals a biased distribution of the
points, indicating a significant effect of MPH treatment (p < 0.01). D, Distribution
histograms of the normalized fEPSP slope values (MPH vs. Saline), binned by 2 minutes, y-
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axis is number of slopes falling at that value. Z-test revealed significant effect of drug
treatment (z = 5.53, p < 0.01).
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