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INTRODUCTION

Abstract

Intellectual disability in Down syndrome (DS) has been attributed to neurogenesis
impairment during fetal brain development. Consistently with explicit memory altera-
tions observed in children with DS, fetuses with DS exhibit neurogenesis impairment
in the hippocampus, a key region involved in memory formation and consolidation.
Recent evidence suggests that the subiculum plays a unique role in memory retrieval,
a process that is also altered in DS. While much attention has been devoted to the
hippocampus, there is a striking lack of information regarding the subiculum of
individuals with DS and DS models. In order to fill this gap, in the current study,
we examined the subiculum of fetuses with DS and of the Ts65Dn mouse model
of DS. We found that in fetuses with DS (gestational week: 17-21), the subiculum
had a reduced thickness, a reduced cell density, a reduced density of progenitor
cells in the ventricular zone, a reduced percentage of neurons, and an increased
percentage of astrocytes and of cells immunopositive for calretinin—a protein ex-
pressed by inhibitory interneurons. Similarly to fetuses with DS, the subiculum of
neonate Ts65Dn mice was reduced in size, had a reduced number of neurons and
a reduced number of proliferating cells. Results suggest that the developmental de-
fects in the subiculum of fetuses with DS may underlie impairment in recall memory
and possibly other functions played by the subiculum. The finding that the subiculum
of the Ts65Dn mouse exhibits neuroanatomical defects resembling those seen in
fetuses with DS further validates the use of this model for preclinical studies.

This circuit is classically known as the “trisynaptic circuit”
(35). Field CALl projects directly to the entorhinal cortex

Individuals with Down syndrome (DS) are characterized
by impairment in explicit memory, a cognitive function in
which the hippocampal region is crucially involved (8,24,33).
Defects in explicit memory are already evident in children
with DS, suggesting malfunctioning of the hippocampal
formation. Recent evidence shows that various structures
of the hippocampal region of fetuses with DS are charac-
terized by neurogenesis impairment and hypocellularity
(14,15), which may account for the functional alteration in
hippocampus-dependent memory functions observed in chil-
dren with DS.

The hippocampal region is formed by the dentate gyrus,
hippocampal fields CA3, CA2, and CAl, subiculum, pre-
subiculum, and entorhinal cortex. Input signals from cortical
and subcortical areas converge into the entorhinal cortex
that redirects these signals to the dentate gyrus. These
entorhinal projections are the first element of a circuit
formed by the granule cells of the dentate gyrus, pyramidal
neurons of field CA3, and pyramidal neurons of field CAl.
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as well as to the subiculum. The subiculum itself gives
origin to a parallel projection to the entorhinal cortex
(22). Thus, the entorhinal cortex receives hippocampal
signals through two major streams, one of which originates
in field CAl and the other one that originates in the
subiculum (22). The entorhinal cortex sends processed hip-
pocampal signals to the same cortical regions that are
the origin of its major inputs. The circulation of signals
along the entorhinal-hippocampal-entorhinal loop is con-
sidered to be fundamental for explicit memory. The term
memory includes three basic processes, that is, memory
formation, consolidation, and retrieval. While the role of
the hippocampal fields in memory has been extensively
studied and characterized, much less is known regarding
the subiculum. In spite of the numerous connections of
the subiculum within the hippocampal regions and various
cortical and subcortical structures, little is known regard-
ing its function. It has been thought that the subiculum
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serves to amplify the hippocampal output and that it is
involved in the processing of information of space, move-
ment, and memory (25). More recently, based on fMRI
studies in humans, it has been proposed that while the
dentate gyrus and the hippocampal fields are involved in
memory encoding, the subiculum is involved in memory
retrieval (9). Confirming this hypothesis, more recent evi-
dence suggests that two distinct microcircuits of the hip-
pocampal region underlie the process of memory acquisition
and recall. In particular, the projection from CAl to the
entorhinal cortex serves for memory formation and the
CAl-subiculum-entorhinal circuit serves for memory
retrieval (30). While inhibition of the subicular neurons
during the training phase of the contextual fear condition-
ing test does not affect freezing during the retrieval phase,
their inhibition during the retrieval phase reduces the
amount of freezing (30).

Children with DS appear to be impaired in several
aspects of memory, including recall memory (23). While
much attention has been devoted to the hippocampal
development in fetuses and adults with DS, there is a
striking lack of information regarding the subiculum. The
deficit in recall memory in DS is consistent with the
hypothesis that the subiculum may develop abnormally in
comparison with the euploid population. Thus, we deemed
it of interest to examine the subiculum in fetuses with
DS in order to establish whether it exhibits developmental
alterations similarly to other structures of the hippocampal
region. Mouse models are precious tools that allow dis-
secting mechanisms underlying a given pathology and to
devise possible treatments. The Ts65Dn mouse is one of
most widely used model of DS because it mimics various
neuroanatomical and functional alterations of individuals
with DS (17,27). The studies available so far have examined
the dentate gyrus and hippocampus of the Ts65Dn mouse
showing a constellation of anatomical and functional
defects. Surprisingly, the subiculum, in spite of its role in
memory functions, has been largely neglected and, to our
knowledge, no study has examined the subiculum of the
Ts65Dn mouse. A second goal of the current study was
to examine the neuroanatomy of the subiculum of the
Ts65Dn mouse, in order to fill this gap. We show here
that the subiculum of fetuses with DS exhibits anatomical
alterations similarly to other areas of the hippocampal
region and that the subiculum of the Ts65Dn model is
characterized by hypocellularity and reduced size similarly
to the human subiculum.

METHODS
Study in fetuses with DS

Subjects

For this study, we used fetuses between 17 and 21 gesta-
tional weeks (GW). Brains were obtained after prior-informed
consent from the parents and according to procedures
approved by the Ethical Committee of the St. Orsola-Malpighi
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Hospital, Bologna, Italy. Regulations of the Italian Ministry
of Health and the policy of Declaration of Helsinki were
followed. All fetuses derived from legal abortion and were
collected with an average post-mortem delay of approxi-
mately 2 h. Six euploid fetuses with no obvious developmental
or neuropathological abnormalities and six fetuses with DS
were used (Table 1). These fetuses are the same used in
previous studies (14,15). Trisomy was karyotypically proven
from the results of genetic amniocentesis procedures. All
cases were classical trisomy 21 (free trisomy). Autopsies were
performed at the Institute of Pathology of the St. Orsola
Malpighi Hospital (Bologna, Italy). The gestational age of
each fetus was estimated by menstrual history and crown-
rump length.

Histological procedures

Whole brains were fixed by subdural perfusion with
Metacarnoy fixative (methyl alcohol: chloroform: acetic
acid 6:1:1) injected through the anterior and posterior fon-
tanelles. After 2448 h the brains were removed, the region
of the right hemisphere caudal to the mammillary bodies
was dissected out, and coronally sectioned in order to
obtain three to four blocks with a thickness of 2-3 mm.
These blocks encompassed the brain region that stretches
from the beginning to the end of hippocampal region.
The blocks were post-fixed in 4% buffered formaldehyde
for 5-7 days and embedded in paraffin according to stand-
ard procedures. The first block was cut so as to obtain,
in addition to 8- or 12-uM-thick sections, five to six series
of three to four 4- to 5-uM-thick sections, 200 uM apart.
The 8-12-uM-thick sections were used for Nissl staining
and the 4- to 5-uM-thick sections were used for
immunohistochemistry.

Table 1. Cases of the present study. Abbreviations: CRL = crown-
rump length; BW = body weight; F = female; M = male; n.a. = not
available.

Case Age (weeks) Sex CRL (cm)  BW (g)
Euploid fetuses

C118 Ng4* 17 M 13 180
Cc164 Ng* 19 F 14 285
C27 Ng* 20 F 17 230
C101 At 20 M 15 340
C104 Ap* 20 M 15 330
C178 Ng* 21 M n.a. n.a.
Fetuses with Down syndrome

C203 Ng4* 18 F 14.5 210
C166 Ng* 19 F 14 240
C133 Ng* 20 M 16 300
C156 At 20 M 17 385
C46 Ng¥ 21 M 22 355
C77 At * 21 F 17.5 300

List of the cases used in the present study. Cases labeled with A were
used for stereology; cases labeled with 8 were used for NeuN and
GFAP immunohistochemistry; cases labeled with + were used for CR
immunohistochemistry; cases labeled with * were used for Ki-67 im-
munohistochemistry. Age refers to gestational age in weeks.
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Nissl staining. Sections were deparaffinized in xylene,
hydrated in graded ethanol to water, and stained with
Toluidin Blue, according to the Nissl method, and
differentiated in graded ethanols to xylene and
cover-slipped.

Ki-67, NeuN, GFAP, and calretinin immunohistochemistry.
Five to six sections were stained using monoclonal anti-Ki-67,
from Novocastra Laboratories (dilution 1:500; clone MM1).
Two to four sections were immunostained using monoclonal
anti-NeuN (neuron-specific nuclear protein) from Chemicon
International, USA (dilution 1:200; clone A60). Three to five
sections were stained for glial fibrillary acidic protein (GFAP)
using a monoclonal antibody from Sigma Chemical Co.,
USA (dilution 1:1600; clone G-A-5). Four to six sections were
immunostained for calretinin (CR) using mouse anti-
calretinin RTU, from Novocastra (dilution 1:300; clone 5A5).
Sections were retrieved with citrate buffer pH 6.0 at 98°C for
40 minutes before incubation with their proper antibody.
Sections immunostained for NeuN, GFAP, and calretinin
were counterstained with Mayer’s Hematoxylin.

Measurements

Unlike in the adult brain, the border of the fetal subiculum
with field CALl is poorly demarcated (2,19). For this reason,
in the current study, we evaluated the subicular region
that stretches for approximately 1000 uM from the pre-
subicular border toward field CAl (Figure 1C,D: region
between the black and white arrowhead). Due to the scarcely
identifiable border between the subiculum and field CAl,
we could not quantify total cell number by using unbiased
counting methods. For this reason, we quantified cell den-
sity instead of total cell number (see below).

Image acquisition. A light microscope (Leitz) equipped with
a motorized stage and focus control system and a color
digital camera (Coolsnap-Pro; Media Cybernetics, Silver
Spring, MD, USA) were used to take bright field images.
Measurements were carried out using the Image Pro Plus
software (Media Cybernetics, Silver Spring, MD, USA).

Cell density and thickness of the subicular layers. The number
of immunopositive and immunonegative cells counted in the
sections  processed for NeuN and calretinin
immunohistochemistry (see below) was summed, divided by
the size of the sampled area, and expressed as number of
cells/mm?. In Nissl-stained sections, the thickness of the
pyramidal layer, and molecular layer of the subiculum was
measured close to the border with the presubiculum in
images taken at a final magnification of x125.

Percentage of NeuN- and GFAP-positive cells. In sections
processed for NeuN  immunohistochemistry  and
counterstained with Mayer’s Hematoxylin, the nuclei of
neurons were heavily stained in brown, while cells that did
not express NeuN exhibited a pale purple nuclear staining
(Figure 3A). In sections processed for GFAP
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immunohistochemistry and counterstained with Mayer’s
Hematoxylin, the cytoplasm around the nucleus and the
processes of astrocytes appeared stained in brown while the
other cells exhibited only a pale purple nuclear staining
(Figure 3B). In the series of sections processed for NeuN or
GFAP immunohistochemistry, three snaps (size: 260 X 95 uM)
per section were randomly acquired across the subiculum
(objective: x40, 0.70 NA; final magnification: X500). In each
acquired image, we counted all NeuN-positive and NeuN-
negative cells and GFAP-positive and GFAP-negative cells.
The number of NeuN- or GFAP-immunopositive cells was
expressed as percentage of NeuN-positive or GFAP-positive
cells over the total number of counted cells (immunopositive
plus immunonegative cells). Since the percentage of cells that
expressed NeuN plus that of the cells that expressed GFAP
was lower than 100%, the percentage of cells with an
undetermined phenotype was also evaluated.

Density and percentage of CR-positive cells. In sections
processed for calretinin (CR) immunohistochemistry, images
of the subiculum were acquired at a final magnification of
x312.5. In order to count CR-positive and CR-negative cells,
2 to 3 randomly chosen approximately rectangular areas
(width: 60-100 uM; height: 250-600 uM) enclosing the whole
thickness of the pyramidal layer of the subiculum were
manually traced. All CR-positive and CR-negative cells
within these areas were counted. The number of CR-positive
and CR-negative cells was expressed in terms of (i) density
per mm? and (ii) ratio of CR-positive vs. CR-negative cells.
We additionally counted CR-positive cells in the ventricular
zone (VZ) of the subiculum. The area of the VZ overlying the
subiculum was first traced and all immunostained cells
present within this area were counted. The number of
counted cells was expressed as density per mm?.

Density of Ki-67-positive cells. Proliferating cells were
identified with immunostaining for Ki-67 (29,31). Ki-67-
positive cells were counted in five to six sections in the
pyramidal layer plus intermediate zone of the subiculum and
in the VZ overlying the subiculum. For cell counting in the
pyramidal layer plus intermediate zone, 2 to 3 randomly
chosen approximately rectangular areas (width: 60-100 pM;
height: 600-900 uM) enclosing the whole thickness of the
pyramidal layer plus intermediate zone were manually traced.
For cell counting in the VZ, the area of the VZ overlying the
subiculum was first traced and all immunostained cells
present within this area were counted. The number of counted

cells was expressed as density per mm?.

Study in Ts65Dn MICE

Colony and experimental protocol

Female Ts65Dn mice carrying a partial trisomy of
chromosome 16 (27) were obtained from Jackson
Laboratories (Bar Harbor, ME, USA) and maintained on
the original genetic background by mating them with
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Figure 1. Anatomy of the subiculum in euploid fetuses and fetuses
with DS. A-E. Representative images of Nissl-stained coronal sections
across the hippocampal region of a euploid fetus (A, C, E; case 164) and
a fetus with DS (B, D; case 166). Images in (C) and (D) are higher
magnification of the boxed areas in (A) and (B), respectively. The image
in (E) is a higher magnification of the boxed region in (C) and shows the
layers of the subiculum, the ventricular zone, and the intermediate zone.
The black arrowhead in (A-D) indicates the border between the
subiculum and presubiculum. The region between the black arrowhead
and the white arrowhead in (C) and (D) corresponds to the part of the
subiculum examined in this study. The double-headed arrows in (C) and
(D) indicate the location where the thickness of the molecular layer
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(black arrow) and pyramidal layer (white arrow) were measured.
Calibration bar: A, B = 1000 uM; C, D = 500 uM; E = 200 uM. F-H.
Thickness (F) and cell density (G) of the pyramidal layer, and thickness
(H) of the molecular layer of the subiculum of fetuses with DS (n = 6)
and euploid fetuses (n = 6). Values are mean + SD. *P < 0.05;
¥**P < 0.001 (two tailed ttest). Abbreviations: CA1 and
CA3 = hippocampal fields; CS = collateral sulcus; d = dorsal;
DG = dentate gyrus; DS = Down syndrome; ENT = entorhinal cortex;
EU = euploid; IZ = intermediate zone; | = lateral; LV = lateral ventricle;
m = medial; Mol = molecular layer, Pyr = pyramidal layer;
PRES = presubiculum; SUB = subiculum; v = ventral, VZ = ventricular
zone.
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C57BL/6JEi x C3SnHeSnJ (B6EiC3) F1 males. Animals
were karyotyped as previously described (28). The day of
birth was designed as postnatal day (P) zero. The animals
had access to water and food ad libitum and lived in a
room with a 12:12 h dark/light cycle. Experiments were
performed in accordance with the Italian and European
Community law for the use of experimental animals and
were approved by Bologna University Bioethical Committee.
All efforts were made to minimize animal suffering and
to keep the number of animals used to a minimum. On
P2, five euploid pups (three males and two females) and
five Ts65Dn pups (two males and three females) received
an intraperitoneal injection (150 pg/g body weight) of BrdU
(Sigma) in 0.9% NaCl solution and were killed after 2 h.

Histological procedures

P2 mice were decapitated and their brain was removed.
The brain was cut along the midline and fixed by immer-
sion in Glyo-Fixx as previously described (6). Each hemi-
sphere was embedded in paraffin and cut in series of
8-uM-thick coronal sections that were attached to poly-
lysine coated slides.

BrdU immunohistochemistry. One out of every 20 brain
sections was processed as previously described (12) and
incubated overnight at 4°C with a primary antibody anti-
BrdU (mouse monoclonal 1:100, Roche Applied Science,
Mannheim, Germany). Detection was performed with a
HRP-conjugated anti-mouse secondary antibody (dilution
1:200; Jackson Immunoresearch, West Grove, PE, USA) and
DAB kit (Vector Laboratories, Burlingame, CA, USA).
Sections were counterstained with hematoxylin.

Nissl-method.  One out of every 20 brain sections was stained
with Toluidine Blue according to the Nissl method.

Measurements

Image acquisition. A light microscope (Leitz) equipped with
amotorized stage and focus control system and a color digital
camera (Coolsnap-Pro; Media Cybernetics, Silver Spring,
MD, USA) were used to take bright field images of sections
processed for BrdU immunohistochemistry or Nissl-stained.
Measurements were carried out using the Image Pro Plus
software (Media Cybernetics, Silver Spring, MD, USA).

Stereology. In Nissl-stained sections encompassing the
subiculum (n = 6-8 sections), the volume of the pyramidal
layer of the subiculum, cell numerical density (N ), and
number (N) of neurons were estimated as previously
described (6). The volume of the pyramidal layer of the
subiculum (V) was estimated (34) by multiplying the sum of
the cross-sectional areas by the spacing T between sampled
sections (160 pM). Cell numerical density was determined
using the optical fractionator. Counting frames (disectors)
with a side length of 30 uM and a height of 8 uM spaced in a
100 uM square grid (fractionator) were systematically used.
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Cell nuclei were counted with a X100 oil objective (1.4 NA).
Cell nuclei intersecting the uppermost focal plane and
intersecting the exclusion lines of the count frame were not
counted. Calculation of CE of N, gave values between 0.053
and 0.067.

The neuron density (V) is given by
N, = (ZQ/Zdis)/ Vi

where Q is the number of particles counted in the disec-
tors, dis is the number of disectors, and ¥V is the volume
of the disector. The total number (N) of cells was estimated
as the product of V, , and the numerical density (V).

N=N, X V.

Number of BrdU-positive cells. Images of serial sections
processed for BrdU immunohistochemistry encompassing
the subiculum (n = 6-8 sections) were taken at a final
magnification of xX200. BrdU-positive cells were counted
within the whole extent of the pyramidal layer plus molecular
layer of the subiculum. The total number of BrdU-positive
was estimated by multiplying the number of cells counted in
the series of sampled sections by the section sampling
frequency (ssf = 20). The mean number of cells per section
was obtained by averaging the number of cells counted in all
sampled sections.

Statistical analysis

Results are presented as mean * standard deviation (SD).
Statistical analysis was carried out using the two-tailed
Student’s t-test. A probability level of P < 0.05 was con-
sidered to be statistically significant.

RESULTS

Subicular region examined in fetuses with DS

The subiculum is interposed between field CAl and the
presubiculum. In the adult brain, the border between CAl
and subiculum is clearly recognizable because the relatively
thin pyramidal layer of CAl gives rise to a pyramidal
layer that becomes progressively larger going toward the
presubiculum. The adult subiculum is formed by three
layers: the molecular layer that is the continuation of strata
radiatum and lacunosum-moleculare of CAl, the pyramidal
layer that contains the cell bodies of the principal neurons,
and the polymorphic layer. In the fetal brain, a polymor-
phic layer is missing because immature neurons leaving
the VZ traverse the developing alveus giving origin to a
band of cells in the intermediate zone (Figure 1E). Unlike
in the adult brain, the border of the fetal subiculum with
field CA1l is poorly demarcated (2,19), whereas its border
with the presubiculum is clearly recognizable (Figure 1A-D:
filled arrowhead). For this reason, we examined here a
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region of the subiculum proximal to the presubiculum.
This region stretches for approximately 1000 uM from the
presubicular border toward field CAl (Figure 1C,D: white
arrowhead).

Reduced cell density in the subiculum of
fetuses with DS

Quantification of cell density in the pyramidal layer of
the subiculum showed that while in euploid fetuses the
density of cells was approximately 5600/mm?, in fetuses
with DS the density of cells was 4000/mm?, with a dif-
ference of —28% (Figure 1G). The difficulty in recognizing
the border of the subiculum with CAl made it impossible
to evaluate the subicular volume. Therefore, in order to
obtain a rough estimate of possible size differences of the
subiculum between fetuses with DS and euploid fetuses,
we measured the thickness of the pyramidal layer of sub-
iculum at its border with the presubiculum (Figure 1C,D:
double-headed white arrow). We found that the subiculum
of fetuses with DS had a reduced thickness in comparison
with euploid fetuses (Figure 1F), with a difference of —18%.
The reduced cell density in conjunction with the reduced
thickness of the pyramidal layer suggest that fetuses with
DS have an overall reduction in the number of cells popu-
lating the subiculum. An evaluation of the thickness of
the molecular layer showed no differences between euploid
fetuses and fetuses with DS (Figure 1H).

Reduced density of proliferating cells in the
subiculum of fetuses with DS

Cell populating the pyramidal layer of the hippocampal
fields and subiculum derive from neural progenitor cells
(NPCs) in the VZ. NPCs leaving the VZ migrate across
the intermediate zone and reach the pyramidal layer where
they differentiate into neurons. Proliferating cells can be
detected with Ki-67 immunohistochemistry, because this
endogenous marker is expressed during all phases of the
cell cycle. We previously found that in the VZ of the
hippocampus of fetuses with DS, there were fewer prolif-
erating NPCs, as assessed with Ki-67 immunohistochem-
istry, in comparison with euploid fetuses (14). In the current
study, we specifically examined the density of Ki-67-positive
cells in the VZ overlying the subiculum (Figure 2A,C)
and of migrating Ki-67-positive cells in the intermediate
zone and pyramidal layer of the subiculum (Figure 2A,B).

Results showed that in fetuses with DS, the VZ overly-
ing the subiculum had fewer Ki-67-positive cells/mm? in
comparison with euploid fetuses (—55%; Figure 2F). While
in the VZ, there were numerous Ki-67-positive cells, in
the intermediate zone and pyramidal layer only scattered
Ki-67-positive cells could be detected. We found that in
the intermediate zone plus pyramidal layer of fetuses with
DS there were fewer (—49%) Ki-67-positive cells/mm? in
comparison with euploid fetuses, although this difference
was only marginally significant (Figure 2G). Taken together,
these results suggest an impairment in the size of the
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population of the actively dividing NPCs in the subicular
VZ of fetuses with DS. Consistent with this reduction,
fetuses with DS had a reduced density of migrating new
cells in the marginal zone and pyramidal layer of the
subiculum.

Reduced percentage of neurons and increased
percentage of astrocytes in the subiculum of
fetuses with DS

To establish the neuronal or astrocytic phenotype of the
cells populating the subiculum we carried out immuno-
histochemistry for NeuN, a marker of mature neurons,
or GFAP, a marker of astrocytes. We found that fetuses
with DS had a reduced percentage of NeuN-positive cells
(Figure 3C) in comparison with euploid fetuses (—12%),
but a larger percentage of GFAP-positive cells (+80%;
Figure 3D). No significant differences were found in the
number of cells with an undetermined phenotype (Figure
3E). These results show that in fetuses with DS NPCs
exhibit an impairment in the acquisition of a neuronal
phenotype in comparison with euploid fetuses, similarly
to other structures of the hippocampal region (14).

Increased density of calretinin-positive neurons
in the subiculum of fetuses with DS

Calretinin (CR), which is a marker of inhibitory GABAergic
interneurons, has been shown to be expressed at early
stages of embryonic (13) and fetal (4) brain development.
In sections subjected to immunohistochemistry for CR,
we found scattered CR-positive cells in the pyramidal
layer of the subiculum (Figure 4C.,D) (approximately
60 cells/mm? in euploid fetuses). Quantification of the
density of CR-positive and CR-negative cells showed that
fetuses with DS had more than twice CR-positive cells
(+120%) in comparison with euploid fetuses, although this
difference was only marginally significant (Figure 4F).
As expected in view of their reduced density of cells in
the pyramidal layer (Figure 1G), fetuses with DS had
fewer CR-negative cells in comparison with euploid fetuses
(Figure 4G). An evaluation of the percentage of CR-positive
vs. CR-negative cells showed that in absolute terms, the
percentage of CR-positive cells was extremely low, being
approximately 1% in euploid fetuses. A comparison of
DS and euploid fetuses showed that in fetuses with DS
the percentage of CR-positive cells was significantly more
than three times larger (+240%) than in euploid fetuses
(Figure 4H).

An observation of the VZ lining the hippocampus, sub-
iculum and parahippocampal gyrus showed that it contained
numerous CR-positive cells. An example of CR-positive
cells in the VZ of the subiculum is reported in Figure
4A,B. A comparison of the density of CR-positive cells
in the VZ of the subiculum in DS and euploid fetuses
showed that fetuses with DS had a slightly larger number
of CR-positive cells per unit area than euploid fetuses,
but that this difference was not significant (Figure 4E).
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Figure 2. Density of proliferating cells in the subiculum and subicular
VZ in euploid fetuses and fetuses with DS. A. Coronal section across
the hippocampal region of a euploid fetus (case 104) immunostained for
Ki-67 and counterstained with Mayer's haematoxylin. B, C. Higher
magnification images of the regions enclosed by squares in (A), rotated
approximately 45° counterclockwise. Cells immunostained for Ki-67
appear labeled in brown: see, for instance, the cells indicated by the red
arrowheads. D, E. Examples of sections immunostained for Ki-67 and
counterstained with Mayer's haematoxylin from the ventricular zone
overlying the subiculum in a euploid fetus (D) and a fetus with DS (E).
Images are from cases 104 (D) and 203 (E). The white star indicates the

Reduced cellularity and reduced number of
proliferating cells in the subiculum of Ts65Dn
mice

While numerous studies in Ts65Dn mice have concentrated
on the dentate gyrus and hippocampal fields CA3 and
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border of the VZ that faces the lateral ventricle. Calibration bar:
A =500uM; B, C=50uM; D, E =25uM. F, G. Density of Ki-67-positive
cells, expressed as number of cells/mm? in the ventricular zone (F) and
pyramidal layer plus intermediate zone (G) of the subiculum of fetuses
with DS (n = 5) and euploid fetuses (n = 5). Values are mean = SD.
(*)JP < 0.06; *P < 0.05 (two tailed ttest). Abbreviations: CA1 and
CA3 = hippocampal fields; d = dorsal; DG = dentate gyrus; DS = Down
syndrome; EU = euploid; IZ = intermediate zone, | = lateral; LV = lateral
ventricle; m = medial; PRES = presubiculum; Pyr = pyramidal layer;
SUB = subiculum; v = ventral; VZ = ventricular zone.

CAl, there is a striking lack of data regarding the sub-
iculum. For this reason, we deemed it of interest to obtain
information regarding the subiculum of this model.

We found that in P2 mice, the subiculum was clearly
recognizable and that its borders with field CAl and
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Figure 3. Percentage of neurons and astrocytes in the subiculum of
euploid fetuses and fetuses with DS. A. Sections immunostained for
NeuN and counterstained with hematoxylin from the subiculum of a
euploid fetus (case 27) and a fetus with DS (case 46). The red arrowhead
and the black arrowhead mark a NeuN-positive and a NeuN-negative
cell, respectively. B. Sections immunostained for GFAP and
counterstained with hematoxylin from the subiculum of a euploid fetus
(case 178) and a fetus with DS (case 133). The yellow arrowhead and

cortical areas, respectively, were well delineated (Figure
SA-D: dotted lines). While in humans, the subiculum and
the hippocampal formation (Cornu Ammonis) lie in the
ventral part of the brain, the subiculum of mice has an
overall dorsal location and stretches toward the ventral
part of the brain only at caudal brain levels (Figure 5C,D).

Since the borders of the subiculum were clearly detect-
able, we could evaluate its volume and total cell number.
We found that in Ts65Dn mice the subiculum had a reduced
volume (—37%) in comparison with euploid mice (Figure
6C). An evaluation of cell density showed no difference
between euploid and Ts65Dn mice (Figure 6C). Ts65Dn
mice, however, had a significantly reduced total number
of cells (—42%) populating the subiculum in comparison
with euploid mice (Figure 6C), which is consistent with
the notably reduced volume of the subiculum.

Mice are very immature at birth and numerous prolif-
erating cells are still present in the brain of pups (16). In
order to establish possible genotype-related differences in
the number of proliferating cells in the subiculum, 2 h
before sacrifice P2 mice were injected with BrdU, a marker
incorporated by DNA during the S-phase of the cell cycle.
We found that BrdU-positive cells were present in both
the pyramidal layer and the molecular layer of the sub-
iculum (Figure 6D,E). These cells were more concentrated
in the molecular layer (see the higher magnification image
in Figure 6D), suggesting that this layer may be their
final destination. We found that Ts65Dn mice had fewer
proliferating cells than euploid mice in terms of both total
cell number (Figure 6F) and mean number of cells per
section (Figure 6G).
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the black arrowhead mark a GFAP-positive and a GFAP-negative cell,
respectively. Calibration bar: A, B = 20 uM. C-E. Percentage of NeuN-
positive cells (C), GFAP-positive cells (D) and cells that did not express
either NeuN or GFAP (E) over total cell number in the pyramidal layer of
the subiculum of fetuses with DS (n = 4) and euploid fetuses (n = 3).
Values are mean + SD. **P < 0.01 (two tailed ttest). Abbreviations:
DS = Down syndrome; EU = euploid.

DISCUSSION

The subiculum of fetuses with DS exhibits
numerous neuroanatomical alterations

We found that the subiculum of fetuses with DS has a
reduced thickness and a reduced cell density in comparison
with euploid fetuses. Cells populating the subiculum and
hippocampus derive from the VZ of the temporal horn
of the lateral ventricle. An analysis of the density of Ki-67-
positive cells in the VZ overlying the subiculum showed
that fetuses with DS had significantly fewer proliferating
NPCs than euploid fetuses. Neuroblasts born in the VZ
retain mitotic capacity during their migration to their final
destination. Accordingly, we found scattered Ki-67-positive
cells in the pyramidal layer of the subiculum. Consistently
with the reduced proliferation potency of NPCs in the
VZ, fetuses with DS had a marginally reduced density of
migrating neuroblasts in the pyramidal layer of the sub-
iculum. The current analysis of Ki-67-positive cells rep-
resents a snapshot of the proliferation potency at
mid-gestation. The reduced density of Ki-67 positive cells
observed at this time point suggests that in fetuses with
DS there is a proliferation defect that can be traced back
at earlier gestational stages. This defect can account for
the reduced cell density observed in the subiculum of
fetuses with DS.

An important issue regards the phenotype of cells popu-
lating the DS brain. We found here that in both euploid
fetuses and fetuses with DS most of the cells populating
the subiculum were neurons and that much fewer cells
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Figure 4. Density of calretinin-positive cells in the subiculum and
subicular ventricular zone in euploid fetuses and fetuses with DS. A-D.
Examples of calretinin-positive cells in the ventricular zone (A) and
pyramidal layer (C) of the subiculum of a euploid fetus (case 118), and in
the ventricular zone (B), and pyramidal layer (D) of the subiculum of a
fetus with DS (case 203). Sections were immunostained for calretinin
and counterstained with hematoxylin. Colors have been inverted in
order to better show calretinin-positive cells (blue cells indicated by red

were astrocytes or had an undetermined phenotype.
Confirming previous evidence, fetuses with DS had a reduced
percentage of neurons and an increased percentage of
astrocytes in comparison with euploid fetuses (14,15). Thus,
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arrowheads). The white star in (A) and (B) indicates the border of the
ventricular zone facing the ventricle. Calibration bar: A, B = 50 pM; C,
D = 20 uM. E. Density of calretinin-positive cells in the ventricular zone
of the subiculum. F-H. Density of calretinin-positive cells (F), calretinin-
negative cells (G) and ratio of calretinin-positive over calretinin-negative
cells (H) in the subiculum of fetuses with DS (n = 3) and euploid fetuses
(n = 3). Values are mean = SD. (*)P < 0.06; *P < 0.05 (two tailed t-test).
Abbreviations: CR = calretinin; DS = Down syndrome; EU = euploid.

not only has the VZ of the subiculum of fetuses with DS
fewer progenitor cells, but these cells appear to be impaired
in their differentiation program. Within the nervous system,
neurons represent crucial constituents because they are the
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Figure 5. Anatomy of the subiculum in neonate mice. A-D. Nissl-
stained coronal sections across the subiculum of a euploid mouse aged
2 days. Sections in (A-D) show the subiculum at progressively more
caudal levels going from (A) to (D). The dotted lines indicate the border
of the subiculum with field CA1 and cortical areas. E, F. Higher
magnification images showing the layers (E) and cytoarchitecture (F) of
the subiculum. The dashed line in (E) encloses the pyramidal layer of the

only cells that can communicate signals in a fast way and
for long distances. Thus, the reduced density of neurons
in the subiculum of fetuses with DS implies poor connec-
tions with the remaining parts of the brain. Interestingly,
at mid-gestation, a projection from field CAl to the entorhi-
nal cortex and a parallel projection from the subiculum
have been detected. These projections are reciprocated by
projections from the entorhinal cortex (19). This evidence
appears of relevance for two reasons. First, it shows that
the connections between the subiculum, CAl, and entorhinal
cortex, that have been shown to be fundamental for memory
retrieval in rodents, are already present in the human fetal
brain (22,30). Second, the poor cellularity found here in
the subiculum of fetuses with DS suggests an alteration
of these relationships starting from early phases of brain
development. This precocious alteration may be a key fac-
tor leading to the functional alterations in recall memory
in children (and adults) with DS.
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subiculum. Calibration bar: A-D = 500 uM; E = 100 uM; F = 50 uM.
Abbreviations: CA1 and CA3 = hippocampal fields; d = dorsal;
DG = dentate gyrus; | = lateral; LV = lateral ventricle; m = medial;
Mol = molecular layer; PRES = presubiculum; Pyr = pyramidal layer;
RSC = retrosplenial cortex; SUB = subiculum; TH = thalamus;
v = ventral;, WM = white matter.

The subiculum of fetuses with DS exhibits an
increased percentage of calretinin-positive cells

Cortical GABAergic interneurons can be subdivided into
three populations based on the expression of parvalbumin,
calbindin, and calretinin (CR). In primates, CR-positive
neurons are the most abundant interneuronal population
(20). Unlike other calcium-binding proteins, CR is expressed
early in neocortical development [see (4)]. An evaluation
of the density of CR-positive cells in the pyramidal layer
of the subiculum showed that it was notably smaller than
that of CR-negative cells. As discussed above, most of
these cells are neurons and much fewer cells are astrocytes.
A comparison of fetuses with DS and euploid fetuses
showed that the subiculum of fetuses with DS had a larger
density of CR-positive cells in comparison with euploid
fetuses, a significantly reduced density of CR-negative cells,
and an increased ratio of CR-positive vs. CR-negative cells.
This evidence shows that fetuses with DS have
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Figure 6. Cellularity and proliferation rate in the subiculum of Ts65Dn
and euploid mice. A-B. Nissl-stained coronal sections across the
subiculum of a euploid (A) and a Ts65Dn (B) mouse aged two days.
Images, which were taken at approximately the same rostro-caudal
plane, show that the size of the subiculum is patently reduced in
Ts65Dn mice. The dotted lines indicate the borders of the subiculum
with field CA1 and the cortex. Calibration bar: A, B = 200 uM. C. Volume
of the pyramidal layer of the subiculum (panel on the left), cell density
(middle panel) and total number of cells (panel on the right) in the
pyramidal layer of the subiculum of euploid (n = 5) and Ts65Dn (n = 5)
mice. Values (mean + SD) refer to one hemisphere. D, E. Sections
immunostained for BrdU and counterstained with hematoxylin across

proportionally more CR-positive interneurons than euploid
fetuses. In the human forebrain, neurons are generated
during a restricted period that begins at approximately
GW 6 and is largely completed by week 18 (32). Thus,
in most brain regions, the asset of principal neurons and
interneurons present at mid-gestation is likely to represent
the template of the future cellular organization of those
regions. Most of CR-positive cells in the human cortex
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the subiculum of a euploid (D) and a Ts65Dn (E) mouse. The dotted lines
indicate the borders of the subiculum. Higher magnification images of
the boxed areas are reported on the right. The red arrowhead shows a
BrdU-positive cell. Calibration bar = 100 pM (higher magnification
images); 50 uM (lower magnification images). F, G. Total number of
BrdU-positive cells (upper panel) and mean number of BrdU-positive
cells per section (lower panel) in the pyramidal layer plus molecular layer
of the subiculum in euploid (n = 5) and Ts65Dn (n = 5) mice. Values
(mean = SD) refer to on hemisphere. *P < 0.05; **P < 0.01 (two tailed
ttest). Abbreviations: CA1, CA3 = hippocampal fields; DG = dentate
gyrus; Eu = euploid; LV = lateral ventricle; Pyr = pyramidal layer;
Mol = molecular layer; SUB = subiculum; SVZ = subventricular zone.

are GABAergic (3). It is well established that GABA exerts
inhibitory effects at adult life stages. GABAergic transmis-
sion, however, exerts depolarizing instead of hyperpolar-
izing effects at early stages of brain development (5). While
the role of CR-positive cells in the fetal brain remains to
be identified, the current finding that fetuses with DS
have a proportionally larger density of CR-positive cells
in comparison with euploid fetuses suggests that this
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imbalance may translate in an excitation—inhibition imbal-
ance at postnatal life stages.

Unlike the principal neurons of the cortex that originate
in the VZ, the inhibitory interneurons derive from the
medial and caudal ganglionic eminences (3,13). The gan-
glionic eminences, however, are not the sole site of origin
of interneurons, because CR-positive cells have been
detected in the fetal VZ of the neocortex (21,36). Our
findings are in full agreement with this observation and
additionally show that CR-positive cells are also present
in the VZ of the hippocampal region. A comparison of
euploid fetuses and fetuses with DS showed no differences
in the density of CR-positive neurons in the VZ of the
subiculum. This suggests no impairment in the prolifera-
tion potency of the progenitors of this interneuron popula-
tion. Previous evidence showed that in Ts65Dn embryos
the progenitors of inhibitory interneurons, unlike those
of excitatory neurons, exhibit an increase in proliferation
potency in comparison with euploid mice (10,11). Although
we did not found an increase in the density of CR-positive
cells in the VZ of fetuses with DS, our findings are in
line with those obtained in the Ts65Dn model because
they show that the neurogenesis impairment that charac-
terizes the DS fetal brain is not shared by the progenitors
of CR-positive interneurons.

Developmental alterations of the subiculum in
the Ts65Dn mouse

Mice are very immature at birth and, unlike in humans,
their nervous system considerably develops postnatally. In
the current study, we found that the subiculum of neonate
Ts65Dn mice is notably hypotrophic, in terms of overall
volume and cellularity, in comparison with that of euploid
mice. This finding, which complements previous evidence
regarding the hippocampus and dentate gyrus of Ts65Dn
mice (16), suggests that hypotrophy is a feature that is
shared by various structures of the hippocampal region.
While the rostral VZ/SVZ of the forebrain gives origin
to neurons (and glia) destined to the rostral forebrain,
the caudal VZ/SVZ gives origin to neurons (and glia) des-
tined to the caudal parts of the forebrain, including the
hippocampal region (7). The reduced number of cells
populating the subiculum found here can be accounted
for the reduced proliferation potency that characterizes
the caudal SVZ (16).

Consistently with the reduced proliferation potency
exhibited by the caudal SVZ of Ts65Dn mice, we found
here that in the subiculum of Ts65Dn mice, there were
fewer BrdU-positive cells. The fate of these cells remains
to be established, although most of the cells from the
perinatal SVZ appear to give origin to astrocytes and
oligodendrocytes (7). The finding that most of the BrdU-
positive cells in the subiculum of neonate mice were in
the molecular layer, a layer that contains numerous nerve
fibers, suggests that these cells may be precursors of oli-
godendrocytes. If so, the reduced number of BrdU-positive
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cells in the subiculum of Ts65Dn mice may lead to myeli-
nation impairment, a feature that characterizes the trisomic
brain (1,26).

Conclusions

This study shows numerous developmental defects in the
subiculum of fetuses with DS. These defects are in line
with similar defects previously found in other structures
of the hippocampal region and in the ventral temporal
cortex (14,15). Taken together, our studies suggest wide-
spread damage of the memory systems of temporal lobe
in the DS brain starting from fetal life stages. These neu-
roanatomical alterations, in turn, may account for the
alterations in several domains of explicit memory exhibited
by children with DS (8,24,33). In view of the emerging
role of the subiculum in memory retrieval, the develop-
mental defects found here in the subiculum of fetuses with
DS may account for the impairment in recall memory
found in children with DS (9).

The subiculum of the Ts65Dn mouse exhibits neuro-
anatomical defects resembling those seen in human fetuses
with DS. A number of studies has examined the anatomy
and function of the hippocampus in this mouse model
but no study has taken into consideration the subiculum.
Our study may prompt further investigations aimed at
characterizing the electrophysiology of the subicular cir-
cuits. This may help deciphering the possible electro-
physiological basis of DS-linked alterations in the
subicular function. Among the numerous mouse models
of DS, no perfect mouse model currently exists (18). In
spite of some limitations, the Ts65Dn mouse is the more
widely used model of DS. In order to establish the “qual-
ity” of a disease model, it is important to obtain as
much comparative information as possible regarding the
phenotypic features of the human disease and the chosen
model. The Ts65Dn mouse exhibits a number of brain
phenotypic features that closely resemble those seen in
individual with DS. The current study, by providing
comparative information regarding the subicular neuro-
anatomy in fetuses with DS and in the Ts65Dn model,
adds a piece of information to the characterization of
the Ts65Dn mouse. An increase in the body of evidence
regarding the phenotypic resemblance between individu-
als with DS and the Ts65Dn model is of relevance in
the field of preclinical studies on DS, because this knowl-
edge may increase the confidence that results obtained

in this model can be transferred to the human
condition.
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