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Abstract: Attention-deficit/hyperactivity disorder (ADHD) is a contentious diagnostic
issue, which has been increasing in prevalence in recent years, and is often comorbid with
major depressive disorder (MDD). The common features of ADHD and MDD are altered
activation of brain regions involved in rewarding processing and monoamine signalling.
ADHD responds well to a multimodal treatment that consists of pharmacological and
psychosocial interventions. Its treatment responsiveness improves mood and well-being.
There is persistent debate around the use of catecholaminergic agents such as
psychostimulants both in ADHD and in the treatment of depression. This review will focus
Quick Response Code on the neurobiology of both psychopathologies and how they intertwine, and consider the
E potential benefits and adverse effects of catecholaminergic agents in the treatment of
ADHD and co-occurring MDD.
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psychosocial.
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SIGNIFICANCE STATEMENT associated with much more severe depressive

Attention-deficit/hyperactivity disorder
(ADHD), a neurodevelopmental disorder, severely
impairs academic performance and relationships. It
impacts preschool-age children and can extend beyond

symptoms, an earlier age of illness onset, more complex
psychiatric comorbidities, decreased quality of life,
poorer academic performance, decreased social
functioning, lower work productivity, and lower
employment rates than patients with MDD alone.

childhood and adolescence into adulthood. When it is
comorbid with major depressive disorder (MDD), it is
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INTRODUCTION

Attention-deficit/hyperactivity disorder
(ADHD) is a neurodevelopmental  disorder
characterized by inattention, impulsivity, and
distractibility, with or without hyperactivity [1]. There
are three major subtypes described from the Diagnostic
and Statistical Manual of Mental Disorders, Fifth
Edition (DSM-5) of the American Psychiatric
Association: predominantly inattentive, predominantly
hyperactive-impulsive, and combined. In Pan African
countries, the prevalence of ADHD has been estimated
to differ from 5.4% to 8.7% among school children [1].
In the general population, it was recorded in 1.5% of
children. In addition, children with organic brain
pathology were estimated to have ADHD prevalence of
45-100% [2, 1]. Worldwide, the prevalence is estimated
to be 5.29% [3, 4].

The condition severely impairs academic
performance and relationships. It impacts preschool age
children and can extend beyond childhood and
adolescence into adulthood. Approximately 60% to
70% of patients' symptoms persist into adulthood [5].
Strenuous research including longitudinal studies and
public awareness emphasized the presence of ongoing
symptoms in 65% of adult patients [6]. ADHD is more
frequently observed in men than women, with a ratio of
approximately 1.6:1 in adults [5]. Women are more
likely than men to display primarily inattentive
symptoms. Diagnoses are often reported in males, with
combined subtype being the most common in all age
groups [7]. The rise in adults diagnosed with ADHD is
followed by the use of psychostimulants such as
methylphenidate. They have unpleasant adverse effects
and have a potential to cause substance use disorders
[8]. Although the pathogenesis of ADHD is not fully
understood, both socioeconomic [1] and biological
factors [9] have been implicated in the pathogenesis of
ADHD. Biological factors are likely to play a
predominant role [9]. Twin studies have proven that
heritability of ADHD does exist [9, 10].

Many patients with ADHD usually suffer from
anhedonia and chronic unhappiness. The inability to
utilize their potential creates a sense of hopelessness
that many patients experience depression. Major
depressive disorder (MDD) has been reported to be a
major comorbidity of ADHD [11, 5, 12]. MDD is a
chronic disorder that often aggravates the symptoms
and dysfunctions of ADHD. Patients who have both
ADHD and MDD may suffer from severe dysfunctions
than those with either one of these disorders. Thus,
pharmacotherapy of ADHD and co-occurring MDD is a
major challenge to physicians.

When ADHD is comorbid with MDD, it is
associated with much more severe depressive
symptoms, an earlier age of illness onset, more complex
psychiatric comorbidities, decreased quality of life,

greater burden of illness, greater illness complexity,
poorer academic performance, decreased social
functioning, lower work productivity, and lower
employment rates than patients with MDD alone [13-
16]. Furthermore, individuals with ADHD and MDD
encounter higher levels of substance abuse and
psychological impairment than each disorder in
isolation, and thus explaining treatment resistance in the
population when treated with traditional selective
serotonin reuptake inhibitors (SSRIs). One of the best
predictors of comorbid ADHD with treatment-resistant
depression (TRD) was the number of SSRIs the patient
had failed to respond to [16]. The correlation between
ADHD and depressive disorders have been established
in multigeneration studies that support a genetic tie.
Prevalence of ADHD in offspring of adults with
recurrent depression has been found to be greater than
in the general population, and that first-degree relatives
of youth with ADHD display alarming rates of MDD
[17].

Pathophysiology

The hypothesis of Halperin & Schulz [18]
portrayed ADHD to be mediated by subcortical
neuronal dysfunction that exists early in life and
remains relatively stable throughout the lifetime,
potentially harmonized by prefrontal cortex (PFC)
function in childhood ADHD. Proal et al. [19]
supported this hypothesis by demonstrating the
presence of a reduced caudate volume in patients with
either persistent or childhood ADHD.

The basal ganglia are a group of subcortical
nuclei that are primarily involved in motor control,
motivation and reward processing [16]. They are
closely interconnected with the PFC and the amygdala
(Amy). They comprise the dorsal striatum (e.g. caudate
nucleus, putamen), the ventral striatum (e.g. globus
pallidus, ventral pallidum), the substantia nigra and the
subthalamic nucleus. The caudate nucleus plays a part
in governing the magnitude of a reward and helps drive
appropriate behaviours necessary to obtain that reward
[16]. Staggeringly, caudate and pallidum volumes
negatively correlated with severity of anhedonia [20].
Anhedonia, which is a hallmark of depression, is
associated with low hedonic tone which is defined as a
reduced capacity to experience pleasure at any given
time. Additionally, ventral striatal activity and volume
negatively correlated with severity of anhedonia [16].
Dysfunction of this circuitry is observed in ADHD and
MDD, proving that low hedonic tone is an important
link between these psychopathologies.

Behavioural features of ADHD correlate with
alterations in neural pathways that regulate reward and
motivation. A meta-analysis showed significant
hypoactivity in several frontal regions in patients with
ADHD relative to control subjects, particularly the
orbitofrontal cortices, inferior PFC, dorsolateral
prefrontal cortex (DLPFC), and anterior cingulate [21].
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Impaired neuromodulation of the DLPFC results in
executive dysfunction in ADHD [22-26]. Additionally,
hypoactivity was also observed in the thalamus, basal
ganglia and parietal cortices [16]. Hypoactivation of
areas in the frontal and parietal regions are precursors
of hyperactivity in patients with ADHD [21, 28, 16].
Impulsive behaviour is a common trait of ADHD and
MDD. Dysfunction of prefrontal areas, particularly the
dorsolateral, ventromedial, ventrolateral, inferior frontal
gyrus, rostral and dorsal anterior cingulate cortex and
insula, is associated with impulsivity observed in
patients with ADHD and/or MDD [29-31]. In fact,
reduction in dopaminergic input to the orbital and
medial PFC decreased the ability to inhibit impulsive
behaviour [16].

Magnetic resonance imaging (MRI) studies
have reported structural abnormalities in several regions
of the brain in subjects with childhood ADHD
compared to controls [7]. In a meta-analysis of
structural MRI studies conducted by Valera and
colleagues, they pooled data of 22 regions of interest
studies comparing 565 ADHD children with 583
controls. The highest reductions in ADHD children
compared to controls were found in the cerebellum, the
splenium of the corpus callosum, cerebral regions and
right caudate nucleus [32]. Another meta-analysis
involved 7 whole-brain voxel-based morphometry
(VBM) studies comparing 114 ADHD children with
143 controls. It was observed that ADHD severity
positively correlated with grey matter reductions in the
right putamen and globus pallidus [33].

Two studies conducted a meta-analysis which
included children and adults with ADHD in order to
examine age effects on grey matter volume using VBM.
Both studies agreed with previous meta-analyses that
volume reductions of the right globus pallidus,
putamen, and the right and left caudate were
significantly portrayed in childhood ADHD [34, 35].
Furthermore, Nakao and colleagues used meta-
regression analysis and confirmed that differences in
grey matter volume in the right putamen vanished with
advancing age confirming normalization in adulthood.
A cross-sectional study also confirmed normalization of
caudate volume throughout adolescence [36].

A longitudinal study observed that the peak of
cortical thickness maturation was hindered in children
with ADHD compared with healthy controls by an
average of 3 years, with certain regions including
frontal and temporal cortex areas being hindered in their
maturation by up to 5 years [37]. A more recent
longitudinal study in 234 children with ADHD and 23
matched controls exposed that maturation of cortical
surface area was prolonged in the similar way as
cortical thickness was [38]. Three studies of adult
patients with ADHD showed significant reduction in
the caudate nucleus [39, 19, 40].

Onnink and colleagues observed significant
reduction in caudate volume in ADHD adult patients
relative to healthy controls. The right caudate volume
was smaller in respect to brain sizes in male patients.
The reduction in caudate volume positively correlated
with severity of hyperactive and impulsive symptoms
ohserved in ADHD. The caudate volume phenotype is a
gender-specific effect only observed in males with
ADHD [7]. Normalization of caudate and putamen
volumes correlates with males succeeding in task
performance on a response inhibition task [41, 7]. In
females, enhancement of the right inferior temporal
gyrus was associated with improved task performance.
Hyperactivation of the precuneus, however, negatively
correlated with task performance [7].

Astonishingly, the neurobiology of depression
is almost identical to that of ADHD [42, 16]. MDD is a
leading comorbidity of adult ADHD which has been
estimated to co-occur in up to 50% of cases [14]. The
DLPFC, which responds to working memory tasks,
remains hypoactive in MDD [42, 43]. The medial
prefrontal cortex is essential in the regulation of normal
social behaviour [44]. Cortical thinning of this brain
region was observed in patients with MDD [45].
Furthermore, patients with MDD exhibited significant
reductions in grey matter volume in lateral, medial and
orbital prefrontal cortices [96]. Additionally, MRI
studies observed significant reductions in the caudate
nucleus and putamen in depressive patients relative to
controls [46, 47].

MDD is also associated with structural brain
alterations in the hippocampus (Hip) and Amy, and thus
both regions are important markers for depression [7].
The Hip as part of the limbic system primarily
modulates emotions and mood. Several meta-analyses
observed lower Hip volume in patients diagnosed with
MDD compared to healthy controls [48-53, 7, 54, 55].
Two studies, however, did not find significant
difference in Hip volume in ADHD patients with
depressive symptoms [56, 57]. These studies measured
depressive severity using a self-report measure of
current MDD symptoms, whereas Onnink et al. [7] used
a clinical retrospective diagnosis of past MDD episodes.
The Amy plays a major role in various types of
emotional learning and regulates emotional responses to
stress. Increased excitability of the Amy to stressful
stimuli has been implicated in the pathogenesis of
depression in adolescents [58]. This increased
excitability is associated with hypoactivity of the
DLPFC. Hypoactivation of the DLPFC makes it less
adequate to exert its regulatory influence over the Amy
[42].

Currently,  limited literature  studying
depressive symptoms in ADHD does not provide
evidence for reduced Hip volume. Amico et al. [59]
studied depression severity in ADHD adults and found
no significance with structural alterations of the Hip and
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Amy. However, a structural MRI study portrayed
severity of depression in ADHD patients correlated
with abnormal larger Amy volumes [34]. Another MRI
study observed smaller left Hip volume in ‘ADHD and
MDD’ subgroup compared to those in the ADHD group
[7]. The majority of the ADHD population will
experience depressive episodes in their lifetime. These
episodes may delay neuroplasticity and neurogenesis of
the Hip. This hypothesis is supported by a review that
concluded that chronic use of antidepressants increased
neurogenesis of the Hip [60].

Why are depressive symptoms more severe in
ADHD and co-occuring MDD than in MDD alone?
Gardner et al. [61] revealed that the increased severity
was associated with significantly increased activity in
bilateral frontal regions (Brodmann areas 8, 9, 10, 32)
in the ‘ADHD and MDD’ subgroup compared to those
in the MDD group. The authors also observed
significantly decreased activity within the bilateral
cerebellum in the ‘ADHD and MDD’ subgroup,
revealing the common link of low hedonic tone in both
psychopathologies.

Altered dopamine (DA) and noradrenaline
(NA) signalling, which predominantly occurs in the
ventral striatum, is an underlying cause of both ADHD
and MDD, resulting in low hedonic tone [16]. The
mesolimbic dopaminergic system plays a central role in
motivated behaviours, various types of reward and
cognitive processes [62]. Mesolimbic dopaminergic
deficiency is implicated in the pathogenesis of ADHD
as well as MDD [62, 42, 16]. The dopaminergic theory
of ADHD states that ADHD is a result of DA deficits,
and consequently decreased dopaminergic activity in
the frontal cortex and striatum [63, 16]. The theory
came from various pharmacological and imaging
studies that revealed hypoactivity in those regions [64,
65]. Hypoperfusion of the forebrain DA impairs
activities in various cortical regions that are manifested
in ADHD and MDD. In humans, the PFC, which
regulates higher cognitive functions, is modified by NA
[66]. This explains how adrenergic agonists improved
memory and attention in primates and rodents by
activating prefrontal alpha-2 adrenergic receptors [68,
54]. Loss of frontal cortical region degenerates the
noradrenergic synapses which is a likely cause of higher
order cognitive deficits [42].

Similarly, the monoamine hypothesis of
depression portrays that depression is caused by
decreased activity of serotonin (5-HT), NA and DA in
the brain [69]. But this theory does not justify the
unresponsiveness of traditional antidepressants in
patients with TRD [16]. The phenomenon of TRD
addresses the complexity of neurotransmitter systems
regulating mood and emotional states, making mood
disorders come in various forms and expressing highly
variable symptoms if these circuits are altered [16].

Management

If a patient displays symptomatology of
ADHD and MDD, treating the most severe or
functionally impairing condition must be initiated first.
If moderate-severe MDD is the most urgent clinical
issue, then pharmacotherapy for MDD must be
introduced immediately. The pharmacotherapy for
MDD may result in attenuation of the common
symptoms such as apathy and irritability [14]. Some
cognitive symptoms like working memory may improve
with  vortioxetine  (Brintellix®), a  multimodal
antidepressant [70]. Once the depression has dissolved,
the patient should be re-evaluated for ADHD and if
symptoms are present, treatment for ADHD should be
initiated. If patient does not respond to an
antidepressant, consideration should be given to re-
evaluate both the MDD and ADHD diagnosis and, if
necessary, initiate ADHD treatment. Depression in
youth with ADHD often emerges after the onset of the
latter, that it is vital to diagnose and initiate treatment
earlier to prevent the risk of developing MDD [11].

Psychostimulants such as methylphenidate, a
noradrenaline-dopamine reuptake inhibitor, are the most
frequently prescribed medications for ADHD because
they have the ability to improve concentration and focus
[8, 7]. Stimulants are the first-line treatment for both
childhood and persistent ADHD despite the fact that
they are chemically and pharmacologically identical to
illicit drugs such as amphetamine. Clinical and animal
studies demonstrated potential of abuse of
methylphenidate [11, 8]. Nevertheless, there is limited
evidence of its illicit effect if it is prescribed for ADHD
[11, 8]. Treatment with methylphenidate improves
ADHD symptoms by normalizing dopaminergic
activity of prefrontal areas [64, 71]. Chronic stimulant
treatment resulted in normal volumes of brain
structures, particularly the right anterior cingulate and
the cerebellar vermis [72, 73]. Two meta-regression
analyses agreed that stimulant use correlated with
normalization of regional grey matter volumes using
VBM [56, 35]. Additionally, untreated adolescents with
ADHD showed significant cortical thinning compared
with patients on stimulants [74].

Stimulants improve core symptoms of ADHD
in a dose-dependent fashion. They alleviate related
symptoms of ADHD like on-task behaviour, academic
performance, and social functioning [5]. Long-lasting,
extended-release formulations are preferred because of
the convenience of single-day dosage. The side effects
are usually mild and transitory [5] but emotional
dysregulation has been reported in ADHD patients with
co-occurring psychiatric disorders, such as manic
depression [75]. In case of manic depression, the use of
a stimulant should be combined with mood stabilizers
[76, 63].
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Similarly, the selective noradrenaline re-uptake
inhibitor atomoxetine (Strattera®) is another non-
stimulant recommended as the first-line treatment in
patients with comorbid substance abuse disorder,
anxiety disorders, or severe tics [78]. However, it has
demonstrated fewer efficacies in comparison to
extended-release methylphenidate in ameliorating
ADHD symptoms [77]. Furthermore, it may also induce
suicide ideation [75] and acute liver failure [79] in
ADHD children.

Traditional antidepressants such as SSRIs are
unable to alleviate major depressive symptoms in a
population that may have undiagnosed ADHD. Hasler
et al. [80] reported anhedonia remaining in depressive
patients during SSRI treatment despite other symptoms
being relieved. Citalopram, an SSRI, predisposed
emotional blunting by diminishing neural activation of
the striatum to rewarding and negative stimuli [81]. The
blunting may be manifested by inhibitory effects of 5-
HT on DA and NA through activation of 5-HT,c and 5-
HT, receptors, respectively [82]. The effect of 5-HT
on other monoamines is the cause of SSRI-induced
emotional numbing [68] or indifference [83]. Some
patients may develop amotivational frontal Ilobe
syndrome which is induced by SSRIs, and is associated
with apathy, demotivation and behavioural disinhibition
[84].

Remarkably, noradrenaline reuptake inhibitors
(NRISs), serotonin and noradrenaline reuptake inhibitors
and psychostimulants are effective in ameliorating
depressive symptoms in patients who poorly respond to
SSRIs. The medications directly elevate extracellular
DA and NA in areas such as the ventromedial prefrontal
cortex and DLPFC [16]. Harmer et al. confirmed a
relationship  between lower noradrenergic and
dopaminergic activity and depression by administering
a single dose of reboxetine, an NRI, in depressive
patients. Her and her colleagues reported increase in
positive affective processing, and thus enhanced
hedonic tone. They concluded that catecholaminergic
agents have antidepressant effects by modulating
emotional processing in depressive patients very early
in treatment. Studies have also reported dopaminergic
agents exerting antidepressant effects in humans [42,
11, 16]. For example, amineptine and nomifensine are
dopamine  reuptake inhibitors  that  possess
antidepressant effects [85, 86]. Amphetamine enhances
mesolimbic dopaminergic activity. When withdrawn
from its users, they experience symptoms of depression
[85].

A retrospective study with a large sample size
concluded that ADHD medications are not
contraindicated in patients with ADHD and co-
occurring MDD, although cautious dosing and close
monitoring is required when prescribing to patients with
suicidal tendencies [11]. In fact, long-term effect of
ADHD treatment was associated with decreased risk of

developing depression in patients diagnosed with
ADHD [11]. ADHD medications, particularly
stimulants, were also associated with decreased rates of
co-occurring  depression.  Co-occurrence  between
ADHD and MDD is prevalent yet there is limited
evidence in clinical trials to address the use of ADHD
medications as treatment adjuncts for MDD [11].
Psychostimulants have been used as an off-label
treatment for TRD despite little evidence of therapeutic
success [14]. Reasonably, a clinical trial observed that
combined therapy of methylphenidate and citalopram
synergistically improved mood and well-being, as well
as a higher rate of remission in elderly patients [87].

Pharmacotherapy alone is not enough to ensure
positive outcomes in patients with ADHD, nor would
psychosocial interventions alone be sufficient to treat
ADHD [63, 5]. The NICE guidelines, ENAA and BAP
guidelines proposed a multimodal treatment approach in
which psychosocial interventions are complementary to
pharmacological interventions to help support, improve
acceptance of diagnosis, and treat co-occurring
disorders such as TRD which is unresponsive to
pharmacological treatments. Cognitive behavioural
therapy (CBT) plus medication were superior to CBT or
medication alone in managing the core symptoms of
ADHD, with lesser effect on depression [88, 89].
Mindfulness awareness therapy would benefit ADHD
patients with co-occurring depression because it can
improve affect and mood regulation as well as sustain
attention and quality of life [90]. Dialectical behaviour
therapy [91], coaching [92] and exercise [93, 94] have
each demonstrated benefits. Exercise has shown to
enhance frontal lobe volume, executive functioning,
brain-derived neurotrophic factor levels, cerebral blood
flow, and dopamine and other monoamine
neurotransmission in both humans and animal models
[95].

CONCLUSION

ADHD is a prevalent yet undiagnosed
psychopathology, with a cognitive dysfunction as a
prominent trait. Research shows strong heritability and
high comorbidity, particularly MDD, which can be
subtyped by the presence of ADHD. High co-
occurrence between ADHD and MDD is a result of
their similarity with functional dysregulation of the
frontal cortex and subcortical regions. Low hedonic
tone is a common link between ADHD and MDD,
which is a result of reduced baseline catecholaminergic
activity in regions involved in reward processing and
executive functions, and is a predictor of resistance to
SSRI treatment. Luckily, ADHD is a treatment-
responsive disorder. Successful multimodal treatment
would improve patients’ quality of life and attenuate
depressive symptoms. Stimulants alone are superior to
antidepressants in managing ADHD with co-occurring
mild-moderate MDD. If major depressive symptoms are
severe, combining an ADHD medication with an
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antidepressant should be initiated synergistically to
improve therapeutic outcome and prolong remission.
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