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Abstract

Developmental exposure to unrelated neurotoxicants can nevertheless converge on common final
targets so as to exacerbate damage or functional deficits. We examined the effects of developmental
exposure to terbutaline, a Bo-adrenergic receptor agonist used to arrest preterm labor, and
chlorpyrifos, a widely used organophosphate pesticide, on serotonin (5HT) systems. Treatments were
chosen to parallel periods typical of human developmental exposures, terbutaline (10 mg/kg) on
postnatal days (PN) 2-5 and chlorpyrifos (5 mg/kg) on PN11-14, with assessments conducted in
juvenile and adolescent stages (PN21, PN30 and PN45), comparing each agent alone as well as
sequential administration of both. By itself, terbutaline produced persistent SHT presynaptic
hyperactivity as evidenced by increased 5SHT turnover in brain regions containing SHT terminal
zones; this effect was similar to that seen in earlier studies with chlorpyrifos administration during
the same early postnatal period. Later administration of chlorpyrifos (PN11-14) produced a transient
increase in SHT turnover during the juvenile stage, and the sequential exposure paradigm, terbutaline
followed by chlorpyrifos, showed a corresponding increase in effect over either agent alone. In
combination with our earlier work on 5HT receptors, these results indicate that terbutaline is a
developmental neurotoxicant that targets the SHT system, findings that lend a mechanistic
underpinning to clinical indications of elevated childhood psychiatric disorders in the offspring of
women treated with B-agonist tocolytics. Equally importantly, the interaction between terbutaline
and chlorpyrifos suggests that tocolytic therapy may alter the subsequent susceptibility to common
environmental toxicants.
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Introduction

Itis increasingly evident that events in fetal stages contribute to the subsequent emergence of
disease states in childhood, adolescence or adulthood [16,21,22,36,41,50,53,63,79,82].
Although a variety of social and economic factors undoubtedly underlie the marked increases
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noted for obesity and affective or anxiety disorders, it has also been proposed that
environmental factors that target the functioning of serotonin (5HT), the neurotransmitter most
closely implicated in the control of appetite and mood, play a significant role [16,63,79,82].
Because disparate agents can converge on the programming of 5SHT development and function,
drugs and chemicals that have different fundamental mechanisms of action in the fetal brain
can nonetheless produce similar final outcomes because they ultimately converge on common
sets of developmental signals (reviews, [85,86].

In the current study, we focused on two seemingly unrelated agents that ultimately affect the
programming of 5HT synaptic development: terbutaline, a B-adrenergic receptor (BAR)
agonist, and chlorpyrifos, one of the most widely-used organophosphate pesticides. Terbutaline
is used “off-label” as a tocolytic to arrest preterm labor, which occurs in approximately 20%
of pregnancies in the U.S. [9,43]; although controlled studies show that it is ineffective for
maintenance tocolysis, it is still commonly given for that purpose [42,44,46,62,78]. The
passage of terbutaline across the placenta leads to inappropriate hyperstimulation of BARs in
the fetal brain, leading to morphological abnormalities and persistent alterations in synaptic
development and function [3,28,59,60,66,72]. Clinical studies indicate that maintenance
tocolytic therapy with BAR agonists leads to a significantly increased incidence of psychiatric
disorders as compared to preterm infants not exposed to these agents, with the differences first
emerging in childhood up to the preadolescent stage [54]. Recently, these findings have been
extended to include autism [17]. In our earlier work with terbutaline administered to developing
rats, we found that treatments simulating the neurodevelopmental period corresponding to its
use in preterm labor produced persistent overexpression of 5HT receptors in adulthood [3], a
finding characteristic of upregulation associated with deficient synaptic function.

Interestingly, we had similar findings for prenatal or early neonatal chlorpyrifos exposure
[1-3,5,69], suggesting a convergence of these two otherwise unrelated agents on a common set
of functional deficits related to 5SHT systems. Indeed, a connection of organophosphate
exposures to autism has been proposed [19,75], just as for terbutaline. Although recent U.S.
regulations have discontinued chlorpyrifos use in the home [80,81], its major application in
agriculture continues unabated, as does its residential use elsewhere in the world [14]. Indeed,
organophosphates account for over 50% of insecticide application worldwide, with
chlorpyrifos as the leading agent [14]. Additionally, given the ubiquitous exposure of the
human population to this agent [8,12,14], there is an ongoing legacy of adverse
neurodevelopmental consequences to be explored, and a recent study points out how exposures
below acceptable guidelines nevertheless have an impact on children's cognitive performance
[57].

Much more is known about the mechanisms, sequence of events and long-term consequences
on 5HT function for chlorpyrifos than for terbutaline. Prenatal or early neonatal chlorpyrifos
exposure produces permanent upregulation of 5SHT receptors in association with increased
presynaptic 5HT activity and persistent behavioral deficits, effects that are consistent with
miswiring of 5SHT circuits [1-5,56,69,70]. Importantly many of these aspects emerge in juvenile
to periadolescent stages after a period of apparent normality, thus implicating a change in the
programming of 5HT function [5,56,70]. Accordingly, the current study focuses on whether
neonatal terbutaline exposure, which also produces 5HT receptor upregulation in adulthood
[3], similarly exhibits 5SHT presynaptic hyperactivity in juvenile and/or adolescent stages. We
also determined whether sequential exposure to terbutaline followed by chlorpyrifos might
exacerbate the abnormalities of 5HT function; given the widespread use of terbutaline in
preterm labor and the ubiquitous exposure to organophosphates, this sequence mimics a
common scenario involving a subpopulation that might be especially vulnerable to
organophosphate-related developmental neurotoxicity [3,48,60]. We used treatments
appropriate to the corresponding peak periods of human fetal or neonatal exposures, given the
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fact that the rat is an altricial species [15,61]. We gave terbutaline on postnatal days (PN) 2-5,
analogous to the common use of this drug during the second trimester of human pregnancy
[43,44]; given the developmental timetable for development of the rat brain [15,61], the four
day treatment regimen corresponds to exposure over several weeks' duration in human fetal
development, thus mimicking maintenance tocolysis. Chlorpyrifos was administered on
PN11-14, corresponding to the higher human exposures in newborns and young children both
in typical domestic settings and in agricultural communities [24,25,31,37,45,52]. Notably,
chlorpyrifos by itself produces greater alterations in 5SHT systems when given earlier, either in
late gestation or just after birth [1-5,56,69,70]. However, for our purposes, we wanted a period
where the sensitivity to chlorpyrifos alone would be detectable but waning, so as to be able to
identify an interaction with terbutaline indicative of exacerbation of adverse effects.
Evaluations were conducted in the juvenile stage (PN21) as well as in early (PN30) and late
adolescence (PN45). Presynaptic activity was determined from the 5HT turnover rate as
assessed by ratio of the 5SHT metabolite, 5-hydroxyindoleacetic acid (5SHIAA) to 5HT [71,
84]. We examined brain regions with prominent 5HT innervation that are known to be targets
for terbutaline and chlorpyrifos [1-3,5,69,70] and that comprise the majority of 5SHT projections
(cerebral cortex, striatum, hippocampus), as well as regions containing 5HT cell bodies
(midbrain, brainstem).

All experiments using live animals were reviewed and approved by the Duke University
Institutional Animal Care and Use Committee, and were carried out in accordance with the
declaration of Helsinki and with the Guide for the Care and Use of Laboratory Animals as
adopted and promulgated by the National Institutes of Health. Twenty-four timed-pregnant
Sprague-Dawley rats were housed in breeding cages, with a 12-h light-dark cycle and free
access to food and water. Pups from all litters were randomized on the day after birth and
redistributed to the dams with litter sizes of 10 pups to ensure standardized nutrition and
maternal care. The animals were then divided into four treatment groups with six litters per
group: controls, those receiving terbutaline alone, those receiving chlorpyrifos alone, and those
receiving terbutaline followed by chlorpyrifos. To enable comparison across all four groups,
all animals were given two batteries of injections; that is, animals receiving terbutaline alone
were also given injections of the vehicle used for chlorpyrifos injections on PN11-14 whereas
animals receiving chlorpyrifos alone were given injections of the vehicle used for terbutaline
injection on PN2-5. The corresponding controls similarly received both sets of vehicle
injections. Randomization was repeated at intervals of several days to distribute any differences
in maternal caretaking equally among all litters. Weaning was carried out on PN21. For each
experiment, each litter contributed no more than one male and one female for each treatment

group.

Terbutaline sulfate (10 mg/kg s.c.; Sigma Chemical Co., St. Louis, MO) or equivalent volumes
of saline (1 ml/kg) were administered daily on PN2-5. This regimen elicits robust B-adrenergic
receptor stimulation in the neonate, simulating the effects seen with its use as a tocolytic,
including cardiac activation and enhancement of lung surfactant synthesis [6,28,39,40,49]. For
tocolytic therapy in humans, doses typically lie in the range of 0.5 mg/kg/day, but can also be
as high as 1-2 mg/kg/day [29,43]. In light of the fact that terbutaline has a much shorter half-
life in the rat [77] we used a proportionally higher dose.

On PN11-14, animals were treated with either chlorpyrifos (5 mg/kg s.c.) or vehicle (1 ml/kg)
on postnatal days 11-14. Chlorpyrifos was dissolved in dimethylsulfoxide to provide consistent
absorption [83]. This dose, which lies within the range of estimated fetal and neonatal
exposures from environmental exposure or home use of chlorpyrifos [24,31,52], has been
shown previously to produce delayed neurotoxicity in the developing rat brain without eliciting
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signs of systemic toxicity as evaluated by signs of cholinergic hyperstimulation, weight loss
or impaired viability [13,20,64,67,73,74,83]; notably, the neurodevelopmental defects include
effects on 5HT systems that emerge in adolescence and persist into adulthood [1-3,5,69,70].

Animals were decapitated on PN21, PN30 and PN45, with 12 animals for each treatment group
at each age, evenly divided between males and females. Blunt cuts were made through the
cerebellar peduncles, whereupon the cerebellum (including flocculi) was lifted from the
underlying tissue; a cut was then made rostral to the thalamus to separate the forebrain from
the midbrain+brainstem. The forebrain was further dissected further into cerebral cortex,
hippocampus and striatum, and the midbrain was separated from the brainstem, with the
exception that on PN21, the striatum was included in the region designated as “cerebral cortex.”
Tissues were frozen immediately in liquid nitrogen and maintained at —45°C until assayed. All
assays were run such that all the animals for all four groups were evaluated simultaneously to
ensure that day-to-day assay variations did not generate spurious treatment effects.

Tissues were thawed and homogenized in ice-cold 0.1 M perchloric acid and sedimented for
20 minat 18,000 x g. The supernatant solution was collected and aliquots were used for analysis
of 5HT and 5HIAA by high-performance liquid chromatography with electrochemical
detection [71,84]. Concurrently-run standards containing 5SHT and 5HIAA (Sigma Chemical
Co., St. Louis, MO), were used to calculate the regional content of each neurochemical.
Transmitter levels were calculated as ng per g tissue and ng per region, and, because there were
no treatment-related differences in brain region weights (see Results), the same effects were
obtained with either calculation. Because 5HT turnover is calculated as the ratio of SHIAA to
5HT, the values are independent of whether region or tissue weight is used as the denominator
term.

The studies involved a multivariate design, with factors of treatment, age, brain region and sex.
Accordingly, initial evaluations were conducted using a global ANOVA incorporating all
factors, using log-transformed values because of heterogeneity of variance among the different
regions and ages. Where significant treatment effects were found, these were followed by
lower-order ANOVAs and finally, individual values that differed from the corresponding
control or from other treatment groups were established post-hoc using Fisher's Protected Least
Significant Difference. We did not find significant sex differences in any of the treatment
effects (no treatment x sex interactions), so values are shown combined for males and females,
although the factor of sex was retained in performing the statistical evaluations. In order to
facilitate visual comparison of treatment effects in different regions and at different ages, results
are reported as the percentage change from control values but the statistical evaluations were
always conducted on the original data. For reference, the corresponding control determinations
appear in Table 1.

Multivariate ANOVA incorporating all treatments, regions, ages and both sexes, indicated
significant main treatment effects for both 5HT content (p < 0.05) and turnover (p < 0.0001).
Main effects were also detected for each treatment individually as compared to control:
terbutaline, p < 0.03 for content and p < 0.0001 for turnover; chlorpyrifos, p < 0.03 for turnover;
combined treatment, p < 0.04 for content and p < 0.0001 for turnover. In addition, the effects
of terbutaline were substantially greater than those of chlorpyrifos (p < 0.0006 for turnover),
as were the effects of combined treatment (p < 0.04 for content, p < 0.0001 for turnover).
Neither terbutaline nor chlorpyrifos treatment alone or in combination, elicited a significant
deficit in body or brain region weights at any age tested (data not shown), in agreement with
earlier studies [3,48,60].
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Significant treatment effects on 5HT systems were readily detected at weaning (PN21). For
5HT content, there was a small but significant overall reduction associated with all of the
treatments (Fig. 1A). However, there was a much more robust change in 5HT turnover, with
substantial increases evoked by each of the treatments (Fig. 1B). By itself, neonatal terbutaline
treatment elicited a 20-40% elevation, with the largest changes seen in the terminal zones of
the cerebral cortex and hippocampus. Although chlorpyrifos exposure also produced
significant overall differences, these were less consistent across the various regions and
achieved significance only in the brainstem, which contains 5HT cell bodies. By far the largest
effect was seen with sequential treatment (terbutaline followed by chlorpyrifos), with increases
in turnover ranging from 30-60% and achieving statistical significance in all brain regions;
although the combined effect was most notable in the brainstem, the regional differences need
to be interpreted with caution, since there was no treatment x region interaction. The effects
of terbutaline alone or in combination with chlorpyrifos were significantly greater than those
achieved with chlorpyrifos alone (p < 0.04 and p < 0.003, respectively).

By early adolescence (PN30) the minor effects on 5HT content were no longer detectable (Fig.
2A) but robust effects of terbutaline alone or in combination with chlorpyrifos were still notable
(Fig. 2B). By itself, terbutaline treatment elicited 30-40% increases in 5HT turnover in regions
containing high concentrations of 5SHT nerve terminals (cerebral cortex, striatum) and little or
no change in those containing 5HT cell bodies (midbrain, brainstem). In contrast, the effects
of chlorpyrifos exposure alone receded by PN30, so that there were no longer any detectable
differences in 5HT turnover either globally or in any of the individual regions. Sequential
exposure to terbutaline followed by chlorpyrifos evoked a pattern almost identical to that seen
with terbutaline alone. Again, the significant effects of terbutaline alone or in combination with
chlorpyrifos were statistically distinguishable from the nonsignificant changes seen with
chlorpyrifos alone (p < 0.05 and p < 0.03, respectively).

To determine the persistence of effects on SHT synaptic function into late adolescence, we
further examined SHT content and turnover on PN45 in the cerebral cortex, the region that
showed the largest changes on PN30. Again, there were no effects on 5HT content with any
of the treatments but 5HT turnover remained significantly elevated with the terbutaline
treatment alone or with terbutaline followed by chlorpyrifos (Fig. 3). In addition to their
differences from control values, these two effects were significantly distinguishable from the
value obtained with chlorpyrifos alone (p < 0.02 and p < 0.05, respectively).

Discussion

In our earlier studies with neonatal terbutaline treatment, we found overexpression of both the
5HT presynaptic transporter and 5HT receptors in adulthood [3]. Notably, however, the
primary effects were seen in the regions containing 5HT cell bodies (midbrain, brainstem) and
in one area with S5HT terminals, the hippocampus, whereas the cerebral cortex and striatum
were largely spared. This pattern is consistent with damage to developing nerve terminals and
consequent reactive sprouting [10,32,38] but the persistence of the upregulation of these static
markers of 5HT synaptic integrity suggests that underlying functional abnormalities remain.
In the current study, we found initial overall reductions in 5SHT content, consistent with nerve
terminal damage. This was accompanied by presynaptic SHT hyperactivity, as monitored by
5HT turnover, throughout juvenile and adolescent stages of development, with the most notable
and persistent changes occurring in the cerebral cortex and striatum, the very same regions that
appeared to be spared the upregulation of SHT receptors in our earlier study [3]. The most
likely explanation of this pattern is that 5SHT synapses are “miswired,” namely that, consequent
to the initial damage, sprouting reestablishes innervation but to inappropriate loci within the
affected regions, so that presynaptic hyperactivity occurs as compensation for defective
synaptic function. Confirmation of this interpretation will require anatomical evaluations; prior
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work has established that developmental exposures to terbutaline or related B-adrenergic
receptor agonists do indeed cause structural alterations consistent with miswiring [33,59] but
our findings point to the need to supplement these with specific histological markers to identify
the locations and potential misconnections of 5HT projections and their target cells containing
SHT receptors.

Much more is known about the impact of developmental exposure to chlorpyrifos on 5SHT
systems [1-5,56,69,70]. When this organophosphate is given either late in gestation or in the
early neonatal period, with the latter corresponding to the stage at which we administered
terbutaline in the present study, SHT receptors are globally upregulated in adulthood [5],
accompanied by elevated 5HT turnover indicative of presynaptic hyperactivity that emerges
in juvenile to adolescent stages [2,70]. Despite these increases, 5SHT-related behaviors are
deficient, consistent with patterns seen in animal models of depression [1]. Thus, there is a
striking resemblance between our findings for terbutaline and those for prenatal or early
neonatal chlorpyrifos exposure. On a functional plane, then, our results for terbutaline are
entirely consonant with the clinical findings of higher incidence of psychiatric disorders [54]
and autism [17] in children exposed to B-agonists as a consequence of tocolytic therapy for
preterm labor, and provide a mechanistic link between such exposures and adverse
neurodevelopmental outcomes.

As seen here and in our earlier work [2,3,5], shifting chlorpyrifos exposure to PN11-14, a later
neonatal stage, reduces the impact on 5HT systems. In our previous studies, upregulation of
5HT receptors was much less notable than for earlier chlorpyrifos exposure and SHT turnover
was unaffected in adulthood [2,3,5]. Here, we found a significant but transient elevation in
5HT turnover at the juvenile stage (PN21), consistent with a lessened susceptibility to
chlorpyrifos as compared to exposure paradigms in earlier developmental periods; this receded
by early adolescence (PN30). Accordingly, it appears that there is a critical period of highest
susceptibility of developing 5HT systems to disruption by chlorpyrifos, centered around the
immediate perinatal period, the same phase in which the sensitivity to adverse effects of
terbutaline is maximal [59]. But why should these two otherwise dissimilar agents converge
on the same types of outcomes? Both agents have a lasting effect on the development of cell
signaling mechanisms involved in neural cell differentiation, most notably for the adenylyl
cyclase/cyclic AMP transduction cascade that integrates multiple neuronal and hormonal
inputs [64-66]. Another possibility is that both terbutaline and chlorpyrifos are capable of
evoking oxidative stress [7,18,30,35,55,58,68]. Monoamine systems are among the most
vulnerable to oxidative damage [11,26,51] and the immature brain is especially susceptible
because of its high oxygen demand, unique membrane lipid composition [30], and lower
reserves of protective enzymes and antioxidants [34]. The developing nervous system is also
deficient in glia, the cells which serve as the primary scavengers of reactive oxidative species
[76]. However, when we assessed lipid peroxidation after early neonatal exposure to terbutaline
or chlorpyrifos, we found evidence for oxidative damage only with exposure in the second
postnatal week [68]; since we assessed only lipid peroxidation, other types of oxidative damage
may have gone undetected, so our results do not absolutely rule out oxidative stress as the
common mechanism underlying the convergent effects of terbutaline and chlorpyrifos, and
clearly, this issue should be pursued further. Indeed, the same genetic factors that influence
the sensitivity to organophosphates like chlorpyrifos, also play a role in susceptibility to
oxidative damage. Polymorphisms in paraoxonase, the enzyme that degrades chlorpyrifos and
related pesticides, govern individual susceptibility to organophosphate toxicity [27] but the
actual physiological role of this enzyme is in the detoxification of lipid peroxides [47], so that
the same polymorphisms may then determine the neurodevelopmental outcomes after
terbutaline use in preterm labor. Again, this is an area for future investigation that may then
resolve both underlying mechanisms and the uncovering of a subpopulation with especial
vulnerability to perinatal brain damage from a variety of agents. For example, one would expect
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to find the same relationship of paraoxonase polymorphisms to autism after developmental
terbutaline exposure [17] as has been proposed for organophosphates [19,75].

Regardless of the cellular mechanisms that underlie the similar outcomes for 5HT systems after
developmental exposure to terbutaline or chlorpyrifos, our results also point to potential
interactions with coexposure to the two agents, a realistic exposure scenario given the high
incidence of preterm labor and ubiquitous exposure to organophosphates. At the juvenile stage,
animals receiving the combined treatment showed greater effects than with either agent alone,
suggesting a worsening of the defects in net 5SHT synaptic function. Since the PN11-14
chlorpyrifos regimen does cause significant lipid peroxidation indicative of oxidative stress
[68], again it is conceivable that the prior treatment with terbutaline depletes antioxidant
defenses, thus rendering developing 5HT systems more vulnerable to the subsequent
chlorpyrifos exposure. Furthermore, given that the effects of chlorpyrifos on 5SHT systems are
already waning by the PN11-14 treatment period used in the present study, we would anticipate
even greater interactions with terbutaline for earlier periods of chlorpyrifos exposure [1-5,56,
69,70]. In any case, given the emergence of psychiatric disorders [54] and autism [17] in the
offspring of women given B-agonist tocolytics, these findings raise the possibility that this
therapeutic intervention produces a subpopulation with elevated susceptibility to common
environmental toxicants. Recent work shows that even nonsymptomatic, routine exposures to
organophosphates produce cognitive impairment in children [23,57] and our findings point to
the need to identify factors that may increase the likelihood of these adverse outcomes.

In conclusion, in combination with our earlier work [3], the current results indicate that
terbutaline treatment during the neurodevelopmental period corresponding to its use in preterm
labor, produces abnormalities of 5HT function that emerge in juvenile and adolescent stages
and that remain prominent into adulthood [3]. The outcomes distinctly resemble those seen
with chlorpyrifos administered in the same early neonatal period [2,3,5,56,69,70], an exposure
known to produce depression-like behavioral patterns [1]. In light of the elevated incidence of
childhood psychiatric disorders [54] and autism [17] in the offspring of women who received
B-agonist tocolytic therapy, the present findings provide a mechanistic underpinning for these
relationships. Given that neurodevelopmental variability between brain regions is undoubtedly
higher in humans than in rats, further neuroanatomical studies of the 5SHT system in this model
may help to clarify the findings in human disorders. Finally, the fact that sequential exposure
to terbutaline and chlorpyrifos exacerbates the changes in 5SHT function in juvenile rats, raises
the possibility that drug therapy used in preterm labor contributes to a subpopulation of
individuals who are especially vulnerable to common environmental neurotoxicants.
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Effects of neonatal treatment with terbutaline (PN2-5), chlorpyrifos (PN11-14), or terbutaline
followed by chlorpyrifos on 5SHT systems assessed on PN21: (A) 5HT content, (B) 5SHT

turnover. Data are means and standard errors, presented as the percent change from the control
values shown in Table 1. Because of the absence of treatment interactions with sex, values are
shown combined for males and females. ANOVA across all regions and treatments appears at
the top of each panel and lower-order tests for each treatment compared to control are shown
within the panels. Asterisks denote individual regions for which the treatments produce

significant differences. For this age, the region designated as cerebral cortex also includes the
striatum. Abbreviations: ctx, cerebral cortex; hip, hippocampus; mb, midbrain; bs, brainstem.
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Figure 2.

Effects of neonatal treatment with terbutaline (PN2-5), chlorpyrifos (PN11-14), or terbutaline
followed by chlorpyrifos on 5SHT systems assessed on PN30: (A) 5HT content, (B) 5SHT
turnover. Data are means and standard errors, presented as the percent change from the control
values shown in Table 1. Because of the absence of treatment interactions with sex, values are
shown combined for males and females. ANOVA across all regions and treatments appears at
the top of each panel and lower-order tests for each treatment compared to control are shown
within the panels. Asterisks denote individual regions for which the treatments produce
significant differences. Abbreviations: NS, not significant; ctx, cerebral cortex; str, striatum;
hip, hippocampus; mb, midbrain; bs, brainstem.
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Effects of neonatal treatment with terbutaline (PN2-5), chlorpyrifos (PN11-14), or terbutaline
followed by chlorpyrifos on cerebrocortical 5SHT content and turnover assessed on PN45. Data
are means and standard errors, presented as the percent change from the control values shown
in Table 1. Because of the absence of treatment interactions with sex, values are shown
combined for males and females. ANOVA across all treatments appears at the top of the panel
and asterisks denote significant differences from control values. Abbreviation: NS, not
significant.
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Control Values

TABLE 1

[[Age[l] [[Region|]] [[SHT (na/g tissue)ll] [[SHT (na/region)|]] [[5HT turnover ratiol]]
[[PN21]]] [[cerebral cortex]]] [[157 + 4]1] [[128 + 411 [[1.27 +0.09]1]
[11 [[hippocampus|]] [[143 + 511 [[13.8 + 0.6[1] [[1.70 +0.09]]
[ [[midbrain[]] [[464 + 34[1] [[106 + 811 [[1.40 +0.09]1]
[11 [[brainstem|[]] [[394 + 14[1] [[47 + 2011 [[1.15 +0.06[]
[[PN30[]] [[cerebral cortex]]] [[181 +6[1] [[146 + 411 [[0.81 +0.08]]
[11 [[striatum]]] [[258 + 6]1] [[24.0 + 1.0[1] [[1.11 +0.04]]
[ [[hippocampus|]] [[164 + 911 [[16.7 + 1.0[1] [[1.30 +0.14]1]
[11 [[midbrain[]] [1499 + 27/1] [[126 + 6]11 [[0.76 +0.05[]]
[ [[brainstem][]] [[394 + 14[1] [149 + 2111 [[0.74 + 0.03]]]
[[PN45[1] [[cerebral cortex]]] [[203 + 911 [[173 + 911 [[0.65 +0.05[1]
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Because of the absence of sex differences for these measures, values are shown combined for males and females. For the measurements on PN21, the
region designated as “cerebral cortex” includes the striatum.
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