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Abstract

Objective: The potential long-term effects of childhood fluoxetine therapy on brain serotonin
systems were studied using a nonhuman primate model, the rhesus monkey.

Method: Juvenile male rhesus (1-4 years old, corresponding to 4-11 years of age in children)
were treated orally with fluoxetine (2 mg/kg) or vehicle daily for two years and removed from
treatment during the third year. Each treatment group was assigned an equal number of subjects
with low and high transcription polymorphisms of the monoamine oxidase A (MAOA) gene. One
year after discontinuation of treatment, positron emission tomography (PET) scans were
conducted (N=8 treated, 8 control) using [11C]DASB to quantify serotonin transporter (SERT) in
16 cortical and subcortical regions.

Results: Fluoxetine treated monkeys with the MAOA low transcription-polymorphism had
significantly Jower [11C]DASB binding potentials than controls. This finding was seen throughout
the brain but was strongest in prefrontal and cingulate cortices. The MAOA*fluoxetine interaction
was enhanced by binding potentials that were nonsignificantly Aigherin monkeys with the high
transcription polymorphism.

Conclusions: Juvenile fluoxetine treatment has residual post-treatment effects on brain SERT
that depend on MAOA genotype. MAOA genotype may be important to consider when treating
children with fluoxetine.
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Introduction:

When psychoactive drugs are used in children, there is concern about possible effects on
brain development and subsequent consequences for later brain function. The Selective
Serotonin Reuptake Inhibitors (SSRIs) are among the drugs increasingly prescribed for
children (1). Because serotonin plays many roles in brain development (2, 3) SSRI exposure
of the immature brain at any stage of brain development could alter the developmental
trajectory resulting in altered brain morphology, circuitry and function. A number of basic
research studies have demonstrated residual effects on brain and behavior when SSRIs are
administered prenatally, before weaning or during adolescence to rodents (4, 5).
Additionally, there has been a surge in research on SSRI effects on offspring when SSRIs are
used in human pregnancy (6, 7). However, residual effects of SSRI administration during
postnatal development prior to puberty have been less studied.

Of interest to SSRI therapy in childhood is a study design which administers SSRIs
chronically during the juvenile stage of brain development (after infancy, before puberty),
terminates drug treatment, and then evaluates brain function in the young subjects for
residual effects. Unfortunately, there is no literature with this design in children, although
research is ongoing (8). While this study design has not been implemented in rodents, there
are some relevant studies with juvenile/adolescent treatment and adult evaluation of
serotonergic systems. Using a therapeutically relevant dose of fluoxetine (5 mg/kg) in
juvenile rats, changes found after discontinuation of treatment included increased
extracellular serotonin in prefrontal cortex in response to fluoxetine challenge (9), increased
serotonin transporter (SERT) binding in frontal cortex detected with 3H paroxetine (10), and
increased SERT binding in prefrontal cortex by [123I]beta-CIT PET (11). These studies are
consistent with SERT changes in cortical areas. In each case, different results were found
with dosing of adult rats.

Further information has become available in a nonhuman primate model, the rhesus monkey,
using this study design and examining residual effects on SERT expression in brain.
Shrestha et al. (12) treated juvenile rhesus with 3 mg/kg/d fluoxetine daily for one year.
Eighteen months after dosing ended, shortly after puberty, PET studies of SERT found an
increase in SERT binding detected by PET in neocortical regions.

We previously reported behavioral effects in juvenile rhesus treated with 2 mg/kg/d
fluoxetine that included effects on sleep, social interaction, emotional response and attention
during the dosing, some of which persisted post dosing (13). Importantly, our studies found
interactions between fluoxetine and common genetic polymorphisms of the MAOA gene in
determining behavior (14). MAOA is the principal catabolic enzyme for serotonin. In
humans, MAOA polymorphisms have been found to interact with adverse childhood
experiences (15), and with adult fluoxetine treatment (16). However, MAOA interaction with
fluoxetine treatment in children has not been studied. Thus MAOA*fluoxetine interactions
were included in studies of residual effects on SERT expression. Here, we hypothesized the
occurrence of residual effects of juvenile fluoxetine on SERT binding, following on previous
rodent and nonhuman primate studies, and also an interaction between MAOA and
fluoxetine.
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Methods and Materials:

Subijects:

PET scans

The scans were conducted in 16 male juvenile rhesus monkeys at 4.07+0.02 years of age.
The subjects were prepubertal and had participated from one year of age in a study of
juvenile fluoxetine effects (13) (see Figure 1 for project timeline). The oral daily fluoxetine
treatment (2 mg/kg/day) had been administered from 1 to 3 years of age and discontinued
for 12 months prior to PET scans. This fluoxetine dose produces plasma levels of the active
agent that are within the range seen in children undergoing treatment and are not influenced
by MAOA genotype (see Supplementary Materials). Prior to one year, the monkeys lived in
outdoor group housing with their mothers, and during the study they were pair-housed with
peers indoors in the same room (14). The subjects remained together under experimental
protocols and were treated identically between the termination of the fluoxetine
administration and the PET scans.

All procedures followed the Guide for the Care and Use of Laboratory Animals of the
National Research Council. The California National Primate Research Center (CNPRC) is
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Protocols for this project were approved prior to implementation by the UC Davis
Institutional Animal Care and Use Committee.

Sixteen subjects were selected for PET at the end of the study from the larger study
population of 32. The two experimental groups (fluoxetine and control, N=8/each) were
balanced for MAOA-UVNTR polymorphisms (high and low transcription) at the time of
group assignment (N=4 for each subgroup) in order to study MAOA*fluoxetine interactions.
This polymorphism had previously been determined in the infants at 3 months of age as part
of the CNPRC Biobehavioral Assessment program (BBA) (17). 5SHTTLPR polymorphisms
were also available from the BBA and selection balanced the experimental groups for
S5HTTLPR LL and SL genotypes to prevent possible confounding. Finally, the selection
process provided balance of other potential confounding factors including social cage of
origin, birth and weaning weight, and mother’s age and parity.

Nonhuman primate studies strive to reduce laboratory animal usage while providing strong
causal conclusions in a model of unique relevance to human problems. To accomplish this,
we precisely control the independent and dependent variables (i.e. drug treatment and DASB
measurement) under highly standardized protocols. In addition, we maintain animals in a
controlled environment, in which a wide variety of potential covariates can be measured and
carefully examined for potential influences. In this way, small sample nonhuman primate
studies can lead to confident causal conclusions and contribute to a better understanding of
human problems.

PET Scan acquisition protocol: Subjects were immobilized with ketamine (10 mg/kg
i.v.), intubated for isoflurane anesthesia, and catheterized for i.v. fluid and tracer
administration. The 90 min scan began 70 min after the initial immobilization, and the
[11C]DASB dose was injected 10 sec after scan initiation. Ketamine-scan interval is
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important as ketamine binds SERT (18). Scans were conducted either in the morning
(0830-1100) or afternoon (1230-1500). Technicians were blind to the treatment group of the
animals during acquisition and processing of the scans.

Radiochemistry: [11C]DASB was synthesized with cyclotron-produced [11C]CO,,
according to Wilson and coworkers (19) with minor modifications (see Table S1). Sixteen
doses of [11C]DASB were produced with >95% radiochemical purity, and a specific activity
of 180+90 (mean+SD) GBg/umol at the end of synthesis and 78+32 GBg/umol at injection
21 to 32 minutes later.

PET scanning: In vivo [11C]DASB PET imaging was performed using a microPET
system with a spatial resolution of ~1.8 mm (20). Dynamic PET data were acquired
beginning 5 seconds before radiotracer injection using 22 time-frames (6 x 30s,5x60s, 6
x 300 s, 5 x 600s). Image reconstruction was carried out with the vendor-provided method
(3-dimensional reprojection, or 3DRP) (21).

MRI acquisition protocol: Magnetic resonance imaging (MRI) data were acquired
within 5 weeks of PET scans for selection of regions of interest (ROIs) and co-registration
with PET scans. ROI-based analyses were selected to derive the PET kinetic parameters to
ensure their stability and reliability. The monkeys were immobilized with ketamine (10
mg/kg i.m.), intubated for isoflurane anesthesia, catheterized for i.v. fluids and positioned in
the imaging coil (HD TRknee PA) of the scanner (GE 1.5T Signa HDx 16.0) using foam
blocks. Whole brain anatomical images were acquired using a 3D T1-weighted FSPGR
sequence (see Table S1 for parameter details).

MRI template registration: Each MRI image was transformed to a template image
previously used by Shrestha et al.(12) and applied to the DASB timeseries. T1 images were
rotated and adjusted for inhomogeneity using N3BiasFieldCorrection, and aligned to the
initial template image with the ANTS toolkit for registration of images (22), first using a 12-
parameter affine transformation, then using a nonlinear registration (cross correlation metric,
with weight 1 and radius 2). The transformation model was SyN with a step-size of 0.10. A
gaussian regularizer with sigma 3 was applied to the similarity gradient. Up to 100,75,75,
and 50 iterations were performed at successive levels of coarseness, with the final level
being at full resolution. A whole-brain mask was applied to the template image during
registration. Images were manually-inspected to ensure accurate co-registration. Finally, the
mean of these images was computed to obtain a study-specific template image on which
ROIs could be drawn.

MRI ROI template.—ROlIs for target regions were manually traced on the study-specific
T1 template image according to the Paxinos atlas (23). Target regions, shown in Table 1 and
Figure 1, were selected to provide broad coverage throughout cortical and subcortical
structures in the brain.

PET analysis: Dynamic PET data analysis was carried out in the PMOD 3.802 software.
First, each subject’s dynamic PET images were co-registered to their T1-weighted MRI scan
with a rigid-body transformation based on the mean DASB timeseries using ANTS (22),
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then transformed to a standard template space based on the warp-field estimated using the
T1-weighted MRI image. The ROIs provided in the MRI-based template space were then
used for regional analysis of PET data for estimation of serotonin transporter binding. Time
activity curves were derived for each region. The binding potential (BP) was then measured
with the cerebellum as the reference tissue using both a simple reference tissue model
(SRTM), and the Logan reference model (12). The Logan model values, with start time 30
min were selected for statistical analysis.

Statistical analysis:

Results:

A hierarchical approach was used for statistical analysis in this small cohort of 16 animals.
Potential fluoxetine effects and MAOA*fluoxetine interactions were first examined by 2-
way ANOVA for the mean of all ROIs. If significant drug or drug interaction effects were
identified, secondary ANOVASs were conducted for each of the ROIs using FDR modified p-
values. When significant MAOA*fluoxetine interaction effects were identified, slice
analyses were conducted within the gene polymorphism subgroups to identify drug effects.
These pairwise post hoc comparisons were also FDR corrected. Additionally, three
parameters from the [11C]JDASB PET protocol, time of scan (am/pm), activity injected
(MBg) and DASB mass injected (nmol/kg), were entered as covariates to ensure that they
were not confounders. All ANOVA analyses were conducted in JMP software (SAS
Institute) using least squares or general linear models.

ANOVA analysis for SHTTLPR effects and fluoxetine interactions were also conducted.
Because the population contained the LL and SL, but not the SS, genotype, these analyses
were considered exploratory.

Serotonin transporter (SERT) brain distribution

The individual ROIs examined are shown in Figure 2. Mean BP values for individual ROIs
are shown in Table 1 (column 1) in ascending order. Values were lowest in neocortex with
the higher values in subcortical structures. This pattern of SERT distribution was previously
seen in honhuman primate PET studies (18, 24, 25) as well as human studies using
immunohistochemistry (26) and PET (27). The low BPs seen in neocortex (<0.5) have also
been demonstrated in human neocortical areas using [11C]DASB (27).

Prior fluoxetine led to lower SERT binding in subjects with low-MAOA transcription
polymorphisms

When we analyzed the effects of early-life fluoxetine on SERT binding in this highly
controlled population, there were no main effects of fluoxetine on the mean BP of all 16
ROIs, but the MAOA*fluoxetine interaction was significant (F(1,12)=10.86, p=0.0006) in
the two-way ANOVA. The pattern of means contributing to the interaction were consistent
across all regions (Figure 2), with BPs lower in than control in fluoxetine-treated subjects
with low-MAOA genotypes, and higher than control in fluoxetine-treated subjects with high-
MAOA genotypes. Statistical significance of the MAOA*fluoxetine interaction was not
influenced when potentially confounding PET variables, i.e. activity injected, DASB mass
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injected, and time of scan were used as covariates. In secondary slice analyses, there was a
fluoxetine effect in the low-MAOA group (F(1,12)=10,p=0.008) but not the high-MAOA
group (F(1,12)=3.91,p=2.15,p=0.168).

Looking at individual ROIs, the interaction was significant for 7 of 9 cortical regions
(excepting visual and entorhinal), but only 2 of 7 subcortical regions (caudate and putamen)
(Table 1, column 2). For the slice post-hoc tests (Table 1, column 3), the fluoxetine effect in
the low-MAQA subgroup (lower BPs) was significant for all ROIs showing the interaction,
except for putamen.

In general, fluoxetine BPs were consistently Aigherthan those of controls in the high-MAOA
subgroup, but not statistically significant (ANOVA for ROI mean, p=.168, effect size
D=1.04). For individual ROIs, only the cingulate cortex showed a significant fluoxetine
effect in the high-MAOA subgroup (F(1,12)=9.07, p=0.011).

Effect sizes were also computed for the fluoxetine effect in the low-MAOA subgroup (Table
1 column 4). Effect sizes were greatest in prefrontal cortex (dorsal lateral prefrontal,
orbitofrontal) and cingulate cortex (anterior), and lower in other cortical areas and the
caudate.

In addition, two-way ANOVAs were conducted using fluoxetine and SHTTLPR
polymorphism genotype (SL,LL) as independent variables. No statistically significant main
effects or interactions were found overall ROIs or for individual ROls.

SERT binding potentials correlated with emotional responsiveness assessed post-dosing

The MAOA*fluoxetine interaction pattern seen in PET data (Figure 3) was also seen in a
previous publication (14) reporting behavioral assessment of Emotional Response to
Pictures (Figure 3A) (see Supplementary Materials for description of this test). A moderate-
size positive correlation (r=0.52, p=0.037) (Figure 3B) was found between the mean of
cortical region BPs and the emotional response to pictures accounting for 25 % of the
variance.

Discussion:

Fluoxetine effects on SERT depended on MAOA genotype

The major finding of this study was a decrease in SERT binding potential in low-MAOA
genotype subjects previously treated with fluoxetine. The MAOA™* fluoxetine interaction
was strengthened by a trend toward increased SERT expression in high-MAOA subjects,
significant in cingulate cortex. Our ability to detect this gene*drug interaction was enhanced
by the all-male cohort because the MAOA gene is X-linked. This study reinforces MAOA as
a highly sensitive “adaptability” or “plasticity” gene in primates with transcription
polymorphisms (2, 28), and the value of considering MAOA polymorphism genotype as a
covariate in studies of fluoxetine in childhood. In particular, the opposite direction of
fluoxetine effects in low- and high- MAOA populations could lead to failure to identify
effects if MAOA genotype is not taken into consideration.
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These results generally support previous finding of Shrestha et al. (12) of long-term changes
in SERT expression as detected with [11C]DASB PET after discontinuation of chronic
fluoxetine treatment of juvenile rhesus at a therapeutically relevant dose. The fluoxetine
effect in the two studies differed in that our effect was found in interaction with MAOA
polymorphism genotype, which was not assessed by Shrestha et al. Further Shrestha et al.
found increased expression in that cohort, while we found decreased SERT expression in the
low-MAOA subgroup, and trend toward /ncreased expression in the high-MAOA group.
These two comparisons could be related; if the Shrestha et al. population was skewed toward
high-MAOA subjects, the increased expression we saw in our high-MAOA subjects could
have determined the direction of the fluoxetine effect. The effect size in our study indicates
that statistical significance would be reached with a sample size of N=16 subjects per group
with MAOA high expression polymorphisms. However, other comparisons between the
studies could also be relevant; earlier age at initiation, longer treatment period, earlier age at
assessment in our study. Our results are also consistent with rodent studies that demonstrated
long-term changes in serotonin systems after juvenile and adolescent fluoxetine, in particular
changes in SERT in cortical areas (9-11, 29, 30).

Of note, exploratory analysis found that 5SHTTLPR polymorphisms were not associated with
SERT BPs and did not interact with fluoxetine. While conclusions are limited because our
sample did not include SS genotype subjects, other studies of young rhesus (18, 31) and
adult humans (32-34) have also failed to find associations between 5SHTTLPR genotype and
SERT expression.

Behavioral relevance of MAOA*fluoxetine effects

The MAOA*fluoxetine effects on SERT were particularly interesting because a similar
interaction was observed in prior behavioral testing of this cohort. Specifically, assessments
of emotional response to pictures showed fluoxetine effects only in association with MAOA
genotype. Emotional response was reduced by fluoxetine in the low-MAOA subgroup, but
increased in the high-MAOA subgroup. Other behavioral assessments from the project
(sleep, social behavior) also exhibited a MAOA*fluoxetine interaction in addition to
fluoxetine main effects (Table S2, Supplementary Materials). Of note, in metabolomic
studies of fibroblast samples collected during dosing, 4 metabolites showed a main effect of
fluoxetine, but 11 showed MAOA*fluoxetine interaction, and 9 of these showed the same
interaction pattern as the BP data reported here (35). The correlation between SERT
expression and emotional responses in the post-dosing period seen here strengthens the
interpretation that this interaction, seen in imaging and metabolomic endpoints, is relevant to
brain function at the behavioral level.

Regional Patterns

The MAOA*fluoxetine interaction was seen with BPs integrated across all 16 brain regions
assessed. The pattern of means for the interaction was the same in each individual region but
size of mean differences varied. While it is difficult to say that the interaction was region
specific, regional patterns did emerge. The interaction was stronger in neocortex and in
specific frontal cortex ROIs than in subcortical regions. A possible explanation is relative
regional distribution of the two MAOQ isoforms, MAOA and MAOB. Both isoforms can
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metabolize serotonin, as well as a variety of other endogenous monoamines, but, in general,
MAOA is more highly expressed in cortex (26). MAOB is more prominent subcortical
regions and generally expressed in astrocytes in cortex (36). Other possible explanations are
distinct subregional serotonergic innervation patterns in some regions including
hippocampus (37), and amygdala (38). Differential SSRI access to serotonin transporter
across regions (39) is also possible. Density of SERT distribution does not appear to
determine the strength of the interaction.

Potential pathways for MAOA*fluoxetine developmental interactions that could result in
altered SERT expression.

In one scenario low-MAQOA genotype and fluoxetine treatment could jointly elevate brain
serotonin levels during treatment; low-MAQOA by decreasing degradation of serotonin, and
fluoxetine by blocking serotonin uptake. Two rodent models, prenatal MAQI treatment (40),
and MAOA knock out mice (41), have shown that elevated cerebral serotonin during brain
development is associated with decreased SERT density in adults. Unfortunately we do not
know whether the low-MAOA polymorphism is associated with lower MAOA activity and
elevated serotonin in juvenile primates; this is not the case in adult humans (37). However,
methylation of the MAOA promotor region is associated with variability in MAOA activity
(42) and susceptibility to methylation differs between high and low-MAQOA polymorphisms
(43) thus providing a potential epigenetic link between MAOA genotype, MAOA activity
and serotonin elevation. In the case of our study, environmental conditions during
development could leave epigenetic marks on the regulatory region of MAOA that would
differ between high- and low-MAOA genotypes and subsequently influence serotonin and
SERT expression.

A second scenario involves interacting influences on structural brain development. Two
rodent studies that demonstrated increased SERT expression after developmental SSRI
treatment attributed the effects to altered structural maturation of the serotonin system (10,
11). Fluoxetine is well known for its ability to activate BDNF/TrkB pathways and alter brain
structural maturation (41). A role for MAOA and MAOA polymorphisms in structural brain
development has also been proposed (44). During juvenile brain development, it could be
hypothesized that MAOA and fluoxetine act together on pathways that alter brain
connectivity of late developing cortical circuits like the developing frontal-cingulate-striatal
circuit (45, 46). Connectivity in this circuit is sensitive to interaction between MAOA
genotype and childhood abuse (47) and is sensitive to fluoxetine (48).

Limitations and Significance

Limitations to generalization of the results of our study include the all-male population, the
treatment during the juvenile developmental period, age of the post-treatment assessment
(limited to one maturational stage), and the specific housing and maintenance conditions for
the animals. With regard to the finding of a MAOA*fluoxetine interaction, the MAOA
polymorphisms are known to be sensitive to adverse environments. Also, the MAOA gene is
X-linked and females have a double allele expression (low/low, high/high, low/high). These
two factors could make it unlikely to detect the MAOA*fluoxetine interaction in a group of
boys and girls with an array of early environmental experiences. With regard to PET data,

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Golub et al.

Page 9

the brain regions studied are large. An effect on a subregion of a complex structure like the
hippocampus could be diluted in region-wide data. Further, the results of SERT expression
studies with [11C]DASB can vary with the PET data processing approach used (49). With
regard to sample size, the highly controlled environment needed to detect effects in small
samples can be seen as exaggerating effect sizes (50). Finally, despite the value of the
nonhuman primate model, translation to human concerns requires careful consideration of
species differences. While there are many parallels in the higher processing regions of the
brain, there are also differences (51). In spite of these limitations, our demonstration that an
animal’s genotype can define how early-life drug treatment results in lasting alterations in
receptor binding has far-reaching implications. Pharmacogenetics may be an aspect of
precision medicine particularly valuable in assuring the safe and effective use of
psychoactive drugs in children. Application of pharmacogenetics to pediatric
psychopharmacology should include followup for effects detected after discontinuation of
treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Timeline. PET scans were conducted at the conclusion of a multi-year study of fluoxetine.

Results from growth and behavioral assessments have been published (14, 52-54).
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control  fluoxetine
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MAOA*Fluoxetine interaction for Binding Potentials averaged across 9 cortical and 7
subcortical Regions of Interest. Mean and SEM shown, *p<0.05, **p<0.01, post hoc
comparison. N=16, fluoxetine and control groups; N=4, MAOA-fluoxetine subgroups.
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Figure 3.
Regions of Interest for PET scan registration. Asterisk (*) indicates regions with statistically

significant BP MAOA-fluoxetine interactions and significant post-hoc comparisons of
fluoxetine and control groups in the low-MAQOA subgroup (see Table 1).
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A. Emotional response to pictures after discontinuation of fluoxetine treatment. Emotional
responses were postures, vocalization and movements elicited by viewing a series of neutral,
social and aversive pictures (14). See Supplementary Materials for description of the
Picture-elicited Emotional Response test. B. Correlation between emotional responses and
cortical region BPs. N=16, fluoxetine and control groups, N=4 MAOA-fluoxetine

subgroups. Mean and SEM shown, *p<0.05.
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Table 1.

Binding potentials and ANOVA results for individual Regions of Interest

3.low-MAOA | 4.low-MAOA
1.Binding | 2MAOA*flx | flx effect fix
Region of Interest Potential® p valueb p value® effect sized
CORTEX
Dorsal Frontal Cortex 0.19 0.0032 0.0048 3.23
Enterorhinal/Piriform Cortex 0.21 0.3461 0.6822 ns
Posterior Cingulate/Precuneus 0.21 0.0101 0.0107 251
Visual Cortex 0.22 0.0618 0.0594 ns
Parietal Cortex 0.24 0.0101 0.0091 2.32
Orbital Frontal Cortex 0.24 0.0101 0.0107 3.64
Cingulate Cortex 0.26 0.0016 0.0032 3.65
Temporal Cortex 0.29 0.0142 0.0294 251
SUBCORTEX

Hippocampus 0.31 0.2430 0.2763 ns
Caudate Nucleus 0.46 0.0101 0.0107 2.62
Amygdala 0.60 0.3185 0.2785 ns
Insular Cortex 0.66 0.0130 0.0149 2.36
Hindbrain/Ventral Brainstem 0.72 0.1093 0.1781 ns
Putamen 0.74 0.0236 0.0594 ns
Thalamus 0.92 0.0716 0.0644 ns
Midbrain/Dorsal Brainstem 1.26 0.0957 0.0925 ns

aROIs were averaged on left and right side of brain; the mean of left and right averages was then computed

b .
Interaction term from 2-way ANOVA, least squares model, FDR corrected

Pairwise comparison of fluoxetine and control within the low-MAOA subgroup; FDR correction

dCohen’s D effect size for fluoxetine effect within the low-MAOA subgroup; ns=not significant (p value <0.01 for significance)
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