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The current study aimed to explore the possible effect of stimulants on oxytocin (OT), a neuropeptide which regulates social behavior,
as a mediator of the pro-social effect of methylphenidate (MPH) in children with attention deficit hyperactivity disorder (ADHD)

compared to healthy controls (HCs). Utilizing a double-blind placebo-controlled design, we compared the performance of 50 children
with ADHD and 40 HCs in “theory of mind” (ToM) tasks and examined the effect of a single dose of MPH/placebo on ToM and salivary
OT levels in children with ADHD at baseline and following an interpersonal interaction. Children with ADHD displayed significantly
poorer ToM performance; however, following MPH administration, their performance normalized and differences between children
with ADHD and HC were no longer found. Salivary OT levels at baseline did not differ between children with ADHD and HCs. However,
after a parent—child interaction, OT levels were significantly higher in the HC group compared to children with ADHD. Administration
of MPH attenuated this difference such that after parent—child interaction differences in OT levels between children with ADHD and
HC were no longer found. In the ADHD group, OT levels decreased from administration of placebo to the parent-child interaction.
However, the administration of MPH to children with ADHD was associated with an increase in OT levels after the parent—child

interaction. We conclude that OT might play a role as a mediator of social deficits in children with ADHD and that the reactivity of the
OT system to social interaction in children with ADHD might be impaired. Stimulants may improve ToM and social functions in

children with ADHD via its impact on the OT system. PRS: OT and Social Cognition in Children with ADHD: Impact of MPH.

Neuropsychopharmacology (2020) 45:367-373; https://doi.org/10.1038/s41386-019-0522-5

INTRODUCTION

Attention deficit hyperactivity disorder (ADHD), a neurodevelop-
mental disorder affecting ~7% of children and adolescents [1], is
associated with considerable impairment in social functioning [2, 3].
Compared to healthy children, children with ADHD suffer more
social rejection and difficulty forming reciprocal relationships [4].
Deficits in interpersonal functioning in children with ADHD have
been attributed in part to impairments in performance of tasks
related to theory of mind (ToM). ToM refers to the ability to
attribute mental states, beliefs, and intentions to self and others
[5, 6]. For example, some studies have shown children with ADHD
having deficits in the ability to recognize facial expressions [7, 8],
whereas other studies have found impairments in first- and second-
order ToM tests [9, 10]. Evidence also points to impairments in
empathic functions in children with ADHD [11, 12]. However, these
studies have some notable limitations, including small sample sizes
and high percentages of comorbid disruptive disorders.

An individual's ToM abilities depend, at least partly, on the
integrity of the dopaminergic and serotonergic systems as well as
on their interaction with other neurotransmitters and neurohor-
mones [5]. Oxytocin (OT) is a neuropeptide that underpins the
formation and quality of social relationships, the expression of
closeness, and the recognition of affect in the facial expressions of

others [13]. Oxytocin has been hypothesized to increase the
salience of social signals by modulating attention-orienting
responses to external contextual social cues [13]. Its secretion
increases in response to interpersonal interactions [13, 14]. Research
has shown associations between peripheral levels of OT, as
measured in blood or saliva, and the quality of social relationships
and affiliative behaviors in healthy individuals as well as in patients
suffering from a range of mental disorders [14]. Oxytocin
reciprocally interacts with dopaminergic neurons in the mesolimbic
tract [15] and such links serve as the basis for the formation of social
attachments via neurons that express both OT and DA [16].
Anatomical and immunocytochemical studies have found that
neuronal fibers and receptor binding-sites of OT and dopamine are
located in the same areas in the central nervous system (CNS), often
in very close proximity to one another [15]. Oxytocin-secreting cells
in the hypothalamus carry dopamine receptors. Indeed, patients
with mental disorders associated with the dysregulation of
dopamine (e.g., autistic spectrum disorders, schizophrenia, depres-
sion) exhibit changes in CNS and peripheral OT levels [15]. Given
that injury in dopaminergic transporters and receptors is a central
component in the etiology of ADHD [17], it is possible that the OT
system also plays a role as a mediator of social deficits, particularly
ToM impairment, in children with ADHD.
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To date, only a few studies have shown decreased OT levels in
children with ADHD compared to healthy controls. These studies
found a negative correlation between serum OT levels and total
ADHD total scores, and especially aggression scores, and a positive
correlation between serum OT levels and empathy scores in
patients with ADHD [18, 19]. However, in both studies, only
baseline OT levels were assessed, while changes in OT levels
following an interpersonal interaction were not measured. This is
an important omission, as social abilities are dynamic and
interaction-related, and the reactivity of the OT system to
interpersonal interaction may be highly relevant to understanding
the social difficulties in ADHD.

Stimulants reduce negative social interactions and improve
social functioning in children with ADHD [20, 21] and also improve
empathy scores [22]. In a previous study, we showed that a
single dose of methylphenidate (MPH) improved the performance
of children with ADHD on ToM tests [23]. To date, no study
examined the potential effect of stimulants on OT levels in
children with ADHD. This is a pivotal issue in understanding the
neurobiological underpinnings of improvement in social cognition
among children with ADHD who are treated with stimulants, given
that OT might have a role in mediating this improvement.

In the current study we utilized a double-blind placebo-
controlled design to test the effects of stimulants on socio-
cognitive abilities in children with ADHD and the role of the OT
system in this effect. We hypothesized that dysfunction in the OT
system may account for the social difficulties of children suffering
from ADHD and that the dynamics in the OT system may explain
the pro-social effect of stimulants on these children. Thus, the
objectives of the current study were (1) to compare ToM abilities
and salivary OT levels between children with ADHD and healthy
controls (HCs), and (2) to examine the effect of a single dose of
MPH on ToM and salivary OT levels in children with ADHD
following an interpersonal interaction.

METHODS

Subjects

We recruited fifty children (28 males, 22 females; 88% children of
married couples) aged 6-12 diagnosed with ADHD and 40 HCs
(22 males, 18 females; 85% children of married couples) were
recruited. Patients were recruited from the ADHD clinic of the
Shalvata Mental Health Center and from Tel-Aviv University School
of Medicine. The HC subjects were recruited from the community
via the internet and social media.

ADHD was diagnosed by child and adolescent psychiatrists
using the Diagnostic and Statistical Manual of Mental Disorders,
fourth or fifth edition (DSM-IV-TR and DSM-5) [24, 25]. We
excluded children with past or current affective disorders,
psychosis, substance abuse disorder, conduct disorder or any
medical or neurological condition or medication use that might
affect the child’s participation in the study, including all
psychotropic medications. We also excluded children who had a
first-degree relative with a major psychiatric diagnosis.

Inclusion criteria for the control group were the same as those
of the ADHD group but with no diagnosis of ADHD or history of a
first-degree relative with ADHD.

Participants were reimbursed for their expanses and received a
small gift for participation. The IRB of the Shalvata Mental Health
Center approved the study. Both parents of all participants signed
a consent form and the children gave their consent verbally.

Procedure

Apart from the initial clinical assessment at the clinic,
all assessments were performed in the children’'s homes.
Children with ADHD participated in two sessions: one session an
hour after taking a short-acting MPH (in an adjusted dosage of
0.3-0.5mg/kg) and one session an hour after taking a placebo
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(PLC). Children routinely prescribed with MPH treatment were
asked not to take the medicine 48 h before the examination, since
the clinical effect of the long-acting MPH is no longer than 12 h
[26]. The study was randomized-controlled, such that children
were assigned to the sessions randomly in a double-blind manner.
Each session lasted about 60-90 min. In order to reduce a possible
learning effect of the computerized tasks (to be elaborated upon
below), the sessions were performed at least two weeks apart.
Control subjects participated in only one session and did not take
any medication.

Parents completed questionnaires regarding demographics and
general information about the child’s academic and social
functioning. In addition, parents completed the Swanson, Nolan
and Pelham Questionnaire-IV (SNAP-IV) [27]. This instrument
contains subscales for inattention, hyperactive/impulsive behavior,
and oppositional behavior. Parents also filled out the Strengths
and Difficulties Questionnaire (SDQ) [28], a screening inventory
composed of five distinct dimensions: conduct problems, emo-
tional symptoms, hyperactivity, peer problems, and pro-social
behavior. Intelligence was measured using the similarities subtest
from the Wechsler Intelligence Scale for Children (WISC-IV) [29].
Self-reported anxiety was measured using the State-Trait Anxiety
Inventory (STAI) [30], a 40-item questionnaire scored by a Likert
scale. State anxiety represents a transient emotional status that
results from situational stress; trait anxiety represents a predis-
position to react with anxiety in stressful situations.

We measured ToM performance using the ToM test [31], which
consists of vignettes, stories, and drawings about which the child
has to answer a number of questions. Results are given on three
subscales: ToM1—precursors of ToM (i.e.,, recognition of emo-
tions); ToM2—first manifestations of a real ToM (first-order belief,
understanding of false belief); and ToM3—more advanced aspects
of ToM (second-order belief, understanding of humor). A second
ToM task was the Faux Pas Recognition task (FPR), designed by
Baron-Cohen et al. [32]. This task is designated to evaluate the
ability of participants to recognize social “faux pas”—social
situations in which a speaker says something without under-
standing that there might be a difference between his/her state of
knowledge and that of the listener (“cognitive” ToM), and should
recognize the potential emotional impact of a statement on the
listener (“affective” ToM) [33]. At each session, participants were
given 10 short stories, five of which contained faux pas situations
to be identified. After hearing every story, participants were asked
ToM questions. The score consisted of the total number of correct
identifications of faux pas situations. The Hebrew version of the
FPR was employed after validation by a group of normative
subjects [34].

Executive functions (EF) and attention were tested via the
cognition module in the NIH Toolbox for the Assessment of
Neurological and Behavioral Function (NIH-TB) [35]. We used the
Dimensional Change Card Sort Test (DCCS) and the Flanker
Inhibitory Control and Attention Test, which measure cognitive
flexibility and inhibitory control, respectively [36]. In order to
ensure maximal effect of the drug, cognitive tests were performed
at least 60 min after the administration of MPH/PLC.

Salivary OT levels were measured at three time points. The first
time point was at the beginning of each session (“T1"). The second
was 40 min after the administration of MPH/PLC (“T2"; only for the
ADHD group), in order to assess the effect of MPH/PLC on OT
levels, regardless of social interaction. Since studies show that
changes in central salivary OT levels are best reflected after 15 min
when measured by peripheral OT [14], the third OT measurement
(“T3") was set to 15min after a “positive social interaction” in
which the child and the parent were asked to plan a “fun day” that
would include both of them, and to talk about it for 5 min. The
parent-child interaction occurred after the cognitive tasks (i.e.,
around 75 min after the administration of MPH/PLC). Interactions
were performed with participants’ mothers in 88 and 85% of the
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encounters of ADHD patients and HC, respectively. Other
interactions were with the children’s fathers. Participants were
asked to avoid drinking and eating an hour before the test and to
avoid caffeine 3 h before the test.

Saliva samples were collected by passive drool into designated
tube at each of the three time points. In order to precipitate
the mucus, samples underwent four freeze-thaw cycles: freeze at
—70°C and thaw at 4°C. After the forth cycle the tubes were
centrifuged twice at 4000 rpm for 30 min. Supernatants were
collected and stored at —20 °C until assayed. Determination of OT
from saliva samples was performed using a commercial OT ELISA
kit (ENZO, NY, USA). Measurements were performed in duplicate
according to the manufacturer’s instructions. The concentrations
of samples were calculated using MatLab-7 according to relevant
standard curves. The intra-assay and inter-assay coefficients of
samples were 14.7 and 22.7 percent, respectively. The intra-assay
and inter-assay coefficients of controls were 4.9 and 13.2 percent,
respectively.

Statistical analysis
Demographic and clinical comparisons between groups (ADHD,
HCs) were performed using independent t-tests with group as a
between-subjects factor, and x* tests or Fisher's exact tests, as
appropriate. Pearson correlations were used to assess correlations
between OT and SNAP scores or performance in FPR. All
tests were two-sided with a significance level set at 0.05.

The ideal study design to test our hypothesis would have been
2 (PLC, MPH) X 2 (ADHD, HC). However, the effects of
psychostimulants in control subjects could not be tested due to
ethical limitations. Therefore, we took a between-subjects
approach, to examine the differences between: (1) HCs and
children with ADHD who took PLC and (2) HCs and patients with
ADHD who took MPH. We also took a within-subjects approach to
examine the effect of MPH on the same variables.

The effect of MPH on salivary OT levels. Given that the design of
the study was mixed, consisting of a between-groups comparison
and a within-group comparison, we applied two strategies for
data analysis. First, we used independent sample t-tests (with the
Bonferroni correction) to compare OT levels between the ADHD
group and the HCs. Then, we carried out two-way repeated
measures ANOVA with time (T1, T2, T3) and drug (MPH/PLC) as
within-subjects’ factors to examine drug effects on OT levels in the
ADHD group. To assess the effect of order of drug administration
(MPH/PLC first), we carried out the same analysis with order as a
covariant (while the effect of order was kept fixed). Appropriate
follow-up analyses using paired t-tests were used to examine
differences in the mean score of each of the three measurements
of OT. It should be noted that for the ADHD group, three saliva
samples were collected at each session, with a total of six samples
for each participant. Only twelve participants produced enough
saliva for analyses of all six samples, and the repeated measures
ANOVA included only these subjects. There were no between-
group differences in cognitive performance or ToM tests between
children that produced enough saliva for analyses of all six
samples and children for whom we could only use part of the
samples. Given the small sample size, we repeated the follow-up t-
tests comparing each of the two time-points with all subjects who
produced enough saliva for these two time-points (e.g., 28
children with ADHD who produced enough saliva for measure-
ments of T2 and T3). For each of the HCs, saliva samples were
collected twice (T1 and T3); therefore, we carried out paired t-tests
to examine drug effects on OT levels of control subjects.

The effect of MPH on TOM. To examine between-group
differences in ToM and FPR, we performed the same set of
analyses as described above (for OT level). To examine within-
group effects for the ToM task, we conducted two-way repeated
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measures ANOVA with drug (MPH/PLC) and with ToM type (ToM1,
ToM2, ToM3) as within-subject factors. To examine within-group
effects for the FPR, we conducted the same analysis but with story
type (control, faux-pas) as a between-subject factor. To assess the
effect of order of drug administration, we repeated the same
analysis with order as a covariant (while the effect of order was
kept fixed).

RESULTS

Table 1 presents between-group comparisons of demographic
and clinical parameters. As shown, parents of HCs had significantly
higher incomes. Participants with ADHD had fewer friends and
showed significantly lower achievements on academic and
behavioral measures. Children with ADHD showed significantly
higher scores on SDQ scales of overall stress, emotional distress,
behavioral difficulties, and hyperactivity, and lower scores on pro-
social behavior. Children with ADHD had slightly lower scores on
the similarities subtest of WISC (mean score of 9.40+2.84
compared to 10.62 +1.68 in the control group, P-value =0.02).
There were no between-group differences in the cognitive tests
between children with ADHD taking PLC and HC. However,
following the administration of MPH, children with ADHD
significantly outperformed the HCs in the Flanker task.

ToM

As shown in Table 2, there was a significant difference in the ToM1
and ToM2 subscales of the ToM test between children with ADHD
and HGCs (all p-values <0.001). These differences remained
significant after controlling for between-group 1Qs and parental
income differences. Differences in ToM disappeared after the
administration of MPH to children with ADHD. There was also a
significant difference in the control stories of the FPR between
children with ADHD and HCs (mean scores of 3.11 and 3.97,
p-value > 0.01), which also disappeared following the administra-
tion of MPH. We did not correct the FPR analysis for between-
group differences in WISC as a covariant, given that IQ was not
significantly correlated with FPR measurements (as opposed to
the ToM test).

Within the group of patients with ADHD, the two-way repeated
measures ANOVAs revealed significant main effects for drug
in both tasks (F(1,41) =4.37, p=0.043 for the ToM task and
F(1,41)=6.29, p=0.016 for the FPR), and non-significant
ToM type by drug interaction, suggesting that the improvement
in ToM following the administration of MPH was not a function of
ToM type (in the ToM task) or story type (in the FPR). We then
repeated the analysis with order as a covariant which yielded the
same pattern of results.

oT
There were no between-group (ADHD/HCs) differences in baseline
salivary OT level concentrations. However, at the third time point,
15min after the parent—child interaction, OT levels were
significantly higher in HCs compared to children with ADHD
who took PLC (41.24 pg/mL vs. 26.86 pg/mL, t(60)=—2.359,
p-value = 0.022). Interestingly, following the administration of
MPH there was no difference in salivary OT levels between HCs
and children with ADHD 15 min after the parent-child interaction,
t(63) = 0.776, p = 0.441, (see Fig. 1). These findings gained support
from the within-subjects analysis: the two-way repeated measures
ANOVA revealed no significant main effects for OT or time.
Importantly, a significant drugXtime interaction was found
(which remained significant after controlling for the effect of
order, F(2,20)=4.70, p=0.021, r)p2:0.320). To examine the
source of the interaction, we carried out follow-up paired samples
t-tests which revealed that within the group of children with
ADHD, salivary OT levels were not significantly changed at T2
following the administration of either MPH or PLC. However,
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Table 1. Demographics and clinical conditions

Healthy controls ADHD Test statistics p-value
Age, years 8.95+ 1.75 (n =40) 942+ 1.65 (n=49) t(87) =132 0.190
Father’s income 59.76 +7.24 (n = 39) 51.65+13.76 (n = 46) t(83) = —3.31 0.001
Mother’s income 59.87 +7.22 (n = 40) 50.02 +13.76 (n = 48) t(86) = —4.08 0.000
Number of siblings 2+0.78 (n=40) 2.04+0.91 (n=49) t(87) =0.223 0.824
Number of friends 3.76 £1.32 (n=139) 2.63+1.79 (n=49) t(86) = —3.29 0.001
Behavior 99.25 + 2.66 (n = 40) 91.89+6.04 (n=37) t(75) = —6.99 0.000
Language 97.88+4.51 (n =34) 84.24 +10.68 (n =37) t(69) = —6.89 0.000
Math 98.44 +4.85 (n = 34) 82.02+13.46 (n=137) t(69) = —6.71 0.000
SDQ, overall stress 5.32+4.02 (n =40) 15.08 +7.24 (n =47) t(85) = 7.58 0.000
SDQ, emotional distress 1.67 £1.68 (n = 40) 3.65+2.57 (n=47) t(85) =4.17 0.000
SDQ, behavioral difficulties 1.52+1.56 (n =40) 3.1+£2.18 (n=47) t(85) = 3.81 0.000
SDQ, hyperactivity 142+ 1.5 (n=40) 5.93+2.82 (n=47) t(85) = 9.06 0.000
SDQ, social difficulties 0.70+£0.91 (n=40) 2.38+2.26 (n=47) t(85) = 4.41 0.000
SDQ, pro-social 8.1+ 1.61 (n=40) 714+ 191 (n=47) t(85) = —2.48 0.015
STAI, situational 3230+7.24 (n=40) 33.57 £10.08 (n =49) t(87) = 0.669 0.505
STAI, quality 36.87+6.11 (n =40) 38.61+8.73 (n=49) t(87) =1.06 0.291
WISC 10.62 + 1.68 (n = 40) 9.40+2.84 (n=49) t(87) = —-2.37 0.020

SDQ strengths and difficulties questionnaire, STAI state-trait anxiety inventory, WISC Wechsler Intelligence Scale for Children
Bold values indicate statistical significance p < 0.05

Table 2. Comparisons of performance in cognitive and social cognition tasks between children with ADHD and healthy controls

Group HC (n=40) ADHD-PLC (n=50) ADHD-MPH (n=50) Statistics

ADHD-PLC Vs ADHD-MPH  ADHD-PLC Vs HC  ADHD-MPH Vs HC

Card sorting 101.14 98.51 100.65 F(1,38) = 1.101 t=-0.92 t=-170
P=0301 P=0358 P=0.865
(n,”> = 0.028) (n,> =0.10) (n,” = 0.00)
Flanker 87.8 93.93 97.09 F(1,36) = 0.295 t=171 t=3.16
P=0.590 P=0.091 P=0.002
(n,2 = 0.008) (> = 0.035) (n* =0.109)
ToM overall 30.32 27.51 28.39 t=—2.090 t=—3.271 t=—2.096
P=0.043 P=0.002 P=0.039
(n,” = 0.096) (ny’ =0.114) (n,” = 0.050)
ToM!1 17.25 15.76 16.47 t=-1.873 t=-2.89 t=-1.91
P=0.068 P=10.005 P=0.059
(n,% = 0.079) (n,2 =0.091) (N, = 0.042)
ToM2 9.45 8.35 8.69 t=1.388 t=-3.179 t=-1.54
P=0.173 P=0.002 P=0.127
(n,” = 0.045) (n,> =0.109) (n,>=0.028)
ToM3 3.62 34 3.23 t=0.774 t=-0928 t=—0.869
P=0.443 P=0.356 P=0.387
(N2 =0.014) 1,2 =0.010) (n,> = 0.009)
Faux pas 3.95 404 438 t=2.011 t=0.028 t=224
p=0.051 P=0978 P=0.027
(n,2 = 0.090) (n,> = 0.000) (n,*> = 0.057)
Control Faux Pas  3.97 3.11 3.71 t=-2.147 t=-3.309 t=—1.049
p=0.038 P=10.001 P=0.297
(n,2=0.101) (n,” =0.114) (n,”=0.013)

MPH methylphenidate, PLC placebo, ToM theory of mind
Bold values indicate statistical significance p < 0.05
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Fig. 1 Salivary OT levels (pg/mL) 15min after a positive social

interaction (T3) in HCs (without any medication) and children with
ADHD (following the administration of MPH/PLC) OT Oxytocin; HC
Healthy controls; MPH Methylphenidate; PLC Placebo. *p < 0.05

within the group of children with ADHD, OT levels decreased
between T2 to the T3 following the administration of PLC (t(11) =
2.266, p = 0.045, np2 = 0.318), but not following the administration
of MPH (see Fig. 2). As noted above, we repeated the follow-up
analyses using a larger sample size, and the same pattern of
results was revealed (significant decrease in OT levels between T2
and T3 following the administration of PLC (t(26) =2.444, p =
0.022, an =0.187), but not MPH). These findings may suggest that
although children with ADHD have social interactions generally
associated with a decrease in OT levels, MPH may act to maintain
the reactivity of the OT system levels following a social interaction.
It is important to note that in the HC group there were no
differences in OT levels at baseline and 15 min after a “positive
social interaction.”

DISCUSSION

The goals of our study were to compare ToM abilities between
children with ADHD and HCs and to examine, for the first time, the
effect of a single dose of MPH on ToM performance and salivary
OT levels in children with ADHD at baseline and following an
interpersonal interaction. The key novel finding of our study is the
possible impairment in OT reactivity to social interactions in
children with ADHD and the action of MPH in attenuating this OT
impairment. Our findings, therefore, point to the involvement of
the OT system in the socio-cognitive deficits in ADHD and point to
a potential mechanism by which stimulants improve social
abilities in children with ADHD.

In real life, children with ADHD are more prone to suffering from
social difficulties. As expected, the children with ADHD in our
study had fewer friends compared with HCs. Indeed, several
previous studies showed that children with ADHD are considered
to be more peer-rejected and less popular as compared to healthy
children [4, 37, 38]. Also, as expected, the children with ADHD
showed significantly lower achievements on academic and
behavioral measures, and significantly higher scores on SDQ
scales of overall stress, emotional distress, behavioral difficulties,
and hyperactivity, and lower scores on pro-social behavior. These
findings are also in line with previous studies [39, 40]. A main
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Fig. 2 Salivary OT levels (pg/mL) in children with ADHD 40 min after
administration of MPH/PLC (T2) and 15 min after a positive social
interaction (T3) OT Oxytocin; MPH Methylphenidate; PLC Placebo.
*p <0.05

finding of the current study was that children with ADHD had
lower scores on the ToM test and FPR compared with HCs.
However, these differences disappeared after the MPH adminis-
tration. This finding corresponds with clinical reports indicating
that administration of stimulants improves social functioning in
children with ADHD [2, 41, 42]. In previous studies [23, 43], we also
showed that ToM performance of children with ADHD was
impaired when compared with that of HCs, and was significantly
improved following the administration of MPH. One of the goals
of the current study was to explore whether improvement in ToM
tasks following the administration of MPH is derived from a direct
action of MPH in brain regions associated with reasoning about
mental states of others, or whether the improvement is secondary
to enhancement of other cognitive functions required in these
tasks, like the participants’ ability to stay concentrated during a
continuous task, better attention to specific details, or a decrease
in impulse responding. Surprisingly, in the current study, we found
no improvement in EF, as measured by DCCS and the Flanker
Inhibitory Control and Attention Test, following the use of MPH.
Possibly, these tests were experienced as very easy for most
children and there was a ceiling effect in the performance on both
tests. Improvement in ToM might also have resulted from a direct
effect of stimulants on dopaminergic circuits, as ToM abilities have
been shown to be supported by dopaminergic pathways and
other catecholaminergic systems in the prefrontal cortex and the
striatum [5, 22, 44]. Improvement in FPR might have resulted from
improvement in EF [23, 43], and might also derive from a direct
action of MPH on brain regions associated with understanding the
mental states of others, such as the bilateral temporal-parietal
junction and cortical midline structures (medial prefrontal cortex,
adjacent rostral anterior cingulate cortex, and medial posterior
parietal cortices) [45]. More comprehensive studies are warranted
to address the yet open question of the effect of stimulants on
social cognition with respect to changes in other cognitive
functions (e.g. EF such as working memory and inhibition).
Among the key novel findings of our study is the between-
group differences in patterns of baseline salivary OT and reactivity
levels. We found no differences between groups in baseline OT.
However, consistent with our hypothesis, differences emerged in
the dynamics of the OT response, and OT levels increased
following mother—child interaction in the control groups, but OT
levels did not increase in the children with ADHD in the placebo
condition; those children showed no elevation in OT in response
to mother-child interaction. Across mammalian species,
mother—child interaction had been shown to result in central OT
release and, in humans, salivary OT increase was found after
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parent—child interaction. Notably, administration of a single dose
of MPH was able to reverse this disruption and following
administration, children’s OT levels increased in response to
interaction with their mothers. This suggests that stimulants may
improve the flexibility of the OT system in children with ADHD. To
date, only a few studies have shown decreased OT levels in
children with ADHD when compared to HCs, but those studies did
not test changes in OT levels following social interactions [18, 19].
Our study shows for the first time that, in children with ADHD, the
reactivity of the OT system to a social interaction might be
impaired and that, paradoxically, in this group, levels of OT
decreased following social interactions. Although we did not find
any reference to such findings in the literature regarding the
population at the heart of the current study, studies of other high-
risk populations show disruptions in OT reactivity to social
and affiliative experiences. In one study, a trust-related interaction
did not increase OT levels in patients with schizophrenia but did
increase such levels in the control group [46]. In another study, OT
levels in children with early life neglect did not increase following
physical contact with their mothers, as compared to OT increase in
non-neglected children [47]. Another important finding in the
current study was that salivary OT levels decreased between T2
and T3 in children with ADHD after placebo, but not after MPH,
and after MPH administration there was no difference in OT levels
between children with ADHD and HCs following a social
interaction. These findings suggest that, while children with
ADHD have social interactions generally associated with a
decrease in OT levels, MPH may act to maintain the OT levels
during social interactions. This finding could be explained by weak
dopaminergic activity in children with ADHD, as studies have
shown that both dopamine and OT, and the interaction between
them, are needed for a successful social interaction [15, 48]. As OT
reciprocally interacts with dopaminergic pathways, particularly in
the formation of the mother-child attachment [16] it is possible
that the administration of a dopaminergic compound has an
indirect effect on the central OT system. MPH is known to block
dopamine transporters in the striatum. In addition, studies show
that it significantly enhances dopamine activation in bilateral
inferior frontal cortex/insula, especially the right inferior
frontal cortex [49]. OT receptors are also expressed in the
prefrontal cortex and the nucleus accumbens, which may serve
as potential integrative sites for dopamine and OT pathways
underlying natural reward circuits and social attachment beha-
viors [15, 16]. Hence, our findings provide further evidence for the
possibility that OT plays a role as a mediator of social deficits in
children with ADHD.

Our study is consistent with research in animal models. In a
study conducted on rats, the administration of dopamine alone
did not directly induce OT release. However, when the dopamine
was administered during the rats’ suckling, there was an
acceleration in the firing rate of oxytocinergic cells, and milk-
ejection was facilitated, indicating that the dopamine-controlled
OT release during suckling by acting as a neuromodulator rather
than as a neurotransmitter [50]. This finding is in accord with the
findings of our study and may explain why OT levels were raised in
the MPH group only following the social interaction (T3), but not
directly after MPH administration (T2). Our findings suggest a
possible biological explanation for the real-life social difficulties
experienced by children with ADHD and for the mechanism by
which MPH improves social functioning in children with ADHD.

Limitation The findings of the current study must be viewed
considering several limitations. First, with the aim of achieving
high ecological validity, we chose to perform this study in the
children’s homes. Hence, results might have been affected by
“non-sterile” conditions, such as interruptions of other family
members who were in the home at the time of the examination.
Also, OT levels might have been affected by food or drink
consumed prior to the examination. However, we did ask
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participants to refrain from eating and drinking an hour prior to
the examination. Second, only twelve participants produced
enough saliva for analyses of all six samples, suggesting that the
findings may be limited by a relatively small sample size. However,
the data presented by follow-up tests with the small sample size
and by follow-up tests with all subjects who produced enough
saliva for each of the specific two time-points, revealed the same
pattern of results. Furthermore, these follow-up analyses showed a
large effect size [51]. Third, HC participants did not take any drug,
and the OT levels were measured only twice in this group (T1 and
T3). These factors may have masked a potential impact of time or
the PLC itself on OT levels. Last, OT levels were measured in the
saliva and not in the CNS. Previous studies assessing the extent to
which salivary and central (i.e, CNS) OT concentrations are
correlated show mixed results [52, 53]. In light of this debate, it
is important to note that even though OT concentrations in the
saliva and blood are highly correlated [14], the former were found
to better correlate with OC concentrations in the cerebrospinal
fluid [54].

In conclusion, the current study suggests that the positive effect
of MPH on social cognition, as measured by the ToM tests and
FPR, might be mediated, at least in part, by an effect of MPH on
the reactivity of the OT system, probably via dopaminergic circuits.
This effect might provide a wider understanding of the neuronal
underpinning of impaired social cognition in children with ADHD
and the improvement in social cognition associated with the use
of stimulants. Future studies are needed to replicate our findings
and to examine whether the effect of a single dose of MPH is
similar to continuous use of MPH.

The results of this study may be used as the basis for future
randomized controlled trials (RCT) studying the effect of MPH
compared to a PLC, and the effect of OT and other neurohor-
mones on ToM functions in larger groups of children.
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