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Introduction

The relative importance of biology (nature) and experience
(nurture) in brain development has long been debated in
science, medicine, and philosophy.

Over the years, ample evidence has accumulated to support
keyrolesforboth natureand nurturing.Therefore, if oneassumes
the point of view that both are important, effective therapeutic
interventions aimed at enhancing brain development should
be based on both biology and experience.

At the 69th AAPS meeting (2012), the “five-square” protocol
was proposed for Down syndrome, other developmental
disorders, and for normal children. This protocol should include
biomedical treatments before and after birth; educational
treatments before and after birth; and breastfeeding, which is
both experiential and biochemical in nature.

Brain development could be viewed as a therapeutically
modifiable process. This report will discuss several clinical
cases that approximate the “five-square” treatment strategy in
children with Down syndrome. Research with trisomic mouse
models of Down syndrome has begun to elucidate how Down
syndrome affects brain development. Recent results published
in the literature show that, at least in treated mice, correcting
the problems early in development can result in improved
neurologic performance.

Case Reports

Case 1

This 39-year-old white G1P0 mother initiated all treatments
on her own. She did not know the child had Down syndrome
before birth and prenatally was trying to enhance brain
development in general. She delivered a 2,806-g male infant
at 40 weeks. The maternal serum screen revealed a 1 in 27
risk of Down syndrome. Amniocentesis was not done. APGAR
scores were 9 and 10. The face did not appear to have canonical
features associated with Down syndrome, but the karyotype
was 47, XY,+21.

During pregnancy, the mother took a high-dose prenatal
vitamin with docosahexanoic acid (DHA). Vitamins B1, B2, B6,
and B12 dosages were at 10 to 20 times the recommended daily
allowance (RDA). Most other nutrients were at dosages one to
five times the RDA. She took a ginger-based candy three times
daily and Gotu-Kola 950 mg twice daily. Gotu-Kola (Centella
asiatica) is a parsley-like herb that inhibits acetylcholinesterase,
has antioxidant properties, and is thought to enhance memory,
cognition, and mood.!

The child was nursed for 3 years. During breastfeeding, the
mother discontinued Gotu Kola, added choline, and continued
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vitamins.

During pregnancy, the mother read aloud to the child 30
minutes per day. She worked in an environment where music
was ubiquitous. The mother felt that the baby did not like
certain songs because when those songs were played, the baby
kicked so much that the mother had to move.

From birth to 8 months, the baby received a yoga-based
passive movement stimulation program.? He also received a
broad educational program in the style of Glen Doman and
colleagues, starting at birth.3*>¢ Reading flashcards began at 6
months. The mother read five to 15 books per day to her child.
Counting on fingers and math flash cards began at 8 months.
Counting was integrated in all aspects of daily life. Testing
the baby was strictly avoided. Attachment parenting was
practiced.”#%1° Consequently, the baby slept with his mother
and received constant verbal and tactile stimulation from her.
The baby slept prone at all times. The gross motor program
was interrupted at the time of heart surgery at 6 months.
Subsequently, gross motor development lagged, but later
recovered.

Developmental achievements were normal or only mildly
delayed. The evaluators said they “had never seen such a
child with Down syndrome.” He could read and respond with
gestures by 19 months.” He could read aloud by 23 months.'?
By 25 months, the child read The Eye, a kindergarten-level
Dr. Seuss book,*® aloud from cover to cover. At 34 months, a
developmental evaluation at an experienced developmental
clinic included the Test of Early Language Development (TELD-
3); the Clinical Evaluation of Language Fundamentals (CELF-
Preschool-2); and the Battelle Developmental Inventory (BDI-
2). Receptive and expressive speech met most milestones for
three-year-olds and some for four-year-olds.

Case 2

This 43-year-old white G4P3 mother initiated all treatments
on her own, and the authors only report them. She did not
know the children had Down syndrome before birth and
prenatally was trying to enhance brain development in
general. She underwent Cesarean section at 36 weeks because
of a worrisome fetal tracing. She delivered twin boys. At birth,
the twins did not have the typical physical features of Down
syndrome. A nurse noticed short ears on one boy. Blood
chromosomes revealed that each twin had a karyotype of
47,XY,+21.The neonatal course was uncomplicated.

During pregnancy the mother took 1,200 mcg folate; a B-50
complex (50 mg of each B vitamin); vitamin C, 500 mg daily; and
600 mg niacinamide (vitamin B3) one to three times daily.

The infants were breastfed. At 8 months, one twin was
engaged and engaging, while the second was immobile and
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had a “dull look in his eyes.” Two days after starting 800 mcg
folate daily, the formerly immobile twin crawled across the
floor on his forearms. The twins were placed on a high-dose
multivitamin at about 8-12 months.*

As prenatal education, the mother exposed her children in
utero to classical music on a loud radio one hour daily. She also
sang to them one hour each day.

Postnatally, the mother focused on teaching constantly, and
rarely tested. The twins spent a lot of time on the floor crawling
to stimulate gross motor development. Eye-hand and manual
development were stimulated with an abacus. The twins were
taught “signing exact English.” This method supports verbal/
spoken language.’® They could respond to reading material by
hand signing before they could communicate orally. Reading
to the children began early. Counting began at 2-3 years of age.
There was exposure to music, singing, and drumming. Physical
development was supported from an early age. They learned
to swim at one year. A basketball hoop was made to suit the
stature of young children.

Both twins could read, write, and count to 100 by age 4.
At this writing, the twins are 19 years old. They engage in a
vigorous program of exercise two hours daily: they walk, play
basketball, and lift weights. In the summer they swim daily.
Both are avid readers, and they love to draw. One writes a lot,
the other not so much. Each can lead group prayer (for example,
a Roman Catholic rosary). They sing and drum daily. The twins
took a standard home school program with adaptation up to
the end of high school. They are not employed, but invest their
energies mostly in athletics.

Case 3

This 38-year-old G2P1 mother approached us during
pregnancy because of a high risk of Down syndrome. We
had initiated discussion with an institutional review board
(IRB) about submitting a specific and systematic treatment
protocol for pregnancies and young children with Down
syndrome. However, the IRB decided it would no longer work
with small independent investigators, and a second IRB proved
too expensive for a small private practice. Since treatment
was limited to dietary supplements, and since the goal was
innovative therapy rather than research, it was felt that the
treatment was exempted from direct governance by the
research ethics board.’® Informed consent was given.

Maternal serum indicated a Down syndrome risk of
one in five. Ultrasound revealed a short femur, increased
nuchal thickness, and flat nasal bridge. The mother declined
amniocentesis, and she delivered a 2,381-g female infant at 37
weeks, with normal APGARs. The examining geneticist stated
that the baby did not have the typical physical features of a
neonate with Down syndrome. The karyotype was 47,XX,+21.

Prenatal biomedical treatment consisted of a high-dose
multivitamin (B vitamins at 25 to 100 times RDA). A similar high
dose multivitamin was used postnatally (Nutrichem).

The mother read and sang to her unborn baby. The father
also sang to the baby with his head in physical contact with the
mother’s abdomen. Music was also played.
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The mother now reads and sings to the child. Grandmother
sings in Spanish. The father presents reading flash cards, and
reads prayers to the child.

The baby was crawling on the third day of life.'” Evaluation
by a regional developmental center at 9 months showed an
overall developmental age of 7 months on the Early Learning
Achievement Profile (ELAP).

Discussion

The chromosomal origin of Down syndrome was discovered
by Gautier, Le Jeune, and Turpin.'® That discovery lead to an
understanding of Down syndrome as trisomy of chromosome
21. While accurate, it did not suggest a treatment. From the
same era, Turkel envisioned Down syndrome as a biochemical
disease. If the whole chromosome was present in triplicate,
then each gene was also in triplicate. Considering one gene at
a time could reduce one large problem to many smaller ones.

The development of trisomic mouse models of Down
syndrome enabled the study, analysis, and treatment of the
disease, one gene at a time. Efficacy of treatment has been
demonstrated in mouse models, especially when carried out
early in development.

Classically, anatomy formed the basis for surgical
treatment. Physiology and pharmacology formed the basis for
medical treatment. Embryologic errors were known to cause
developmental anomalies, but they did not form the basis of
treatment. Genetic, congenital, or neurologic disorders were,
in the past, thought to be untreatable. This is now changing.
Developmental enhancement may be a new therapeutic
principle, with novel properties.

Decades ago, it was noticed that nutrient deficiencies could
cause birth defects. Correction of these deficiencies before
conception prevented birth defects.2>2' For the last several
decades folic acid has been recommended clinically to prevent
spina bifida.??2 Thus, treatments before conception are well
known to affect outcomes months or years later.

In development, “timing is everything” The neural tube
closes 28 days after conception. Taking folate before this time
may prevent spina bifida; no amount of folate could undo the
condition after delivery. Early in development, the effect of both
beneficial and harmful influences is magnified. Later, benefits
and harms diminish and become harder to detect.

Timing is even more important than specific treatment.
Rapid cell division in early development leads to exponential
expansion of cell number. One-carbon molecular fragments
(mono-carbons) are needed for synthesis of purines,
pyrimidines, DNA, RNA, proteins, neurotransmitters, and other
molecules. Vitamins, such as folic acid and vitamin B12, and
methyl donors, such as betaine and choline, support mono-
carbon metabolism. Several of these (e.g. B12, folate, betaine)
may prevent neural tube defects in early development.?
Needed factors should be supplied before the developmental
process begins. Benefits may last a long time—even a lifetime.

Studies by D.J. Barker and colleagues found that intrauterine
factors, as reflected by birth weight and birth outcomes,
influence adult diseases at ages 60-80.2* Adult hypertension,
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heart disease, emphysema, and stroke were influenced by
intrauterine factors acting six or seven decades earlier. Maternal
undernutrition, as reflected by low birthweight, may result
in adult type 2 diabetes, hypertension, hyperlipidemia, and
syndrome X.?* Barker and colleagues dubbed this concept “fetal
programming.” From the work of Barker and others, one may
conclude that development does not end at organogenesis,
but continues through early life.

After organs have been formed, tissues, cells, subcellular
organelles, and even molecular changes may occur. Treatment
of inborn errors of metabolism could be viewed as epigenetic
modification of development. If education depends on plastic
modification of synapses, subtle development occurs at a more
microscopic degree through much of life. Later adult diseases,
seemingly remote from development, are nonetheless still
influenced by developmental processes.

One of the mostimportantaspects of developmentis neuro-
embryology. At each step in brain development, an excess is
elaborated, followed by pruning. Pruning by programmed cell
death is apoptosis.?® An excess of neurons, then dendrites,
dendrite branches, dendritic terminal boutons, and synapses
are elaborated, and then pruned. Neuron replication occurs
mostly from 8-16 weeks.?¢ Neurons migrate to their destinations
from 18-25 weeks. Neurons then elaborate branching dendritic
trees, form synaptic connections with other neurons, and
project axons to targets. Glia and myelin develop. Neurons that
give and receive stimulation “reward” each other with trophic
molecules, and therefore they support their mutual survival.
Neurons that do not communicate do not exchange trophic
molecules, and therefore die by apoptosis.

Brain development, like organogenesis, was historically
considered a “fait accompli.” Experience dictates otherwise.
Imagine brain development in three children. One grows up in
a house where English is spoken. This child will be proficient
in English. A second child, growing up in a house with three
languages, will be proficient in all three. A third child, not
exposed to any language up to the age of 10, will likely suffer
permanent loss of faculties and learn only with great difficulty.
Brain development is substantially modifiable.

Apoptosis—the programmed loss of brain cells—might
seem harmful, but is in fact necessary for good brain function.
One could imagine two brains. In the first, neurons A, B, and
C are formed. For this example, A has better connections than
B, which has better connections than C. In a second brain,
replication of neurons is enhanced. Neurons AAA, BBB, and
CCC are formed. After apoptosis, the best three survive. In the
second brain, A, A, and A are left. The second brain has the
same number of neurons, but higher quality neurons were
selected. Improved brain function results from an interaction
between enhanced replication with enhanced selection.?”-28
If poorly functioning and poorly connected neurons were lost
preferentially, this would produce a neural network five times
as effective at learning and problem-solving.?”-2

Beginning in the early third trimester, neurons are rapidly
lost due to apoptosis. Some early projection pathways provide
wide-reaching stimulatory support to neurons throughout
the brain until those neurons can make connections with
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other neurons. These pathways include the basal forebrain
cholinergic neurons?® and the adrenergic locus ceruleus
neurons.?® Maintaining or enhancing these pathways supports
the neurogenesis of many brain areas. Growth and survival of
neurons depends on the dynamic interaction of replication and
apoptosis.

One can now see how to modify the process of brain
development for benefit or detriment. Children and/or animals
subjected to sensory or functional deprivation suffer partial
or temporary, to complete or permanent, loss of neurons,
projection tracts, sensory, analytic, and/or motor capabilities.
Children and/or animals given, singly or in any combination,
increased sensory, motor, electrical, chemical, physiologic, or
social stimulation develop and maintain greater neurologic
capability and function. A neuron may be stimulated by
functional sensory or motor input; by neurotransmitter or
agonist input; or by reuptake inhibition of the neurotransmitter.
The stimulatory effect of a drug on a target neuron could
be functionally equivalent to sensory input. Since purely
functional or educational approaches may be equivalent to
drugs, their importance should not be minimized or neglected.
Practically, brain mass and function can grow by use, just as a
muscle grows from exercise.3*5¢ Before reviewing treatments,
the developmental perspective on studies must be considered.

Imagine a randomized controlled trial of growth hormone
in middle-aged males. Such a trial could purport to prove
growth hormone had no influence on height. That is because,
by middle age, height is set at its final possibility. That possibility
is partially genetic and partially environmental. The time period
of plasticity for height likely begins during intrauterine life, but
extends no further than a person’s early 20s at the latest. Even
if methodologically admirable, such a trial is developmentally
misguided. The strength of developmental effects might
approximate a plot of exponential decay. Such a curve would
be steep at time near zero, but flattens out later. In the flat part
of the curve, a very long duration of treatment is necessary to
see a modest benefit, or it may be impossible to detect such
a benefit. Trials of short duration, at advanced age (e.g. more
than five years), could conclude that beneficial treatments
are purportedly useless because they fail to account for the
influence of developmental time.

Deficiencies of many vitamins cause decrements of
neurologic function, which may be restored on repletion. These
effects are numerous in animals across many species.?*?! Many
human neurologic diseases and neurotransmitter pathways
are influenced by biochemistry and nutrition.3"32 Experiments
in normal children indicate beneficial effects of multiple
micronutrients.?® Nutritional support at developmentally
important times should benefit brain development.

Some have advocated high-dose multivitamins in Down
syndrome.'*193435  After Harrell's encouraging report,® six
subsequent randomized controlled trials found no benefit of
multivitamins.'3¢ In most of these trials there were insufficient
numbers of patients and they may represent typell errors.2¢ Most
trials had no patients under age 5.'%3¢ The treatments were of
limited duration and were given late in development.'*3¢ Since
nutrient deficits have been documented in Down syndrome,
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MacLeod™ and Ani et al3¢ conclude that these randomized
trials lack credibility for these reasons. Eilander et al. reviewed
micronutrient trials in normal children. Two trials at one year
showed clear benefits.?” Trials in those older than 5 years had
subtle benefits that required large numbers to show statistical
significance. These results in normal children corroborate
MacLeod and Ani et al.

Safety concerns about vitamins often represent erroneous
or hyperbolic claims, from those who may lack training
and experience in therapeutic nutrition, based on less than
compelling data. High doses of vitamin C have been claimed to
cause oxalate excretion, kidney stones, uricosuria, vitamin B12
deficiency, systemic conditioning, and pro-oxidant effects.3®
Careful and thorough reviews have found no evidence of harm
other than osmotic diarrhea.3® Vitamin E intakes well above the
RDAs have consistently been shown to lack adverse effects.®
Treatment of a wide variety of inborn errors of metabolism may
be safely carried out with B vitamin doses as high as 10-1000
times RDA.3® Higher doses of vitamins (100 times RDA for B
vitamins) have been used safely in Down syndrome since the
1950s."® High-dose prenatal vitamins (10-100 times RDA) have
been used safely without prescription for decades. It is unlikely
such supplementation would have a harmful effect.?°

Case reports have limitations but can demonstrate what is
possible. The cases reported here suggest that Down syndrome
patients might be capable, with a combined program of
education and biomedical treatments before and after birth, of
greater intellectual achievement than expected.

The recent development of mouse models of Down
syndrome makes great progress possible. Most prominent
is the Ts65Dn mouse. This model is trisomic for most of the
genes found on human chromosome 21. Brain development
in trisomic mouse models resembles human Down syndrome.
They have similar physiologic, anatomic, and functional
deficits. In mouse models, problems have been analyzed and
elucidated, and treatments have been proven to be beneficial.
Neurodevelopmental fetal therapies have been proven in
mouse models. Selected prenatal or early postnatal treatments
are considered here. Similar treatments given later in life often
have less effect.

Environmental enrichment (including exercise) improves
development in laboratory animals. Prenatal environmental
stimulation of the mother results in improved neurologic
performance of progeny after birth.#' Anatomic studies of
progeny demonstrated lasting increased thickness of the
cerebral cortex and enhanced arborization of dendrites.'
Perinatal exercise and environmental enrichment resulted in
restored anatomy, memory, behavior, and learning.**43

Basal forebrain cholinergic neurons (BFCNs) project widely
throughout the brain. These neurons provide afferent trophic
stimulation so that developing neurons will not be lost to
apoptosis before they can connect with other neurons. Perinatal
choline supplementation supports cholinergic transmission
by the BFCNs.?® Choline supports cognitive function; it is
neuroprotective; it enhances neurotrophic function. Ts65Dn
mice receiving choline during pregnancy and lactation had
improved cognitive function as adults.?® BCFNs are also
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sensitive to enhanced oxidative stress. Superoxide dismutase,
a gene present on chromosome 21, converts superoxide (O,)
to hydroxyl radical. Accumulation of excessive amounts of
hydroxyl radical may cause oxidative stress. Perinatal treatment
with tocopherol (vitamin E) protected basal forebrain
cholinergic neurons from oxidative stress and restored anatomy,
physiology, and behavioral and cognitive function.**

Patients with Down syndrome are often depressed and
may improve with selective serotonin reuptake inhibitors. SSRIs
enhance hippocampal neurogenesis in adults. Fluoxetine, a
serotonin reuptake inhibitor, has been given to Ts65Dn mice,
both in the early postnatal period and during pregnancy.
Neurogenesis (as measured histologically) and behavioral
performance were restored.*

The predominant stimulatory neurotransmitter of the
brain is the amino acid glutamate. The predominant inhibitory
neurotransmitter, opposing glutamate, is gamma amino butyric
acid (GABA.) Blocking GABA, therefore, is stimulatory. In Down
syndrome and in Ts65Dn mice, excess GABA-ergic stimulation,
which has an inhibitory effect, may possibly explain a calm
disposition. GABA blockade with pentylenetetrazole (PTZ) has
been well known for decades. In animal experiments to study
epilepsy, high-dose PTZ is used to permanently increase seizure
frequency. As a result, the U.S. Food and Drug Administratiion
(FDA) banned PTZ in the U.S. PTZ has a generalized stimulatory
effect, stronger than caffeine, and it may be used in lower doses
as a respiratory and/or cardiac stimulant under names such as
metrazol or cardiozole. It is used this way outside the United
States. In Ts65Dn mice, perinatal PTZ restored memory and
cognitive function, and this effect persisted for 3 months after
the drug was discontinued.?® Hoffman La Roche has developed
a “selective” GABA inhibitor, R04938581. Like PTZ, it fosters
restoration of cognitive function. 4

One gene on chromosome 21 is the dual-activity tyrosine
(Y) phosphorylation regulatory kinase (DYRK1A) gene. This
important gene has multiple influences in brain morphogenesis
and synaptic plasticity. It regulates other genes and proteins in
neurodevelopment. Transgenic mice with three copies display
many features of Down syndrome. When the number of gene
copies is reduced to two, normality is restored. In Ts65Dn mice,
green tea extract (Epi-Gallo-Catechin Gallate/EGCG) blocked
the harmful effects of DYRK1A and restored normal physiology,
learning, and behavior.*®

Conclusion

Neurogenesis (replication, survival, and organization of
neurons) may be enhanced in many ways. Case reports suggest
that several nutrients and drugs are promising. Experiments
with mouse models may lead to effective treatments. Proper
timing of treatment is crucial.

Better understanding of brain development could benefit
all children, not just those with Down syndrome.
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