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ABSTRACT

Down syndrome (DS) is a genetic pathology characterized by various developmental defects. Unlike other
clinical problems, intellectual disability is an invariant clinical trait of DS. Impairment of neurogenesis
accompanied by brain hypotrophy is a typical neurodevelopmental phenotype of DS, suggesting that a
reduction in the number of cells forming the brain may be a key determinant of intellectual disability. Previous
evidence showed that fetuses with DS exhibit widespread hypocellularity in brain regions belonging to the
temporal lobe memory systems, which may account for the typical explicit memory impairment that
characterizes DS. In the current study we have examined the basal ganglia, the insular cortex, and the cingulate
cortex of fetuses with DS and age-matched controls (18-22 weeks of gestation), to establish whether cellularity
defects involve regions that are not primarily involved in explicit memory. We found that fetuses with DS
exhibit a notable hypocellularity in the putamen (-30%) and globus pallidus (-35%). In contrast, no cellularity
differences were found in the insular and cingulate cortices, indicating that hypocellularity is not ubiquitous in
the DS brain. The hypocellularity found in the basal ganglia, which are critically implicated in the control of
movement, suggests that such alterations may contribute to the motor abnormalities of DS. The normal
cytoarchitecture of the insular and cingulate cortices suggests that the alterations exhibited by in people with

DS in functions in which these regions are involved are not attributable to neuron paucity.

Key words: Down syndrome, fetal brain, neurogenesis, cellularity, intellectual disability
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1. INTRODUCTION

Down syndrome (DS) or trisomy 21 is a genetic pathology characterized by neurodevelopmental
defects that involve various organs, including the brain (reviewed by (Bull, 2020)). Unlike other clinical
problems, intellectual disability and neurobehavioral impairment are invariant clinical phenotypes of DS that
start from infancy and deteriorate with age (Grieco et al., 2015). Adults, children and fetuses with DS have an
overall reduced brain volume and a reduced volume in several brain regions (see (Hamadelseed and Skutella,
2023, Hamner et al., 2018, Teipel and Hampel, 2006, Stagni et al., 2018) which may account for their
neurological phenotypes. Most of the information on brain abnormalities in DS derives from in vivo studies
using brain magnetic resonance imaging (MRI) and from a more limited number of studies on postmortem
brains. MRI studies in adults with DS show a reduced volume of the cerebrum, cerebral cortex, hippocampus,
planum temporale, cerebellum, ventral pons, mamillary bodies, and trends for shrinkage in the prefrontal
cortex, anterior cingulate gyrus, inferior temporal cortex and superior temporal gyrus (Weis et al., 1991, Raz
et al, 1995, Kesslak et al., 1994, Frangou et al., 1997, Aylward et al, 1999). MRI studies in
children/adolescents with DS show a reduced volume of the cerebrum, frontal, parietal and temporal lobes,
hippocampus, amygdala, and cerebellum (Pinter et al., 2001b, Pinter et al., 2001a, Jernigan et al., 1993, Kates
et al., 2002, Rigoldi et al., 2009, Smigielska-Kuzia et al., 2011, Carducci et al., 2013). An MRI study in infants
with DS shows a reduced volume of the frontal, parietal, temporal and occipital lobes, insula, cingulate gyrus,
and basal ganglia (Fukami-Gartner et al., 2023) and two MRI studies in fetuses with DS show a reduced
cerebellar and cortical volume and decreased growth of the cortical plate and subcortical parenchyma (Tarui
et al., 2020, Patkee et al., 2020). The volume reduction documented by MRI studies is corroborated by a
handful of studies in postmortem brain samples showing a reduced volume of the frontal lobes, brain stem and
cerebellum in infants with DS (Wisniewski, 1990) and a decreased thickness in the cortex of the superior
temporal gyrus (Golden and Hyman, 1994), a reduced volume of the hippocampus, inferior temporal region
and cerebellum (Guidi et al., 2008, Guidi et al., 2011, Guidi et al., 2018) in fetuses with DS.

Accumulating evidence shows a severe impairment of neurogenesis during the critical period when
neurons are generated, i.e. up to the second trimester of gestation (reviewed by (Stagni et al., 2018)). Thus,
defective cellularity due to neurogenesis impairment can account for the typical brain hypotrophy that
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characterizes DS. Neuron paucity is accompanied by altered neuronal maturation that causes a reduction of
dendritic arborization and dendritic spine density (Takashima et al., 1981, Takashima et al., 1994, Becker et
al., 1986, Prinz et al., 1997, Purpura, 1975). Hypocellularity in conjunction with connectivity alterations are
considered major determinants of intellectual disability in DS.

Very few studies have directly examined cellularity in the fetal DS brain due to the limited
availability of fetal material. In previous studies we found that the dentate gyrus, hippocampus proper,
subiculum, presubiculum, entorhinal cortex, fusiform gyrus, and inferior temporal gyrus of fetuses with DS
have a reduced size and a reduced number of cells in comparison with control fetuses (Guidi et al., 2008, Guidi
et al., 2018, Stagni et al., 2019). Since these areas belong to the memory systems of the temporal lobe,
impairment in their development may underlie the impairment in hippocampus-dependent memory functions
that characterizes children and adults with DS (see (Carlesimo et al., 1997, Pennington et al., 2003, Vicari et
al., 2005, Lavenex et al., 2015, Godfrey and Lee, 2020)).

Children and adults with DS exhibit, in addition to memory impairment, deficits in a constellation
of behavioral functions, such as cognition, executive functions, language, verbal and motor skills (see (Grieco
et al., 2015, Vandoni et al., 2023, Chapman and Hesketh, 2000, Costanzo et al., 2013, Vicari et al., 2013)).
The complexity of the mechanisms underlying behavior makes it difficult to ascribe these behavioral
alterations to a single cause. From a reductionistic viewpoint, however, it seems very likely that early occurring
cellularity defects are a key cause of the behavioral deficits of DS. This hypothesis is in accord with the
generalized cortical hypocellularity found in fetuses with DS (Larsen et al., 2008) and the widespread volume
reduction observed in numerus regions of infants and children with DS (Fukami-Gartner et al., 2023, Oz et al.,
2021, Carducci et al., 2013, Gunbey et al., 2017). Unlike memory, other neurobehavioral functions are less
severely impaired in DS (see (Grieco et al., 2015, Vandoni et al., 2023, Chapman and Hesketh, 2000, Costanzo
etal., 2013, Vicari et al., 2013)), suggesting that neurodevelopmental defects may differentially affect different
brain regions. This hypothesis, however, needs to be confirmed by specific studies. In an attempt to contribute
filling this gap, in the current study we have examined the basal ganglia, the insular cortex, and the posterior
cingulate cortex of fetuses with DS in order to establish whether precocious cellularity defects also involve
forebrain areas beyond the memory systems of the temporal lobe. The basal ganglia play a key role in the
regulation of movement and motor skills (Ding, 2023), the insular cortex is implicated in speech production
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(see (Nieuwenhuys, 2012)), and the posterior cingulate cortex is involved in executive functions (see (Foster
et al., 2023)). Knowledge of the timing and spatial distribution of defects in brain development during fetal
life stages is of relevance to better characterize the neurodevelopmental phenotype of DS. This knowledge, in
turn, may provide useful information to guide possible therapeutic strategies aimed at improving brain

development.

2. METHODS

2.1 Subjects

Brains of fetuses between 18 and 22 gestational weeks (GW) were obtained after prior informed consent from
the parents and according to procedures approved by the Ethical Committee of the St. Orsola-Malpighi
Hospital, Bologna, Italy and by the Ethical Committee of the Azienda Unita Sanitaria Locale, Reggio Emilia,
Italy. Regulations of the Italian Ministry of Health and the policy of Declaration of Helsinki were followed.
Fetuses derived from legal abortion and were collected with an average post-mortem delay of approximately
2 h. Four euploid fetuses with no neuropathological abnormalities and five DS fetuses of were used. The
gestational age, sex, size and body weight of these fetuses are summarized in Table 1. These fetuses were used
in previous studies (Guidi et al., 2008, Guidi et al., 2018, Stagni et al., 2019, Stagni et al., 2020). We included
in the current study the cases of previous studies whose available brain sections contained the regions of
interest specified below and excluded the other cases. Trisomy was karyotypically proven from the results of
genetic amniocentesis procedures. All cases were classical trisomy 21 (free trisomy).

2.2 Histological procedures

Whole brains were fixed by subdural perfusion with Metacarnoy (methyl alcohol: chloroform: acetic acid
6:1:1) a fixative that rapidly penetrates tissues and is excellent for the fixation of glycogens, Nissl granules
and nuclear materials. Being an anhydrous alcohol-based fixative, it fixes and dehydrates at the same time.
The fixative was injected through the anterior and posterior fontanelles. After 24-48 h the brains were removed,
the region of the right hemisphere caudal to the mammillary bodies was dissected out and coronally sectioned

into 2-3 mm-thick blocks (3-4) that were post-fixed in 4% buffered formaldehyde for 5-7 days and embedded
5
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in paraffin according to standard procedures. The first block was cut into 8- or 12-pm-thick sections that were
Nissl-stained as previously described (Guidi et al., 2008).

2.3 Delineation of the regions of interest

Figure 1 shows the regions examined here, i.e. putamen (PUT), globus pallidus (GP), insula (INS) and
cingulate cortex (CCX). The brain sections available for our study comprised a part only of these regions. We
used Allen’s on-line brain reference atlas of fetuses at postconceptional week 21
(http://www.brainspan.org/static/atlas) to delineate their location. Among the nuclei forming the basal ganglia,
the caudate nucleus could not be examined here because it is located more rostrally than the series of available
sections. Therefore, the PUT and the GP only could be examined in the current study. The region of the PUT
examined here stretches between the appearance of the entorhinal cortex (image 34 of Allen’s atlas) and the
caudal end of the PUT (image 46 of Allen’s atlas) and the examined region of the GP stretches from the
appearance of the entorhinal cortex (image 34 of Allen’s atlas) and the caudal end of GP (image 42 of Allen’s
atlas). The INS examined here stretches between the appearance of the entorhinal cortex (image 34 of Allen’s
atlas) and the appearance of the dentate gyrus (image 45 of Allen’s atlas). This region roughly corresponds to
the caudal one half of the granular INS. The CCX examined here stretches from the appearance of the
entorhinal cortex (image 34 of Allen’s atlas) and the middle of the hippocampus (image 51 Allen’s atlas). This
region roughly corresponds to the rostral one half of the caudal cingulate cortex.

2.4 Measurements

2.4.1 Image acquisition. Nissl-stained sections were scanned at 40x magnification with a digital whole-slide
scanner (Nano-Zoomer S60, Hamamatsu Photonics, Japan). The software NDP.view2 software was used to
extract low (5x) and high (40x or 100x) magnification images of the regions of interest, i.e., the PUT, GP, INS,
and CCX from the originally acquired images. The low magnification images were used to evaluate the
thickness of the cortical plate in the INS and CCX. The high magnification images were used to count the
number of cells. Measurements were carried out using the software Image Pro Plus (Media Cybernetics, Silver
Spring, MD 20910, USA).

2.4.2 Number of sampled sections. Complete series of sections across the whole regions of interest were not
available for all cases due to tissue damage during histological processing. The number of intact sections

containing the regions of interest was 4-6 per fetus.
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2.4.3 Cell Density measurement. In the PUT and GP cells were sampled in rectangles (size: 120x68 um in the
PUT and size 300x166 um in GP) that were randomly positioned within the squares of a grid placed over the
region of interest (Figures 2 and 3). The grid size was of 1 mm in the PUT and 0.5 mm in the GP. In the GP,
measurements were carried out in the outer segment only, because the border between the inner segment and
the surrounding structures was scarcely recognizable. In the PUT and GP cells with different nuclear size could
be recognized. Therefore, counting was carried out separately for cells with small and large nuclei. Small and
large cells are defined here as cells with a nuclear long axis < 6 pum and > 6 um, respectively, in the PUT and
as cells with nuclear long axis < 10 um and > 10 um, respectively, in the GP. Save for layer first, no cell layers
were easily recognizable in the cortical plate of the INS and CCX of fetuses aged 18-22 weeks. For this reason,
the cortical plate was arbitrarily subdivided into three cellular laminae of equal thickness called here outer,
middle, and inner cortical layers. Nine rectangular snaps (size: 120x68 pm) per section were semi-randomly
acquired across the thickness of the cortical plate of the INS and CCX. Rectangles were positioned along the
central axis of the INS and CCX, and along two radial lines placed at approximately 400-500 um left and right
to the central axis. Along each axis, rectangles were placed in the outermost portion of the outer layer
(perspective layer II) and approximately in the intermediate part of the middle and inner cell layers (Figures 4
and 5). While counting cells, the rules of the unbiased grid were applied, namely two lines of the measured
field were defined as forbidden lines and cells hitting the forbidden lines were not counted. In each acquired
image, all cell nuclei that did not hit the forbidden lines were counted. The number of counted nuclei per snap
(rectangle) ranged between 23-90 in the PUT, 47-161 in the GP, 54-211 in the INS and 64-219 in the CCX. In
each region of interest, the number of cells counted in each snap was divided by the size of the sampled area
and expressed as number of cells/mm?. For each fetus, the mean cell density in the PUT and GP and in
individual layers of the INS and CCX was obtained by averaging the means of the values of individual sections.
2.4.4 Cortical thickness measurement. Since the thickness of the INS changes substantially along its extent
due to its infoldings (smaller at the center and larger at the borders with the adjacent cortices), to standardize
measurements we measured the INS thickness at its central axis and at two adjacent points 200 um apart
(Figure 4a). The total thickness of the cellular layers of the CCX was measured at 4 locations equally spaced

along the dorsoventral length of the CCX (Figure 5b). The mean thickness of the CCX and INS per fetus was
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obtained by averaging the mean of the values of individual sections.
2-5 Statistical analysis. Results are presented as mean + standard error of the mean (SE). Statistical analysis
was carried out using the two-tailed Student’s t-test. A probability level of p < 0.05 was considered to be

statistically significant.

3. RESULTS

3.1 Cellularity in the putamen and globus pallidus of fetuses with DS

In the PUT of both control and DS fetuses, cells with small and large nuclei could be detected (Figure
2b,c). Cells with large nuclei represented a small percentage of total cell number (14.86 + 3.51% in control
fetuses and 13.17 £ 1.03% in fetuses with DS). No difference was found in the percentage of large vs. small
cells between control and DS fetuses.

A comparison of the density of all cells populating the PUT showed that DS fetuses had significantly
fewer cells (-30%) than controls (Figure 2d). The separate analysis of cells with small and large nuclei showed
that fetuses with DS had significantly fewer cells with both small (-30%) and large (-32%) nuclei than controls
(Figure 2e,f).

We evaluated here cell density in the outer portion of the globus pallidus (globus pallidus externus)
because the borders between its inner portion (globus pallidus internus) and the surrounding extra-striatal
structures was scarcely recognizable. Cells populating the GP were more sparsely distributed than in the PUT.
Their density in control fetuses was approximately 26-28% in comparison with cell density in the PUT
(p=0.001; two-tailed t-test). Like in the PUT, in the GP of both control and DS fetuses, cells with small and
large nuclei could be detected (Figure 3b,c). Cells with large nuclei also represented in the GP a small
percentage of total cell number (11.12 £ 0.74%, in control fetuses and 11.60 £ 1.19% in fetuses with DS).

A comparison of the density of all cells populating the GP showed that DS fetuses had significantly
fewer cells (-35%) than controls (Figure 3d). The separate analysis of cells with small and large nuclei showed
that fetuses with DS had significantly fewer cells with both small (-35%) and large (-38%) nuclei than controls

(Figure 3e,f).
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3.2 Cellularity in the insular cortex of fetuses with DS

During cortical development neurons migrate from the ventricular/subventricular zone to the
prospective cerebral cortex. Neurons that arrive first settle in the prospective layer VI, while later migrating
neurons settle in successively more superficial layers. This pattern of migration is called inside-out and causes
an expansion in cortical thickness. It has been estimated that in humans cells forming cortical layer VI are
produced starting at gestational day 57 (Clancy et al., 2001) and that the end of cortical neurogenesis can be
placed at GW24-GW25 (Malik et al., 2013, Kostovic¢ et al., 2019). Thus, we deemed it of interest to evaluate
cell density separately in different cortical layers, in order to detect possible layer-specific neurogenesis
differences between DS and control fetuses. At the examined fetal ages individual cortical layers could not be
easily distinguished in the cortical plate of the INS and CCX. Therefore, we arbitrarily divided the cortical
plate of the INS and CCX into three zones, called outer, middle, and inner layer and evaluated cell density
separately in each layer (see Methods). In the case of the outer layer, cell density was evaluated in the part
close to layer I, because this zone should roughly correspond to prospective layer II. No discrimination between
cells with nuclei of large and small size was done in the INS because cell nuclei showed relatively limited size
differences (see Figure 4c).

Cell density in the INS appeared to increase going from the inner to the outer layer (Figure 4b,c). A
comparison of cell density in individual layers showed that a marginally significant difference was present
between cell density in the outer vs. inner layer of both control (+43%; p=0.0563, two-tailed t-test) and DS
(+44%; p=0.071, two-tailed t-test) fetuses. In the human cortex, a decrease in cell density takes place from
fetal to neonatal life stages due to increase and maturation of dendrites and synapses (Leuba and Garey, 1987).
Thus, the density difference across layers seen here in the INS (and CCX; see below) can be accounted by the
fact that the older neurons of the deep layer are more mature, i.e. have more extended neuritic processes, in
comparison with superficial layer neurons, and therefore require a larger space in the brain, which implies a

reduced neuronal density.
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A comparison of cell density in control and DS fetuses showed no statistically significant differences
in any of the three cellular layers of the INS, although DS fetuses had, in absolute terms, slightly fewer (~ -
15%) cells in comparison with controls in all layers (Figure 4d-f). An evaluation of the thickness of the whole
cellular lamina of the INS showed no statistically significant differences between control and DS fetuses,
(Figure 4g). The absence of thickness differences in conjunction with the absence of cell density differences
suggests no differences in the total number of cells populating the INS of fetuses with DS in comparison with

controls.

3.3 Cellularity in the cingulate cortex of fetuses with DS

Similar to the INS, cell density differences were apparent across layers of the CCX (Figure 5b,c)
both in control and DS fetuses. No discrimination between cells with nuclei of large and small size was done
because cell nuclei exhibited relatively limited size differences (see Figure 5c). A comparison of cell density
across individual layers showed that it was larger in the outer vs. middle layer of both control (+63%; p=0.036,
two-tailed t-test) and DS (+56%; p=0.009, two-tailed t-test) fetuses and in the outer vs. the inner layer of both
control (+59%; p=0.064, two-tailed t-test) and DS (+45%; p=0.005; two-tailed t-test) fetuses.

A comparison of the density of the cells populating the CCX of euploid and DS fetuses showed no
statistically significant differences in any of the three cellular layers, although DS fetuses had, in absolute
terms, slightly fewer cells (~ -13%) in comparison with controls in the outer layer (Figure 5d). An evaluation
of the thickness of the whole cellular lamina of the CCX showed no statistically significant differences between
DS and control fetuses. This finding, in conjunction with the absence of differences in cell density, suggests

no differences in the total number of cells populating the CCX of fetuses with DS in comparison with controls.

4. DISCUSSION

4.1 The putamen and globus pallidus of fetuses with DS are populated by fewer cells
Current results show a notable hypocellularity in the PUT and GP of fetuses with DS. Neurons of these

subcortical nuclei, which are largely GABAergic interneurons (Oorschot, 2010, Dehorter et al., 2009), derive
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from progenitors located in the ganglionic eminences (Knowles et al., 2021, Ulfig, 2002). The reduced number
of cells in the PUT and GP suggests a reduced proliferation rate of their progenitors and/or defects in their
migration rate. The latter possibility is in line with in vitro evidence that DS GABAergic interneurons exhibit
migration impairment (Huo et al., 2018).

To our knowledge there are no other investigations that have evaluated cell number in the PUT and GP of
fetuses with DS. Information on the volume of these nuclei at different postnatal life stages, however, are
provided by MRI studies. A reduction in the volume of the PUT and GP was found by Gunbey et al. in children
with DS (Gunbey et al., 2017). In contrast, Menghini et al. found a volume increase in adolescents with DS
(Menghini et al., 2011a) and no volumetric changes were found in infants (Fukami-Gartner et al., 2023,
McCann et al., 2021, Oz et al., 2021), adolescents (Carducci et al., 2013), and adults (Raz et al., 1995) with
DS. The volume of the brain depends not only on the number of neuron but also on the complexity of their
dendritic arborization. Unlike neurogenesis, dendritic maturation continues postnatally, and dendrites attain
their maximum size from 4 months to 2 years of age (Becker et al., 1984, Mrzljak et al., 1988, Mrzljak et al.,
1992). Thus, the discrepancy between MRI studies may be related to the age of the sampled populations.
Limitation of the resolution of MRI technique may also play a role.

In fetuses with DS both cells with large and small nuclei were reduced in number. Based on their
nuclear size, the cells with large nuclei in the PUT are most likely GABAergic and cholinergic interneurons,
while those in the GP are most likely GABAergic projection neurons (Oorschot, 2010). At the fetal ages
examined here the number of astrocytes is a small proportion (approximately 5-20%) of total cell number
(Guidi et al., 2008, Guidi et al., 2018, Stagni et al., 2019, Stagni et al., 2020). Moreover, the striatum is
characterized by a striking abundance of neurons in comparison to astrocytes (a neuron-to-astrocyte ratio of
80 to 1 in the rat) (Oorschot, 2010). Thus, it is likely that most of the cells with small nuclei are neurons. Based
on these considerations, our results suggest that DS causes a generalized reduction in the number of neurons
of the PUT and GP.

The PUT and GP are key elements of reentrant loops interconnecting the cortex, the thalamus and
the basal ganglia themselves. This complex network of nuclei, in addition to being fundamental for the
regulation of movement, also appears to play a role in flexible decisions and learning in different contexts
(Ding, 2023). Thus, the reduced number of neurons in two major nuclei of the basal ganglia may contribute to
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motor skill impairment in infants with DS (Will and Roberts, 2021) and, possibly, also to some behavioral

abnormalities of DS.

4.2 Absence of cellularity differences in the insula and cingulate cortex of fetuses with DS

We evaluated cell density separately in the different layers of the INS and CCX of fetuses with DS
in order to detect possible layer-specific changes. We found no significant differences in comparison with
controls in any cortical layer and no difference in cortical thickness This suggests that, unlike in other brain
regions, the process of corticogenesis in the INS and CCX is preserved.

Some studies report a reduction in the volume of the INS and CCX in infants with DS (Fukami-
Gartner et al., 2023, Carducci et al., 2013) but other studies report no changes (McCann et al., 2021, Oz et al.,
2021). While, as noted above, discrepancies between MRI studies may be related to age and/or technical
limitations, our results suggest that volumetric differences between DS and control fetuses detected in MRI
studies are not attributable to cellularity differences.

The INS and CCX are involved in a variety of perceptual and cognitive functions (see
(Nieuwenhuys, 2012, Foster et al., 2023)). The normal cellularity found here in the INS and CCX of fetuses
with DS suggests that DS-related alterations in the functions played by these regions (see (Grieco et al., 2015,
Vandoni et al., 2023, Chapman and Hesketh, 2000, Costanzo et al., 2013, Vicari et al., 2013)). are not due to
neuronal paucity but, most likely, to connectivity alterations. In this connection, it sems of interest to note that
functional connectivity MRI (fMRI) studies in individuals with DS have shown lower functional connectivity

in executive networks to which the INS and the CCX belong (Pujol et al., 2015, Koenig et al., 2021).

4.3 Hypocellularity is not ubiquitous in the fetal DS brain

A stereological study in fetuses with DS at GW19 found that the total number of neocortical cells
was reduced by 34% in comparison with controls (Larsen et al., 2008). This reduction is of a similar magnitude
as the hypocellularity found in previous studies in various brain regions of fetuses with DS (Guidi et al., 2008,
Guidi et al., 2018, Stagni et al., 2019, Stagni et al., 2020) and here in the PUT and GP. It must be noted that a
stereological investigation of the whole cortical mantle provides a global picture of brain cellularity but does
not allow appreciation of possible local differences. While the study by Larsen et al. may suggest that
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hypocellularity is a generalized cortical feature of DS (Larsen et al., 2008), the current study shows that it is
not so, as revealed by the absence of cellularity differences in the INS and CCX. Additional studies are needed
to identify brain regions where, similarly to the INS and CCX, cellularity is not compromised. Since
dendritogenesis, unlike neurogenesis, is largely a postnatal event it may be expected that the functionality of
the brain regions where cellularity is preserved might be significantly improved by early treatments targeted

to dendritic development.

5 Conclusions

Our study has limitations and strengths. One limitation is the small number of cases due to the
difficulty to obtain fetal samples. However, the difference in cell density (when present) between control and
DS cases was large and highly statistically significant. Stereological methods could not be used due to lack of
serial sections. This raises the possibility that cell density differences may be due to shrinkage differences in
control and DS cases. Were this the case, however, differences in cell density would be present in all
investigated regions. On the contrary, density differences were found in the PUT and GP, but not in the INS
and CCX. Our study has also strengths. It is well established that the effects of trisomy vary largely from one
individual to the other (Potter, 2016) which may be a confounding factor when different groups of cases are
analyzed, especially if the number of cases is small. Since we carried out the current study in the same cases
used previously this allows us to rule out that the presence (or absence) of cellularity differences is attributable
to the use of different brain samples and, consequently, to compare the effects of trisomy across different brain
areas. While brain organoids derived from trisomic cells are extremely valuable to decipher the mechanisms
underlying brain developmental alterations in DS (Gough et al., 2020, Tang et al., 2021, Xu et al., 2019) they
cannot mimic the complex anatomo-functional parcellation of the human cortex. In contrast, direct
examination of the brain of fetuses (and adults) with DS provides the unique opportunity to discover whether
and to what extent different brain areas are affected by DS. This, in turn, may allow researchers to establish a
correlation between specific neuroanatomical changes and the cognitive-behavioral phenotypes of DS. Indeed,
there is evidence for a correlation between the volume of various brain regions (e.g., the parietal and temporal
lobes, hippocampus, cerebellum, superior temporal gyrus) and general intelligence, language, memory, and
motor abilities (Frangou et al., 1997, Hamadelseed and Skutella, 2023, Raz et al., 1995, Rigoldi et al., 2009,

13



349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

Menghini et al., 2011b, Peven et al., 2022). For instance, in children and adults with DS deficits in working
memory correlate with the volume of the hippocampus and superior temporal gyrus, and language deficits
correlate with the volume of the dentate gyrus and Ammon’s horn (Hamadelseed and Skutella, 2023).
Knowledge of the neuroanatomical correlates of behavioral impairments in DS at different developmental
stages may provide the unique opportunity to establish the optimum timing for potential treatment and

rehabilitation protocols.
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555

556  TABLE 1. Cases of the present study.

557
Case Age Sex CRL BW
(weeks) (cm) (gm)
558  Euploid fetuses
Cl64 19 F 14 285
C27 20 F 17 230
C178 21 M n.a. n.a.
C198 22 n.a. n.a. n.a.
559
560 Down syndrome fetuses
C203 18 F 14.5 210
Cl66 19 F 14 240
C133 20 M 16 300
C134 20 M 17 385
C46 21 M 22 355
561

562  List of the cases used in the present study. Age refers to gestational age in weeks. CRL: crown-rump length;
563  BW: body weight; F, female; M, male; n.a. not available.
564

565
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FIGURE LEGENDS

FIGURE 1 Sampled regions in euploid fetuses and fetuses with DS. Nissl-stained coronal section from the
forebrain of a 19-week-old control fetus (case 164), showing the regions of interest (regions enclosed by a
dashed line) examined in the current study. This section was taken approximately at the rostral border of the
granular insular cortex. The dorsal and ventral borders of the insular cortex and cingulate cortex are indicated
by white and black arrowheads, respectively. Calibration bar: 5 mm. Abbreviations: CCX, cingulate cortex;
CGE, caudal ganglionic eminence; d, dorsal; ECX, entorhinal cortex, GPe, globus pallidus externus; GPi,
globus pallidus internus; HYP, hypothalamus; IC, internal capsule; INS, insular cortex; LGE, lateral ganglionic
eminence; MCX, motor cortex; 1, lateral; m, medial; PUT, putamen; RCX, retrosplenial cortex; SCC, splenium

of the corpus callosum; SCX, somatosensory cortex; TCX, temporal cortex; TH, thalamus; v, ventral.

FIGURE 2 Cell density in the putamen of euploid fetuses and fetuses with DS. (a) Nissl-stained coronal section
across the basal ganglia of a 19-week-old euploid fetus (case 164). Cells were sampled in rectangles (120x68
um) that were randomly positioned within each square of a grid with size of 1 mm placed over the putamen.
Calibration: 1 mm. (b, ¢) Examples of cells in the putamen of a euploid fetus (b; case 164) and a fetus with DS
(c; case 166). Most of the cells had small nuclear size (long axis < 6 um) both in euploid fetuses and fetuses
with DS. Cells with nuclear long axis larger than 6 pm (large cells) are indicated by red arrowheads.
Calibration: 10 um. (d-f) Total cell density (d), density of small cells (¢), and density of large cells (f) in the
putamen of euploid fetuses (n=4) and fetuses with DS (n=5). Note the different scale of the y axis in (f) versus
(d,e). Values are mean + SE. The scatterplots over each column represent the values of individual cases for
each group. * p < 0.05; *** p < (0.001 (two-tailed t-test). Abbreviations: d, dorsal; DS, fetuses with Down
syndrome; Eu, euploid fetuses; GPe, globus pallidus externus; GPi, globus pallidus internus; IC, internal

capsule; 1, lateral; m, medial; PUT, putamen; TH, thalamus; v, ventral.

FIGURE 3 Cell density in the globus pallidus externus of euploid fetuses and fetuses with DS. (a) Nissl-stained

coronal section across the basal ganglia of a 19-week-old euploid fetus (case 164). Cells were sampled in
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rectangles (120x68 um) that were randomly positioned within each square of a grid with size of 500 um placed
over the globus pallidus externus. Calibration: 1 mm. (b,c) Examples of cells in the globus pallidus externus
of a euploid fetus (b; case 164) and a fetus with DS (c; case 166). Most of the cells had a smaller nuclear size
(long axis < 6 um) both in euploid fetuses and fetuses with DS. Cells with nuclear long axis larger than 6 pym
(large cells) are indicated by red arrowheads. Calibration: 10 um. (d-f) Total cell density (d), density of small
cells (e), and density of large cells (f) in the globus pallidus externus of euploid fetuses (n=4) and fetuses with
DS (n=5). Note the different scale of the y axis in (f) versus (d,e). Values are mean + SE. The scatterplots over
each column represent the values of individual cases for each group. *** p < 0.001 (two-tailed t-test).
Abbreviations: d, dorsal; DS, fetuses with Down syndrome; Eu, euploid fetuses; GPe, globus pallidus externus;
GPi, globus pallidus internus; IC, internal capsule; 1, lateral; m, medial; PUT, putamen; TH, thalamus; v,

ventral.

FIGURE 4 Cell density in the insular cortex of euploid fetuses and fetuses with DS. (a) Nissl-stained coronal
section across the insula of a 19-week-old euploid fetus (case 164). The thickness of the cellular layers was
measured at three different locations within the central part of the insula, as indicated by the white lines ending
with dots. Calibration: 1500 pum. (b) Higher magnification of the region enclosed by a rectangle in (a) showing
the cell sampling scheme. Cells were sampled in the middle region of the insular cortex. No patent cell layers
were detected in fetuses aged 18-22 weeks. For this reason, the cortical plate was arbitrarily subdivided in
three layers of equal thickness called here outer, middle, and inner cortical layers. Cells were sampled in six
rectangles (120x68 pm) that were randomly positioned along the central axis of the insular cortex and at a
distance of approximately 400-500 pm to the left and right in the outermost outer cellular layer (perspective
layer II) and approximately in the intermediate part of the middle and inner cell layers. Calibration: 500 pum.
(c) Examples of cells in the inner, middle and outer layers of the insular cortex of a euploid fetus (case 164).
Most of the cells had nuclei with similar size. Calibration: 10 um. (d-f) Cell density in the outer (d), middle
(e) and inner (f) layers of the insular cortex of euploid fetuses (n=4) and fetuses with DS (n=4). One fetus with

DS (case 133) could not be used due to damage of the insular cortex. Values are mean + SE. The scatterplots
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over each column represent the values of individual cases for each group. Abbreviations: d, dorsal; DS, fetuses

with Down syndrome; Eu, euploid fetuses; INS, insular cortex; 1, lateral; m, medial; v, ventral.

FIGURE 5 Cell density in the cingulate cortex of euploid fetuses and fetuses with DS. (a) Nissl-stained coronal
section across the cingulate cortex of a 19-week-old euploid fetus (case 164). The thickness of the cellular
layers was measured at four different locations (marked by dots) along the dorso-ventral axis of the cingulate
cortex. The black arrowheads indicate the border between the cingulate cortex and the retrosplenial cortex
ventrally, and the motor cortex, dorsally. Calibration: 1000 um. (b) Higher magnification of the region enclosed
by a rectangle in (a) showing the cell sampling scheme. Cells were sampled in the middle region of the
cingulate cortex. No patent cell layers were detected in fetuses aged 19-22 weeks. For this reason, the cortical
plate was arbitrarily subdivided in three layers of equal thickness called here outer, middle, and inner cortical
layers. Cells were sampled in six rectangles (120 x 68 um) that were randomly positioned along the central
axis of the cingulate cortex and at a distance of approximately 400-500 um left and right in the outermost outer
cellular layer (perspective layer 1) and approximately in the intermediate part of the middle and inner cell
layers. Calibration: 500 pm. (c) Examples of cells in the inner, middle and outer layers of the cingulate cortex
of a euploid fetus (case 164). Most of the cells had nuclei with similar size. Calibration: 10 pm. (d-f) Cell
density in the outer (d), middle (e) and inner (f) layers of the cingulate cortex of euploid fetuses (n=3) and
fetuses with DS (n=3). One euploid fetus (case 178) and two fetuses with DS (cases 203 and 133) could not
be used because the cingulate cortex was damaged. Values are mean + SE. The scatterplots over each column
represent the values of individual cases for each group. (*) p = 0.064 (two-tailed t-test). Abbreviations: d,
dorsal; DS, fetuses with Down syndrome; Eu, euploid fetuses; CCX, cingulate cortex; 1, lateral; m, medial;

RCX, retrosplenial cortex; SCC, splenium of the corpus callosum; v, ventral.

TABLE 1. Cases of the present study.

Sex CRL BW
Case Age (weeks)

(cm)  (gm)
Euploid fetuses
23



Cl64 19 F 14 285

C27 20 F 17 230
C178 21 M n.a. n.a.
C198 22 n.a. n.a. n.a.

646

647  Down syndrome fetuses

C203 18 F 14.5 210
C166 19 F 14 240
C133 20 M 16 300
C134 20 M 17 385
C46 21 M 22 355

648
649  List of the cases used in the present study. Age refers to gestational age in weeks. CRL: crown-rump length;
650 BW: body weight; F, female; M, male; n.a. not available.

651
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