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Abstract

Purpose—Exploring synaptic density changes during brain growth is crucial to understanding
brain development. Previous studies in nonhuman primates report a rapid increase in synapse
number between the late gestational period and the early neonatal period, such that synaptic
density approaches adult levels by birth. Prenatal synaptic development may have an enduring
impact on postnatal brain development, but precisely how synaptic density changes in utero
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are unknown because current methods to quantify synaptic density are invasive and require
post-mortem brain tissue.

Methods—We used synaptic vesicle glycoprotein 2A (SV2A) positron emission tomography
(PET) radioligands [11C]JUCB-J and [18F]Syn-VesT-1 to conduct the first assessment of synaptic
density in the developing fetal brain in gravid rhesus monkeys. Eight pregnant monkeys were
scanned twice during the third trimester at two imaging sites. Fetal post-mortem samples were
collected near term in a subset of subjects to quantify SV2A density by Western blot.

Results—Image-derived fetal brain SV2A measures increased during the third trimester. SV2A
concentrations were greater in subcortical regions than in cortical regions at both gestational ages.
Near term, SV2A density was higher in primary motor and visual areas than respective associative
regions. Post-mortem quantification of SV2A density was significantly correlated with regional
SV2A PET measures.

Conclusion—While further study is needed to determine the exact relationship of SV2A and
synaptic density, the imaging paradigm developed in the current study allows for the effective in
vivo study of SV2A development in the fetal brain.

Keywords
Synaptogenesis; In utero; Positron emission tomography; SV2A; Nonhuman primate

Introduction

Synapses, or connections between neurons, are essential to proper brain function, which
relies on neurotransmission of nerve impulses to propagate signals. The process of
synaptogenesis, or the formation of synapses, begins during mid-gestation in nonhuman
primates (NHP) and humans [1-3], and persists through the early postnatal period across
the macaque cortex [4-8]. Previous studies have quantified synaptic density during critical
periods of brain development in the post-mortem NHP brain using ex vivo approaches, such
as electron microscopy. These studies have observed a profound increase in synaptic density
during the second half of gestation that approaches levels observed in adults by the time of
birth and exceed adult levels in the first four postnatal months. Gestational synaptogenesis
is believed to be critical for subsequent brain development and has been proposed to be a
mechanism by which mental health challenges emerge [9-12]. Direct evidence to support
this hypothesis, however, has been limited because these ex vivo measures of synaptic
density cannot be repeatedly assessed in the same subject, and thus cannot follow a single
subject longitudinally across the developmental trajectory.

An alternative approach is in vivo imaging of synapses. Positron emission tomography
(PET) is an imaging modality in which radioactive ligands are used to image and quantify
particular proteins of interest in living tissue. Kinetic analysis of these images can provide
valuable physiological information regarding the distribution of the target protein of
interest. Recently, innovations in the field of PET have focused on imaging the synaptic
vesicle glycoprotein 2A, SV2A, which is expressed on presynaptic vesicles across the
central nervous system [13]. In particular, two PET radioligands, [11CJUCB-J [14] and
[18F]SynVesT-1 [15], have been developed to image SV2A in both NHP and humans
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and have been used to investigate synaptic density differences in human participants with
Alzheimer’s disease [16, 17], depression [18], and epilepsy [19]. Although the relationship
between SV2A expression and synapse number per unit area is not fully understood,

SV2A co-localizes with synaptophysin (SYN), a commonly used synaptic density marker.
Furthermore, SV2A PET measures in the baboon have been shown to correlate well with ex
vivo synaptic density markers of SV2A and SYN [20]. Thus, SV2A PET is a powerful tool
to noninvasively measure synaptic density in vivo.

In the current study, we sought to demonstrate the potential of SV2A PET imaging to
longitudinally assess prenatal brain development. Pregnant rhesus monkeys underwent two
SV2A PET scans at mid and late gestation to assess SV2A density in the fetal brain.

Brain tissue was collected from a subset of fetuses for post-mortem analyses with Western
Blot. Our goal was to compare SV2A PET measures to the patterns and synaptic density
levels relative to adult measures that have been reported in previous ex vivo literature. We
hypothesized that SV2A PET measures would increase in the fetal brain during this period,
approaching the adult SV2A PET uptake levels in vivo. For this study, PET imaging data
were collected across two imaging sites. The first site (Yale PET Center, Yale University,
New Haven, CT) studied four gravid rhesus macaques with two scans during the third
trimester of gestation with [11CJUCB-J at 119 (+ 6) and 147 (+ 4) gestational days. The
second site (Multimodal Imaging Core at the California National Primate Research Center,
University of California, Davis, Davis, CA) studied four gravid rhesus macaques scanned
twice during the third trimester with [18F]SynVesT-1 at 125 (+ 4) and 143 (+ 3) gestational
days. Together, images from both cohorts were quantified to explore and validate regional
SV2A changes in the developing fetal rhesus brain. These data indicate the feasibility of
longitudinal imaging with SV2A PET in the prenatal monkey and provide insight into the
key process of synaptogenesis in the developing brain.

Materials and methods

Rhesus monkeys and SV2A PET image acquisition

A total of eight gravid rhesus monkeys were included in these studies. Rhesus monkeys
were scanned at two gestational ages during the third trimester (111-165 days; term 165

+ 10 days), once at approximately 120 days and once at approximately 145 days. At

the first scanning site, four female NHP underwent PET scanning with [21CJUCB-J (185
MBQq) at the Yale PET Center (Site 1, Yale University School of Medicine, New Haven,
CT). At the second scanning site, a cohort of four animals underwent PET scanning with
[18F]SynVesT-1 (111 MBq) at the California National Primate Research Center at the
University of California at Davis (Site 2). Table 1 and Online Resource 1 describe the
sedation, scanning, and image reconstruction methods used at each scan site. At Site 1,
PET/CT images were acquired on the Siemens Biograph mCT. Dams were sedated with
ketamine/glycopyrrolate (7-10 mg/kg) and maintained under gas anesthesia (isoflurane;
0.75-2.5%) for the duration of the scan. PET images were reconstructed using time of flight
(TOF) + point spread function (PSF) modeling and ordered subset expectation maximization
(OSEM) algorithm with 3 iterations of 21 subsets (Siemens Medical Solutions, USA).

At Site 2, female rhesus monkeys were identified as pregnant according to established

Eur J Nucl Med Mol Imaging. Author manuscript; available in PMC 2023 January 08.
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ultrasound methods [21]. Prior to study assignment, normal embryonic/fetal growth and
development were confirmed by ultrasound [21]. Fetuses were monitored sonographically
across gestation including immediately prior to each PET/CT imaging session (120 and

145 days gestational age). Dams were sedated with telazol (5-8 mg/kg) supplemented with
ketamine for each PET/CT session. The dams were carefully positioned for the CT scan (GE
Discovery 610®) followed by PET imaging on the primate total-body PET imaging system
(mini-EXPLORER) [22, 23]. PET images were reconstructed using list-mode TOF + PSF
modeling and OSEM with 2 iterations of 21 subsets [23]. At both sites, all procedures were
carried out in strict accordance to the guidelines set forth in the Animal Welfare Act and the
Guide for the Care and Use of Laboratory Animals.

SV2A image processing and quantification

Since animals were sedated for the full duration of the PET scan, dynamic images had no
evidence of motion artifacts in the fetal or maternal brain, and thus, the images were not
corrected for motion. CT images were used to manually define fetal and maternal whole
brain regions of interest (ROIs, Online Resource 2). Additionally, for the maternal brain, a
threshold was applied to a summed PET image (30-60 min) to define voxels of maternal
gray matter (GM). Time activity curves (TACs) of the maternal GM and the whole fetal
brain were used for kinetic modeling analysis.

To determine regional SV2A PET uptake in the fetal brain, PET images were registered

to regional templates (Neonate Rhesus Monkey template [24] and Adult Rhesus [25]) as
described in Online Resource 1. These transformations were used to define the following
regions of the fetal brain: prefrontal, frontal, parietal, occipital, temporal, subcortical
(including thalamus, hypothalamus), hippocampus, amygdala, caudate, putamen, and
cerebellum. Functional regions of interest include primary and associative auditory, motor,
somatosensory, and visual cortices. TACs from these regions were used for the kinetic
modeling analysis. Example TACs are shown in Online Resource 3A. TACs of regional and
whole fetal brain uptake of the SV2A PET tracer were quantified using the reference Logan
graphical analysis method [26], in which the dynamic PET data from a target region and

a reference region are transformed to a linear equation to estimate the DVR between the
target and reference tissues Using a #* value of 10 min and the maternal GM as a reference
region. Example Logan plots are shown in Online Resource 3B. The Logan method has also
been used to noninvasively quantify dopamine transporter density in the striatum of the fetal
brain using [18F]Fallypride PET [27]. As the maternal GM has a very large concentration of
SV2A, DVR is a measure of the relative specific (V%) plus nonspecific (Vyp) tracer binding
in the fetal and maternal brain. All but five scans utilized 60 min of dynamic PET data

for kinetic analysis. In some (V= 5) scans at Site 2, kinetic analysis was shortened to 40
min as radioactivity estimates in the fetal brain were significantly affected by radioactivity
collecting in the maternal bladder, due to fetal positioning in the maternal abdomen. DVR
estimates using 40 min of data correlated well with estimates using 60 min (Online Resource
3C). Additional methods for kinetic analysis are described in Online Resource 1.

Changes in DVR within subject were explored across each of the aforementioned regions, as
well as for cortical regions (average of prefrontal, frontal, parietal, occipital, temporal, and
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cerebellum) and subcortical regions (average of thalamus, hippocampus, amygdala, caudate,
putamen). Synaptogenesis rate (SR) was calculated as the change in DVR values from 120-
to 145-days gestational age, normalized between scanning ages as shown below:

DVR - DVR
SynaptogenesisRate{ SR| = - scan2 scjanl
Gestationalagegqn2 — Gestationalagegeqn]

Regional synaptogenesis rate (rSR) values were calculated for 6 of the 8 total subjects using
the DVR estimates from the Logan plot for each ROI from each scan. Two animals were
excluded due to short interscan intervals, where scans 1 and 2 were < 15 days apart. The
remaining subjects’ age difference between scans was 25 (+ 5) days.

Parametric images of DVR were created by voxel-wise fitting of 10-60 min of dynamic PET
data with reference Logan graphical analysis. These parametric images were resliced into
template space and were used to calculate voxel-wise within-subject SR images with the
above equation. The SR images for 6 of the 8 subjects were averaged, excluding the two
aforementioned subjects with short interscan intervals.

Ex vivo SV2A quantification with Western blots

Near-term fetal tissues were harvested as described previously [28]. Samples collected for
Western blot were frozen over liquid nitrogen and shipped by overnight delivery from Site
2 to Site 1 for ex vivo analyses. Nineteen samples per animal were obtained from the
following regions: prefrontal (2), frontal (2), parietal (2), temporal (2), occipital (2) cortices,
caudate (1), putamen (1), hippocampus (1), amygdala (1), thalamus (2), cerebellum (2),

and white matter (1). Samples were prepared for Western Blotting using the Wes Simple
Western system (ProteinSimple, CA, USA) as described in Online Resource 1 to obtain

a normalized SV2A measure for each sample. In short, the SV2A peak areas from each
Western experiment were normalized to the SV2A peak area of a reference sample, which
was designated as an excess brain sample from the occipital cortex of one representative
subject and was analyzed in each Western experiment to control for inter-experiment
variability. For each region, the normalized SV2A density was averaged across all four
fetuses to obtain the average normalized SV2A peak area, and correlation analysis was
performed with this measure and the average SV2A PET ROI measurements of DVR
obtained at 145 days gestational age. To compare the in utero SV2A concentrations to those
in the fully developed adult monkey brain, a total of five previously dissected samples across
four GM regions (frontal cortex, occipital cortex, thalamus, and cerebellum) from two adult
rhesus were utilized (5- and 13-year-old males). Western blot experiments were completed
and quantified as described in Online Resource 1. The adult SV2A measures (average of
= 5 normalized SVV2A regional measures) were used to normalize regional SV2A measures
in the fetal brain to estimate an ex vivo fetal-to-adult SV2A ratio, analogous to the in vivo
fetal-to-adult SV2A PET DVR. To correct for non-displaceable radiotracer binding in the

DVR measure, we consider an in vivo specific Vratio, 59! jyMaternal hased on the DVR,
as described in Online Resource 1.

Eur J Nucl Med Mol Imaging. Author manuscript; available in PMC 2023 January 08.
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Statistical analysis

Results

To evaluate whether methodological differences across the scan sites (due to scanner and
tracer variations) introduced significant differences in the datasets, unpaired £tests were
completed with the area under the curve (AUC) of the maternal GM TAC from scan 1

for all subjects in units of standardized uptake value (SUV, g/cm3) from 10- to 30-min
post-radiotracer injection. Paired #tests were used with the same measure within subject

to evaluate any statistically significant difference between scan 1 at 120 days and scan

2 at 145-days gestational age, and to evaluate differences between average cortical and
subcortical DVRs within scans. The dam brain uptake was used for these analyses as the
SV2A density is not expected to change between scans during adulthood. Further, since the
maternal brain is used as a reference region in the kinetic modeling analysis, we ensured that
the reference region did not introduce any variability. Descriptive statistics are reported as
mean (+ SD) unless stated otherwise. Statistical analyses were completed in GraphPad Prism
(Graph-Pad Software).

No significant differences in maternal brain uptake across imaging sites or tracer
administration protocols

To examine whether any scan site differences may contribute to variability in the PET
outcome measures, we performed a primary statistical analysis on the maternal GM TACs
in units of standardized uptake value (SUV, g/mL) between scans completed at the Yale
PET Center (Site 1, /= 8 scans; N/ =4 animals) and UC Davis (Site 2, V=8 scans; N

= 4 animals). There were no differences in average maternal brain AUC observed between
imaging sites (Site 1: 211 (x 126) g/mL x min; Site 2: 157 (x 41) g/mL x min; #6) = 0.812,
p=0.44). There was also no significant difference in average maternal brain AUC between
bolus plus infusion (B + I, N=2) and bolus (B, V= 6) radiotracer administration paradigms
(B + 1: 268 (£ 181) g/mL x min; B: 156 (+ 36) g/mL x min; p= 0.543).

No significant differences in maternal brain uptake within subject across scans

Within-subject changes in fetal brain SV2A density might be explained by differences in
uptake of the radioligand in the dam. We compared the AUC of the maternal GM TAC
across the two scans for each subject, but did not observe any significant differences, with
average percent difference between each subjects’ two scans of 6.4% (£ 24.%, {7) = — 0.03,
p=0.97). These data, as well as the lack of significant differences in maternal brain uptake
across scan sites, suggest that the maternal brain could serve as a control and a within-scan
reference to quantify fetal brain SV2A PET uptake.

Total body imaging of the gravid rhesus macaque with SV2A PET

All eight animals successfully underwent SV2A PET imaging twice during the third
trimester, resulting in total body images for quantitative analysis of the fetal brain. The
injected dose of the PET radioligand was 166 + 43 MBq (4.5 + 1.2 mCi) for [11C]JUCB-J
scans at Site 1 and 3.1 + 0.3 mCi (113 + 12 MBq) for [18F]SynVesT-1 scans at Site 2.

PET scanning with both [11CJUCB-J and [*8F] SynVesT-1 resulted in expected whole-body

Eur J Nucl Med Mol Imaging. Author manuscript; available in PMC 2023 January 08.
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uptake, notably in the maternal brain, liver, and kidneys, consistent with previous primate
dosimetry scans. Additionally, both SV2A tracers crossed the placenta and entered the fetal
circulation as radiotracer uptake was observed within the fetal brain and the fetal liver within
1 min of radiotracer administration. SUV images for a gravid monkey in the third trimester
(120 and 145-days gestational age; term 165 + 10 days) are shown for [18F]SynVesT-1 scans
in Fig. 1.

Fetal brain SV2A increases during the third trimester

A sagittal view of the fetal brain is shown in Fig. 1 inserts (120- and 145-days gestational
age). Example regional time activity curves and corresponding Logan fits are shown in
Online Resource 3A and 3B, respectively. No differences in measures of fetal whole brain
DVR were observed across site at either time point with average DVRs of 0.147 (+ 0.023)
and 0.121 (+ 0.055) for Site 1 and Site 2 respectively at the first scan (o= 0.41), and 0.217
(£ 0.035) and 0.213 (z 0.047) for Site 1 and Site 2, respectively at the second scan (p =
0.89). Across the two sites, there was a significant difference in interscan interval, with
average age difference between scans of 28 (£ 5) at Site 1 and 18 (z 5) at Site 2 (p= 0.027).
From both sites, DVR measures increased between the early and late third trimester for all
fetal brains. On average, the percent increase in DVR between the two scans was 75 + 69%,
with some animals showing over 100% increase from the scan 1 DVR (Fig. 2, paired #test
#7)=-5.09, p=0.0014).

Heterogeneous SV2A PET tracer distribution in the fetal brain

Regional DVR information was obtained from the PET data after aligning to the neonate
rhesus macaque magnetic resonance (MR) template [24]. SV2A radiotracer distribution was
heterogenous in the fetal brain (Fig. 3). The highest SV2A tracer binding was localized to
subcortical and midbrain regions of the brain, with lower uptake in the frontal and occipital
cortices and cerebellum. At both time points, the subcortical regional average (N =5 regions
including the thalamus, caudate, and putamen) was greater than average cortical DVR (N

= 6 regions including the prefrontal, frontal, and temporal cortices) with average (V= 8)
DVRs of 0.256 (+ 0.034) and 0.163 (+ 0.023), respectively, at 120 days gestational age (o

< 0.001), and 0.380 (+ 0.056) and 0.274 (x 0.060), respectively, at 145 days gestational age
(p<0.001). Higher SV2A PET uptake in subcortical regions of the fetal brain was also
observed in average parametric images of DVR at both gestational ages (Fig. 3A, B).

SV2A uptake was also quantified in functionally distinct anatomical subdivisions of primary
and associative cortices (somatosensory, motor, visual) [25], to investigate differences in
SV2A density across functional brain regions. Primary regions tended to have higher

DVR than association regions at both time points, although this was not consistent across
functional areas. For example, the DVR at 120 days gestational age in the primary
somatosensory region was less than the associative, with average (A= 8) DVRs of 0.173
(+0.043) and 0.194 (+ 0.048), respectively (p = 0.050). In the motor areas, the DVR in the
primary region was greater than the DVVR in the associative, with average DVRs of 0.195 (+
0.052) and 0.163 (£ 0.038), respectively (p = 0.008). Lower values of DVR were observed
in the visual cortex, where the DVR in the primary region tended to be greater than that of
the associative on average, with DVRs of 0.163 (+ 0.058) and 0.145 (% 0.027), respectively,

Eur J Nucl Med Mol Imaging. Author manuscript; available in PMC 2023 January 08.
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although this trend was not significant (o = 0.458). The DVR at 145 days gestational age in
primary somatosensory region was greater than the associative, with average DVRs of 0.352
(x 0.056) and 0.333 (z 0.065), respectively, although these trends were not significant (p =
0.123). Significant differences were observed between the DVR in primary and associative
regions in the motor areas, with average values of 0.356 (+ 0.060) and 0.293 (+ 0.063)
respectively (p < 0.001), and in the visual regions with average DVRs of 0.242 (+ 0.044)
and 0.249 (+ 0.043), respectively (p= 0.010). Regional DVR estimates in the fetal brain are
reported for cortical, subcortical, and functional ROIs in Tables 2 and 3. These results show
SV2A density differs across the macaque cerebral cortex throughout the third trimester.

Quantification of synaptogenesis rates in the fetal brain

Synaptogenesis rates are shown in Tables 2 and 3. Parametric images of SR are shown in
Fig. 3C. Individual and average (V= 8) regional DVR increases are shown for all ROIs in
Fig. 4. Most notably, subcortical and midbrain regions also appeared to have higher rSR
compared to cortical regions. Additionally, rSR was relatively higher in the sensorimotor
regions, while other cortical regions such as prefrontal and occipital cortices showed lower
rates of increase. Quantitatively, when excluding two subjects with a shorter interscan
interval, the average (V= 6) rSR values in subcortical regions were similar to rSR in cortical
regions, with rSR of 0.004 (x 0.003) and 0.004 (x 0.002), respectively (o= 0.520). In the
somatosensory cortex, there was a trend of higher rSR in primary regions than in associative
regions, with rSR values of 0.007 (x 0.002) and 0.006 ( 0.002), respectively, though this
was not significant (p= 0.104). The motor cortex also had an insignificant trend of slightly
higher rSR in primary regions compared to associative regions with average rSRs to 0.0055
(£ 0.0017) and 0.0051 (£ 0.0022), respectively (p= 0.405). In the visual cortex, the rSR in
primary regions tended to be lower than in the associative regions, with respective average
rSR values of 0.0029 (+ 0.0026) and 0.0040 (+ 0.0016), though this trend was also not
statistically significant (o = 0.352). These results suggest that SV2A changes occur at largely
similar rates across the fetal brain.

Ex vivo SV2A measures correlated with in vivo SV2A measurements

Regional fetal brain samples of four rhesus fetuses were used to explore the relationship
between the image-derived SV2A concentrations in the fetal brain quantified by DVR
with the SV2A concentration derived from Western blotting. Western blot results from a
representative subject are shown in Online Resource 4. On average, these measures were
well correlated (/2 = 0.363, p = 0.038, Online Resource 5A). Thus, the image-derived
measures of SV2A agreed well with the true concentrations of SV2A in the fetal brain.

In vivo fetal-to-adult SV2A PET DVR correlates with ex vivo fetal-to-adult SV2A ratio

In order to compare our ex vivo SV2A results to previously reported measures of fetal-to-
adult synaptic density levels, we quantified SV2A protein levels in brain tissue previously
collected from other adult monkeys using Western blotting. The average SV2A density
across four regions (occipital cortex, frontal cortex, thalamus, and cerebellum) was used
to normalize the regional ex vivo SV2A concentrations from the fetal brain. The average
(V=12 regions) regional ex vivo fetal-to-adult SV2A ratio derived from Western blotting
was 0.30 (x 0.12), ranging from ~ 0.13 in the white matter to 0.55 in the thalamus. This
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agreed well with the average in vivo fetal-to-adult SV2A DVR of 0.34 (£ 0.07). The in
vivo SV2A PET DVR of fetal-to-adult brain correlated well with the ex vivo SV2A ratio
of fetal-to-adult brain (/2 = 0.363, p = 0.038, Fig. 5). When applying the approximation to
average regional DVR to eliminate the non-displaceable component of the PET signal, the

relationship between the in vivo specific ¥£%@!/yPaemal atio and the ex vivo SV2A ratio
remained significant (R2 = 0.363, p = 0.038; Online Resource 5B). The average regional in
vivo vl ppaemal ratio was 0.19 (+ 0.08), somewhat less than Western blot ratio of 0.30,
likely attributable to PET partial volume effects.

Discussion

The current study is the first report of SV2A PET imaging in the developing fetal rhesus
brain. Across two imaging sites, [F1CJUCB-J or [*8F]SynVesT-1 PET tracers were used

to scan a total of 8 gravid rhesus monkeys (4 per site) twice during the third trimester.
SV2A PET measures of fetal-to-maternal brain DVR increased within the whole fetal brain
and across all regions, which agrees with previous studies in rhesus that have reported
increases in synapse number per unit area across the cortex in the fetal brain during the final
weeks of gestation as evaluated by electron microscopy [4-8]. At both 120- and 145-days
gestational age, DVR measures were higher in most subcortical regions than in cortical
regions. This pattern of greater subcortical synaptic density has previously been reported
both in terms of synaptic density in the ~ 14-day-old rodent [29] and also agrees with
patterns of glucose metabolism in the newborn human determined using [18F] Fluoro-deoxy-
glucose (FDG)-PET [30, 31]. The regional DVR values at 145 days gestational age were
significantly correlated with ex vivo regional fetal brain SV2A concentrations from Western
blotting, providing evidence that measures derived from SV2A PET directly relate to SV2A
protein concentrations in the fetal brain. However, the values of DVR reported here conflict
with microscopy studies, such that the synaptic density levels reported previously approach
or reach 100% of values for adults at the time of birth [4-8], while the DVR values reach
about 40% of the adult value. Given that both the ex vivo and in vivo fetal-to-adult SV2A
ratios do not agree with previous synaptic density literature, it is possible that SV2A density
is a meaningful, but not a direct, estimate of synaptic density in brain development.

In addition to observing SV2A uptake measures, we also report synaptogenesis rates by
region and by voxel. We expect that the large range of interscan interval (21-33 days)
contributed to some of the variability in our rSR estimates. The rSR values across general
cortical areas were largely similar to each other, a trend that has been reported across
primary motor, visual, and somatosensory areas in the rhesus monkey using synaptic density
measures [6]. Notably, reports of concurrent cortical synaptogenesis in monkeys are not
similar to reports in humans, where synaptic density increases more rapidly in primary areas
such as the auditory cortex than in areas with higher-order executive functions such as the
prefrontal cortex [2]. The outcome measure of DVR is a ratio of total volume of distribution
(a sum of specific radiotracer binding, V5 + nondisplaceable binding, Wp) of the region of
interest and the reference region. Assuming the nondisplaceable volume of distribution Wp
is the same in the fetal and maternal brains and does not change across scans, the increase in
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DVR during gestation, as measured here by rSR, reflects an increase in SV2A density, V5 in
the fetal brain.

Previous studies have utilized techniques including electron microscopy [4, 32] and more
recently immunohistochemistry [33] to assess synaptic density across the brain on a
microscale. The outcome measures from these methods represent the quantity of fully
developed synapses, with pre- and post-synaptic components, per unit area. The current
study implemented a method to evaluate in vivo SV2A, a presynaptic vesicle protein. The
increased expression of SYN, another presynaptic vesicle protein which localizes with
SV2A [20], has previously been reported to correlate with synaptogenesis as evaluated

by electron microscopy in the developing mouse visual cortex [34]. Thus, it is likely that
changes in SV2A expression represent the development of mature synapses. However, the
differences between fetal-to-adult SV2A ratio, reported here by in vivo PET measures

and ex vivo Western blotting, and fetal-to-adult synaptic density levels may be due to
increases in SV2A protein expression during brain development, potentially at a rate
independent from fully formed synaptic contacts. Previous studies have reported increased
SV2A expression by Western blot early in the mouse [35] and in the rat hippocampus

[36]. In addition to changes in SV2A protein expression during development, the number
of synaptic vesicles per synapse, quantified with electron microscopy, increases during

the first month of life, when rodent brain development is more comparable to prenatal
development in primates [37], in the rat parietal cortex [38] and visual cortex [39]. With
SV2A localized to presynaptic vesicles, changes in vesicle density are likely to affect SV2A
density. Furthermore, in the adult rat, approximately 2-5 SV2 proteins per vesicle have been
reported [40, 41], but whether this value changes with brain development is not known.
Despite these potential dynamic changes during development, following SV2A trajectories
throughout the synaptogenesis period remains valuable, due to the protein’s importance in
normal brain function [42] and particularly if changes in SV2A are related to changes in
mature synapse density.

To validate in vivo PET measurements, SV2A protein concentrations were estimated by
Western blot using fetal brain samples from a subset of subjects. The positive, significant
correlation between in vivo regional SV2A PET measures and ex vivo regional SV2A
concentrations was expected, as previous work by our group has shown agreement between
in vivo SV2A PET measures and ex vivo SV2A protein concentration in the adult baboon
brain [20]. When the ex vivo fetal SV2A concentrations were normalized to the average

ex vivo SV2A concentration in the adult monkey, the ex vivo fetal-to-adult SV2A specific
ratio also agreed very well with the in vivo fetal-to-adult SV2A PET DVR. The correlation
between these two measures was positive (Fig. 5), but there was evidence of non-specific
signal in the PET measures. When correcting the DVR to estimate a specific V4 ratio,

this relationship remained significant, and the intercept of the regression line approached
zero (Online Resource 5B). The in vivo V4 ratio was lower than the observed ex vivo
fetal-to-adult SV2A ratio, with a regional average of 0.19 (+ 0.08) compared to 0.30 (=
0.12), respectively. This difference may be attributed to partial volume effects (PVE) in the
PET images, which results from limited spatial resolution of PET. PVE leads to inaccurate
quantitative measures, particularly when imaging small regions or tissues [43], such as
small fetal brain regions like the amygdala, which had high variability in DVR across some
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scans (Fig. 4). Based on the radiotracer uptake patterns in the fetal brain, it is most likely
that spill-over of radioactivity from subcortical and midbrain regions will contribute to
quantitative inaccuracies, leading to an underestimation of DVR and thus, a lower calculated
in vivo V5 ratio.

It is important to note some variables and limitations related to these studies. First, PET
images were acquired at two imaging sites where different sedation protocols were used and
PET images were acquired using different PET tracers and scanners. However, given these
differences, we did not detect any statistically significant differences in PET measures in
the maternal brain; thus, the likelihood of the sites introducing variability in this study is
low. One key reason for this difference in radiotracer across sites was that [18F]SynVesT-1
was not yet validated when data collection began at Site 1. However, given the similarity
between the two tracers in chemical structure, Kinetic profiles, and distribution patterns in
the rhesus [15], this difference should not introduce significant bias. Second, there may

be differences in the delivery rate of radiotracer between the maternal and fetal brains

due to the placenta and the maternal and fetal circulations. The PET data were quantified
using a Logan Graphical Method with a # of 10 min to account for any potential delay

in radiotracer delivery to the fetal brain, relative to the maternal brain. Third, the maternal
GM was used as a reference region to attain a fetal-to-adult SV2A outcome measure of
DVR. Although the white matter region of the centrum semio-vale (CS) may be a useful
reference region for SV2A PET quantification [44], neither the white matter of the maternal
brain nor the fetal brain was used as a reference region, due to considerable PVE in

each of the regions, which would lead to overestimations of radiotracer concentrations in
the reference region due to the small CS region and the poor spatial resolution of the

PET system. Future studies may consider exploring these regions as a reference region
after correction for PVE. Further validation would also be needed to use the CS of the

fetal brain as a reference region in brain development, as myelination of axons across the
white matter also occurs during this developmental time period [45]. Increased myelin may
introduce variations in tissue properties and characteristics (e.g., lipophilicity) that may
affect nonspecific binding of [21CJUCB-J, which has been suggested to be greater in the
white matter than in the GM, potentially due to differences in tissue properties [44]. Fourth
is the reliance on CT versus structural MRI. To minimize study impact and burden on

the dam and the fetus, MRI scans were not performed. Although CT images provide the
anatomical delineation of the fetal skull in this study, the images lack soft-tissue contrast that
could assist with image processing steps, including nonlinear registration of the fetal brain to
the regional template. This may lead to slight inaccuracies in volume of interest definition;
however, each registration was reviewed for quality before incorporating into the results of
the current study. The lack of MRI also prevented the implementation of partial volume
correction techniques, which would have helped improve the reliability of the regional
outcome measures, as well as aid in controlling for the increasing fetal brain size during
the third trimester. Fifth is our estimate of SV2A change during the late gestation period

as a synaptogenesis rate (SR). Since only two measurements per subject during this critical
period of brain development for the current study, the overall change in SV2A was defined
as the change in SV2A PET DVR within each region/subject, normalized by the difference
in gestational age between scans, or the interscan interval. The interscan interval differed
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somewhat across subjects due to scheduling, and we believe that it is important to account
for this variation when discussing the change in SV2A measures. Thus, we interpret the SR
measure as a rate of change between two timepoints. Future studies may consider acquiring
additional scans during the second and third trimesters in order to measure the potential
nonlinear changes in synaptic density by SV2A in the developing fetal brain. Sixth is the use
and validation of SV2A, a presynaptic vesicle protein, as a synaptic marker as previously
discussed. The in vivo to ex vivo comparison of SV2A measures completed here was
conducted at a single timepoint during gestation (approximately 145 days gestational age).
Further studies should explore this comparison at additional periods of brain development.
Furthermore, ongoing and future work in our group will focus on validating SV2A as a
synaptic marker along with SYN and post-synaptic markers such as post-synaptic density
marker PSD-95 and gephyrin. Lastly, the ex vivo validation step in which the fetal brain
SV2A concentrations from Western blots used adult brain tissue from two male monkeys for
normalization and estimation of the ex vivo fetal-to-adult SV2A ratio, which may introduce
variability between the in vivo and ex vivo ratios, due to potential sex differences in the
SV2A measures. However, prior work has not reported significant effects of sex on SV2A
measures in human [18, 46, 47].

The current study validates a method measuring SV2A in the developing rhesus monkey
brain using PET. PET imaging has been previously used in the gravid monkey to image
glucose metabolism in the fetal monkey under baseline conditions [48] and under exposure
to cocaine [49] using [18F]FDG PET, which reflects fetal neuronal activity to explore
potential effects of drug exposure in utero in the fetal brain. A recent study, however,

has shown that SV2A-PET is more of a direct measure of synaptic density and may not

be as sensitive to changes in neuronal activity [50]. The proposed methodology provides

a new technique for performing longitudinal measurements of SV2A density within the
same subject at crucial time-points in neurodevelopment. SV2A PET images can be
acquired during gestation and after birth, allowing for the potential for both prenatal and
postnatal SV2A quantification in the developing brain. Figure 6 shows a fetal SV2A

image acquired in the late third trimester alongside an SV2A image in the same subject

at two weeks after birth on the Focus220 microPET system, each in units of respective
standardized uptake value (SUV). With this, we can continuously monitor SV2A changes
in the healthy brain across critical developmental periods, both prenatally and postnatally.
Ongoing work will continue to explore and validate SV2A density changes throughout the
postnatal period. Furthermore, these methods could be used to explore SV2A in relation

to neurodevelopmental disorders that may be associated with preterm birth [4], infectious
diseases [28], prenatal stressors [51], or environmental factors such as fetal alcohol or
recreational drug exposure [29, 51]. This work shows the capability of PET imaging with
SV2A-specific radioligands to evaluate SV2A density in the fetal brain. This method is less
invasive than current standards for evaluation of synaptic density during development and
allows for longitudinal, within-subject assessment of critical processes in brain development
in health or disease.
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Fig. 1.
Whole-body PET standardized uptake value (SUV) images (10-30 min) of gravid rhesus

macaque overlaid on CT at 120 (left) and 145-days gestational age (right). Insert: Sagittal
view of fetal brain. Color bar units: SUV (g/mL)
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-®- Average (N=8)
--- Site 1
Site 2

Fetal whole-brain DVR increases during the third trimester. Average DVR across the two
scans shown with a solid line (error bars are standard deviation across /= 8). Individual
data points from Site 1 are shown with dashed lines, and individual data points from Site 2
shown with dotted lines. Trimesters are divided by 55-day increments (first trimester 0-55
days, second trimester 56-110 days, and third trimester 111-165 days; term 165 + 10 days

in this species)
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Fig. 3.

Sygnaptogenesis rates were quantified using average DVR images of the fetal brain. Average
(V= 6) DVR images at 120-days (A) and 145-days gestational age (B). C Synaptogenesis
rate (SR) image across 6 animals, showing the average change in DVR normalized by the
change in gestational age between scans during the third trimester (~ 120- to 145-days
gestational age), overlaid on neonate MRI template(21)
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Fig. 4.

Reggional fetal brain DVR increases across cortical (A), subcortical (B), and functional (C)
ROIs. Average DVRs are shown with a solid line. Individual data points from Site 1 are
shown with dashed lines, and individual data points from Site 2 are shown with dotted lines.
Error bars are standard deviation across V=8
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In vivo fetal-to-adult DVR
(Fetal/Maternal DVR, 145 days)

Fig. 5.
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Prefrontal
Frontal
Parietal
Temporal
Occipital
Cerebellum
Caudate
Putamen
Hippocampus
Amygdala
Thalamus
White Matter

Average regional [*8F]SynVesT-1 SV2A PET DVR (N = 4) is significantly correlated with
average (V= 4) ex vivo fetal-to-adult SV2A ratio
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Fig. 6.

S\?ZA PET uptake patterns are similar between late-gestation and early neonatal period.
Neonate Rhesus Macaque Template (top row [24]) with a fetal NHP SV2A image acquired
at 145-day gestational age (middle row) and a neonatal SV2A image acquired at 2-week
postnatal age (bottom row) in the same subject

Eur J Nucl Med Mol Imaging. Author manuscript; available in PMC 2023 January 08.



Page 23

Rossano et al.

$19sgNs Tg ‘suollesal

€ = STZIE ‘'S18sqNs Tg ‘suonelall Z = sTziz ‘Buijapow uonouny peaids jutod = 4Sd ‘Burjspow 1yB1j4 Jo Wi = 4O ‘UoieZIWIXeW uone)dadxa 19sqns paIsplo = NSO ‘|asenbag-elsw = bg :suoneinsigqy

Author Manuscript

4Sd + 401 yum (soz1z) W3So
sulWeIdY + |0zelsL

(bgIN TTT) T-LS9AUAS[Hg;]

4Sd + 401 yum (sTeIg) WSO uoINISU021 38w
seb auen|jos| + a1e|011AdodA|B/auIweley 10903040 BIS3L)SaUE/LI0IEPIS

(baw s81) r-aon[og]  (asop parosiur parabiey) ssoenoipey

HIHOT1dX3-1uiw Apog-|e10] arewid 12w ydesborg suawals wWdIsAs buibewt 4 34
VO ‘sineq ‘191U YdJeasay ajewlld [euoieN eluiojifed sined ON 1D ‘UaneH MaN ‘181D 1 3d 8JeA uotpaof buluess
(A IS

T alqeL

Author Manuscript

"Salls Ueas JO s|1e1ap [ea1fojopoyisw Jo ajqel

Author Manuscript Author Manuscript

Eur J Nucl Med Mol Imaging. Author manuscript; available in PMC 2023 January 08.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Rossano et al.

Average (s.d., V= 8) regional DVR estimates for cortical and subcortical fetal brain regions at 120- and
145-days gestational age. Average synaptogenesis rate for each region is shown in the right column

Table 2

Page 24

Region Average (s.d.) DVR, 120days, N =8 Average(s.d.) DVR, 145days, N =8 Qve;age (s.d.) rSR (DVR Increase per
ay,
Prefrontal 0.141 (0.030) 0.234 (0.050) 0.0047 (0.0032)
Frontal 0.172 (0.044) 0.301 (0.059) 0.0064 (0.0036)
Parietal 0.162 (0.033) 0.292 (0.047) 0.0062 (0.0032)
Occipital 0.136 (0.027) 0.242 (0.044) 0.0052 (0.0031)
Temporal 0.164 (0.037) 0.274 (0.049) 0.0057 (0.0045)
Cerebellum  0.200 (0.048) 0.301 (0.055) 0.0056 (0.0053)
Hippocampus ~ 0.216 (0.073) 0.344 (0.043) 0.0065 (0.0051)
Amygdala 0.252 (0.081) 0.406 (0.118) 0.0087 (0.0094)
Caudate 0.247 (0.094) 0.300 (0.057) 0.0030 (0.0063)
Putamen 0.255 (0.058) 0.423 (0.072) 0.0079 (0.0051)
Thalamus 0.309 (0.049) 0.426 (0.063) 0.0058 (0.0048)
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Table 3

Average (s.d, V= 8) regional DVR estimates for primary and associative cortices at 120- and 145-days
gestational age. Average synaptogenesis rate for each region is shown in the right column

Page 25

Average (s.d.) DVR, 145 days, N =
8

Average (s.d.) rSR (DVR
Increase per day)

Region Average (s.d.) DVR, 120 days, N =
8

Primary auditory 0.172 (0.040)

Associative auditory 0.170 (0.031)

Primary motor 0.195 (0.052)

Associative motor 0.163 (0.038)

Primary somatosensory 0.173 (0.043)

Associative somatosensory  0.194 (0.048)

Primary visual

Associative visual

0.163 (0.023)
0.145 (0.027)

0.311 (0.051)
0.300 (0.054)
0.356 (0.060)
0.293 (0.063)
0.352 (0.056)
0.333 (0.065)
0.242 (0.044)
0.249 (0.043)

0.0067 (0.0037)
0.0065 (0.0043)
0.0082 (0.0053)
0.0063 (0.0034)
0.0087 (0.0046)
0.0064 (0.0046)
0.0042 (0.0037)
0.0050 (0.0028)
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