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Abstract: There is a clear experience in clinical practice: boys with a diagnosis of
ADHD are clearly in greater numbers than girls. It is noteworthy that even in the
“older” review articles, the cause of sex-dependent incidence is not mentioned. If
we accept the neurodevelopmental hypothesis of such disorder, then the possible
genetic predisposition breaks down into two separate groups. On the genome of
an individual with ADHD and on the genome of the parents. However, it cannot be
overlooked that the incidence of ADHD (3-7%) corresponds to the incidence and
sex differences of the number of newborns born at a certain risk (premature birth,
immaturity, hypotrophy, hypoxic-ischemic syndrome, low birth weight, etc.). This
association of possible genetic predisposition with “external” risks in the genesis

of ADHD raises the question of whether a higher incidence of ADHD, as well as
higher morbidity and mortality in males, are a) the norm and the female is privileged,
or b) the female is the norm and the male is handicapped. The picture of ADHD
includes various cognitive dysfunctions with one possible cause in norepinephrine
and dopamine insufficiency. Experimental work shows that in response to stress
females release more catecholamines in the CNS than males. Since catecholamines
stimulate membrane Na* K* ATPase activity, this means both the value of the
membrane potential and the threshold for activation is increased. Females are more
successful in responding to and adapting to a stressful situation due to their higher
production of noradrenaline in the CNS.
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Introduction

Despite great research efforts in ADHD treatment options, there are still many
issues that have not been fully clarified yet. Here we try to extend our previous
discussions on this topics (Mourek and Pokorny, 2021). If we look only at research
conclusions that are not too old, a clear clinical experience prevails: boys with a
diagnosis of ADHD are evidently more common in outpatient clinics than girls. At
the same time, the authors do not hesitate to state the mutual incidence ratio of
ADHD, which at that time was 10:1 (Boucek and Pidrman, 2005). With the onset
of work that began to emphasize the genetic link (cause) of ADHD, the index
(ratio) of sex-dependent ADHD began to change gradually, either in the sense
that differences were not mentioned (e.g. Du Rietz et al., 2018), or only in the
notes without specifying (Rubia, 2018). It is noteworthy that even in the “older”
comprehensive studies on ADHD, the possible mechanism behind the differences in
sex-dependent incidence of this disease is not mentioned at all (Tarver et al., 2014),
or only touched (Konrad and Eickhoff, 2010). If genetic analysis was done, the sex
difference was omitted and only male patients were studied (Swanson et al., 2000),
though the work concerned newborns (Lou et al., 2004) or the young generation
(Paclt et al., 2010). Contemporary papers admit the sex ratio ranging from 2:1

to 10:1 (Ramtekkar et al., 2010; Willcutt, 2012; Mowlem et al., 2019). Gender
differences were not found in impulsivity, academic performance, social functioning,
fine motor skills, parental education, or parental depression. However, compared
with ADHD girls, ADHD boys displayed lower intellectual impairment, higher
levels of hyperactivity, and higher rates of other externalizing behaviors (Gaub

and Carlson, 1997).

Genetic predisposition

With the advancing therapeutic experience, the authors became interested in the
real causes of the difference in the incidence of ADHD in males and females. The
genetic predisposition breaks down into two separate groups. One is the genome
of an individual with ADHD and the other is the genome of the parents. Studies on
the genetic factors in the genesis of ADHD brought about several fundamental facts.
A) ADHD occurs in 3—7% (elsewhere 3-5%) children (according to anamnesis).

B) At the same time, there is a long-standing and “unshakable” fact that the same —
or similar percentage — corresponds to the high-risk newborns (premature birth,
immaturity, hypotrophy, hypoxic-ischemic syndrome, low birth weight, etc.). This
connection of both “external” risks on the genesis of ADHD syndrome with a
possible genetic predisposition is currently respected (Momany et al., 2017; Saez

et al., 2018; Shaw et al., 2020).

At the same time, there is a long-established fact that the male gender has —
compared to the female — a lifelong handicap: males have a higher mortality rate
practically throughout their life, i.e. from the neonatal period to death. Since birth,
there is also a higher morbidity, a higher incidence of prematurity and respiratory
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distress syndrome (Steen et al., 2014; Pongou, 2015). Also more males are born
with a birth defect (Zdravotnicka ro¢enka Ceské republiky, 2015).

We can therefore ask whether these facts constitute a “physiological” norm, i.e.
the female gender is the norm or it is privileged by nature. This is not a pun, but a
serious question of deeper biological significance, including the developmental aspects
of the facts described above. The idea of the role of X and Y chromosomes in the
sex-dependent differences in morbidity and mortality of males and females (i.e. not
only in newborns) is related to the number of genes (Y chromosome contains
only 50, while X approximately 3,000!). However, other pressing issues arise.

To date, the idea of ADHD as a neurodevelopmental disease is generally
accepted, namely with a reflection on noradrenaline and dopaminergic signalling. This
hypothesis reflects results of the therapy that has been using drugs blocking their
reuptake. However, it is still difficult to link this fact to possible recessive elements on
the Y chromosome. In this regard, a targeted genetic search (Sery et al., 2015) is in
place. Parallel findings of a lower volume of some areas of the CNS (central nervous
system) (basal ganglia, corpus callosum, etc.) (Rubia, 2018; Tang et al., 2019) raise
more and more questions. The smaller volume can be explained by lower number of
neurons, their smaller volume, less numerous glial elements, reduced dendrification
and reduced interneuronal connections or a smaller intercellular spaces. These
structural changes may be related to the individual handicap from the beginning of
life (low birth weight, immaturity, etc.) and can bring various defects in cognitive
functions. Manifestation of ADHD symptoms can therefore be either a specific or
completely general reaction.

Metabolic disorders

It is necessary to mention also the research findings that links and interprets ADHD
to metabolic disorders. Changes in functional relationship between the glial and
neuronal compartments has been mentioned (Russell et al., 2006) as well as the
imbalance (mostly in terms of increase) of oxygen radical production (Kul et al.,
2015; Sezen et al., 2016). The defective activity of mitochondria (without gender
discrimination) and the resulting possible insufficiency in ATP production may be
highly significant (Verma et al., 2016), suggesting an impairment of all mitochondrial
functions, including their scavenger capacity.

Catecholamines

The catecholamine network in the CNS is very extensive, surprisingly, despite of the
relatively small number of catecholaminergic neurons (locus coeruleus, substantia
nigra and VTA — area tegmentalis ventralis) (Smeets and Gonzales, 2000; Mravec and
Kiss, 2004). Axons of these neurons can form up to several thousand (!) synapses.
Very specific property is also their ability (limited) of self-regeneration — probably
with justified significance (Bjorklund and Stenevi, 1979). Catecholamines are — from
a developmental point of view — a very strong conservative element.

ADHD - Sex-dependent Incidence
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The acknowledged fact about the combined effects of genetic predisposition
+ multifactorial epigenetic effects (during pregnancy, childbirth and early postnatal
period) on the ADHD manifestation was finalized in the therapeutic area with
treating ADHD as a noradrenaline and dopamine insufficiency.

The major problem of experimental analysis of the ADHD syndrome is the
absence of a relevant animal model. Our research was therefore aimed at the
already suggested hypothesis of the role of catecholamines in ADHD. The study is
entirely based on laboratory rats (Wistar type). Animal studies are always argued
whether the results apply to humans. However, we know — and this is a general
experience — that animal experiments are a good steppingstone for further research.

Dopamine beta-hydroxylase (DBH) (E.C. 1.14.17.1) is an enzyme that converts
dopamine to norepinephrine. This enzyme has been identified in synaptic vesicles
of sympathetic nerve terminals, blood plasma, adrenal medulla, etc. Although
it can hydrolyse various substrates, its activity in noradrenaline synthesis can be
considered by far the most common and biologically most important. The fact
that norepinephrine and dopamine — to a lesser extent adrenaline — are critical
and essential molecules for functioning and behavior was first stated in 1965
(Kaufman and Friedman, 1965). The results of our first measurement are presented
in Figure 1.

Throughout postnatal life, female Wistar rats showed a significantly higher
concentration of dopamine beta-hydroxylase in plasma than males. This applies to
the early postnatal period, to the period of the so-called “weaning” (around the
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Figure 1 — Changes in dopamine beta hydroxylase in the plasma of female and male rats (Wistar). The

measurements took place at intervals from the 5 day of postnatal life to adulthood (age 2 months). Enzyme
activity is expressed in nmol/min/ml. Results in females are connected with a solid line, dashed in males.
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Figure 2 — The effect of stress, i.e. the effect of aerogenic altitude hypoxia on dopamine beta hydroxylase
activity in the plasma of adult males (M) and females (F). The hypoxia corresponded to 7,000 m and lasted
20 minutes under euthermic conditions. C — control value, H — measurement immediately after the end of
hypoxia, subsequent measurement after the end of hypoxia in time periods given in minutes. Activity expressed
in nmol/min/ml. The asterisk indicates the statistical significant difference to control values (P<0.05).

21° day of postnatal life) and to the period of completed puberty (the 35% day of
postnatal life). We exposed adult animals to 20 minutes of experimental stress. i.e.
to so-called short-term altitude hypoxia, corresponding to 7,000 m, (pO, = 8.6 kPa)
in a euthermic environment (Koudelova and Mourek, 1990). The results are
presented in Figure 2.

We found highly statistically significant differences (much higher values of
DBH) in females 30, 60 and 240 minutes after the stress. This higher response in
females means a lot: it is accompanied with demonstrable benefits for the body =
norepinephrine effects of on metabolism, cardiovascular system, etc. This can finally
bring a more successful managing the previous stressful situation.

Table 1 — Ascorbic acid (ascorbate) content in cortex, mesencephalon
and cerebellum in adult females and male rats (Wistar)

Cortex Mesencephalon Cerebellum
Females 4.06 £ 0.09 2.50 £ 0.91 428 +0.32
Males 2.59 £ 0.04 1.57 £0.04 1.64 £ 0.05

Values are given in mmol/kg w.w. tissues (w.w. — wet tissues, immediately after dissection); averages + SD
(standard deviation)

ADHD - Sex-dependent Incidence
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Ascorbic acid

The synthesis of norepinephrine has one sine qua non condition for the effectiveness
of DBH — this condition (or cofactor) is the presence of ascorbic acid as a reducing
agent. Therefore, if DBH has consistently higher levels in females, and if these higher
levels are to be able to increase activities at the same time, then a higher quantum of
ascorbic acid must be available in the female. Therefore, we performed experiments
to monitor the content of ascorbic acid in individual regions of the CNS (Koudelova
and Mourek, 1991), including an experiment with stress. Results (on adult females
and males [Wistar]) — in a simplified form presents Table 1.

Both in the cortex (grey matter) and in the subcortical areas of the mesencephalon
or in the cerebellum, the ascorbic acid content was significantly higher in females
than in males. It can be explained that DBH activity in females has a significantly
higher capacity than in males. In another experiment, we measured ascorbic acid in
the CNS (cortex and brain stem) after the exposure to a stressful situation (hypoxia
corresponding to 9,000 m and lasting 20 minutes under euthermic conditions,
pO, = 6.4 kPa). The results are given in Figure 3.

In both the cortex and medulla oblongata, stress-induced increase of ascorbate
levels was always significantly higher in females — compared to males. These results
correspond to our results with DBH. In reality, this means a greater capacity for the
production of noradrenaline in the CNS, with larger (more adequate) functional
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Figure 3 — The content of ascorbic acid (ascorbate) in the cerebral cortex and in the medulla oblongata

of 21-day-old laboratory rats. C — control value, H — value after altitude hypoxia (9,000 m for 20 minutes).
F — females, M — males. The asterisk indicates the statistical significance to control values (P<0.01). The
ascorbate content is expressed in mmol/kg w.w.
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Figure 4 — Influence of altitude hypoxia (7,000 m, 20 minutes) on lipoperoxidation processes (production
of malonyldialdehyde [MDA] in the cerebral cortex and spinal cord of 10- and 14-day-old laboratory rats
[Wistar]). F — females, M — males. The asterisk indicates the statistical significant difference between males
and females (P<0.01). MDA production in ng/mg w.w.

capacity. Indeed, catecholamines significantly increase membrane Na-K ATPase
activity (E.C.6.1.3.) both in vivo and in vitro experiments (Mourek, 1979, 1985, 1987).
This enzyme is an important factor contributing to the level of the resting membrane
potential. An increased value of the resting membrane potential means a lower

level of the neuronal excitability (the threshold for the activation is increased). Thus,
in terms of today’s ADHD therapy, females are significantly better provided than
males.

In the introduction, we cited the authors (Kul et al., 2015; Sezen et al., 2016) who
consistently report increased production of oxygen radicals (ROS) in individuals with
ADHD. ROS attack various molecular structures of the mammalian cells, but they
still have a certain “preference”. These may be unsaturated fatty acids (especially
localized in cell membranes) that in the oxidative milieu may undergo a disintegration
process. Already in 2005 (Mourek et al., 2005) we carried out an experiment using
laboratory rats at the age of 10 and 14 days of postnatal life. Both male and female
animals were-repeatedly exposed to the stressor, represented by a 20-minute stay in
simulated conditions of altitude hypoxia (corresponding to 7,000 m, pO, = 8.6 kPa).
Subsequently, production of malonylaldehyde was measured in the cortex and in the
spinal cord. The results are documented in Figure 4.

In all 4 groups, female rats showed lower malonylaldehyde production than males.
Three of those differences were significant.

ADHD - Sex-dependent Incidence
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As already mentioned, since the very beginning of their existence, individuals
with XY chromosomal combination have higher morbidity and mortality. Perinatal
morbidity and/or exposition to risk conditions in boys represent a putative error
factor for the developmental cascades, especially for such a sensitive and at the same
time energy and substrate demanding development process as is the formation of
CNS microstructure.

Conclusion
The presented results of experiments on laboratory rats represent a de facto
hypothesis that can be applied to humans. Considering all its critical issues, we
presume a certain validity of our findings to the possible therapeutic procedures.
We consider the question whether the sufficient (= physiological) release of
noradrenaline (and dopamine, to a lesser extent also adrenaline) in the CNS
catecholaminergic neuronal circuits represents the basic regulatory element for the
level of neuronal membrane Na-K ATPase activity in the regulation of neuronal
excitability. The state, value and variability of the resting membrane potential of
neurons is directly linked to their functional activity in the sense of a binary response
(+ or —). We are fully aware that beside our hypothesis, there can be (and probably
are) other “players” in the game.

We have demonstrated in three series of experiments that females carrying
XX chromosomes are biologically favoured. This leads us to the final idea that
the disparity between boys and girls in the incidence of ADHD symptoms is an
expression of the basic biological axiom about the advantage (protection) of
XX carriers. They are more important for the survival of the species.

References

Bjorklund, A. N., Stenevi, U. (1979) Regeneration of monoaminergic and cholinergic neurons in the
mammalian central nervous system. Physiol. Rev. 59(1), 62—100.

Boucek, J., Pidrman, V. (2005) Psychofarmaka v Mediciné. Grada, Praha.

Du Rietz, E., Coleman, ., Glanville, K., Choi, S. W., O'Reilly, P. F,, Kuntsi, J. (2018) Association of polygenic
risk for attention-deficit/hyperactivity disorder with co-occurring traits and disorders. Biol. Psychiatry Cogn.
Neurosci. Neuroimaging 3(7), 635-643.

Gaub, M., Carlson, C. L. (1997) Gender differences in ADHD: A meta-analysis and critical review. J. Am.
Acad. Child Adolesc. Psychiatry 36(8), 1036—1045.

Kaufman, S., Friedman, S. (1965) Dopamine-B-hydroxylase. Pharmacol. Rev. 17(2), 71-100.

Konrad, K., Eickhoff, S. B. (2010) Is the ADHD brain wired differently? A review on structural and functional
connectivity in attention deficit hyperactivity disorder. Hum. Brain Mapp. 31(6), 904-916.

Koudelova, ., Mourek, J. (1990) Influence of sex and hypoxia on plasma dopamine-betahydroxylase activity
in the rat. Physiol. Bohemoslov. 39, 409—416.

Koudelova, J., Mourek, J. (1991) Lipid peroxidation and changes of ascorbic acid level in hypoxic brain of
21-day-old rats. Wiss. Z. Humboldt Univ., R. Medizin 40, 47-51.

Kul, M., Unal, F., Kandemir, H., Sarkarati, B., Kilinc, K., Kandemir, S. B. (2015) Evaluation of oxidative
metabolism in child and adolescent patients with attention deficit hyperactivity disorder. Psychiatry Investig.
12(3), 361.

Mourek J.; Pokorny J.



Prague Medical Report / Vol. 123 (2022) No. 4, p. 215-224 223)

Lou, H. C., Rosa, P, Pryds, O., Karrebak, H., Lunding, J., Cumming, P, Gjedde, A. (2004) ADHD: Increased
dopamine receptor availability linked to attention deficit and low neonatal cerebral blood flow. Dev. Med.
Child Neurol. 46(3), 179-183.

Momany, A. M., Kamradt, ]. M., Ullsperger, J. M., Elmore, A. L., Nigg, ]. T., Nikolas, M. A., (2017) Sex
moderates the impact of birth weight on child externalizing psychopathology. J. Abnorm. Psychol. 126(2),
244,

Mourek, J. (1979) Effect of adrenaline on ATPase activities in different parts of developing brain. Physiol.
Bohemoslov. 28, 573-576.

Mourek, J. (1985) Vliv in vitro izoprenalinu na aktivitu Na-K a Mg dependentni ATPasy v mozku rdzné starych
krys. Sb. Lek. 87, 209-215.

Mourek, J. (1987) Beta receptory mozkové kiry a jejich vyznam pro aktivitu Na-K ATPazy u rlizné starych
krys. Sb. Lek. 89, 335-339.

Mourek, |., Pokorny, J. (2021) Prispévek k interpretanim moznostem syndromu ADHD. Ceska Slov. Psychiatr.
117(3), 138-143.

Mourek, J., Smidova, L., Dohnalova, A. (2005) Lipoperoxidative activities in the cerebral cortex and medulla
oblongata, related to age, sex, oxygen deficiency and short-term fasting. Prague Med. Rep. 106(3),
253-260.

Mowlem, F. D., Rosenqvist, M. A., Martin, ]., Lichtenstein, P, Asherson, P, Larsson, H. (2019) Sex differences
in predicting ADHD clinical diagnosis and pharmacological treatment. Eur. Child Adolesc. Psychiatry 28(4),
481-489.

Mravec, B., Kiss, A. (2004) The brain catecholamines. Brief anatomy and participation in the stress reaction
and regulation of cardiovascular function. Cesk. Fysiol. 53, 102-116. (in Slovak)

Paclt, I., Drtilkova, I., Kopeckova, M., Theiner, P., §er)’/, 0., Cermékova, N. (2010) The association between
Tagl A polymorphism of ANKK1 (DRD2) gene and ADHD in the Czech boys aged between 6 and
13 years. Neuro Endocrinol. Lett. 31(1), 131-136.

Pongou, R. (2015) Why is mortality higher in boys than in girls? A new hypothesis based on preconception
environment and evidence from large sample of twins. Demography 50, 421-444.

Ramtekkar, U., Reiersen, A., Todorov, A., Todd, R. (2010) Sex and age differences in attention-deficit/
hyperactivity disorder symptoms and diagnoses: Implications for DSM-V and ICD-11. J. Am. Acad.

Child Adolesc. Psychiatry 49, 217-228.

Rubia, K. (2018) Cognitive neuroscience of attention deficit hyperactivity disorder (ADHD) and its clinical
translation. Front. Hum. Neurosci. 12, 1-23.

Russell, V. A., Oades, R. D., Tannock, R, Killeen, P. R., Auerbach, J. G., Johansen, E. B., Sagvolden, T. (2006)
Response variability in attention-deficit/hyperactivity disorder: A neuronal and glial energetics hypothesis.
Behav. Brain Funct. 2(1), 1-25.

Saez, M., Barceld, M. A, Farrerons, M., Lépez-Casasnovas, G. (2018) The association between exposure to
environmental factors and the occurrence of attention-deficit/hyperactivity disorder (ADHD).

A population-based retrospective cohort study. Environ. Res. 166, 205-214.

Sery, O., Paclt, 1., Drtilkova, I., Theiner, P, Kopetkova, M., Zvolsky, P, Balcar, V. J. (2015) A 40-bp UZISVNTR
polymorphism in the 3’-untranslated region of DAT1/SLC6A3 is associated with ADHD but not with
alcoholism. Behav. Brain Funct. 11(1), 1-8.

Sezen, H., Kandemir, H., Savik, E., Basmaci Kandemir, S., Kilicaslan, F, Bilinc, H., Aksoy, N. (2016) Increased
oxidative stress in children with attention deficit hyperactivity disorder. Redox Rep. 21(6), 248-253.

Shaw, J. C., Crombie, G. K., Zakar, T., Palliser, H. K., Hirst, . . (2020) Perinatal compromise contributes
to programming of GABAergic and glutamatergic systems leading to long-term effects on offspring
behaviour. J. Neuroendocrinol. 32(1), e12814.

ADHD - Sex-dependent Incidence



224)  Prague Medical Report / Vol. 123 (2022) No. 4, p. 215-224

Smeets, W., Gonzales, A. (2000) Catecholamine system in brain of vertebrate: New perspectives through
a comparative approach. Brain Res. 35, 308-379.

Steen, E. E., Kdllén, K., Marsél, K., Norman, M., Hellstrom-Westas, L. (2014) Impact of sex on perinatal
mortality and morbidity in twins. J. Perinat. Med. 42(2), 225-231.

Swanson, J. M., Flodman, P, Kennedy, J., Spence, M. A., Moyzis, R., Schuck, S., Murias, M., Moriarity, .,
Barr, C., Smith, M., Posner, M. (2000) Dopamine genes and ADHD. Neurosci. Biobehav. Rev. 24(1),
21-25.

Tang, X., Seymour, K. E., Crocetti, D., Miller, M. ., Mostofsky, S. H., Rosch, K. S. (2019) Response control
correlates of anomalous basal ganglia morphology in boys, but not girls, with attention-deficit/
hyperactivity disorder. Behav. Brain Res. 23(367), 117-127.

Tarver, )., Daley, D., Sayal, K. (2014) Attention-deficit hyperactivity disorder (ADHD): An updated review
of the essential facts. Child Care Health Dev. 40(6), 762-774.

Verma, P, Singh, A., Nthenge-Ngumbau, D. N., Rajamma, U., Sinha, S., Mukhopadhyay, K., Mohanakumar,
K. P. (2016) Attention deficit-hyperactivity disorder suffers from mitochondrial dysfunction. BBA Clin. 6,
153-158.

Willeutt, E. G. (2012) The prevalence of DSM-IV attention-deficit/hyperactivity disorder: A meta-analytic
review. Neurotherapeutics 9, 490—-499.

Zdravotnicka ro¢enka Ceské republiky (2015) Vyvoj novorozenecké, kojenecké a perinatalni amrtnosti. UZIS
CR, Praha.

Mourek J.; Pokorny J.



