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Abstract
Glutamate dysfunction has been implicated in a number of substance of abuse studies, including cocaine and metham-
phetamine. Moreover, in attention-deficit/hyperactivity disorder (ADHD), it has been discovered that when the initiation of 
stimulant treatment occurs during adolescence, there is an increased risk of developing a substance use disorder later in life. 
The spontaneously hypertensive rat (SHR) serves as a phenotype for ADHD and studies have found increased cocaine self-
administration in adult SHRs when treated with the stimulant methylphenidate (MPH) during adolescence. For this reason, 
we wanted to examine glutamate signaling in the pre-limbic frontal cortex, a region implicated in ADHD and drug addic-
tion, in the SHR and its progenitor control strain, the Wistar Kyoto (WKY). We chronically implanted glutamate-selective 
microelectrode arrays (MEAs) into 8-week-old animals and treated with MPH (2 mg/kg, s.c.) for 11 days while measuring 
tonic and phasic extracellular glutamate concentrations. We observed that intermediate treatment with a clinically relevant 
dose of MPH increased tonic glutamate levels in the SHR but not the WKY compared to vehicle controls. After chronic 
treatment, both the SHR and WKY exhibited increased tonic glutamate levels; however, only the SHR was found to have 
decreased amplitudes of phasic glutamate signaling following chronic MPH administration. The findings from this study 
suggest that the MPH effects on extracellular glutamate levels in the SHR may potentiate the response for drug abuse later in 
life. Additionally, these data illuminate a pathway for investigating novel therapies for the treatment of ADHD and suggest 
that possibly targeting the group II metabotropic glutamate receptors may be a useful therapeutic avenue for adolescents 
diagnosed with ADHD.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is esti-
mated to affect 6% of children worldwide and over 50% 
of those diagnosed will continue to suffer into adulthood 
[1–3]. Adolescents and adults diagnosed with ADHD are 
more likely to suffer from mood and anxiety disorders and 
to develop drug addiction [4]. Methylphenidate (MPH), a 

dopamine reuptake inhibitor, is one of the most commonly 
prescribed treatments for ADHD [5]. Animal studies have 
established the reinforcing effects of MPH [6] and MPH has 
also been found to serve as a reinforcer for children diag-
nosed with ADHD [7]. Debate has been ongoing whether 
stimulant treatment for ADHD makes one more suscepti-
ble to drug abuse later in life. A meta-analysis of the lit-
erature concluded that when stimulant treatment for ADHD 
is initiated during childhood, there is a decreased risk for 
developing a substance use disorder during adulthood [8]. 
Conversely, when the initiation of stimulant treatment for 
ADHD occurs during adolescence, there is an increased risk 
of developing a substance use disorder [9, 10]. In rodents, 
exposure to chronic administration of a clinically relevant 
dose of MPH during adolescence caused the animals to 
self-administer cocaine more quickly as adults [11]. Fur-
thermore, MPH is not always successful in treating ADHD 
and occasionally needs to be stopped due to negative side 
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effects [12]. Together, these results suggest that adolescents 
and adults with ADHD could benefit from novel medications 
for the treatment of ADHD.

Glutamate dysfunction has been implicated in ADHD in 
a number of studies, including both preclinical and clinical 
work. Our laboratory has previously shown that the sponta-
neously hypertensive rat (SHR), a rodent model of ADHD, 
has aberrant glutamate signaling [13–15] in the frontal 
cortex compared to its progenitor strain, the Wistar Kyoto 
(WKY) [16]. Better understanding the role of glutamate in 
ADHD and discovering drugs that can modulate it properly 
without direct involvement of the catecholamine pathways 
could reveal novel treatment options for ADHD. The pur-
pose of this study was to examine the role of tonic and pha-
sic glutamate signaling in the pre-limbic region of the frontal 
cortex within the freely moving SHR and WKY control rats 
during an open-field behavior task to measure hyperactiv-
ity, a key symptom of ADHD. Additionally, the effects of 
MPH vs. saline on both tonic and phasic glutamate release 
were examined in an effort to discover any exertion of the 
catecholamine sympathomimetic on the glutamate system 
in order to better characterize novel pharmacotherapies for 
the treatment of ADHD.

Materials and Methods

Animals

Male, 7 week old spontaneously hypertensive rats (SHR) 
were obtained from Charles River Laboratories (NCrl, 
Wilmington, MA) and male, 7 week old Wistar Kyoto 
(WKY) rats were obtained from Harlan Laboratories (NHsd, 
Indianapolis, IN). Animals were given access to food and 
water ad libitum and housed in a 12 h light/dark cycle. All 
animals remained in a quarantine period for 1 week before 
experimental procedures to ensure no travel-related stress 
confounds were possible. During this time, each animal was 
handled daily to eliminate handling stress during the experi-
ments. Protocols for animal use were approved by the Insti-
tutional Animal Care and Use Committee, which is accred-
ited by the Association for Assessment and Accreditation 
of Laboratory Animal Care International. All procedures 
were carried out in accordance with the National Institutes 
of Health Guide for Care and Use of Laboratory Animals.

Microelectrode Array Preparation for Glutamate 
Measurements

Glutamate-oxidase (GluOx) coated microelectrode arrays 
(MEAs) consisting of 4 Pt sites measuring 15 × 333 µm 

arranged vertically in dual pairs (S2 conformation) were 
used as previously described [16, 17]. After the S2 MEAs 
were made sensitive for glutamate using 1% bovine serum 
albumin (BSA; Sigma-Aldrich, St. Louis, MO), 0.125% 
glutaraldehyde (Glut; Sigma-Aldrich), and 1% GluOx (US 
biological, Salem, MA), they were built into an implant-
able head-cap. Both ends of a piece of 1 inch long 30 
gauge varnished copper wire (RadioShack, Fort Worth, 
TX) were scraped (~ 0.25 cm) and fluxed (#186 Rosin flux 
type RMA, Kester). One end of the copper wire was sol-
dered using a low heat soldering iron (200 °C) to a gold 
plated-socket (Ginder Scientific, Nepean, ON). The other 
end of the copper wire was soldered to holes within the 
stubbed paddle portion of the MEA. The 4 gold pins (one 
for each Pt recording site) were inserted into a 9 pin ABS 
plug (Ginder Scientific, Nepean, ON) and the copper wires 
were wrapped around the body of the ABS plug. A Ag/
AgCl reference electrode consisting of a 1 inch Teflon-
coated silver wire (200 µm bare, 275 µm coated; A-M Sys-
tems, Carlsberg, WA) was scraped similar to the copper 
wires, soldered into a gold plated-socket and then placed 
into the ABS plug. The silver wire was electroplated with 
AgCl in an acidic solution of KCl prior to use as a pseudo 
reference. Once this Ag/AgCl wire is implanted in contact 
with brain tissue it becomes a Ag/AgCl reference elec-
trode.The entire assembly was then finished with a heavy 
layer of water resistant-quality epoxy (Loctite Quick Set 
Epoxy, Home Depot, Atlanta, GA) and allowed to cure for 
at least 24 h to ensure a water product [18, 19]. Finally, at 
least 2 days before the MEAs were surgically implanted, 
1,3–phenylenediamine (mPD, Acros, Fisher Scientific, 
Waltham, MA), a molecular size exclusion layer, was 
electroplated onto both the GluOx and sentinel sites to 
eliminate interferent molecules such as ascorbic acid and 
dopamine from reaching the Pt sites [20].

In Vitro Calibration

High-speed amperometric recordings, displayed at a fre-
quency of 10 Hz, were performed using the FAST16mkIII 
electrochemical recording system (Fast Analytical Sensing 
Technology, Quanteon, LLC, Nicholasville, KY). Immedi-
ately before in vivo implantation, an in vitro calibration, as 
described previously [10], was used to determine selectiv-
ity (glutamate vs. ascorbic acid), limit of detection (in µM, 
S/N = 3), and sensitivity (slope, pA/µM). The mean slope, 
limit of detection and selectivity for electrodes used are 
presented in Table 1. In addition, the average T90 rise time 
of the MEAs for glutamate is 0.17 ± 0.07 s (n = 6), which 
allows for the rapid recordings of both tonic and phasic 
glutamate. No significant differences in the performance 
of the MEAs used between strains were observed.
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Implantation Surgery

After calibration and selection of MEAs, animals were pre-
pared for aseptic surgery. Immediately before surgery, rats 
were given injections of carprofen (Rimadyl®, Pfizer, Inc., 
New York City, NY; 10 mg/kg, s.c.) and 1 ml of 0.9% NaCl 
(s.c.). Isoflurane (Isothesia, Butler Schein, Dublin, OH) was 
used as the anesthetic for all survival surgeries. Initial anes-
thesia was induced with 4% isoflurane, and once the rat was 
secured in the stereotaxic frame (David Kopf Instruments, 
Tujunga, California), the isoflurane level was adjusted dur-
ing surgery (1–3%) dependent on the breathing rate of the 
animal. Artificial tears (Rugby Laboratories, Inc., Duluth, 
GA) were applied to the eyes. The head was shaved, and 
three applications each of Povidone scrub (The Butler Co., 
Columbus, OH) and ethanol (70%) were used to disinfect 
the surgery site. A craniotomy was performed, and five holes 
were drilled: 1 for the MEA, 1 for the reference electrode, 
and three for anchoring skull screws (Small Parts, part 
#B00FN0K02). After the skull screws were inserted, dura 
was reflected and the MEA was stereotaxically placed in the 
pre-limbic frontal cortex (from bregma: AP + 3.2 mm and 
ML − 0.8 mm; from the surface of the brain: DV − 3.5 mm) 
[21]. The reference electrode was then positioned into its 
placement hole contralateral to the MEA placement, slid-
ing along the underside of the skull. Multiple applications 
of dental cement (Ortho Jet Powder and Jet Acrylic Liquid, 
Lang Dental Manufacturing Co., Wheeling, IL) were used to 
secure the MEA assembly to the skull. The animal was then 
monitored for the next 2 days and given daily injections of 
10 mg/kg carprofen and 1 ml 0.9% NaCl (both administered 
s.c.). On the third day post-surgery, behavior and glutamate 
recordings started.

Recording Apparatus

The recording apparatus consisted of a 24″ × 24″ × 24″ 
wooden box with a 16″ × 16″ open-field activity monitor 
(Omnitech Electronics Inc., Columbus, OH) inside and 
was used for all behavioral measures. The 4-channel elec-
trochemical recording head-stage consisted of a miniature 
ABS socket connector (Ginder Scientific, Nepean ON) 
with 5 connector pins (1 connecting each of the 4 channels 
and 1 connecting the reference electrode). The recording 
assembly hung from the top center of the box from an 18 

lead low-torque commutator (Plastics1, Roanoke, VA). This 
allowed the animal to freely move to all areas of the box 
[19].

Methylphenidate Administration

Methylphenidate (MPH) HCl [threo-methyl-α-phenyl-α-(2-
piperidyl)acetate hydrochloride; M2892; Sigma-Aldrich, St. 
Louis, MO] was dissolved in 0.9% saline (2 mg/ml solution). 
Clinically, stimulants are administered orally and exert ther-
apeutic actions at low doses that result in peak plasma con-
centrations within the range of 8–40 ng/ml [22]. Although 
MPH is administered orally for the treatment of ADHD, the 
majority of studies that have examined the behavioral, neu-
rochemical, and electrophysiological actions of stimulants in 
rodents have used intraperitoneal (i.p.) or subcutaneous (s.c.) 
administration [23]. Moreover, s.c. administration was used 
in this study because it has more rapid pharmacokinetics 
compared to oral administration [24]. Most importantly, this 
method of administration was easiest to administer while 
the animal was tethered and in the open-field behavior box.

Behavior and Electrochemical Measures 
of Extracellular Glutamate

Behavior and glutamate recordings began on the third day 
post-MEA implant. Recordings occurred during the animal’s 
light cycle to reduce any effects of foraging [25]. The major-
ity of studies focused on SHR behavior have been completed 
during the light cycle [26, 27] and studies have shown that 
MPH administration during the dark cycle failed to produce 
sensitization [28]. The animal was removed from the home 
cage, tethered to the commutator for glutamate recordings, 
and placed into the behavior box. The total distance traveled 
was measured in 1 min time bins over the course of the ses-
sion using Oasis software. In one group of SHR and WKY 
rodents, a saline injection (s.c.) was administered at an hour 
after the start of the experiment. MPH was given (2 mg/
kg, s.c.) 1 h later. The animal was then left in the behavior 
box for another 3 h for behavior and glutamate recordings 
(Fig. 1a). In a second group of SHR and WKY rodents, 
a saline injection (s.c.) was administered at an hour after 
the start of the experiment. Saline was given again (2 mg/
kg, s.c.) 1 h later. The animal was then left in the behavior 
box for another 3 h for behavior and glutamate recordings. 

Table 1   Freely-moving 
S2 microelectrode array 
specifications

No significant differences were observed in the performance of the S2 microelectrode arrays used between 
strains. Mean ± SEM

WKY: saline WKY: MPH SHR: saline SHR: MPH

Slope (pA/µM) 7.9 ± 0.70 6.8 ± 0.72 9.0 ± 1.2 8.1 ± 1.4
Limit of detection (µM) 0.38 ± 0.046 0.45 ± 0.21 0.23 ± 0.055 0.43 ± 0.15
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During the final 10 min, the voltage applied was changed to 
+ 0.2 V vs. the Ag/AgCl reference electrode, which removed 
the oxidation of H2O2 on the MEA Pt recording sites and 
thereby further confirming peroxide-mediated measurements 
and the detection of glutamate recorded by the MEAs. The 
animal was then removed from the recording apparatus and 
returned to its home cage. On the second day, the same pro-
cess, minus tethering to the commutator, was performed. 
Previous experiments from our laboratory have shown that 
this process reduces the stress on the area around the head-
cap and ensures 2 weeks of possible experimentation (pilot 
data, unpublished). Alternate days of tethering then con-
tinued for a total of 11 days (Fig. 1b). After each recording 
session, the recording chamber was cleaned with Roccal dis-
infectant (Pfizer, Inc., New York City, NY). Additionally, the 
experimenter occasionally entered the room to monitor the 
animal and check to ensure that the tether was not tangled.

Histology

Following completion of the 2 week drug administration, 
the animals were euthanized and brains were removed and 
processed (frozen) for histological evaluation of microelec-
trode recording tracks.

Data Analyses

Collected glutamate data were analyzed using a custom 
Matlab®-based analysis package. Fig. 1a explains the experi-
ment timeline and how the large amount of data was analyzed. 

Data for each animal was organized into 3 blocks to examine 
drug effects: (1) acute, day 1 or day 3; (2) intermediate, day 5 
or day 7; and (3) chronic, day 9 or day 11. Next, a boxcar filter, 
or moving average, of 20 points was applied to the raw gluta-
mate data file. The data file was then separated into 4 separate 
10 min files per animal per block: (1) saline (90 min after the 
start of experiment), (2) treatment 1 (30 min post-treatment or 
150 min after the start of experiment), (3) treatment 2 (80 min 
post-treatment or 200 min after the start of experiment), and 
(4) treatment 3 (130 min post-treatment or 250 min after start 
of experiment). This created 12 separate data files for each 
animal. For phasic events, the parameters were as follows: 
S/N > 2, positive peak area and peak amplitude, and a phasic 
rise time of ≥ 250 ms. Tonic glutamate measurements were 
sampled during the first positive phasic peak baseline from 
each data file. Using the above criteria, 8 out of 30 total ani-
mals were excluded from intermediate treatment tonic gluta-
mate levels. 10 out of 30 animals were excluded from chronic 
treatment tonic glutamate levels. All data were analyzed using 
two-way repeated measures ANOVAs followed by Bonferroni 
corrections for multiple comparisons (GraphPad Prism 6.0). 
For all data, significance was set to p < 0.05.

Fig. 1   Experiment timeline. a Each day started with the animal being 
placed into the behavior box to allow for an hour of baseline activity. 
A saline injection (s.c.) was used to determine any injection effects 
on behavior and glutamate signaling. Glutamate levels were assessed 
roughly 30 min post-saline administration. Next, either saline or MPH 
was given (s.c.) and three glutamate time-points were sampled. The 

experiment ended 3  h after the 2nd injection. b The S2 MEA was 
implanted on day 0 and the animal was allowed 2 days to recover 
from surgery. On day 3, glutamate and behavior recordings began. 
Behavior was completed each day in the open-field box, whereas glu-
tamate recordings were performed on alternate days. (Color figure 
online)
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Results

Acute, Intermediate, and Chronic Effects 
of a Clinically Relevant Dose of Methylphenidate 
on Total Distance Traveled in the Open‑Field 
Behavior Task

For acute drug effects on behavior, a significant interac-
tion between strain/treatment (WKY saline, WKY MPH, 
SHR saline, SHR MPH) and time (300 one min bins) 
(F897,5083 = 1.717, p < 0.0001) as well as significant effects 
of strain/treatment (F3,17 = 23.57, p < 0.0001) and time 
(F299,5083 = 4.471, p < 0.0001) were found. Baseline activ-
ity during the first day of behavioral recordings was simi-
lar between the SHR and WKY, consistent with previous 
reports that the hyperactive behaviors of the SHR model of 
ADHD are absent in a novel environment [29, 30]. Admin-
istration of saline (s.c.) also did not produce any significant 
differences between strains. The difference in activity started 
30 min following treatment. The SHR treated with MPH 
had significantly higher total distance traveled than the SHR 
treated with saline. Additionally, the SHR MPH group had 
greater activity than the WKY MPH group. These differ-
ences lasted for about 90 min before the groups again dis-
played similar activity (Fig. 2a). These results are consistent 
with previous studies reporting that a low, clinically relevant 
dose of MPH increased activity in the SHR [31, 32].

For intermediate drug effects on behavior, a sig-
nificant interaction between strain/treatment and time 
(F897,5083 = 3.110, p < 0.0001) as well as significant effects 

Fig. 2   Total distance traveled: effects of methylphenidate. Baseline 
activity of the SHR and WKY strains was similar, as was the activ-
ity following saline (s.c.) administration (orange arrow) for acute 
and intermediate recordings. a Beginning 30  min after treatment 
(green arrow, 2 mg/kg s.c.), the SHR treated with MPH for the first 
time (pink circles) was found to have significantly increased total 
distance traveled compared to the SHR saline group (open black cir-
cles, *p < 0.05) as well as the WKY treated with MPH group (blue 
triangles, xp < 0.05). This effect lasted roughly 90 min. b Beginning 
30 min after intermediate treatment with MPH (green arrow, 2 mg/
kg s.c.), the SHR treated with MPH (pink circles) was found to have 
significantly increased total distance traveled compared to the SHR 
saline group (open black circles, *p < 0.05) as well as the WKY 
treated with MPH group (blue triangles, xp < 0.05). This effect lasted 
roughly 120 min. c The SHR: MPH (pink) and SHR: saline (black) 
groups were found to have increased activity during the first 5 min of 
baseline compared to both WKY groups (xp < 0.05 vs. WKY: MPH; 
•p < 0.05 vs. WKY: saline). The activity following saline (s.c.) admin-
istration (orange arrow) was similar between all groups. Beginning 
30 min after treatment (green arrow, 2 mg/kg s.c.), the SHR chroni-
cally treated with MPH (pink circles) was found to have significantly 
increased total distance traveled compared to the SHR saline group 
(open black circles, *p < 0.05). The SHR: MPH group was also found 
to have increased activity compared to the WKY treated with MPH 
group (blue triangles, xp<0.05), beginning 90 min post-MPH and this 
effect only lasted for about 30 min. 1 min bins. Mean ± SEM. (Color 
figure online)

▸
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of strain/treatment (F3,17 = 9.153, p = 0.0008) and time 
(F299,5083 = 4.628, p < 0.0001) were found. Baseline activ-
ity was found to be similar between the SHR and WKY 
and saline (s.c.) did not produce any significant differences 
between strains. The difference in activity started 30 min 
after treatment, similar to the acute recording. The SHR 
treated with MPH had significantly higher total distance 
traveled than the SHR treated with saline. Additionally, the 
SHR: MPH group displayed increased activity compared to 
the WKY: MPH group (Fig. 2b). These differences lasted 
longer than they did for the acute recordings. It took nearly 
120 min before the groups again displayed similar activity.

For chronic drug effects on behavior, a significant inter-
action between strain/treatment and time (F897,5083 = 1.805, 
p < 0.0001) as well as significant effects of strain/treat-
ment (F3,17 = 7.293, p = 0.003) and time (F299,5083 = 3.637, 
p < 0.0001) were found. The SHR, regardless of treatment, 
displayed increased activity during the first 5 min of the 
experiment compared to both groups of the WKY, consist-
ent with reports that the hyperactive behaviors of the SHR 
model of ADHD become evident after multiple exposures to 
an environment [30, 33, 34]. Administration of saline (s.c.) 
did not produce any significant differences between strains. 
The difference in activity started 30 min after treatment, 

when the SHR treated with MPH had significantly more total 
distance traveled than the SHR treated with saline (Fig. 2c). 
These differences lasted for 120 min before the groups again 
displayed similar activity. The SHR MPH group also had 
increased activity than the WKY treated with MPH group, 
beginning 90 min post-MPH and this effect only lasted for 
approximately 30 min.

Examination of Tonic and Phasic Extracellular 
Glutamate Signaling

Fig. 3 shows an example of tonic and phasic glutamate sign-
aling over the course of the 5 h experiment in one animal. 
Three major types of phasic signaling are apparent: (1) fast 
single peaks (5–10 s long), (2) fast multi-peaks (5–10 s 
long), and (3) slower phasic signaling (1–3 min long), which 
consisted of many fast multi- and single-peaks (see Fig. 6 
and data, below). Figure 3 shows the differences in tonic and 
phasic glutamate between strains and treatments. Addition-
ally, Figure 3 shows the change in applied potential from 
+ 0.7 to + 0.2 V vs. Ag/AgCl reference electrode, which is 
below the H2O2 oxidation potential and used to further con-
firm the detection of glutamate by the MEAs.

Fig. 3   Strain differences in tonic 
and phasic glutamate levels. 
Post-baseline of the S2 MEA, 
strain differences were observed 
in tonic and phasic glutamate 
levels. Only the raw, subtracted 
glutamate signal is represented 
here for all study groups. Black, 
WKY saline. Blue, WKY MPH. 
Grey, SHR saline. Pink, SHR 
MPH. Orange arrow, saline 
(s.c.). Green arrow, methylphe-
nidate (2 mg/kg, s.c.). Purple 
arrow marks when the applied 
voltage changed from + 0.7 to 
+ 0.2 V vs. Ag/AgCl reference 
electrode, to test for the detec-
tion of glutamate. (Color figure 
online)
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Intermediate Methylphenidate Treatment Increases 
Tonic Glutamate Levels in the SHR But Not the WKY

A significant effect of time (30 min after saline, and 30, 80, 
and 130 min after treatment) (F3,36 = 2.866, p < 0.05) and an 
effect of strain/treatment (WKY saline, WKY MPH, SHR 
saline, and SHR MPH) (F3,12 = 3.710, p < 0.05) after inter-
mediate treatment with MPH/saline were found and seen 
in Fig. 4a, though no interaction between the two existed. 
This data demonstrates that the SHR treated with MPH 
(6.2 ± 1.4 µM) for 1 week has higher tonic levels than the 
SHR treated with saline alone (1.3 ± 1.4 µM). Additionally, 
the WKY saline group (6.4 ± 1.4 µM) had higher tonic glu-
tamate than the SHR saline group. The WKY MPH group 
(5.0 ± 1.3 µM) was not significantly different than the other 
groups (Fig. 4a).

Chronic Methylphenidate Treatment Increases Tonic 
Glutamate Levels in Both the SHR and WKY

Following chronic treatment, a significant interaction 
between time and strain/treatment (F9,39 = 2.433, p < 0.05) 
and an effect of strain/treatment (F3,13 = 4.009, p < 0.05) 
on tonic glutamate were found and seen in Fig. 4b. These 
data demonstrate that in both the SHR model of ADHD 
and the WKY control, chronic MPH treatment with a clini-
cally relevant dose (SHR MPH 9.9 ± 2.1 µM, WKY MPH 
10 ± 1.9 µM) increases tonic levels of glutamate compared to 
animals treated with saline alone (SHR saline 3.2 ± 2.1 µM, 
WKY saline 3.3 ± 2.1 µM) (Fig. 4b).

Chronic, But Not Intermediate, Methylphenidate 
Treatment Reduces Phasic Glutamate Signaling 
in the SHR

Figure 5a, b reveal that the number of phasic events per 
10 min sample did not differ between strain, treatment, nor 
time. After intermediate drug treatment, no differences in the 
amplitude of phasic glutamate signals were found. Average 
(± SEM) phasic amplitudes during intermediate treatment 
were as follows: WKY saline 0.40 ± 0.033 µM, WKY MPH 
0.21 ± 0.018 µM, SHR saline 0.13 ± 0.016 µM, SHR MPH 
0.22 ± 0.044 µM (Fig. 5c).

Following chronic treatment, a significant effect of 
strain/treatment (WKY saline, WKY MPH, SHR saline, 
SHR MPH) on phasic glutamate amplitudes (F3,22 = 3.316, 
p < 0.05) was observed. Also, there was a trend towards 
an effect of time (F3,66 = 2.413, p = 0.07). These data dem-
onstrate that in the SHR, a significant difference existed 
between the MPH (SHR MPH 0.11 ± 0.0056 µM) and saline 
treated animals (SHR saline 0.53 ± 0.0072 µM). No effects of 
chronic MPH treatment on phasic glutamate amplitude were 
found in the WKY groups (WKY saline 0.13 ± 0.011 µM, 
WKY MPH 0.22 ± 0.011 µM) (Fig. 5d).

Types of Phasic Signaling Changes 
with Methylphenidate Treatment

Following intermediate treatment, (30  min after treat-
ment), a significant interaction between strain/treatment 
(WKY saline, WKY MPH, SHR saline, SHR MPH) and 

Fig. 4   Intermediate and chronic effects of MPH. (2 mg/kg) adminis-
tration on tonic glutamate levels. a The SHR MPH group (pink cir-
cles) had higher tonic glutamate levels than the SHR saline (open 
circles) and suggests that MPH brings tonic levels of the SHR up to 
that of the WKY control (blue triangles), which had similar tonic lev-
els when treated with MPH or saline (black triangles). Additionally, 

the WKY saline group had higher tonic glutamate than SHR saline. b 
Following chronic treatment, both the SHR model of ADHD and the 
WKY control were observed to have increased tonic glutamate com-
pared to animals treated with saline only. *p < 0.05. Mean ± SEM. 
(Color figure online)
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type of event (rapid single, rapid multi, slow) was dis-
covered (F6,52 = 7.311, p < 0.0001). Significant effects of 
strain/treatment (F3,26 = 10.55, p = 0.001) and type of event 
(F2,52 = 46.71, p < 0.0001) were also found to exist. The 
WKY saline group had less of the rapid single peaks com-
pared to the WKY MPH and SHR saline groups. The SHR 
MPH had significantly more of the rapid multi peaks com-
pared to the WKY MPH and significantly more rapid multi 
and slow phasic events compared to the SHR saline group 
(Fig. 6a).

Following chronic treatment (30 min after treatment), a 
significant interaction between strain/treatment and type of 
event was found (F6,52 = 8.120, p < 0.0001). A significant 
effect of type of event (F2,52 = 97.79, p < 0.0001) was also 
found. The SHR saline group was observed to have more of 
the rapid single peaks compared to the WKY saline and the 
SHR MPH groups. The SHR MPH had more slow phasic 
events than the SHR saline group (Fig. 6b). An example of 

the three major types of phasic signaling are represented in 
Fig. 6c–e.

Discussion

The results from this study demonstrate that tonic gluta-
mate levels in the SHR model of ADHD were higher in 
the methylphenidate (MPH) treated group than the saline 
treated group. The links between alterations in glutamate 
neurotransmission and substances of abuse have been well 
established in such drugs as cocaine [35–37], amphetamine 
[35], and methamphetamine [37]. Given the role of gluta-
mate on the addictive properties of these drugs, we sought 
to investigate the role of glutamate signaling following 
chronic MPH administration. Because the SHR model of 
ADHD self-administers cocaine more readily than the pro-
genitor control strain, the WKY [11], the presently observed 

Fig. 5   Intermediate and chronic effects of MPH (2  mg/kg) admin-
istration on phasic glutamate signaling frequency. a, b The number 
of phasic events per 10  min sample did not differ between strain, 
treatment, nor time. c The phasic glutamate amplitude did not dif-

fer by group following intermediate treatment. d Following chronic 
administration of MPH, the SHR displayed lower phasic gluta-
mate amplitude compared to the SHR saline group at all time 
points. *p < 0.05. Mean ± SEM. (Color figure online)
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increases of tonic glutamate levels following MPH admin-
istration in the SHR may suggest a predisposition for drug 
abuse later in life. Supporting this theory, the SHR was dis-
covered to be more likely to self-administer cocaine as an 
adult than saline-treated SHRs following chronic treatment 
with a clinically relevant dose of MPH (administered p.o.) 
at a young age [11]. Interestingly, SHRs chronically admin-
istered the non-stimulant atomoxetine as adolescents were 
no more likely to self-administer cocaine in adulthood [38], 
demonstrating that non-stimulant medications may repre-
sent an important alternative for the treatment of ADHD. 

Future studies should examine if increases in glutamate 
are observed following chronic treatment with atomoxetine 
within the SHR.

In addition to increased tonic glutamate following MPH 
treatment in the SHR, we found that chronic exposure to 
MPH decreased the amplitude of phasic glutamate signal-
ing in the SHR but not the WKY control. The high tonic 
glutamate in the SHR model of ADHD following chronic 
MPH treatment does not cause an increase in the phasic 
release of glutamate, but instead decreases the phasic signal-
ing amplitude without changing the frequency. It is possible 

Fig. 6   Differences in phasic 
signal types. a Following 
intermediate treatment, during 
the first 10 min sample period 
(30 min post-treatment), it was 
observed that the WKY saline 
group had less rapid single 
peaks than the WKY MPH and 
SHR saline groups. The SHR 
MPH had more rapid multi 
peaks compared to the WKY 
MPH and more rapid multi and 
slow phasic events than the 
SHR saline group. b Follow-
ing chronic treatment, during 
the first 10 min sample period 
(30 min post-treatment), the 
SHR saline group had more 
rapid single peaks than the 
WKY saline and the SHR MPH 
groups. The SHR MPH had 
more slow phasic events than 
the SHR saline group. Raw sin-
gle races representing the three 
major types of phasic signaling 
are shown: c fast single peaks, 
d fast multi-peaks, and e slow 
phasic signaling. *p < 0.05. 
Mean ± SEM. (Color figure 
online)
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that the rise of tonic glutamate levels following MPH treat-
ment causes activation of metabotropic glutamate auto-
receptors (e.g. mGluR2/3), attempting to compensate for the 
higher synaptic and extra-synaptic glutamate concentrations 
[39–41]. Interestingly, research has been focused on group 
II and III inhibitory metabotropic glutamate auto-receptors, 
linking them as possible therapeutic targets for anxiety [42, 
43], schizophrenia [44], depression [45], alcoholism [46], 
and cocaine addiction [47]. The results from this study sug-
gest that ADHD should now be included as a disorder that 
could benefit from targeting these auto-receptors. A recent 
study examining attention deficits caused by nicotine expo-
sure during adolescence found reduced inhibitory group II 
mGluRs in the PFC. An mGluR2 agonist, allowing for over-
stimulation of the mGluR2, was found to restore attention 
in these animals as adults [48]. These results suggest that 
targeting the inhibitory auto-receptors to restore basal glu-
tamate signaling could therapeutically benefit individuals 
with ADHD. Future research should examine the effects of 
mGluR group II and III agonists, such as LY354740 and 
related compounds, on glutamate signaling, as well as the 
effects of these compounds on the ADHD-like behaviors of 
the SHR [49–51].

Methylphenidate (MPH) administration has been found 
to increase dopamine levels by blocking the dopamine trans-
porter (DAT) [26, 52–57], as well as the norepinephrine 
transporter (NET) in the frontal cortex [58]. The increase in 
dopamine is thought to be responsible for increased motor 
activity [59]. Studies of signaling interactions between the 
dopaminergic and glutamatergic systems demonstrate that 
stimulation of D2 dopamine receptors is involved in the 
inhibition of the NMDA receptor, weakening the excita-
tory response to those neurons [60]. Likewise, activation 
of D4 receptors decrease AMPA receptors at the synapse 
[61]. The behavioral effects of a clinically relevant dose of 
MPH treatment are predictable and have been well estab-
lished in the spontaneously hypertensive rat (SHR) model 
of ADHD [62–65]. We observed that total distance trave-
led increased in the SHR acutely and chronically following 
MPH. This increase in activity is consistent with behavioral 
sensitization in response to chronic MPH treatment [66], 
though the WKY control failed to reach sensitization levels. 
No challenge dose was used in this study, as has been done 
in previous work exploring MPH sensitization [66–68] and 
studies have shown that chronic administration alone isn’t 
enough to produce behavioral sensitization following low-
dose MPH treatment [69] and explains the lack of increased 
behavior in the control WKY strain following 11 treatment 
days with MPH. However, the increase in activity of the 
hyperactive SHR assured that the low, clinically relevant 
dose of MPH used was appropriate to cause significant 
behavior effects in the ADHD model but not the control. 
Future directions should include a less characterized but still 

relevant to ADHD behavior task, such as delayed discount-
ing, while exploring changes in glutamate and the effects of 
pharmacology.

Along with the discovery that chronic MPH treatment 
reduced the amplitude of phasic glutamate signals in the 
SHR model of ADHD, different types of phasic signaling 
were observed and found to be changed following treatment 
with MPH. The rapid temporal response times of the MEA 
biosensors for glutamate allows for the measures of both 
tonic and phasic changes in glutamate. To our knowledge, 
this is the first time that phasic glutamate signaling has 
been able to be quantified as having different characteris-
tics, though this is not the first time that phasic signaling 
has been observed in awake, freely-moving animals using 
the MEA technology [19, 70]. The SHR had more rapid 
single peaks, lasting about 10 s before returning to baseline, 
than the WKY control after both intermediate and chronic 
saline (or vehicle) alone administration, suggesting that the 
SHR model of ADHD has higher activity of phasic gluta-
mate events. In the SHR, intermediate MPH treatment was 
found to increase the rapid multi-peaks compared to the 
SHR saline group, whereas chronic MPH actually decreased 
these fast multi-peak phasic events in the SHR. The phasic 
glutamate events, both single and multi-peak are likely a 
consequence of “bursting activity” of glutamate neurons 
[71]. Additionally, after chronic treatment with MPH, the 
SHR had more of the slow phasic type signals, which could 
take as long as 3 min before returning to a stable baseline, 
likely representing increased tonic neuronal activity of glu-
tamate projections. These signals seem to contribute more 
towards the changes in tonic glutamate than the other phasic 
signals and may explain why the SHR had increased tonic 
levels following MPH treatment. These data all suggest that 
targeting tonic and phasic glutamate signaling may be a use-
ful approach for novel ADHD treatments. In addition, our 
data support that additional electrophysiological recordings 
in freely moving rats may be needed to better understand the 
circuitry affected with chronic MPH administration.

Overall, freely-moving glutamate measurements in the 
SHR model of ADHD were characterized in the pre-limbic 
region of the frontal cortex following chronic stimulant treat-
ment in the SHR rat model of ADHD and its control, the 
WKY. Although there is no perfect animal model of ADHD, 
the results from these experiments demonstrate that the SHR 
model of ADHD is a great resource for studying dysfunction 
of ADHD-like behaviors such as hyperactivity. In this study, 
the stimulant medication MPH increased locomotion in the 
SHR and differences were also observed on the glutamate 
system. These findings illustrate a potential avenue for inves-
tigating novel therapies for the treatment of ADHD target-
ing glutamate. Future studies should examine the effects of 
current FDA-approved pharmacotherapies that are known 
to target the glutamatergic system, such as memantine and 
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ceftriaxone, on the glutamate and dopamine systems of the 
SHR. Additionally, these results suggest that targeting the 
metabotropic mGluRII/III glutamate receptors may be a use-
ful therapeutic avenue for ADHD.
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