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Abstract
Rationale Attention-deficit hyperactivity disorder (ADHD) is
the most frequently diagnosed neuropsychiatric disorder in
childhood. Currently available ADHD drugs include the
psychostimulants methylphenidate (MPH) and D-amphet-
amine (D-AMP), acting on norepinephrine and dopamine
transporters/release, and atomoxetine (ATX), a selective nor-
epinephrine uptake inhibitor. Recent evidence suggests an
involvement of glutamate neurotransmission in the pathology
and treatment of ADHD, via mechanisms to be clarified.
Objective We have investigated how ADHD drugs could
modulate, through interaction with catecholamine receptors,
basal and glutamate-induced excitability of pyramidal neurons
in the prefrontal cortex (PFC), a region which plays a major
role in control of attention and impulsivity.
Methods We have used the technique of extracellular single-
unit recording in anaesthetised rats coupled with
microiontophoresis.
Results Both MPH (1–3 mg/kg) and D-AMP (1–9 mg/kg)
increased the firing activity of PFC neurons in a dopamine
D1 receptor-dependent manner. ATX administration (1–
6 mg/kg) also increased the firing of neurons, but this effect
is not significantly reversed by D1 (SCH 23390) or alpha1
(prazosin) receptor antagonists but potentiated by alpha2 an-
tagonist (yohimbine). All drugs induced a clear potentiation of
the exci ta tory response of PFC neurons to the
microiontophoretic application of the glutamate agonist N-
methyl-D-aspartate (NMDA), but not to the glutamate agonist
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA). The potentiating effect of D-AMP on NMDA-

induced activation of PFC neurons was partially reversed or
prevented by dopamine D1 receptor blockade.
Conclusion Our data shows that increase in excitability of
PFC neurons in basal conditions and via NMDA receptor
activation may be involved in the therapeutic response to
ADHD drugs.
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Introduction

Attention-deficit hyperactivity disorder (ADHD) is a common
psychological disturbance which affects an average of 5 % of
school-aged children worldwide (with very variable rate of
prevalence ranging from 1 to 20 %) (Polanczyk et al. 2007). It
is characterised by inattention, impulsivity and hyperactivity
that can persist into adulthood. Currently available ADHD
treatments include psychostimulants, such as D-amphetamine
(D-AMP) and methylphenidate (MPH), which when admin-
istered at the adequate dose, have a powerful and immediate
therapeutic effect. However, as indirect dopamine agonists,
they also have the potential to affect the motor system and
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disrupt dopamine-dependent behaviours (Swanson and
Volkow 2003). It may therefore not be without risk to admin-
ister such compounds to a developing brain. An alternative
treatment to psychostimulants is the selective norepinephrine
reuptake inhibitor atomoxetine (ATX). This drug may be
devoid of action on the motor system and drug abuse liability,
but its onset of action is particularly long, usually 4–6 weeks
(Bushe and Savill 2014).

The mechanism by which ADHD drugs exert their thera-
peutic effects, particularly on attention and cognition process-
es, is not well understood. ATX selectively blocks the norepi-
nephrine transporter (NET, Ki=3.7–21 nM) but has some
affinity (Ki=79 nM) for the serotonin transporter (Easton
et al. 2007; Shen et al. 2013). Both D-AMP and MPH are
strong inhibitors of the synaptic reuptake of dopamine and
norepinephrine (MPH: Ki=46–340 and 238–427 nM; D-
AMP: Ki=190–206 and 55–257 nM, for DAT and NET,
respectively) (Easton et al. 2007; Upadhyaya et al. 2013).
Other effects of D-AMP include the blockade of the vesicular
transport of catecholamine (Heal et al. 2009).

One of the main brain regions involved in the behavioural-
calming and cognition-enhancing effects of ADHD drugs is
the prefrontal cortex (PFC) (Gamo et al. 2010). It plays a
critical role in the control of higher cognitive function such
as vigilance, attention, impulsivity and behavioural inhibition
(Kieling et al. 2008), as well as on the activity of the basal
ganglia which control movement and emotional behaviours.

According to microdialysis studies, all ADHD drugs in-
creased the release of dopamine in the PFC, at therapeutic
doses (Koda et al. 2010). Prefrontal dopamine, at the adequate
concentration range, is thought to play a major positive role in
cognition, attention and working memory, mainly through
stimulation of dopamine D1 receptors (Floresco 2013).

Recent evidence supports a role for the glutamatergic sys-
tem in the pathology and treatment of ADHD (Chang et al.
2014), particularly in the PFC, which main cellular constitu-
ents are glutamate pyramidal neurons. In the PFC, there is
evidence for both functional and anatomical interaction be-
tween catecholamine and glutamate systems. Most prefrontal
catecholamine innervations, originating from the brainstem,
terminate onto pyramidal glutamate projecting neurons and
modulate various cortico-cortical circuits, as well as cortical
excitatory descending pathways. This includes the massive
prefrontal projections to the basal ganglia, known to regulate,
as part of a series of complex feedback loops, executive, motor
and affective functions, impaired in ADHD (Carli and
Invernizzi 2014). As a result, change in PFC catecholamine
levels could affect these excitatory drives and in turn impact
on catecholamine neurotransmission in many subcortical
structures (Sullivan and Brake 2003). Furthermore, there is
evidence in the PFC for colocalization of glutamate and
catecholamine receptors, which can interact with each other
on common intracellular signalling pathways and modulate

synaptic transmission (Tseng and O’Donnell 2004; Urban
et al. 2013).

Imaging studies in drug-naive ADHD patients indicate
dysregulation of glutamatergic frontostriatal circuits, which
are strongly modulated by dopamine and norepinephrine, as
well as reduction in thickness and hypofunction of some
specific subregions of the PFC (Cubillo et al. 2012). Attention
has been driven to the glutamate/N-Methyl-D-aspartate
(NMDA) receptor. It has been well established that NMDA
receptors have critical roles in excitatory synaptic transmis-
sion and plasticity underlying cognitive processes, short-term
and long-term memory, as well as motor functioning. There is
evidence for genetic polymorphism of both the NR2A and the
NR2B subunits of the NMDA receptor with ADHD (Turic
et al. 2004; Dorval et al. 2007). Although not a pharmacolog-
ical model for ADHD, glutamate NMDA receptor antagonists
induce hyperlocomotion, disrupt attention and impulsivity
control (Amitai and Markou 2010), and mitigate some of the
neurochemical and behavioural effects of psychostimulants in
animal models (Bristow et al. 1994).

Using the single-unit in vivo electrophysiology method,
with the aim to identify a possible common mechanism by
which ADHD drugs exert their therapeutic effects, we have
compared the electrophysiological effects of the main ADHD
drugs (ATX, D-AMP, MPH) on the excitability of PFC neu-
rons, in basal conditions and during glutamate receptor acti-
vation, and attempt to pharmacologically characterise the
different effects produced by these drugs.

Material and methods

Subjects

Adult male Sprague–Dawley rats (Charles River, UK), 250–
350 g, housed in groups of 2 to 4 in standard conditions of
temperature humidity, and light/dark cycle, with water and
food ad libitum, were used in all experiments. Experiments
were conducted with permission from the UK Home Office
and had approval from the De Montfort University ethics
committee.

In vivo electrophysiological recordings

Animals were initially deeply anaesthetised with urethane
(1.2–1.7 g/kg, ip, with additional doses if necessary), secured
to a stereotaxic frame and maintained at 36–37 °C. A hole was
drilled through the bone at the coordinates of the PFC accord-
ing to the atlas of Paxinos and Watson (1997). Electrodes,
manufactured in house from borosilicate capillaries (1.5 mm,
Harvard Apparatus, UK) or from five-barrel glass micropi-
pettes (ASI, USA), were pulled on a PP-830 electrode puller
(Narishige, Japan). Recording channels were filled by hand
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with an electrolyte solution (NaCl 147 mM), and sidebarrels
(if present) were filled with NMDA (30 mM, pH 7–8) and/or
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA, 5 mM, pH 8) and NaCl 2 M for current balancing.
Single and multibarrel electrodes had their tip broken down to
an external diameter of 1–1.5 and 5–7 μm, respectively (typ-
ical resistance of the recording channel 4–8 MΩ). NMDA
pulses of −10 nA or AMPA pulses of −5 nA were applied
during 40–70 s onto the PFC neuron at regular intervals (80–
100 s). Output from the electrode were sent to a Neurolog AC
pre-amplifier and amplifier (Digitimer, UK). Signals were
filtered and sent to an audio amplifier, a digital storage oscil-
loscope and a 1401 interface connected to a computer running
Spike 2 (CED, Cambridge, UK) for data capture and analysis.
Descent of the electrode was accomplished using a hydraulic
micromanipulator (Narishige). Coordinates for the PFC were
as follows: anteroposterior 2.5–3.7 mm, lateral 0.3–2 mm,
1.5–4 mm below cortical surface. Neurons were identified
according to previous electrophysiological criteria established
from studies carried on formally identified pyramidal neurons
(Hajos et al. 2003; Puig et al. 2005; Tseng et al. 2006;
Kargieman et al. 2007; Wang et al. 2011): a broad action
potential (>1 ms), with a biphasic or triphasic, large wave-
form, starting with a positive inflection, a slow firing rate
typically between 1 and 50 spikes/10 s and irregular firing
pattern, often with burst activity.

Chemicals

All chemicals were purchased from Sigma-Aldrich (UK) ex-
cept ATX (Sequoia Research Products, UK). Drugs, dissolved
in saline, were administered via the lateral tail vein.

Data analysis

All data are expressed as the mean±standard error of the mean
(SEM). Statistical analyses were performed using paired or
unpaired Student’s t tests or one-way analysis of variance
(ANOVA), followed, if appropriate, by Neuman–Keuls tests.
Probabilities smaller than 0.05 were considered to be signifi-
cant; n values refer to the number of cells tested.

The mean basal firing activity was evaluated after the
neuron had attained a stable firing rate, generally after at least
10 min of recording. Predrug values of firing rate were ob-
tained by averaging the firing rate over a period of at least
4 min immediately prior to the iv administration, postdrug
values were obtained by averaging the firing over a period of
5 min following the administration. Individual change in basal
firing activity was considered significant following drug (or
saline) administration when the postdrug value was signifi-
cantly different from the predrug value (determined as indi-
cated above, unpaired Student’s t test analysis). When appro-
priate, portion of recording involving iontophoretic

application of excitatory substances were excluded from these
calculations. Proportions of a specific type of response in two
different groups of animals were also compared using the
Fisher’s exact test (comparing proportions of responses and
no response/opposite responses in two groups).

The response of neurons to iontophoretic applications of
NMDA or AMPA were assessed by subtracting the mean
baseline activity measured immediately before the application
(typically during the last 50 s before the application) of the
drug from the mean activity obtained during the application of
the drug (typically during the first 50 s of the application).
Responses were expressed as the number of supplementary
spikes (over baseline activity) per 10 nA of NMDA or per
5 nA of AMPA (as these currents were systematically admin-
istered to neurons). Effects of drugs/saline were examined by
comparing the averaged response of at least three subsequent
applications of NMDA/AMPA occurring immediately before
or after the administration. For an individual neuron, a change
in NMDA or AMPA averaged response (defined as the %
difference between predrug and postdrug values) of more than
20 % was considered significant.

Results

A total of 125 neurons were included. The basal firing activity
of the neurons recorded was variable (0.5–60 spikes/10 s) but
typically below 20 spikes/10 s. All neurons tested exhibited
the electrophysiological characteristics of pyramidal neurons
corresponding to the criteria presented in “Material and
methods”. More specifically, all the neurons included in the
present study exhibited large biphasic or triphasic action po-
tentials (at least 2 mV amplitude) starting with a positive
inflection, and with long duration (>1.1 ms). According to
different in vivo electrophysiological studies combining elec-
trophysiology and labelling techniques of GABA and/or glu-
tamate neurons, PFC neurons with action potential duration
shorter than 0.75 ms are likely GABAergic neurons (Tseng
et al. 2006; Tierney et al. 2008; Gui et al. 2011), while neurons
with relatively low firing activity and action potentials larger
than 0.9 ms can be considered pyramidal neurons (Tseng et al.
2006), a finding confirmed by electrophysiological studies on
PFC neurons identified by antidromic stimulation (Hajos et al.
2003; Puig et al. 2005; Kargieman et al. 2007). It is therefore
anticipated that the types of neurons included in the present
study are pyramidal neurons, which are by far the more
represented type of neurons in the PFC (Povysheva et al.
2008). However, other slightly different criteria for classifica-
tions of PFC pyramidal/interneurons exist in literature (Bartho
et al. 2004; Gobbi and Janiri 2006) and one could not rule out
that a small minority of interneurons has been misclassified as
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pyramidal neurons in our study, as the recorded neurons were
not labelled with glutamatergic or GABAergic markers.

Only one neuron per rat was tested with each of the ADHD
drugs. All neurons included in the present data were recorded
in the dorsal part of the medial PFC in subregions, which
include the cingulated and the prelimbic cortex and the medial
part of frontal cortex. Some recording sites were marked by
ejection of pontamine blue (n=13, Fig. 1) and were confirmed
to be within the PFC at similar location from what was
determined from stereotaxic measurement. The effects of
ADHD drugs was investigated on neurons that were sponta-
neously active (n=77) and on neurons with virtually no firing
activity (n=41, firing rate <4 spikes/10 s). Silent neurons were
detected by recording neuronal activity using an iontophoretic
electrode and applying every 100 s (during 40–70 s) a small
current of NMDA or AMPAwhich induced reversible neuro-
nal activation. Spontaneously active neurons were usually
recorded with single-barrel electrodes and silent neurons with
multibarrel ones. However, a few spontaneously active neu-
rons (n=21) were also recorded with multibarrel electrodes.
Silent neurons and spontaneously active neurons did not differ
in their action potential characteristics. Figure 2 shows that
the three ADHD drugs tested (ATX, MPH, and D-AMP)
can significantly increase the basal activity of PFC
neurons.

Effect of MPH on PFC neurons (Fig. 2a)

The excitatory effect of MPH on the basal firing activity of
PFC neurons has previously been demonstrated in a large

population (n=28) of PFC neurons (Gronier 2011) and was
found to be reversed in 55 % of neurons following the admin-
istration of the D1 antagonist SCH 23390 (0.6 mg/kg), a drug
that exerted no effects on its own on the basal firing activity of
PFC neurons (Gronier 2011). In the present study, we have
confirmed these previous data in a smaller population on
neurons (n=13), showing that MPH (3 mg/kg) significantly
increased the basal firing activity of PFC neurons (p<0.01,
Student’s paired t test, n=13; Fig. 2a). We have also ob-
served significant reduction (of more than 10 spikes/
10s) of this excitatory effect following the administra-
tion of SCH 23390, in three out of five neurons tested
this way (60 %, not shown).

Dose-dependent activating effects of D-AMP (Fig. 2b)

In a group of 23 neurons, D-AMP was cumulatively admin-
istered up to a dose of 9 mg/kg, by injecting subsequently
intravenous doses of 1, 2, 3, and 3 mg/kg. D-AMP induced a
significant increase of 59 and 118 % in mean firing activity of
PFC neurons, versus initial basal firing, at the cumulative dose
of 3 and 6 mg/kg, respectively (p<0.05, p<0.01 compared to
baseline levels for the 3 and 6 mg/kg doses, respectively,
Newman–Keuls after significant repeated measures ANOVA,
n=32). Activity remained unchanged at the highest dose
(9 mg/kg) (p<0.01 compared to baseline levels, Newman–
Keuls after significant repeated measures ANOVA, n=23).
Nine neurons (30 %) remained insensitive, and only one
neuron exhibited a progressive reduction in firing activity
during the course of the cumulative administration of the drug.

Fig. 1 Recording coordinates of
13 neurons located in the
prefrontal cortex. Ejection of
pontamine blue (−400 nA,
20 min) was performed after the
recordings. Each black dot
represents the location of one
recording, n=13. This diagram is
a stack of recordings ranging from
+2 to +3.5 mm anteroposterior
from bregma. Scales represent
distances (in mm) from the
midline and the surface of the
brain. Reproduced from Paxinos
and Watson (1997). M1/M2
medial prefrontal cortex, Cg1
cingulate cortex area, PrL
prelimbic cortex
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When tested at lower doses (0.5–1 mg/kg) in a larger popula-
tion of neurons (n=36), D-AMP did not have an overall
significant effect on basal activity, though 12/36 neurons
(33 %) had their firing increasing significantly compared to
their respective baseline levels (p<0.05, compared saline re-
sponse, Fisher’s exact test).

Neurons treated with saline (n=28) did not display any
significant change in firing (Fig. 2d), even within a long
recording period (>2000 s), as already observed (Gronier
2011).

The activating effect of D-AMP is partially dopamine D1
receptor-dependent (Fig. 3)

Figure 3a shows that the increase in firing activity
elicited by cumulative doses of D-AMP (6–9 mg/kg) is
significantly attenuated by the administration of 0.6 mg/kg
of the D1 receptor antagonist SCH 23390 (p<0.01 com-
pared to levels obtained after 6–9 mg/kg of D-AMP, New-
man–Keuls after significant repeated measures ANOVA).
Complete reversal occurred in 5 out of 14 neurons tested
this way (36 %), while 4 neurons had their firing that
remains insensitive, or keeps increasing, following SCH
23390, despite D-AMP was found to more than double
their basal firing activity (Table 1).

Dose-dependent activating effects of ATX (Fig. 2c)

ATX was cumulatively administered up to a dose of 9 mg/kg,
by injecting subsequently doses of 1, 2, 3, and 3 mg/kg. ATX
did not increase significantly the basal activity of PFC neurons
at the dose of 1 and 3 mg/kg, though in a larger population of
30 neurons, a dose of 3 mg/kg increased significantly the
mean basal activity by 38 % (p<0.01, Student’s paired t test,
n=30, Table 1). Cumulative doses of 6 mg/kg provide a
significant increase in firing by 98 % over baseline activity
(P<0.001 compared to baseline levels for the 6 and 9 mg/kg
doses; Newman–Keuls test after significant repeatedmeasures
ANOVA, n=24). The dose of 9 mg/kg did not enhance further
the firing activity, compared to the 6 mg/kg dose (Fig. 2c).

Effect of selective catecholamine antagonists on ATX-induced
activation of firing (Fig. 4)

We have found previously that the different selective mono-
amine receptor antagonists—SCH 23390, prazosin, yohim-
bine—exerted no effects on their own on the basal firing activity
of PFC neurons (Gronier 2011). We have confirmed these pre-
vious data on small groups of neurons from naive rats (yohim-
bine 1 mg/kg, n=5; SCH 23390 0.6 mg/kg, n=5; prazosin
1 mg/kg, n=4; not significantly different (NS) compared to
respective baseline levels, paired Student t test, data not shown).
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Administration of the D1 dopamine receptor antagonist SCH
23390 did not significantly reduce the mean excitatory effect
produced by cumulative doses of ATX (NS, Newman–Keuls
after significant repeated measures ANOVA, Fig. 4a, Table 1).
However, in three out of seven neurons tested, a significant
reduction of activation by more than 30 % was observed.

Similarly, administration of the α1 adrenoceptor antagonist
prazosin, following cumulative doses of ATX, had no signif-
icant effect on the neuronal activation induced by ATX. Yet, in
three neurons out of seven tested, ATX-induced activation
was reduced by more than 50 % following prazosin adminis-
tration (Fig. 4c–d). Figure 4d represents the firing histogram

of such a neuron whose firing activation induced by ATX was
reduced by prazosin.

In a group of seven neurons initially insensitive to ATX
(cumulative dose of 3 mg/kg produced no significant change
in firing activity), the α2 adrenergic antagonist yohimbine
(1 mg/kg) promoted a significant activation of firing
(p<0.01, compared to value obtained in baseline condition
or after ATX, Newman–Keuls test after significant repeated
measures ANOVA, Fig. 4e). Interestingly, a further adminis-
tration of the dopamine D1 antagonist SCH 23390 reversed
this stimulatory effect in two out of the four neurons that could
have been tested this way (Fig. 4e–f).

120

100

80

60

40

20

0
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 s

SCH 23390

0.6 mg/kg

D-amphetamine

1 mg/kg 2 mg/kg 3 mg/kg

Sp
ik

es
/1

0
se

c

b

40

30

20

10

0
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 s

D-amphetamine

1 mg/kg 2  mg/kg

SCH 23390

0.6 mg/kg

Sp
ik

es
/1

0 
se

c

c

a

0

20

40

60

80

1 3 6-9 D-AMP +

SCH 23390

0.6 mg/kg

n=14 **

++*

Sp
ik

es
/1

0 
se

c

D-amphetamine

cumulative doses

(mg/kg)

0

Fig. 3 D-Amphetamine increased the firing rate of the PFC neurons
through a D1 receptor mechanism. a Administration of the D1 receptor
antagonist SCH 23390 (0.6 mg/kg) significantly decreased the activation
of firing rate elicited by D-AMP. b, c Typical firing rate histograms of
prefrontal cortex neurons during D-AMP and SCH 23390 administration.

Boxed is shown a typical action potential shape of a pyramidal neuron.
The same neurons were studied in the complete sequence. *P<0.05,
***P<0.001 versus baseline; ++P<0.01 versus corresponding values
obtained immediately before administration of SCH23390. Newman–
Keuls after significant repeated measures ANOVA

2196 Psychopharmacology (2015) 232:2191–2205



ADHD drugs preferentially stimulate the firing activity
of spontaneously active PFC neurons

Only 36 % (9/25) of the neurons with very low or no baseline
activity became spontaneously active or had their firing activ-
ity significantly increased, following the administration of the
ADHD drugs, regardless of the type of drug tested. On the
other hand, most spontaneously active neurons (77 %) were
responsive to any of the ADHD drug tested.

ADHD drugs potentiate NMDA-induced activation (Fig. 5)

When applied at currents of −10 nA, NMDA produced
generally a large increase in firing activity which typically in-
creased baseline levels by 40–120 additional spikes/10 s during
the ejection period. Only neurons which application of NMDA
produced consistent neuronal activations over timewere selected.
After at least four to seven consistent responses to NMDA, saline
or ADHD drugs were administered at cumulative doses.

Figure 5 shows that the activation of firing induced by
NMDA was significantly increased following the iv

administration of MPH (3 mg/kg, P<0.04, n=9, paired Stu-
dent’s t test), ATX (3 mg/kg, P<0.03, paired Student’s t test,
n=11) and D-AMP (3 mg/kg, P<0.001, paired Student’s t
test, n=15) but remained unchanged following the adminis-
tration of saline (Fig. 5a). On the other hand, the response of
neurons to AMPA application (−5 nA) was also tested on a
group of neurons treated with D-AMP (n=6). No significant
effect was observed, though two neurons exhibited an increase
in both their NMDA and AMPA responses after D-AMP
administration (1–3 mg/kg) by more than 30 % (Fig. 5b).

Most of the neurons ((14/18 in total) that were silent in
basal conditions had their responses to NMDA significantly
augmented in response to the administration of the ADHD
drugs but remained silent or with a very low baseline activity
during the course of the experiment (Fig. 6a, c). On the other
hand, spontaneously active neurons generally showed an in-
crease in both baseline and NMDA-induced firing (Fig. 6b).

Lower doses of D-AMP (0.5–1 mg/kg), closer to therapeutic
ranges, did not change significantly the mean NMDA response.
However, it was found to increase by more than 20 % the
NMDA response of 7 neurons out of 17 (41%, Fig. 7c, Table 1),
while a higher proportion of neurons responded to the 3 mg/kg

Table 1 Proportion of neurons showing significant/nonsignificant changes in basal firing rate and in their responses to the iontophoretic application of
NMDA to the different ADHD drugs and to SCH 23390

Response Drugs

Saline (0.1 ml/kg) D-AMP MPH ATX

0.5–1 mg/kg 3 mg/kg 3 mg/kg 3 mg/kg 6 mg/kg

Basal firing * *** *** ** ***

Increase 1/28 (3.5 %) 12/36 (33 %) 20/30 (67 %) 8/13 (61 %) 12/30 (40 %) 16/24 (67 %)

Decrease 2/28 (7 %) 3/36 (8 %) 1/30 (3 %) 0/13 (0 %) 2/30 (7 %) 0/24 (0 %)

No change 25/28 (89.5 %) 21/36 (58 %) 9/30 (30 %) 5/13 (39 %) 16/30 (53 %) 8/24 (33 %)

After SCH23390 ND * * ND n.s.

Increase 1/6 (17 %) 1/12 (0 %) 0/4 (0 %) 2/7 (28.5 %)

Decrease 0/6 (0 %) 8/12 (66.5 %) 3/4 (75 %) 3/7 (43 %)

No change 5/6 (83 %) 3/12 (33.5 %) 1/4 (25 %) 2/7 (28.5 %)

NMDA activation n.s. ** * ** **

Increased 3/20 (15 %) 7/17 (41 %) 11/15 (73 %) 6/9 (66 %) 8/11 (73 %) 7/11 (64 %)

Decreased 1/20 (5 %) 1/17 (6 %) 2/15 (13 %) 0/9 (0 %) 1/11 (9 %) 2/11 (18 %)

No change 16/20 (80 %) 9/17 (53 %) 2/15 (13 %) 3/9 (34 %) 2/11 (18 %) 2/11 (18 %)

After SCH23390 ND n.s. ND ND ND

Increase 0/5 (0 %) 1/7 (14 %)

Decrease 1/5 (20 %) 5/7 (72 %)

No change 4/5 (80 %) 1/7 (14 %)

Neuronal population responses to the three ADHD drugs were evaluated on firing activity (top) and on NMDA-induced firing activity (bottom) as
indicated in “Material and methods”. The D1 antagonist SCH23390 was subsequently injected when neurons had their firing activity increased by the
different drugs

n.s. not significant, ND not determined

*P<0.05, **P<0.01, ***P<0.001 versus corresponding control (saline) conditions, Fisher’s exact test
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dose (11/15, 73 %, Table 1). Figure 7a, c, d shows that the
potentiating effect of D-AMP on the NMDA response was
significantly reduced following the administration of the D1
receptor antagonist SCH 23390 in a group of six neurons
(P<0.05 when comparing values obtained immediately before
and after administration of SCH 23390; Newman–Keuls test
after significant repeated measures ANOVA). On the other hand,
in one other neuron tested (not included in the graph), the
NMDA response that was further increased following SCH
23390. When neurons were pretreated with SCH 23390
(0.6 mg/kg), the administration of D-AMP did not change sig-
nificantly the neuronal response to NMDA, though two neurons

out of the five tested still had their response increased by 20 %
following D-AMP (Fig. 7b).

Table 1 summarises all data obtained in the present study,
showing the proportion of neurons tested responding to the
administration of the different drugs.

Discussion

The present study demonstrates that the ADHD drugs MPH,
D-AMP and ATX modulate the firing activity and glutamate
excitability of PFC pyramidal neurons.
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As already demonstrated (Gronier 2011), we confirmed that
MPH excitatory effects on PFC neurons are largely dependent on
dopamineD1 receptors. Nonetheless, the present study is the first
to demonstrate that D-AMP also stimulated PFC firing activity in
a dose-dependent manner which is also partially dependent on
the stimulation of D1 receptors. This is compatible with the facts
that both D-AMP and MPH, by interacting with the synaptic
catecholamine transporters and increasing dopamine efflux, act
as indirect dopamine D1 agonists and that D1 receptor activation
can generate increase in neuronal excitability (Tseng and
O’Donnell 2007; Wang et al. 2011; Gronier et al. 2013). As a
matter of fact, we found in a previous investigation that the
systemic administration of D1 selective agonists, and to a lesser
extent their local application, can stimulate the firing activity of
PFC neurons in vivo (Gronier et al. 2013).

The magnitude of the increase in firing activity elicited by
both psychostimulants, MPH and D-AMP, does not seem
directly proportional to the amount of dopamine release that
these drugs can induce. According tomicrodialysis studies, D-
AMP is by far more potent than MPH in inducing dopamine
release but does not produce a more dramatic increase in firing
activity, indicating that D1-dependent activation of pyramidal
neurons is likely at its maximum levels, when the two drugs
are already administered at intermediate doses (3–6 mg/kg).

However, the present study also shows that these large acti-
vations occur at doses that slightly exceed therapeutic levels.
Lower doses ofMPH andD-AMP closer to the therapeutic range
(0.5–1 mg/kg for both drugs) produced milder electrical activa-
tion only in a subset of PFC neurons (Table 1; see also previous
studies for MPH (Gronier et al. 2009; Gronier 2011). Although it
is difficult to compare doses in human and rodents, which have
powerful metabolism capacity, we can expect that, in human,
therapeutic doses of D-AMP and MPH are likely to produce

moderate dopamine D1-dependent increase in excitability of
PFC neurons. Larger activation of PFC neurons occurring at
higher doses is likely to be associatedwith thewell-knownmotor
and cognitive impairments induced by these drugs (Swanson and
Volkow 2003). Indeed, the D1 receptor is known to exert biphas-
ic effect on PFC function, with moderate activation producing
cognition improvement and sharpening synaptic transmission,
while excessive stimulation impairs cognitive function and neu-
ronal network activity (Goldman-Rakic et al. 2000; Seamans and
Yang 2004).

However, D1 receptor stimulation is likely not the only
catecholamine receptor involved in psychostimulant-induced ac-
tivation of PFC neurons. As amatter of fact, only 60–65%of the
neurons activated by MPH or D-AMP had their activation
significantly reversed by D1 receptor antagonist, and in some
of these D1-sensitive neurons, the effect of the antagonist was
only partial. Therefore, contribution of other catecholamine re-
ceptors is also likely. To note, we found in a previous study that
β1 adrenergic and dopamine D2 receptors could contribute to
MPH-induced activation of PFC neurons in a subset of neurons.
Nevertheless, in the present study blockade of D1 receptor was
the only pharmacological manipulation that significantly reduced
the excitatory effects of psychostimulants.

On the other hand, ATX-induced neuronal activation of PFC
neurons did not seem to be primarily dependent on D1 receptors.
Whether this can be associated with the lack of immediate effect
of ATX, over psychostimulants, in ADHD patients is an inter-
esting question to address. However, ATX is known to promote,
with similar potency as MPH, large amount of dopamine release
in the PFC in in vivo condition (Bymaster et al. 2002), likely via
its action on the NET, which plays a key role in the clearance of
dopamine in the PFC (Devoto and Flore 2006). ATX-induced
effect may result from amore complex combination of activation
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of different catecholamine receptors. As a matter of fact, contri-
bution of the α1 adrenoceptor has been demonstrated in our
study in a fraction of the neurons tested (Fig. 4c–d). Furthermore,
initial blockade of α2 receptors by yohimbine (Fig. 4e–f) was

found to potentiate the effect of ATX on firing activity, at least in
a subset of neurons. ATX, by potently blocking NET, may
initially indirectly activate inhibitory α2 receptors on the pyra-
midal cell and therefore attenuate possible excitatory effects
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mediated by other catecholamine receptors, including the D1
receptors, as demonstrated in some neurons tested in the present
study (Fig. 4e). Therefore, by this way, ATX may not be able to
promote the same dopamine D1 receptor-dependent excessive
activation of PFC neurons which may be associated to the well-
described behavioural disturbances elicited by psychostimulants
when administered at high doses (Spiller et al. 2013).

Nevertheless, the fact that a significant proportion of neu-
rons (compared to saline-treated) are activated by therapeutic
doses of ADHD drugs may well contribute to improve ADHD
symptoms. Moderate enhancement of PFC neuronal excitabil-
ity may help to compensate for the well-documented cortical
hypofunction observed in ADHD, as evidenced by reduced
cortical thickness and metabolic activity in some subregions
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of the PFC in drug-free patients (McLaughlin et al. 2013;
Fernandez-Jaen et al. 2014).

In parallel with some of our latest observation with D1
receptor agonist (Gronier et al. 2013), we found that ADHD
drugs preferentially increased the basal activity of spontaneously
active PFC neurons but had more limited effects on silent neu-
rons (neurons with no spontaneous activity). This is compatible
with the fact that dopamine D1 receptor may not directly stim-
ulate the activity of PFC pyramidal neurons but rather may
function by strengthening a tonic excitatory regulation of firing
activity of PFC neurons. Such tonic excitatory input is likely to
bemainlymaintained by glutamatergic neurotransmission, as the
spontaneous activity of PFC neurons has been shown to be
mediated by mutual excitation between glutamatergic pyramidal
neurons (Kritzer and Goldman-Rakic 1995). As a matter of fact,
we found that ADHD drugs powerfully stimulate the excitability
of PFC neurons mediated by glutamate receptor activation.

Indeed, the present study, for the first time, demonstrates that
ADHD drugs promote in vivo a potentiation of the excitatory
response of PFC neurons to the glutamate agonist NMDA, an
effect not associated with change in basal firing activity.
Ionotropic glutamate receptors in PFC are essential for attention
processes, impulse control and for proper memory function
(Nakanishi 1992). Antagonism of NMDA receptor has been
shown to prevent some of the acute and chronic neurochemical
and behavioural effects of psychostimulants (Hemrick-Luecke
et al. 1992; Bristow et al. 1994; Gaytan et al. 2000; Yang et al.
2000), indicating that NMDA receptorsmay play a crucial role in
stimulant-induced effects. Moreover, recent behavioural evi-
dence shows that administration of NMDA antagonists directly
in the PFC induced a profound deficit in attention and increased
impulsivity in rodents (Carli and Invernizzi 2014).

As indicated previously, imaging studies have shown that
children with ADHD exhibit hypoactivity in prefrontal region,
as well as anatomical and functional dysfunction in
frontostriatal circuits, associated with white matter loss
(Liston et al. 2011; Cubillo et al. 2012). The elevated NMDA
receptor function induced by ADHD drugs may lead to an
increase in excitability of PFC neurons that may be essential in
regulating glutamatergic corticostriatal transmission, and
strengthen synaptic transmission at corticostriatal synapses.
This may impact on cortical as well as on striatal synaptic
plasticity and possibly, via this way, exert beneficial effects on
various aspects of cognitive and executive functions which are
impaired in ADHD. As a matter of fact, glutamate neurotrans-
mission in ventral and dorsal stritatum, originating mainly
from glutamate frontostriatal projections, plays a major role
in controlling cognitive flexibility ((Ding et al. 2014).

The question arises as to whether pharmacological manipula-
tion that can enhance NMDA receptor function can be of thera-
peutic benefit for ADHD children. For instance, one can specu-
late that cognition enhancers such as direct or indirect glycineB
agonists of the NMDA receptor (e.g., GlyT1 glycine uptake

inhibitors) could be of any clinical use (Cheng et al. 2014). Such
agents have been shown to improve cognitive flexibility and
working memory (Bado et al. 2011; Kuriyama et al. 2011;
Nikiforuk et al. 2011), as well as attention deficits caused by
NMDA receptor blockade (Chang et al. 2014). Despite that these
drugs have not proven clear therapeutical benefit on negative
deficits in schizophrenia (Chue 2013; Schoemaker et al. 2014), it
cannot be ruled out that they can contribute to alleviate some of
the symptoms of ADHD. However, increase in NMDA receptor
function may be only one component of the complex mecha-
nisms that can lead to therapeutic responses, and it is now
necessary to establish whether this effect can persist after the
chronic administration of ADHD drugs.

Interestingly, we found that, for D-AMP, this increase in
NMDA neurotransmission may occur, at least partially, via an
interaction with dopamine D1 receptors as we found in a signif-
icant number of neurons tested (but not all) that the selective D1
antagonist SCH 23390 reversed or prevented the potentiation of
NMDA response elicited by D-AMP. Dopamine is known to
facilitate glutamatergic transmission onto PFC neurons via inter-
action with both AMPA and NMDA receptors. Intracellular
electrophysiological studies have shown that NMDA receptor
currents are potentiated by dopamine D1 receptor activation
(Sarantis et al. 2009), while D1 receptor stimulation may facili-
tate AMPA receptor synaptic insertion in the PFC (Sun et al.
2005). Postsynaptic dopamine D1 and some NMDA receptors
colocalised in the PFC and have been shown to interact synergi-
cally (Goldman-Rakic et al. 2000; Wang and O’Donnell 2001;
Kruse et al. 2009). It is generally believed that dopamine pro-
motes NMDA receptor trafficking through phosphorylation in-
duced by D1 receptor-like signalling cascade (Yang and Chen
2005; Hu et al. 2010; Trepanier et al. 2012; Urban et al. 2013).
Nevertheless, the role of dopamine on NMDA receptor function
can be very complex in the PFC, with differential modulation
dependent on receptor subtypes (Urban and Gao 2013). In
addition, not all neurons tested were responsive to the dopamine
antagonist after potentiation of their NMDA response by D-
AMP. Therefore, other mechanisms may also contribute to ex-
plain the increase in glutamate/NMDA excitability generated by
ADHD drugs (Zhang et al. 2012).

Our results, showing that ATX also enhances NMDA-
mediated response on PFC neurons, stand in contrast with a
recent in vitro electrophysiological study, demonstrating that
ATX, at relatively low concentration (5 μM), inhibits NMDA-
induced current when studied on PFC slices, via an open-
channel blocking mechanism (Ludolph et al. 2010). Similar
results were observed with D-AMP which could act as a low
affinity inhibitor of the NMDA receptor complex (Yeh et al.
2002). However, ATX, like D-AMP, enhances dopamine ef-
flux in PFC according to microdialysis studies. Even if D1
receptor stimulation moderately contributes to enhance the
basal activity of PFC neurons in ATX-treated animals, ATX
may generate enough D1 receptor activation to interact with
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NMDA receptors and compensate for the weak inhibitory
effects of this drug on NMDA receptor.

Finally, our data differs from two other electrophysiologi-
cal investigations carried out in anaesthetised rats, using dif-
ferent recording techniques, showing that D-AMP (2 mg/kg)
and MPH (0.25–15 mg/kg) do not elicit activation of firing of
PFC neurons but rather, in the case of D-AMP, tend to have
suppressant effects (Devilbiss and Berridge 2008; Wood et al.
2012). Such divergence might be associated with differences
in the techniques of recording, in particular regarding the use
of probes of different sensitivity for recording the neuronal
electrical signals. Nevertheless, the study of Devilbiss and
Berridge (2008) shows that low dose of MPH (0.5 mg/kg)
increased the evoked excitatory responses of PFC neurons
following hippocampus stimulation. Such stimulatory effect,
likely to involve glutamate-dependent processes, is not in
contradiction with our study.

Our data agrees, in part, with a recent in vitro electrophys-
iological study showing that an acute administration of low
dose of MPH can increase NMDA-dependent excitatory post-
synaptic potentials on PFC slices (Cheng et al. 2014). How-
ever, the authors did not demonstrate any contribution of the
D1 receptor in this modulation and, rather, suggested an
involvement of alpha1/2 adrenoceptors.

In conclusion, our electrophysiological studies indicate that
all three ADHD drugs equally stimulate the excitability of
PFC pyramidal neurons, in basal and NMDA-evoked condi-
tions. While the electrophysiological effects elicited by
psychostimulants may be primarily dependent on dopamine
D1 receptor activation, those induced by ATX may also rely
on other mechanisms. Finally, our data support the assumption
that NMDA receptor activation may be required for the ther-
apeutic effect of ADHD drugs and psychostimulants.
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