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Abstract

Our understanding of the development of neurotransmitter systems in the central nervous system has
increased greatly over the past three decades and it has become apparent that drug effects on the
developing nervous system may differ considerably from effects on the mature nervous system.
Recently it has become clear there are significant differences in the effectiveness of antidepressant
drug classes in children and adolescents compared to adults. Whereas the selective serotonin reuptake
inhibitors are effective in treating all ages from children to adults, the tricyclic antidepressants, many
of which inhibit norepinephrine reuptake, have been shown to be ineffective in treating children and
adolescents even though they are effective in adults. We review here the development of the
noradrenergic and serotonergic nervous systems, both in terms of neurotransmitter system markers
and function. Both of these neurotransmitter systems are primary targets of antidepressant
medications as well as of central nervous system stimulants. It is clear from a comparison of their
development that the serotonin system reaches maturity much earlier than the norepinephrine system.
We suggest this may help explain the differences in response to antidepressants in children and
adolescents compared to adults. In addition, these differences suggest that drugs acting preferentially
on either neurotransmitter system may impact the normal course of CNS development at different
time points. Consideration of such differences in the development of neurotransmitter systems may
be of significance in optimizing treatments for a variety of centrally mediated disorders.
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Introduction

Understanding the development of central nervous system neurotransmitter systems is
important for several reasons. This information will help in determining not only the sequence
in which these systems develop, but also how neurotransmitters regulate other developmental
processes, as well as how their development may be influenced or altered by exposure to
xenobiotics or other abnormal conditions present at critical periods during development. This
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knowledge is also important to assess why drugs have differential clinical effects at different
stages of development. For example, the tricyclic antidepressants are ineffective in children
and adolescents, but are effective in adults, whereas the serotonin-selective reuptake inhibitor
(SSRI) antidepressants are effective at all ages [1-3]. This has significant implications for the
treatment of depression, a major psychiatric illness, during childhood and adolescence.
Whereas age-dependent differences in the response to drugs is not a new concept [4], the
realization that this applies to antidepressant drugs is relatively new. Depression is manifest in
4% or more of the population during childhood and adolescence each year. However, our
treatment of this disorder has been inadequate, to a great extent because it was only recently
demonstrated clearly that there are major differences in response to antidepressant drug classes
when comparing children and adolescents to adults.

We here review the development of the norepinephrine and serotonin systems. These two
neurotransmitter systems are of particular interest because both have been postulated to be
important in regulating central nervous system development and because both are implicated
in the pathophysiology of depression. Because children and adolescents respond to
antidepressant medications acting on these two systems in a different pattern from adults, it
seems likely that at least part of the explanation for this discrepancy may lie in differences in
how these systems develop. Understanding these differences may lead the way to developing
or determining optimum antidepressant therapies for each age group.

Differences in maturation of these two systems may also impact not only the clinical efficacy
of drugs that act on them differentially, but also their long term consequences and safety. It
has been postulated that during development the brain becomes wired to match the needs of
or to compensate for its environment [4]. Chronic drug exposure represents an important
environmental factor in this situation. As a result, exposure to psychoactive drugs, particularly
during vulnerable periods of development, could produce changes in final development that
would be reflected in subtle, or possibly obvious, differences in mature response to the
environment.

Another important aspect of the noradrenergic and serotonergic systems is their possible
involvement in the development of sensitization to the effects of drugs, including many
antidepressants and psychomotor stimulants such as the amphetamines and cocaine [5-7]. Both
antidepressants and stimulants produce a similar effect, an increase in monoamine
concentrations in the synapse. While dopamine has been the focus of most studies of
sensitization of the monoamines, there is increasing evidence that norepinephrine and serotonin
are involved. In addition, there are differences in the type and duration of sensitization produced
by drugs when comparing juvenile and adultanimals [8], supporting the idea that the monamine
systems are to some degree functionally different in juveniles compared to adults. This also
suggests that the differences in sensitization could be contributors to the differences in response
to antidepressants and to long term effects of many drugs.

Most of the information available concerning development of neurotransmitter systems is
derived from laboratory animal studies, particularly rats. Data from humans are limited. Given
this, it important to keep in mind that brain development relative to time of birth differs greatly
between species [9]. For example, at birth brain development in rats is equivalent in relative
weight to development in humans at the end of the second trimester. Rats become sexually
mature at about 5 weeks of age, corresponding roughly to puberty or early adolescence in
humans. In contrast, brain development in rhesus monkeys at birth is similar to that found in
humans at 10-15 years of age [9]. As a result, it is necessary to be cautious in making time
comparisons across species. Nevertheless, the basic developmental processes, and the impact
of alterations in normal development, appear to be very similar across mammalian species.
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In this review, we present first the development of the biochemical aspects of the
norepinephrine and serotonin neuronal systems. This provides the foundation for analysis and
understanding of the functional development of these systems. The general pattern that emerges
from consideration of studies in this area is that the norepinephrine system develops more
slowly than the serotonergic system. This may provide at least a partial explanation for why
the classical tricyclic antidepressants, many of which act selectively on noradrenergic neurons,
are not efficacious in children and adolescents. Since this system is not as fully developed, the
drugs that act on it do not produce the same effects as found in adults. In contrast, SSRIs act
on a more rapidly maturing system and would be expected to produce clinical antidepressant
effects similar to adults at earlier ages.

Biochemical and Pharmacological Development of Neurotransmitter

Systems

Norepinephrine

Cell bodies expressing tyrosine hydroxylase, the rate-limiting enzyme for norepinephrine
synthesis, can be detected by 4 weeks of gestation in humans and norepinephrine itself is
detectable by 5-6 weeks [10;11]. By 8 weeks of gestation, noradrenergic axons have penetrated
the cortical anlage [11]. A similar pattern is seen in rhesus monkeys, with tyrosine hydroxylase-
containing cell bodies appearing in the locus coeruleus by weeks 4-5 of gestation and axons
appearing in the cortical anlage by week 10 [11]. In prefrontal cortex of rhesus monkey, tyrosine
hydroxylase-positive axons mature quite slowly. At 6 months of age they are only half the adult
density and it takes two years to finally reach full maturity [12]. This contrasts with serotonergic
innervation, which develops much more rapidly.

Norepinephrine levels in humans increase throughout the first trimester, especially from about
two months of gestation forward. Following the initial increase in spinal norepinephrine, a
decrease of 30-40% in concentration occurs between 6 months of gestation and early childhood
[13]. Similar to nerve terminals, development of norepinephrine content is slower than that for
serotonin or dopamine, based on studies in rhesus monkeys. It takes at least two to three years
for norepinephrine content to reach adult levels in most regions of the monkey cortex [14;
15].

Noradrenergic neurons differentiate in rats between gestational day (GD) 10 and 13 [16;17].
At the end of noradrenergic cellular division, a time when the full complement of cells appears
to be present, these neurons express the synthetic enzymes for norepinephrine and
norepinephrine itself. From this point forward there is a steady differentiation and a nearly
linear development of markers for noradrenergic neurons in CNS, increasing approximately
100- to 1000-fold by adulthood [18]. Axonal projections reach most regions of the fetal brain
by a week before birth and start to form terminal varicosities. Well before one week of age the
number of monoamine cell bodies has reached adult levels, but the corresponding nerve
terminals continue to proliferate for several more weeks [19].

The most detailed analysis of noradrenergic neuron terminal development in rats has focused
on the cortex. Noradrenergic projections to cortex appear between GD 16 and 18 [16;20]. The
timing of noradrenergic cortical innervation coincides with many important events relevant to
cortical development. Cortical neurogenesis, for example, begins in the deep layers at GD13,
with more superficial layers exhibiting neurogenesis until GD20 [21]. The migration of cortical
neurons begins about GD13 and continues through early postnatal development. Further
maturation of cortical neurons, i.e., sprouting of cellular processes and formation of synaptic
contacts with neighboring neurons, occurs largely within the first three weeks of postnatal
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development, a time period in which noradrenergic innervation is increasing to adult levels
[21;22].

In parallel with primates, development of norepinephrine concentrations to adult levels in rat
brain is relatively slow compared to serotonin. While norepinephrine levels increase steadily
from birth onward, full adult concentrations are not reached until 30-40 days postnatally
[23-25]. In lower brainstem and cerebellum norepinephrine reaches adult levels somewhat
earlier, at 2-3 weeks postnatally, but these regions are the exception to the general rule [25].

Serotonin is one of the first neurotransmitter systems to develop in the mammalian brain [26;
27]. Serotonin content, serotonin uptake sites, and serotonin receptor binding measured in
animal studies are all generally higher in the developing brain as compared with adult values,
and then decline before puberty.

In humans, serotonin immunoreactive neuroblasts (5-HT-IR) are evident at 5 weeks of
gestation [10;28]. In the pons a bilaterally symmetrical very dense group of 5-HT-IR
neuroblasts is located close to the midline. At 11 weeks gestational age, these 5-HT-IR neurons
form a dense group covering two-thirds of the dorsal to the ventral surface. A similar
developmental pattern is seen in the rostral medulla oblongata [10].

In humans serotonin is detected by 5 weeks of gestation [10]. In the pons, there is a steady
increase up to 8 weeks followed by a steep rise between 8 and 12 weeks. The levels of serotonin
are significantly higher than those of norepinephrine. The amount of serotonin in medulla
oblongata, on the other hand, is lower [10].

The serotonin inputs to pyramidal and nonpyramidal cells in prefrontal cortex have been
quantified in rhesus monkeys ranging in age from 2 weeks to 10 years [12]. The density of
serotonin appositions on these cells reaches the adult level before the second week after birth
and remains constant over the age range studied. By contrast, the density of catecholamine
appositions matures slowly, reaching only half the adult level by 6 months of age and thereafter
rising gradually to adult levels by 2 years of age [12].

The development of serotonin content has been studied in some detail in various regions of the
cerebral cortex of rhesus monkey [15]. In the prefrontal, visual, somatosensory, posterior
parietal and motor cortices, serotonin content appears to reach adult values by 2 months of age
and to show little change after this point. By comparison to norepinephrine and dopamine,
serotonin content shows the least dramatic and most rapid development [15]. In the cat occipital
cortex, the levels at birth are approximately 25% of adult levels and peak at levels higher than
the adult at 3—6 weeks [29]. By contrast, norepinephrine levels are at less than 10% of adult
levels at birth and increase slowly, only reaching about 50% of adult levels by 11 weeks after
birth.

In the rat, early neuroembryonic studies compared the appearance of fluorescent cells
containing serotonin, dopamine and norepinephrine. Neurons containing serotonin first were
observed in the 8 mm embryo, dopamine at 9 mm, and norepinephrine at 11 mm [30]. In more
detailed studies, serotonin positive neurons are first evident as early as E12—-E13 and by EI9
they are distributed in groups that are similar to those seen in the adult [31;32]. Serotonin fiber
projections can be detected by E14 and they reach the frontal neocortical pole by E17 [32]. Up
to the end of the first postnatal week there is rapid growth of serotonin dendrites into the form
seen in the adult rat, and the adult pattern is well established by the 3" postnatal week [24;
33]. By contrast, for norepinephrine neurons, the adult pattern is not obtained until the 4t to
5t postnatal week [24]. By 15 days of age, synaptogenesis is at approximately 75% of adult
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levels in the raphe nucleus (serotonin) where as it is only at 55% of adult levels in the locus
coeruleus (norepinephrine) [34]. In the cerebral cortex of the rat, the serotonergic innervation
pattern characteristic of the adult cortex is attained by the end of the 3" postnatal week [35].
In the visual cortex the proportion of serotonin-containing axonal varicosities forming synapses
increased gradually from birth to reach a peak at the end of the 2" week, coinciding with the
period of maturation of the neuronal circuitry of this cortical area. In the basal forebrain the
percentage of serotonin varicosities engaged in synaptic junctions increased from birth to adult
levels by the end of the 2" postnatal week, then declined in the following week before
increasing again [36]. By contrast, the motor cortex showed a continuous increase in the
proportion of serotonin varicosities engaged in synaptic contacts from birth to 5 weeks of age
[35]. Serotonin levels in rat CNS are low at birth and generally peak around PND 21-30 and
then decline somewhat to adult levels [19;37].

Development of Neurotransmitter Synthetic Enzymes

Norepinephrine

Serotonin

As would be anticipated, the appearance of the synthetic enzymes for norepinephrine during
development parallels the appearance of the neurotransmitter itself. None of the enzymes,
tyrosine hydroxylase (TH), aromatic amino acid decarboxylase (AADC) or dopamine f-
hydroxylase (DBH), are specific to just the norepinephrine synthetic pathway, although DBH
comes close since there is very little epinephrine in the brain. Several studies have found that
immunohistochemical analysis of TH identifies primarily dopaminergic neurons and that DBH
is the more reliable for noradrenergic neurons.

The early gestational development of TH-expressing cells in humans prior to establishment of
the noradrenergic neuronal system has been described in some detail [11], although additional
information is still needed, especially for the late gestation period and later [38]. Studies in
humans and rhesus monkeys indicate that catecholamine neuron cell bodies, including
noradrenergic cell bodies, appear very early in CNS development [11;39]. However, following
this initial period, the complete development of the noradrenergic system is quite protracted,
requiring at least two years to reach adult levels in rhesus cortex [14;39]. In contrast, the
serotonin system develops more rapidly in these same primates, reaching stable serotonin
concentrations in some cortical regions, such as parietal and visual cortex, by eight months of
age [14]. Presumably humans follow a similar, but more extended, pattern.

TH can be detected in fetal rat brain at 15 days of gestation, right after the norepinephrine
neurons have finished dividing [40]. There is a burst of development between days 15 and 17
of gestation and a shift in distribution of TH from regions containing cell bodies to regions that
contain only terminals. There are also regional differences in TH appearance. In striatum, where
TH is primarily associated with DA terminals, the enzyme increases dramatically in the second
postnatal week. In cortex, where TH is primarily associated with norepinephrine neurons, the
greatest increase occurs after one month of age. This parallels the appearance of norepinephrine
in developing brain [41]. The two enzymes following the rate-limiting TH in norepinephrine
synthesis are AADC and DBH. The developmental pattern of both follows closely the patterns
for TH and norepinephrine [42;43].

Studies on the development of the serotonin synthetic system are limited. The serotonin
synthesis capacity in humans (as determined using a[11C]methyl-tryptophan and positron
emission tomography) is highest between ages 2 and 5, being approximately twice that of the
adult, and then declines to adult levels by about 11 years of age. [44]. In the rat, tryptophan
hydroxylase (the rate limiting step in the synthesis of serotonin) is found in early developing
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neurons [26], and reaches peak levels of activity well before tyrosine hydroxylase [45]. Other
studies demonstrating serotonin-containing cells by E12-E13, although not directly examining
the enzymes, imply that both tryptophan hydroxylase and AADC are present [30;32]. These
findings are consistent with the idea that the serotonin system develops early and plays an
important role in regulation of development [46;47].

Development of Neurotransmitter Receptors

Adrenergic Receptors

The adrenergic receptor family consists of three types, alpha-1, alpha-2 and beta. These
receptor families have distinct pharmacological characteristics, molecular structures and signal
transduction pathways. Each of the three main types of adrenergic receptors in turn have three
subtypes (alpha-1A, -1B, -1D; alpha-2A, -2B, -2C; beta-1, -2, -3) [48;49]. All are G protein-
coupled receptors, with alpha-1 receptors coupled to G, alpha-2 receptors coupled to Gjj, and
beta receptors coupled to Gs.

The developmental profiles of the three major groups of adrenergic receptors have been studied
to varying extents, primarily in rodents. Considerable attention has been paid to developmental
issues concerning beta adrenergic receptors, both in CNS and in peripheral tissues, especially
heart. Alpha-2 adrenergic receptors have also been examined extensively during development,
particularly in the CNS, while alpha-1 adrenergic receptors have received less attention, even
though they are densely expressed in CNS. Due to difficulties in obtaining tissue and
maintaining it in suitable condition for receptors studies, few, if any, studies have been carried
out in humans. Development of more sophisticated and more sensitive in vivo imaging
techniques may alleviate this discrepancy in the future.

Alpha-1 adrenergic receptors—In early studies, alpha-1 adrenergic receptors were found
at very low levels in rat brain at time of birth. They subsequently increase to greater than adult
levels by PND20, with a particularly rapid increase between PND 15 and PND 20 [23]. Alpha-1
receptors then decrease to adult levels in the following weeks. More detailed analyses indicate
there are regional differences in developmental patterns, similar to the findings with many
other receptors. In some brain regions, such as globus pallidus, there are significant levels of
alpha-1 adrenergic receptors at birth, peaking in density in the first two weeks postnatally and
subsequently decreasing to much lower levels in adults [50]. Most regions, however, follow
the pattern for whole brain, increasing to adult levels or greater than adult levels in the first
three weeks postnatally and then stabilizing at adult levels over the next month [51]. A similar
pattern has been found in kitten visual cortex, although the increase to maximum density and
the subsequent decrease to adult levels are much more dramatic [52], indicating significant
species differences in alpha-1 adrenergic receptor development. A detailed analysis of alpha-1
adrenergic receptor development in CNS of any species has yet to be published.

Alpha-2 adrenergic receptors—Alpha-2 adrenergic receptors have three subtypes,
alpha-2A, alpha-2B and alpha-2C, and are widely distributed throughout the central nervous
system [49;53-55]. Each of these subtypes exhibit a distinct transcriptional profile in
developing brain.

As early as E19 alpha-2A mRNA is expressed at high levels in the rat cortex and olfactory
system, equivalent to what is seen in the adult brain. In areas such as the basal ganglia,
amygdala, thalamus, spinal cord and brainstem of the rat, alpha-2A mRNA is expressed at high
levels in early development and then decreases with subsequent maturation of the nervous
system [56].
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In contrast to alpha-2A, alpha-2B mRNA is not present in most rat brain structures in early
development, but slowly increases with CNS maturation. Alpha-2B is differentially regulated
in sensory and non-sensory thalamic nuclei with sensory nuclei exhibiting expression as early
as PND 3. Non-sensory nuclei lag and express mRNA at PND 14. Alpha-2B mRNA is
transiently expressed at high levels in developing cerebellum and striatum and is enriched in
cerebellar Purkinje cells as early as E21, then disappears with subsequent development [57].

Alpha-2C mRNA is highly expressed within the CA1 pyramidal cell layer of the rat at PND1
and decreases slightly by adulthood. This subtype also displays transient developmental
enrichments in the molecular layer of the cerebellum that disappear with adulthood [58]. In
many areas of the developing brain, including the olfactory system and hippocampus, alpha2-
C mRNA is expressed at adult levels at birth [58].

In the majority of rat brain regions alpha-2 adrenergic receptor protein increases progressively
during the postnatal period [23;59;60]. Alpha-2 adrenergic receptor density in most regions
increases after birth and reaches maximum levels at about PND 15 [61]. The period between
PND 10 to 15 appears to be particularly important because nearly all brain regions exhibit a
major increase in alpha-2 receptor levels in the rat. This is a period of intense synaptogenesis
in rat brain and the increase in alpha-2 adrenergic receptor densities is consistent with this.
Thereafter receptor levels remain the same or slightly decrease to adult levels.

A more detailed anatomical analysis indicates there is considerable variation from region to
region in development of alpha-2 adrenergic receptors [61]. Although alpha-2 adrenergic
receptors reach their highest levels in many brain regions during the second postnatal week, a
time of intense synaptogenesis in the rat, the timing and pattern of alpha-2 receptor expression
during development varies from region to region. In some regions, such as some cortical and
limbic system areas, receptor density increases beyond adult levels and then declines later in
the postnatal period to adult levels. In a few regions, such as the striatum, there is a transient
spike in receptor expression two to three weeks postnatally. In other rat brain regions, such as
locus coeruleus and some midbrain nuclei, alpha-2 adrenergic receptors show significant early
development and have near adult receptor densities at birth. Finally there are regions in which
receptor levels are transiently expressed at very high levels early in the postnatal period and
then decline to very low levels in the adult or disappear entirely. These areas include the
cerebellum, several white matter tracts and many brain stem nuclei [61;62].

Particularly interesting examples of the latter are the corpus callosum and anterior commissure
[62]. Alpha-2 adrenergic receptors are present in these fiber tracts as early as gestational day
(GD20), and are expressed strongly throughout the first postnatal week. These receptors appear
to be expressed in axons and perhaps in glia. On the other hand, in situ hybridization studies
indicate the receptors are synthesized at sites distant from the white matter tracts. They are
functionally linked to G proteins, as demonstrated with [3°S]GTPyS autoradiography, and so
apparently play a role in the early development of these tracts, even though there is no obvious
source of norepinephrine to stimulate them. By PND 14 their expression is largely eliminated
and very few remain in white matter tracts of the adult animal, suggesting their function in
these structures is limited to the developmental period.

Beta Adrenergic receptors—The postnatal development of beta adrenergic receptors has
been analyzed primarily with membrane binding techniques. As a result, there is relatively
little anatomical information on development and apparently no quantitative anatomical data.
Beta adrenergic receptors have been detected in the forebrain of rats very shortly after final
differentiation of noradrenergic neurons [63]. However, their levels remain relatively constant
until birth, after which beta adrenergic receptors develop rapidly, reaching adults levels within
two to three weeks of age.
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In the rat cerebral cortex, beta adrenergic receptors are very low in density shortly after birth.
In the second postnatal week there is a very rapid increase in receptor density and greater than
adult levels of receptor are reached by PND 15 to 21 [64;65]. This increase is followed by a
slow decline to adult levels over the next several months [65;66]. Throughout cortical
development, the proportion of beta-1 to beta-2 receptors remains relatively constant, with
beta-1 receptors making up about 80% of the total [65].

The increase in beta receptor density is paralleled by an increase in catecholamine-stimulated
adenylyl cyclase activity [64;67], amarker for beta adrenergic receptor function. Total adenylyl
cyclase activity develops steadily and more slowly than beta adrenergic receptor expression
from the prenatal period on, reaching adult levels at about one month of age. Norepinephrine-
stimulated adenylate cyclase activity correlates with beta adrenergic receptor development
rather than adenylyl cyclase activity development, indicating that the receptors are fully
functional throughout development and that receptor expression governs development of
receptor function [64;67].

Cerebellar beta adrenergic receptor development follows a slower time course, as would be
expected for a late developing brain region. Beta adrenergic receptor levels in the rat are very
low at PND 5 and increase gradually but steadily, attaining adult levels at about 6 weeks of
age [65]. In cerebellum development of beta-1 and beta-2 receptors follows distinct patterns,
in contrast to cortex. Although beta-2 receptors are always the dominant subtype, in the early
postnatal period betal receptors make up almost 20% of the total. After peaking in density at
day 20, beta-1 receptors decline slowly in cerebellum, reaching their final low density at PND
90, accounting for about 2% of the total beta adrenergic receptor population at that time [65].
Thus, total beta adrenergic receptor and subtype developmental patterns are distinct for
different rat brain regions. Similar findings for beta-1 and beta-2 receptors have been reported
by others [66], although differences in methodology and brain dissections make comparisons
difficult. The time course of beta adrenergic receptor development is similar in other species,
although due to the scarcity of studies and differences in methods it is difficult to make exact
comparisons. The development of beta adrenergic receptors in human brain has not been
reported.

Serotonergic Receptors

The family of serotonin receptors consists of seven types (5SHT1-7), classified according to
their pharmacological, structural and signal transduction characteristics. Several of these main
types have multiple subtypes (i.e., 1A, 1B, 1D, 1E, 1F, 2A, 2B, 2C, 5A, 5B). One, the 5HT3,
is a ligand-gated ion channel, and the others are all G protein-coupled receptors [68]. As a
general rule, serotonergic receptors in both humans and rats attain peak levels in fetal or early
neonatal life and then decrease to adult levels [69].

High densities of 5-HT1A receptors ([3H]8-OH-DPAT binding), 3- to 6-fold higher than adult
levels, are present the human fetal brain between the 161 and 22" weeks of gestation, but the
neuroanatomical distribution of the receptor is similar to the adult pattern [70]. For example,
at 16 weeks of gestation in the frontal cortex and the CA 1 field of the hippocampus, the receptor
levels are 4- and 5-fold higher respectively than in the adult. In the hippocampal dentate gyrus
the 5-HT1A receptor density at 16 weeks of gestation is 6-fold higher than in the adult [70].

Receptors for serotonin also exhibit high densities during development in the rat and cat. At
birth, rat 5-HT1 receptors (serotonin binding) in the brainstem are expressed at higher than
adult levels and appear to be fully functional [71]. By day 15 the levels are similar to those in
the adult. In the striatum, [3H]5-HT binding is only 12 % of adult levels at birth but increases
rapidly to 150% of adult levels by 3 weeks of age, whereas in the hippocampus and cortex, the
levels increase to 75% of adult levels by 3 weeks [72]. In the rat visual cortex, levels of [3H]
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5-HT binding is twice that of the adult on the fourth day after birth, and then decrease to adult
levels [73]. Similarly in cat occipital cortex the amount of serotonin binding is close that seen
in the adult at birth and peaks at over twice adult levels at week 4 after birth [29].

In the rat lateral lemniscus, 5-HT1A receptor levels ([3H]8-OH-DPAT binding) are higher at
birth than in the adult, and peak at 2 weeks of age before declining to adult levels [74]. By
contrast, the 5-HT1A receptor in the dentate gyrus is at about 30% of adult levels at birth and
increases to adult levels by 3 weeks of age [74].

Rat 5-HT 2 receptors (whole brain), measured with [3H]ketanserin increased 8-fold between
embryonic day 17 and postnatal day 13, and then declined to adult levels [75]. The ontogenetic
distribution of 5-HT2C, 5-HT5A, and 5-HT7 receptors had been reported in four regions of

the rat hippocampus using immunocytochemical techniques. In general, the receptor levels are
highest at birth and then decrease to adult levels. In several brain regions for the 5-HT5A, and
5-HT7, the lowest level was observed at postnatal day 11, and then the recover slightly to adult
levels [76]. Studies of the development of other serotonin receptors have not been published.

The expression of the mRNA for the Gj; coupled 5-HT1 serotonin receptor subtypes (5-HT1A,
1B, 1D and 1F) during fetal and early postnatal mouse forebrain development has been
determined by in situ hybridization [77]. All 5-HT1 receptor subtypes are expressed by
embryonic day (E) 14.5 in the forebrain. The 5-HT1A transcript is expressed densely in E14.5—
16.5 thalamus, in hippocampus, and in a medial to lateral gradient in cortex, whereas the 5-
HT1B receptor mMRNA is expressed in more lateral parts of the dorsal thalamus and in the
striatum at these ages. The 5-HT1D message is also expressed heavily in E14.5-E16.5 thalamus
and then decreases by birth. The 5-HT1F mRNA is present in proliferative regions such as the
cortical ventricular zone, ganglionic eminences, and medial aspects of the thalamus at E14.5—
16.5 [77].

While limited both in terms of the number of receptors and species examined, the findings on
norepinephrine and serotonin receptor development parallel the findings with other markers
for these neuronal systems. In general, the serotonin receptors develop more rapidly and reach
adult levels earlier compared to norepinephrine receptors. This is again consistent with the
earlier clinical effectiveness of antidepressant drugs which preferentially act on serotonin
neurons compared to drugs acting preferentially on norepinephrine neurons.

Development of Neurotransmitter Transporters

Norepinephrine Transporter

The innervation of the CNS by noradrenergic neurons is widespread and these neurons are
known to be involved in many aspects of CNS physiology [78]. The norepinephrine transporter
(NET) plays a major role in regulating noradrenergic signaling. It is, therefore, not surprising
that NET is the target of several drugs, including antidepressants and many drugs of abuse.
Since NET is the target of several antidepressants that are ineffective in juveniles but highly
effective in adults, the developmental expression of this protein is naturally of interest in
analysis of this differential response in depression treatment. Similar to studies on receptors,
analysis of the development of NET has, to present, been carried out almost exclusively in
rodents.

NET density of expression in rats increases with development in forebrain regions [79]. At
PND 5 and 10 the transporter is expressed at very low levels throughout the brain, but by PND
15 NET density increases greatly in most forebrain regions. From PND 15 to 25 a higher level
of NET expression is evident that subsequently decreases slightly in many areas of the adult
brain. By contrast, brainstem and cerebellum NET expression is highest during early postnatal
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development and decreases dramatically in the adult brain. This was true for the brainstem as
awhole and for discrete brainstem regions, such as the noradrenergic nucleus A5 and the locus
coeruleus.

Development of NET temporally coincides with the development of adult noradrenergic
innervation. It has been reported, for example, that noradrenergic innervation attains adult
patterns and densities during the second to third week of postnatal development in the rat
[80] and an adult-like pattern of transporter expression emerges during this same time frame.
NET expression increases most dramatically between PND 10 and PND 15, the same time
frame during which forebrain alpha-2 adrenergic receptors demonstrate a large increase [61].

Studies of noradrenergic innervation of the rat brain have found a steady increase in
noradrenergic fiber density and synapses during the first two postnatal weeks [81]. The lack
of synchrony between these two markers for noradrenergic neurons suggests that the
developmental increases in NET during this five day period (PND 10 to PND 15) may be
attributable to the robust synaptogenesis that exceeds the appearance of new terminals during
this stage of brain development. Large increases in immediate early gene expression have also
been documented within this period in the rat and are attributed to synaptogenesis [82]. The
finding that forebrain NET densities slightly decrease from PND 25 to adulthood [79] is
consistent with studies which found a similar decrease in NET between PND 25 and adulthood
within the frontal cortex [83]. It suggests a final developmental pruning of noradrenergic
innervation takes place during this time.

In summary, studies reveal a dynamic CNS ontogeny of the NET. There is sparse forebrain
NET expression during the first ten days of postnatal development. At PND 15 NET density
has increased substantially, developmentally coinciding with adult noradrenergic terminal
distribution and locus coeruleus activity. Developmental increases in forebrain contrast with
decreases in hindbrain structures. The early presence of NET in hindbrain suggests an important
developmental role for the NET and/or norepinephrine in these structures and suggests that the
development of this region may be susceptible to antidepressants and CNS stimulants with
high affinities for the NET.

Serotonin Transporter

The high-affinity serotonin transporter (SERT) is a marker of serotoninergic axons and allows
visualization of serotonin afferents. There are few developmental studies of this serotonergic
marker. The development of the serotonin transporter in the human cerebral cortex has been
investigated using antibodies to SERT. SERT-positive fibers reach the cortical anlage at
gestational week 8, reach the subplate at gestational week 10 and enter the cortical plate at
gestational week 13 [38].

In rats MRNA for SERT can be found as early as E10, making it one of the earliest markers
for neurotransmitters to be detected [84]. By E13 there is strong expression of message for
SERT in the raphe nuclei and this continues into adulthood. There is also a coincident strong
expression of tryptophan hydroxylase immunoreactivity from birth onward, supporting the
identification of these neurons as serotonergic [84]. The uptake of [*4C]5-HT is fully at adult
levels at birth in rat brain synaptosomes. By five weeks of age, the amount of uptake is double
that seen in the adult and then decreases to adult levels [85].

In addition to development in serotonergic neurons, there is transient expression of SERT
mMRNA in many brain regions in neurons that do not appear to be serotonergic [84;86]. This
transient expression appears to be exclusive to SERT among the monoamine transporters.
Whether all of these regions also express the protein has not yet been determined and the
significance of this transient expression is not clear. Nevertheless, since this expression occurs
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during prenatal and postanal development, it suggests additional brain regions in which
exposure to drugs acting on SERT may alter the normal course of development.

Even though the data for NET are very limited in terms of species and for SERT in the number
and extent of studies published, the results are again consistent with the idea that the serotonin
system, in this case SERT, develops more quickly and reaches maturity at an earlier time point
than the norepinephrine system. This would lead to drugs acting on SERT producing effects
similar to those found in adults earlier in the course of development compared to drugs acting
on NET. It also suggests that drugs acting on SERT could produce changes in CNS
development at an earlier stage than would be found for drugs acting on NET.

Functional development of Neurotransmitter Systems

Norepinephrine

Characterization of the functional development of neurotransmitter systems in the CNS
depends not only on the neurotransmitter, its receptors and the metabolic machinery involved,
but also upon the behavior, functional linkage or signaling pathway under consideration.
Because signal transduction assays for some receptors, such as the alpha-1 adrenergic
receptors, are difficult and/or not highly sensitive, particularly when the amount of tissue
available is very small, there have been few studies of the functional development of adrenergic
systems. To date, studies of the functional development of alpha-1 adrenergic receptors have
not been published.

Studies of electrical activity in the developing locus coeruleus have shown that the spontaneous
firing rate of noradrenergic neurons in rats of PND 7 to 18 is significantly greater than that
seen in PND 1 to 6. Furthermore the adult spontaneous firing rate in locus coeruleus is reached
by PND 20 [80]. This study illustrates a timeline of emerging LC activity which is consistent
with emergence of adult innervation patterns and profiles of norepinephrine transporter
expression.

Because the adrenergic receptors are G protein-coupled receptors, the first sites of interaction
for the receptors are with the G proteins themselves. This linkage can be assayed using [3°S]
GTPyS assays. However, because [3°S]GTPyS assays of receptors linked to Gj, proteins are
much more sensitive than assays for receptors linked to other G proteins, nearly all
developmental work has focused on Gj, receptors. In the case of the adrenergic receptors,
these are the alpha-2 adrenergic receptors. In forebrain the alpha-2 adrenergic receptor agonist-
stimulated [3°S]GTPyS binding increases rapidly after PND 7, reaching highest levels at PND
21 and then declining slightly to adult levels [59]. This binding increases more slowly than
receptor number, suggesting the appearance of G proteins, rather than alpha-2 adrenergic
receptors, determines the developmental appearance of functional receptors in forebrain. In
agreement with this, basal [3*S]GTPyS binding and [3®S]GTPyS binding stimulated by other
neurotransmitter receptor systems (GABA-B, mu opiate and muscarinic) increase with a time
course similar to alpha-2 adrenergic receptor-stimulated [3*S]JGTPyS binding. In contrast, in
hindbrain alpha-2 adrenergic receptor-stimulated [3°S]GTPyS binding decreases during
postnatal development in parallel with the decrease in alpha-2 adrenergic receptor levels,
whereas [3°S]GTPyS binding stimulated by other neurotransmitter receptor systems increases
in parallel with basal [3°S]GTPyS binding. Functional receptor-G protein coupling in
hindbrain, as in forebrain, appears dependent on the developmental appearance of G proteins
for most neurotransmitter systems. However, for alpha-2 adrenergic receptors the decrease in
receptor density is the overriding factor [59]. Other studies have shown a functional linkage
for alpha-2 adrenergic receptors as early as GD 20 using the [3°S]GTPyS autoradiographic
approach [62].
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We and others have shown that developing and mature brains are differentially regulated by
the noradrenergic system. The developing brain responds to increased norepinephrine levels
by up-regulating the density of alpha-2 adrenergic receptors. This response differs from that
in the adult brain, which down-regulates alpha-2 adrenergic receptors in response to increased
synaptic norepinephrine, and up-regulates alpha-2 adrenergic receptors in its absence [87—
92]. The developing brain further differs from the adult in the regulation of immediate early
genes by norepinephrine. Depletion of norepinephrine produces little or no change in cortical
IEG levels throughout most of postnatal development, whereas in adults the loss of
norepinephrine leads to a decrease in IEG expression (J. Sanders, unpublished data). Another
difference in function of alpha-2 adrenergic receptors in developing and mature animals has
been shown in studies that demonstrate that stimulation of alpha-2 adrenergic receptors
activates ERK in developing but not in adult hippocampus [93].

On a behavioral level, the alpha-2 adrenergic receptor agonist clonidine produces a dose-
dependent hyperactivity (increases in locomotion, wall climbing and head raising) in 7-day old
rats, and to a lesser extent in 14-day old rats [94-96]. A dramatic shift occurs at day 21 when
the same doses of clonidine now induce catalepsy. The cataleptic effect of clonidine is also
observed at day 28, but declines markedly in frequency by day 35 [94]. Inthe adult rat, clonidine
produces a depression of activity without catalepsy. This represents another example in which
a drug acting on the noradrenergic system produces effects that differ in juveniles compared
to adults.

Functional development of beta adrenergic receptors has been examined, albeit briefly, via
analysis of stimulation of adenylyl cyclase by beta adrenergic receptors, a second step in the
signal transduction pathway. Increased cyclic AMP production by beta adrenergic receptor
agonists increases dramatically in the first two weeks postnatally. This change parallels
changes in beta adrenergic receptor density and is not tightly correlated with increases in basal
adenylyl cyclase activity, indicating that functional linkage to regulation of cyclic AMP levels
is dependent on the receptors themselves and not on the appearance of adenylyl cyclase [64].

The observed timeline for mature noradrenergic regulation correlates roughly with the
attainment of adult synaptic densities [22;97]. The rat brain exhibits very few synapses until
PND 10. Then, between PND 10 and 15 and PND 20 and 30 the brain undergoes robust
increases in synapse density. Around PND 25-30 this peaks, and a small decline occurs
between PND 30 and 60, at which point the adult density of synapses is achieved [22]. The
characteristic adult regulation of the brain by norepinephrine does not occur until after peak
synaptogenesis has occurred. Therefore it appears that cellular changes conferred by the
process of synapse formation and elimination are necessary prerequisites for the adult
regulation of the brain by norepinephrine.

Postsynaptic serotonin-sensitive adenylate cyclase is found in various structures of the central
nervous system in the rat and the guinea pig [98]. At birth, the regional distribution of this
enzyme in the rat brain was closely correlated with the topographical distribution of the
serotonergic innervation in young (9-day-old) as well as adult animals, and appears to be
associated with postsynaptic serotonin receptors in the brain. During development, in both the
rat and the guinea pig, the amount of cyclic AMP formed in response to an optimal
concentration of serotonin in a given area remained constant, indicating that this functional
system in these species is essentially mature at birth [98]. In both the rat hippocampus and
cerebral cortex, serotonin-sensitive adenylate cyclase is higher than adult levels at birth and
peaks at about 3 times adult levels between 2 and 3 weeks of age [72]. By contrast in the
striatum, the serotonin-sensitive cyclase is only 20% of adult levels at birth and increases to
150% of birth levels by 3 weeks of age [72].
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Activation of 5-HT1A receptors in rats produces hypothermia and several behaviors known
collectively as the serotonin syndrome. The age of onset for most serotonin syndrome behaviors
induced by 8-OH-DPAT is the first week of life. These behaviors attain maximal intensities at
ages 7 to 14 days, and then decrease [99]. By contrast, agonist-induced hypothermia is
relatively constant beginning at one week of age. Stimulation of 5-HT2A receptors produces
a characteristic behavior known as wet-dog shakes. The onset of 1-(2,5-dimethoxy-4-
iodophenyl)-2-aminopropane (DOI)-induced wet-dog shakes occurs after PD 14, it reaches its
maximal intensity by PD 18, which persists up to PD 60, and then declines [99].

As would be expected, the data examining functions of noradrenergic and serotonergic systems
parallels studies examining the biochemical foundations for these functions. In general, the
function of serotonergic systems develops earlier and attains adult status much more quickly
than function of noradrenergic systems.

Conclusion

The dominant pattern that emerges from the studies summarized here that is relevant to the
effect of drugs on the central nervous system is that serotonergic systems generally develop
more quickly and attain adult configurations earlier in development than noradrenergic
systems. Table 1 compares the time during development that various parameters associated
with the central adrenergic and serotonergic systems of several species reach adult levels. In
all cases, the serotonergic parameters reach adult levels much sooner than the adrenergic
parameters, indicating the more rapid maturation of the serotonergic system. In addition to this
general pattern, there are both regional differences in the development of these
neurotransmitters as well as transient expression of some markers, particularly the serotonin
transporter, which may impact the effects of drugs on CNS function. Consideration of these
detailed differences is beyond the scope of this review.

There is considerable evidence that both the noradrenergic and serotonergic systems play
important roles in regulating the development of the central nervous system. The differences
in development between these two systems suggest that drugs acting on serotonergic neurons
may be more likely to have adverse effects during earlier stages of development when compared
to drugs acting primarily on noradrenergic systems. This could be an important factor in
treatment of depression during pregnancy.

Tricyclic antidepressants, monoamine oxidase inhibitors and venlafaxine are effective in the
treatment of adult depression, but do not appear to be effective in children [1-3;100]. Much of
the clinical efficacy of these agents is attributable to their actions on the noradrenergic system.
In contrast, antidepressants that work primarily on the serotonergic system, such as the
serotonin selective reuptake inhibitors (SSRIs), are effective in treating childhood and
adolescent depression [3;100]. The temporal differences in development of these two
neurotransmitter systems may provide at least a partial explanation for this. Markers for the
serotonergic system reach adult stages of development more rapidly than markers for the
noradrenergic system, in some cases far more rapidly. If the beneficial effects of antidepressant
drugs in the treatment of depression require the neurotransmitter system on which they act
predominantly to be fully mature, it would be expected that drugs acting on the serotonergic
system would be effective earlier in development than drugs acting primarily on noradrenergic
systems. These insights may lead to new and better therapeutic approaches for the treatment
of childhood and adolescent depression, as well as other disorders for this age group.
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Table 1

Indicators of maturation of adrenergic and serotonergic systems in the mammalian brain

Parameter / Species Reaches Adult Levels
Norepinephrineg| Serotonin

Innervation / Rat 5 weeks 3 weeks
Innervation / Monkey 2 years 2 weeks
Neurotransmitter / Rat 5 weeks 3 weeks
Neurotransmitter / monkey| 2 years 2 months
Neurotransmitter / Cat > 11 weeks 3 weeks
Transporters / Rat 3 weeks birth
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