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Abstract

Down syndrome (DS), a high-incidence genetic pathology, involves brain hypoplasia and
mental retardation. Emerging evidence suggests that reduced neurogenesis may be a major
determinant of brain underdevelopment in DS. To establish whether it is possible to improve
neurogenesis in DS, Ts65Dn mice—the most widely used model for DS—and euploid mice
were treated with control or lithium chow for 1 month. During the last 3 days animals
received one daily injection of 5-bromo-2-deoxyuridine (BrdU)—a marker of proliferating
cells—and were sacrificed 24 h after the last injection. Neurogenesis was examined in the
subventricular zone (SVZ), a region that retains a neurogenic potential across life. We found
that Ts65Dn mice had less (—40%) BrdU+ cells than euploid mice, indicating severe prolif-
eration impairment. Treatment with lithium increased the number of Brdu+ cells in both
euploid and Ts65Dn mice. In the latter the number of Brdu+ cells became similar to that of
untreated euploid mice. Our study shows that lithium is able to restore cell proliferation in
the SVZ of the Ts65Dn mouse and point at treatments with mood stabilizers as a potential
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INTRODUCTION

Down syndrome (DS; trisomy 21) is the most frequent genetic
cause of mental retardation and most common autosomal aneup-
loidy compatible with postnatal survival (22). DS occurs in 1 out of
700-1000 (33) live births, and is usually the result of undisjunction
in meiosis. DS traits include dysmorphic features, which collec-
tively constitute its distinctive physical phenotype, endocardial and
immunological defects, hematological and endocrine abnormali-
ties, behavioral deficits and mental retardation (33).

Although most of the aforementioned clinical features may be
inconsistent in their occurrence, mental retardation remains the
invariable hallmark of DS. Mental retardation has been related to
the decreased overall brain size of DS individuals. Brain hypotro-
phy is particularly prominent in the cerebral hemispheres, frontal
lobe, temporal cortex, hippocampus and cerebellum (1, 2, 12, 24,
31,36, 37,42, 44,47, 48). The brain volume reduction arises early
in development, as it is seen in children and even fetuses with DS
(18, 31, 37, 42, 47), suggesting that it may be underpinned by
defects in neuron formation.

To overcome the difficulties related to the study of the mecha-
nisms underlying DS in human subjects, animal models have
been developed. The Ts65Dn mouse, characterized by segmental
trisomy for a distal region of chromosome 16—a region that shows
perfectly conserved linkage with human chromosome 21 (11), is
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tool to improve neurogenesis in patients with DS.

one of the most widely used models for DS. Recent evidence
obtained in the Ts65Dn mouse clearly demonstrates that neuro-
genesis is severely impaired in the fetal ventricular zone (VZ) and
hippocampus (6), in the hippocampus and cerebellum of neonate
mice (9, 10), two structures with a prominent postnatal neurogen-
esis. Corresponding neurogenesis impairment has been recently
documented by our group in the hippocampus and ventricular
germinal matrix of fetuses with DS (9, 19). There are at present no
therapeutic strategies able to correct mental retardation in DS, the
most invalidating aspect of this pathology. It is likely that interven-
tions that are able to improve the widespread neurogenesis impair-
ment in the DS brain would result in improvement in the cognitive
capacity of individuals with DS. A wealth of studies has shown
that the process of neurogenesis can be modulated by a number
of determinants. Interestingly, accumulating evidence in rodents
shows that antidepressants increase neurogenesis in neurogenic
zones of the adult brain. In addition, a recent study has shown that
chronic treatment with fluoxetine is able to increase neurogenesis
in the hippocampal dentate gyus of adult Ts65Dn mice (8). This
raises the exciting possibility of pharmacologically improving
neurogenesis with drugs that are usable by humans, to correct
brain pathologies characterized by reduced neuron production/
neurodegeneration. It has been recently demonstrated that lithium,
a mood stabilizer commonly used in the treatment of mood disor-
ders, markedly increases neurogenesis in the adult dentate gyrus of
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normal adult mice (28). The present study was undertaken to estab-
lish whether lithium ameliorates neurogenesis in the adult Ts65Dn
mouse. We have examined neurogenesis in the subventricular zone
(SVZ), a region that during fetal life produces principal neurons
and interneurons that will populate the cortical mantle, and is
characterized by ongoing neurogenesis throughout animal life (5).

METHODS
Ts65Dn mouse

Colony

Female Ts65Dn mice carrying a partial trisomy of chromosome
16 (32) were obtained from Jackson Laboratories (Bar Harbour,
ME, USA) and maintained on the original genetic background by
mating them to C57BL/6JEi x C3SnHeSnJ (B6EiC3) F1 males.
Animals were karyotyped by real-time quantitative polymerase
chain reaction (qQPCR) as previously described (26). Genotyping
was validated with fluorescent in situ hybridization (40). The day
of birth was designed as postnatal day (P) zero. Animals were
reared in groups of three per cage. A total of 12 mice were used.
The animal’s health and comfort were veterinary controlled. The
animals had access to water and food ad /ibitum 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. In this study all efforts were
made to minimize animal suffering and to keep to a minimum the
number of animals used.

Experimental protocol

Starting from the age of 12 months, euploid (n=3) and Ts65Dn
(n=3) females were treated with lithium, administered through
the food pellets (2.4 g/kg of Li2CO3) for 1 month [see (7)]. Age-
matched euploid (n = 3) at Ts65Dn (n = 3) females were used as
controls. The weight of the animals was monitored at the beginning
and at the end of treatment with lithium. In agreement with previ-
ous evidence (34), Ts65Dn mice had a lower body weight than
controls (Table 1). No significant differences in the body weight
were found in either euploid or Ts65Dn mice after treatment with
lithium (Table 1). During the last 3 days animals of all groups
received a daily intraperitoneal injection (150 pg/g body weight) of
5-bromo-2-deoxyuridine (BrdU; Sigma, St. Louis, MO, USA), a

Table 1. Weights of the experimental groups. Abbreviations: NS = not
significant (Duncan’s test after analysis of variance); SD = standard
deviation.

Mean SD Mean SD P
Euploid 32256 =+ 412 Euploid+Li 3272 =+ 446 NS
Ts65Dn  26.75 =+ 095 Ts65Dn+Li 2652 =+ 084 NS
P * *
*P<0.05.

Body weight (mean = SD) in grams of euploid and Ts65Dn mice
untreated and treated with lithium.
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Figure 1. Experimental protocol. Starting from the age of 12 months,
euploid (n = 3) and Ts65Dn (n = 3) mice were treated with lithium, admin-
istered through the food pellets for 1 month. Age-matched euploid
(n=3) at Ts65Dn (n = 3) animals were used as controls. During the last
3 days animals of all groups received a daily intraperitoneal injection
(150 pg/g body weight) of BrdU and were sacrificed 24 h after the last
BrdU injection.

marker of proliferating cells and their progeny (29) in 0.9% NaCl
solution. Animals were sacrificed 24 h after the last BrdU injection
(Figure 1).

Histological procedures

Animals were deeply anesthetized with ether and transcardially
perfused with saline, followed by 4% paraformaldehyde in
100 mM phosphate buffer, pH 7.4. Brains were stored in the fixa-
tive for 24 h and then kept in 18% sucrose in phosphate buffer for
additional 24 h. Hemispheres were cut along the midline and stored
at —80°C. Frozen samples of each hemisphere were cut with a
freezing microtome in 30-um-thick coronal sections and serially
collected in phosphate-buffered saline (PBS). For analysis of cell
proliferation in the SVZ, sections were sampled within a region
that started at the rostral pole of the lateral ventricle and stretched
for approximately 1200 um going in the caudal direction. The
rostral and caudal borders of this region approximately correspond
to +1.18 mm and +0.02 mm planes, respectively, of Franklin and
Paxinos atlas of the mouse brain (17). For analysis of cell prolifera-
tion in the rostral migratory stream (RMS), sections were sampled
within a region that started at the rostral pole of the lateral ventricle
and stretched for approximately 900 um in the rostral direction.
Each histologic procedure (see further discussion) was carried out
in one out of six sections. As, with this sampling scheme, we had a
total of 3640 (30-um thick) sections that covered the SVZ and,
consequently a maximum of six series of six sections available; we
also used, in addition to the right hemisphere, the left hemisphere
for some procedures in the SVZ (see following discussion).

BrdU immunohistochemistry

One out of the six sections from the right hemisphere was
processed for BrdU immunohistochemistry. Free-floating sections
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were permeabilized with 0.1% Triton X-100 in PBS for 30 minutes,
denatured in 2 N HCI for 30 minutes at 37°C, rinsed in 0.1 M boric
acid, pH 8.5, at room temperature for 20 minutes and washed
in 0.1% Triton X-100 and PBS three times, blocked for 1 h in 1%
BSA in 0.1% Triton X-100 and PBS, incubated overnight at 4°C
with a rat monoclonal anti-BrdU antibody (AbD Serotec, Diissel-
dorf, Germany), diluted 1:100 in 0.1% Triton X-100 in PBS. Sec-
tions were then incubated for 2 h with an anti-rat immunoglobulin
G (IgG) Cy3 conjugated secondary antibody (Jackson Immunore-
search, West Grove, PA, USA), diluted 1:100 in 0.1% Triton X-100
in PBS and 1% BSA, and rinsed in 0.1% Triton X-100 in PBS
for 30 minutes. Fluorescent images were taken with an Eclipse
TE 2000-S microscope (Nikon, Tokyo, Japan) equipped with an
AxioCam MRm (Zeiss, Oberkochen, Germany) digital camera.

Double-fluorescence immunohistochemistry

To characterize the phenotype of the proliferating cells, one out of
six sections from the SVZ of the right hemisphere was double-
labeled with an antibody to BrdU and an antibody to: (i) polysialy-
lated neural cell adhesion molecule (PSA-NCAM), expressed by
type A cells; or (ii) glial fibrillary acidic protein (GFAP), expressed
by type B cells (14). Ki-67 is an antibody that reacts with an antigen
appearing in cell nuclei in Gy, S, G, and M phases of the cell cycle
(35, 38, 39). To establish the fraction of BrdU-positive (BrdU+)
cells vs. the population of cycling cells present in the SVZ, one out
of six sections from the left hemisphere was double-labeled with an
antibody to BrdU and an antibody to Ki-67. Free-floating sections
were permeabilized with 0.1% Triton X-100 in PBS for 30 minutes,
denatured in 2 N HCI for 30 minutes at 37°C, rinsed in 0.1 M boric
acid, pH 8.5, at room temperature for 20 minutes and then washed
in 0.1% Triton X-100 and PBS three times, blocked for 1 h in 1%
BSA in 0.1% Triton X-100 and PBS. For double-fluorescence
immunostaining, sections were incubated overnight at 4°C with
a primary antibody, rat monoclonal anti-BrdU antibody (AbD
Serotec), diluted 1:100 in 0.1% Triton X-100 in PBS and one of the
following primary antibodies: (i) rabbit polyclonal anti-Ki-67 anti-
body (GeneTex), diluted 1:100 in 0.1% Triton X-100 in PBS;
(i) mouse monoclonal anti-PSA-NCAM antibody (Chemicon),
diluted 1:200 in 0.1% Triton X-100 in PBS; or (iii) mouse mono-
clonal anti-GFAP (Sigma), diluted 1:400 in 0.1% Triton X-100 in
PBS. Sections were then washed in 0.1% Triton X-100 in PBS for
40 minutes and incubated for 2 h with an anti-rat IgG Cy3 conju-
gated (1:100) (Jackson Immunoresearch) secondary fluorescent
antibody, for BrdU immunoistochemistry and one of the
following secondary fluorescent antibodies: (i) anti-rabbit IgG
FITC conjugated (1:100) (Sigma) for Ki-67 immunoistochemistry;
(i1) anti-mouse IgM FITC conjugated (1:100) (Sigma) for PSA-
NCAM immunoistochemistry; or (iii) anti-mouse IgG FITC
conjugated (1:100) (Sigma) for GFAP immunoistochemistry.
Fluorescent images of the double-labeled sections were taken with
a Leica TCS confocal microscope (Leica Microsystems, Wetzlar,
Germany).

Phospho-histone H3 and cleaved caspase-3
immunohistochemistry

One out of six sections, from the SVZ of the left hemisphere, was
processed for phospho-histone H3 (pHH3) or cleaved caspase-3
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immunohistochemistry. Free-floating sections were permeabilized
with 0.1% Triton X-100 in PBS for 30 minutes, blocked for 1 h in
3% BSA in 0.1% Triton X-100 and PBS, incubated overnight at
4°C with a primary antibody: rabbit polyclonal anti-phospho-
histone H3 antibody (Upstate Cell Signaling, Lake Placid, NY,
USA), diluted 1:100 in 0.1% Triton X-100 in PBS, or rabbit
cleaved caspase-3 (Asp 175) antibody (Cell Signaling Technol-
ogy, Danvers, MA, USA), diluted 1:200 in 3% BSA in 0.1%
Triton X-100 and PBS. Sections were washed in 0.1% Triton
X-100 in PBS for 40 minutes and incubated for 2 h with a
secondary antibody, anti-rabbit IgG FITC conjugated (1:100)
(Sigma) diluted in 0.1% Triton X-100 in PBS and 3% BSA,
rinsed in 0.1% Triton X-100 in PBS for 30 minutes.

Nissl method

One out of six sections from the SVZ of the right hemisphere
was stained with Toluidin blue according to the Nissl method,
for stereologic evaluation of the lateral ventricle and SVZ.

Measurements

Number of BrdU+ cells

BrdU+ cells in the SVZ were counted in sections processed
for BrdU immunohistochemistry (six sections) and double-
fluorescence immunohistochemistry for BrdU and Ki-67 (six sec-
tions), BrdU and PSA-NCAM (six sections), and BrdU and GFAP
(six sections). BrdU+ cells in the RMS were counted in sections
processed for BrdU immunohistochemistry (five sections). The
total number of BrdU+ cells was estimated by multiplying the
number counted in the series of sampled sections by the inverse
of the section sampling fraction (SSF = 1/6).

Number of Ki-67-positive cells

Sections from the SVZ double-labeled for Ki-67 and BrdU (six
sections) were analyzed for the expression of Ki-67, co-expression
of Ki-67 and BrdU, expression of Ki-67 only and expression of
BrdU only. The total number of cells was estimated by multiplying
the number counted in the series of sampled sections by the inverse
of the SSF (SSF = 1/6).

Analysis of phenotypes

Sections from the SVZ double-labeled for BrdU and either PSA-
NCAM or GFAP were analyzed for the co-expression of either
BrdU/PSA-NCAM or BrdU/GFAP. The total number of cells of
each phenotype was estimated by multiplying the number counted
in the series of sections by the inverse of the SSF (SSF = 1/6). The
number of cells of undetermined phenotype was calculated by
subtracting from total number of BrdU+ cells the number of BrdU/
PSA-NCAM-positive cells plus the number of BrdU/GFAP-
positive cells. The number of cells of each phenotype was then
divided by total number of BrdU+ cells to estimate the percentage
of cells that were labeled with PSA-NCAM, GFAP or neither of
these markers.
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Number of apoptotic cells

Apoptotic death in the SVZ was estimated by counting cleaved
caspase-3-positive cells. The total number of apoptotic cells was
estimated by multiplying the number counted in the series of
sections by the inverse of the SSF (SSF = 1/6).

Number of pHH3-positive cells

pHH3-positive cells in the SVZ were counted in one out of six
sections, in a series covering the whole sampled region. The
number of cells in either G, or M phase (cells in early plus cells
in late M phase) of cell cycle was expressed as percent of the total
number of pHH3-positive cells.

Stereology of the ventricle and SVZ

The following stereology system was used: (i) optical microscope
(Leitz) equipped with a motorized stage and focus control system;
(ii) color digital video camera attached to the microscope trinocular
tube; (iii) Image Pro Plus (Media Cybernetics, Silver Spring, MD,
USA) with the StagePro module for controlling the motorized
stage, as primary software. In the series of Nissl-stained sections
from the SVZ, the area (A) of the ventricle was measured by tracing
its contours on video images displayed on computer. The volume
of the ventricle was determined according to Cavalieri’s principle
(45), by multiplying the sum of the cross sectional areas by
the spacing T between sampled sections (T =180 um). In each
sampled section we additionally measured the length of the lateral
wall of the ventricle and the thickness of the SVZ at four to five
locations along the longitudinal extent of the lateral wall.

Statistical analysis

Results are presented as the mean * standard deviation of the
mean. Data from single animals were the unity of analysis. Statis-
tical testing was performed with ANOVA followed by post hoc
comparisons with Duncan’s test. A probability level of P <0.05
was considered to be statistically significant.

RESULTS

Pattern of the rostral horn of the lateral
ventricle and SVZ in euploid and Ts65Dn
mice untreated and treated with lithium

The SVZ is a layer next to the ependymal lining and is most evident
in the lateral wall of the lateral ventricle (14). In the current study
we examined the SVZ at the level of the rostral horn of the lateral
ventricle (see Methods). Observation of coronal sections from
Ts65Dn and euploid mice, taken at the same rostrocaudal level,
showed that the lumen of the ventricle was notably smaller in
Ts65Dn mice because of the obliteration of the inferior part of
the ventricle (Figure 2A,B). The lateral wall, in the region where
the ventricle was obliterated, appeared to be devoid of SVZ
(Figure 2B, region enclosed by the white rectangle). Volume mea-
surements showed that the volume of the ventricle was notably
reduced (—49%) in Ts65Dn compared with that in euploid mice
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(Figure 2I). In both euploid and Ts65Dn mice treatment with
lithium did not affect the volume of the ventricle (Figure 2C,D,I).

In agreement with the reduced ventricular volume, the length
of the lateral wall of the ventricle was significantly smaller (-52%)
in Ts65Dn vs. euploid mice (Figure 2J). Whereas in euploid mice
the length of the lateral wall was not affected by treatment with
lithium, in Ts65Dn mice treated with lithium it underwent a slight
increase (Figure 2J), because of the appearance of small apertures
in the obliterated region (Figure 2D, asterisks). The SVZ of the
lateral ventricle in euploid mice was formed by four to five rows of
cells and was 21 = 0.73-um thick (Figure 2E,K). In contrast, in
Ts65Dn mice it was formed by three to four rows of cells and was
only 16 = 1.02-um thick (Figure 2EK). Treatment with lithium
did not change the thickness of the SVZ in euploid mice
(Figure 2G,K). However, in treated Ts65Dn mice the thickness
increased significantly compared with the untreated Ts65Dn mice
and became similar to that of untreated and treated euploid mice
(Figure 2H,K). In addition, in Ts65Dn mice treated with lithium,
an SVZ appeared in the region where the ventricle was obliterated
(Figure 2D, area enclosed by a white rectangle) and small apertures
showing a SVZ interrupted the obliterated region (Figure 2D,
asterisks).

Effect of lithium on proliferation rate in the
SVZ and RMS of euploid and Ts65Dn mice

In the current study we evaluated cell proliferation by using BrdU
immunohistochemistry. Twenty-four hours after the three daily
BrdU injections, we found numerous BrdU+ cells in the SVZ.
These cells were located in the SVZ of the lateral wall of the
ventricle, at the corner formed by the lateral wall and the dorsal
roof of the ventricle and at the lower corner of the ventricle
(Figure 3A). Qualitative observation of images from euploid and
Ts65Dn mice clearly showed that Ts65Dn mice had less BrdU+
cells (Figure 3A,B). After treatment with lithium, the number of
BrdU+ cells increased in both euploid and Ts65Dn mice
(Figure 3C,D). In addition, in Ts65Dn mice treated with lithium,
patches of BrdU+ cells appeared also in the region where the ven-
tricular lumen was obliterated (Figure 3D, arrow). Quantification
of the number of BrdU+ cells in the SVZ showed that untreated
euploid mice had 3267 = 33 BrdU+ cells and untreated Ts65Dn
mice had 1912 = 60 cells (—40%). Treatment with lithium
increased the number of BrdU+ cells in either group, so that treated
euploid mice had 4556 = 340 BrdU+ cells and treated Ts65Dn
mice had 3176 £ 925 cells (Figure 3E). These figures indicate that
treatment with lithium increased cell proliferation by 39% in
euploid mice and by 66% in Ts65Dn mice. Though Ts65Dn mice
treated with lithium had less BrdU+ cells than euploid mice treated
with lithium, comparison of Ts65Dn mice treated with lithium with
untreated euploid mice showed no differences between groups
(Figure 3E), indicating that lithium had completely restored cell
proliferation in Ts65Dn mice.

We examined the effect of treatment with lithium in the RMS,
because neuroblasts born in the SVZ retain proliferative capacity
during their migration in the RMS to the olfactory bulb (30). As our
animals were sacrificed 4 days after the first of three daily BrdU+
injections, the RMS proximal to the SVZ may harbor, in addition to
locally born BrdU+ cells, also BrdU+ cells born in the SVZ, en
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Figure 2. A-E. Pattern of the lateral ventricle and subventricular zone
(SVZ). Examples of Nissl-stained sections at the level of the rostral
portion of the lateral ventricle (LV) in an untreated euploid mouse (A), an
untreated Ts65Dn mouse (B), a euploid mouse treated with lithium (C)
and a Ts65Dn mouse treated with lithium (D). The plane of the section
roughly corresponds to plane +0.50 of Franklin and Paxinos atlas (16).
Note that the lumen of the ventricle is largely obliterated in the Ts65Dn
mouse (region below the arrowhead). The insets in B and D show a
portion of the ventricle where the lumen is obliterated (region enclosed
by the rectangle) at a higher magnification. Note the absence of a SVZ in
the untreated Ts65Dn mouse (B) and the appearance of a SVZ after
treatment with lithium. The asterisks in D indicate small apertures in the
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obliterated ventricle. E-H. Higher magnification images of the lateral wall
of the LV, at the level indicated by the white arrows in A-D in an
untreated euploid mouse (E), an untreated Ts65Dn mouse (F), a euploid
mouse treated with lithium (G) and a Ts65Dn mouse treated with
lithium (H). The double-headed arrows indicate the SVZ. Calibration in
A =500 um, applies to A-D. Calibration in the insets in B,D =25 pum.
Calibration in H=20 um, applies to E-H. I-K. Stereology of the LV and
SVZ. Volume of the LV (l), length of the lateral wall of the ventricle (J) and
thickness of the SVZ (K) in untreated euploid and Ts65Dn mice, and in
euploid and Ts65Dn mice treated with lithium. *P<0.05; **P < 0.01
(Duncan'’s test after analysis of variance). Abbreviations: D = dorsal;
L = lateral; M = medial; V = ventral.
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Figure 3. Effect of lithium on cell proliferation

in the subventricular zone (SVZ) of euploid and
Ts65Dn mice. A-D. Examples of sections
immunostained for BrdU in an untreated euploid
mouse (A), an untreated Ts65Dn mouse (B),

a euploid mouse treated with lithium (C) and a
Ts65Dn mouse treated with lithium (D). The white
rectangle in A-D indicates the region shown at a
higher magnification on the right. Brdu+ cells (red)
are mainly present along the lateral wall of the E
ventricle. Note that in the Ts65Dn mouse treated

with lithium, BrdU+ cells were present also in the P
region where the lateral ventricle (LV) was ]
obliterated (D, arrow). Calibrations in D apply 6000 -
to A-D: calibration of low magnification g

images = 200 pm; calibration of high magnification s

images = 120 pm. E. Number of BrdU+ cells in

untreated euploid and Ts65Dn mice and euploid g

and Ts65Dn mice treated with lithium. **P< 0.01; 0

Euploid + Li

Mood Stabilizers and neurogenesis in Down syndrome

Ts65Dn + Li

BrdU+ cells

—1 Euploid
[ 1s65Dn

Euploid + Li
Ts650n + Li

*¥**P < 0.001 (Duncan'’s test after analysis of
variance).

route to the olfactory bulb. We found numerous BrdU+ cells in the
RMS of all groups. Euploid mice had 2090 = 214 BrdU+ cells
and Ts65Dn mice had 1502 = 139 cells. Treatment with lithium
increased the number of BrdU+ cells in either group, so that treated
euploid mice had 2665 = 238 BrdU+ cells and treated Ts65Dn
mice had 1921 = 216 cells. Comparison across groups showed that
untreated Ts65Dn mice had significantly less BrdU+ cells in the
RMS than euploid mice (P < 0.01; Ducan’s test) and that treatment
with lithium increased the number of BrdU+ cells in treated
euploid vs. untreated euploid mice (P < 0.05; Ducan’s test), and in
treated Ts65Dn vs. untreated Ts65Dn mice (P < 0.05; Ducan’s
test). Comparison of untreated euploid mice and Ts65Dn mice
treated with lithium showed no difference between groups, indicat-
ing that lithium had restored cell proliferation in the RMS of
Ts65Dn mice.

Effect of lithium on the phenotype of the
proliferating cells in the SVZ of euploid
and Ts65Dn mice

The SVZ of adult rodents contains three major types of proliferat-
ing cells (14): type A cells, which are migrating neuroblasts; type B
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cells, which are cells with astrocytic phenotype; and type C cells,
which are very likely precursors of neuroblasts. Among the B cells,
the subpopulation of B2 cells only is actively dividing, whereas the
B1 subpopulation is formed by non-proliferating cells (14). We
were interested in establishing whether the lower proliferation
rate in the SVZ of Ts65Dn mice involved specific cell type/s and
whether treatment with lithium enhanced the proliferation of one
or more of the three different classes. To identify the phenotype of
the proliferating cells we used double-fluorescence immunohis-
tochemistry for BrdU and either PSA-NCAM, a marker of type A
cells, or GFAP, a marker of type B cells (14).

Qualitative observation of double-stained sections showed
that untreated Ts65Dn mice had less PSA-NCAM+/BrdU+
cells (Figure 4A,B) and less GFAP+/BrdU+ cells (Figure 4E,F)
than untreated euploid mice and that treatment with lithium lead
to an increase in the number of PSA-NCAM+/BrdU+ cells
(Figure 4C,D) and of GFAP+/BrdU+ cells (Figure 4G,H) in both
euploid and trisomic mice. Quantification of PSA-NCAM+/BrdU+
cells showed that whereas euploid mice had 1632 = 196 cells,
Ts65Dn mice had 914 = 101 cells only (—44%), and quantification
of GFAP+/BrdU+ cells showed that whereas euploid mice had
746 = 69 cells, Ts65Dn mice had 392 = 28 cells only (—48%).
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Treatment with lithium increased the number of PSA-NCAM+/
BrdU+ and GFAP+/BrdU+ cells in both euploid and Ts65Dn mice,
so that treated euploid mice had 2635 *+ 375 PSA-NCAM+/BrdU+
cells and 1021 * 69 GFAP+/BrdU+ cells, and treated Ts65Dn
mice had 1673 £ 191 PSA-NCAM+/BrdU+ cells (Figure 5A) and
698 * 84 GFAP+/BrdU+ cells (Figure 5B). These figures indicate
that treatment with lithium increased the number of proliferating
cells of type A by 61% in euploid mice and by 83% in Ts65Dn mice
and increased the number of cells of type B2 by 40% in euploid
mice and by 78% in Ts65Dn mice. Comparison of Ts65Dn mice
treated with lithium and untreated euploid mice showed no differ-
ence in the number of PSA-NCAM+/BrdU+ cells (Figure 5A) and
GFAP+/BrdU+ cells (Figure 5B), indicating that the treatment had
completely restored in Ts65Dn mice the number of proliferating
cells of type A and type B2.

Cells that were BrdU+ but were not immunoreactive for either
PSA-NCAM or GFAP should mainly represent type C cells, as the
other cells forming the SVZ of the adult brain (ependymal cells and
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Figure 4. Double fluorescence
immunohistochemistry. A-D: Examples of BrdU+
cells (red), PSA-NCAM+ cells (green) and cells that
are co-labeled with BrdU and PSA-NCAM (yellow)
in the subventricular zone (SVZ) of a euploid
mouse (A), a Ts65Dn mouse (B), a euploid mouse
treated with lithium (C) and a Ts65Dn mouse
treated with lithium (D). The arrowheads indicate
some of the double-labeled cells. E-H. Examples
of BrdU+ cells (red), GFAP+ cells (green) and cells
that are co-labeled with BrdU and GFAP (yellow) in
the SVZ of a euploid mouse (E), a Ts65Dn mouse
(F), a euploid mouse treated with lithium (G) and a
Ts65Dn mouse treated with lithium (H). The
arrowheads indicate some of the double-labeled
cells. I-L. Examples of BrdU+ cells (red), Ki-67+
cells (green) and cells that are co-labeled with
BrdU and Ki-67 (yellow) in the SVZ of a euploid
mouse (I), a Ts65Dn mouse (J), a euploid mouse
treated with lithium (K) and a Ts65Dn mouse
treated with lithium (L). The arrowheads indicate
some of the double-labeled cells.

Calibration = 75 um. Abbreviations: D = dorsal;
GFAP = glial fibrillary acidic protein; L = lateral,

LV = lateral ventricle; M = medial;

PSA-NCAM = polysialylated neural cell adhesion
molecule; V = ventral.

tanicytes) exhibit a very low (if any) proliferation rate (14). As
there are no specific markers for cells of type C, we estimated the
number of type C cells by subtracting the number of cells of type A
and type B2 from total number of BrdU+ cells. Evaluation of
BrdU+ cells that were labeled neither by PSA-NCAM nor by GFAP
(neither/BrdU+ cells) showed that control mice had 890 * 68 cells
and Ts65Dn mice had 606 = 62 cells (—32%). In euploid animals,
treatment with lithium did not increase the number of this type of
cells. After treatment with lithium, however, Ts65Dn mice had
805 = 143 BrdU+ cells that were labeled neither by PSA-NCAM
nor by GFAP (Figure 5C). This corresponds to an increase of
+33%, with respect to untreated Ts65Dn mice, though the differ-
ence was only marginally (P < 0.06) significant. Comparison of
Ts65Dn mice treated with lithium and untreated euploid mice
showed no difference in the number of cells that were labeled
neither by PSA-NCAM nor by GFAP (Figure 5C), indicating that
the treatment had restored the number of proliferating cells of type
C in Ts65Dn mice.
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Figure 5. Phenotype of the proliferating cells in the subventricular zone
(SVZ). Total number (A) and percentage (D) of cells co-labeled with BrdU
and PSA-NCAM, total number (B) and percentage (E) of cells co-labeled
with BrdU and PSA-NCAM, and total number (C) and percentage (F) of
cells that did not express neither PSA-NCAM nor GFAP. Cells expressing

Evaluation of the percentage of cells of each phenotype showed
that in euploid mice, PSA-NCAM+/BrdU+ cells (type A) repre-
sented 50 = 4% of total number of BrdU+ cells, GFAP+/BrdU+
cells (type B2) represented 23 = 0.4% and the remaining cells
(type C) represented 27 = 3% (Figure 5D,E,F). In untreated
Ts65Dn mice the percentage of cells of each phenotype was similar
to that of euploid mice (Figure SD,E,F). After treatment with
lithium, the percentage of PSA-NCAM+/BrdU+ cells showed a
slight, but significant increase in both euploid (+15%) and Ts65Dn
(+10%) mice (Figure 5D), the percentage of GFAP+/BrdU+ cells
remained unchanged (Figure 5E) and the percentage of cells that
were neither GFAP+ nor PSA-NCAM-+ slightly decreased (—28%)
in treated euploid vs. untreated euploid mice (Figure 5F).

Effect of lithium on the size of the proliferating
population in the SVZ of euploid and
Ts65Dn mice

Ki-67 is an endogenous protein expressed by proliferating cells
during phases Gy, S, G, and M of the cell cycle (35, 38, 39). We
used Ki-67 immunohistochemistry, to estimate the size of the
population of actively dividing cells in euploid and Ts65Dn

Brain Pathology 20 (2010) 106-118

PSA-NCAM correspond to type A cells, cells expressing GFAP corre-
spond to type B2 and cells that do not express either marker are type C
cells. *P<0.05; **P<0.01; ***P<0.001 (Duncan's test after analysis
of variance). Abbreviations: GFAP = glial fibrillary acidic protein; PSA-
NCAM = polysialylated neural cell adhesion molecule.

mice and the effect of treatment with lithium on the size of this
population. Sections were co-labeled with an antibody to BrdU
(Figure 41-L) to evaluate the number of cells that were co-labeled
with Ki-67 and BrdU, single-labeled with Ki-67, and single-
labeled with BrdU.

We found that untreated euploid mice had 2362 * 296 Ki-67+
cells and Ts65Dn mice had 1588 = 310 cells, indicating that
Ts65Dn mice had a smaller pool of proliferating cells (-33%)
compared with euploid mice (Figure 6A). Treatment with lithium
increased the number of Ki-67+ cells in either group, so that treated
euploid mice had 3630 * 629 Ki-67+ cells and treated Ts65Dn
mice had 2945 =+ 396 cells (Figure 6A). These figures indicate that
treatment with lithium increased the pool of proliferating cells by
54% in euploid mice and by 85% in Ts65Dn mice. Comparison of
Ts65Dn mice treated with lithium with untreated euploid mice
showed no differences between groups (Figure 6A), indicating that
lithium had restored the pool of proliferating cells in Ts65Dn mice.

In all groups, about one-half of Ki-67+ cells were not co-labeled
with BrdU (Figure 6B). These are the cells that were not in the S
phase of the cell cycle at the time of the three BrdU injections.
Among the BrdU+ cells, 40-50% were co-labeled with Ki-67 and
the remaining cells were single-labeled with BrdU. The cells
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Figure 6. Effect of lithium on the size of the proliferating population in the subventricular zone of euploid and Ts65Dn mice. A. Total number of Ki-67+
cells. B. Number of Ki-67+ cells that were not co-labeled with BrdU. C. Number of Ki-67+ cells that were co-labeled with BrdU. D. Number of BrdU+
cells that were not co-labeled with Ki-67. *P< 0.05; **P< 0.01; ***P< 0.001 (Duncan'’s test after analysis of variance).

double-labeled with Ki-67 and BrdU are the cells and the progeny
of the cells that were in the S phase of the cell cycle during BrdU
administration and had remained in the cell cycle up to the time of
sacrifice (24 h after the last BrdU injection). The BrdU+ cells that
were single-labeled with BrdU are cells that were in the S phase of
the cell cycle during BrdU administration and had exited the cell
cycle within the time intervening between BrdU uptake and the
sacrifice plus cells that at the time of sacrifice were in early G;
phase, a period in which Ki-67 appears to be not expressed (38). We
found that untreated Ts65Dn mice had less Ki-67-only positive
cells (Figure 6B), less Ki67+/BrdU+ cells (Figure 6C) and less
BrdU-only positive cells (Figure 6D) compared with untreated
euploid mice. After treatment with lithium all these cell popula-
tions underwent an increase in euploid and Ts65Dn mice, as com-
pared with untreated euploid and Ts65Dn mice, respectively,
though in the case of Ki-674+/BrdU+ cells the difference between
treated and untreated euploid mice was marginally significant
(P < 0.06). These data indicate that in both Ts65Dn and euploid
mice lithium increased the number of BrdU+ cells that had
remained in the cell cycle as well as of BrdU+ cells that had exited
the cell cycle.

Effect of lithium on phospho-histone H3
expression in the SVZ of euploid and
Ts65Dn mice

After DNA synthesis, which takes place during the S phase of
cell cycle, cells pass through the G, phase before undergoing
division in the M phase. pHH3 is expressed during late G, and
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mitosis (anaphase to telophase) and its nuclear pattern allows one
to discriminate cells that are in the G, and M phases of cell cycle
(21) (Figure 7A; see Methods). As the G, phase is a critical step
for cell cycle progression and we found an elongation of this
phase in the cerebellum of Ts65Dn mice (10), we sought to
obtain information on the relative size of the populations in the
G, and M phases. We found that Ts65Dn mice had a percent
number of cells in the G, phase vs. total number of cells in
G, +M phases larger than euploid mice (Figure 7B) and a
smaller number of cells in M phase (Figure 7C). Treatment with
lithium decreased the percent number of cells in G, phase and
increased the percent number of cells in M phase, in both euploid
and Ts65Dn mice (Figure 7B,C).

Effect of lithium on apoptotic cell death in
the SVZ of euploid and Ts65Dn mice

Apoptotic cell death is a physiological phenomenon that contrib-
utes to establish final number of new cells in neurogenic regions. To
establish the effects of lithium on apoptotic cell death, we evaluated
the number of apoptotic cells in the SVZ by counting the number of
cells that expressed cleaved caspase-3, a protein that is one of the
hallmarks of apoptotic death (4).

We found that the number of apoptotic cells in the sampled
region was very low, with a value of 6-10 cells per section. Com-
parison of total number of apoptotic cells showed that untreated
Ts65Dn mice had less apoptotic cells than untreated euploid mice
(Figure 8). After treatment with lithium the number of apoptotic

Brain Pathology 20 (2010) 106-118

© 2009 The Authors; Journal Compilation © 2009 International Society of Neuropathology



Bianchi et al

Mood Stabilizers and neurogenesis in Down syndrome

G, M

Figure 7. Effect of lithium on the percentage
of cells in G, and M phases of the cell

Late Early

O

cycle. A. Images of cells positive for G,-phase cells Mphase cells
phosphorylated-histone-H3 (pHH3) in the

subventricular zone of a euploid mouse, showing o 15 ek w 15

a cell in early and late G,, early and late M phase. 'g wow @ ke
Cells in G, exhibit a discontinuous pHH3 nuclear g 10 E_ 1.0 g
staining, cells in the early M phase exhibit a + ry —_——
homogeneously condensed pattern and cells (_j‘ ; d“ sk
approaching division (late M phase) exhibit mitotic = 05 4 05 e
spindles. Scale bar (18 um) applies to all the Q 'E’ |-_| I_-r_l m
figures. B,C. Percentage of cells in G, (B) and M (_'ju T T T =

(C) phases of the cell cycle with respect to total
number of pHH3-positive cells. **P < 0.01;
¥**P < 0.001 (Duncan’s test after analysis of
variance).

cells remained unaffected in both euploid and Ts65Dn mice
as compared with that of untreated euploid and Ts65Dn mice,
respectively.

DISCUSSION

Neurogenesis impairment in the SVZ of
the adult Ts65Dn mouse

Current study shows notable proliferation impairment, as assessed
by BrdU immunohistochemistry, in the SVZ (and RMS) of the
adult Ts65Dn mouse. The reduced number of proliferating cells in
the SVZ was not related to a greater cell death, as apoptosis was
actually lower in Ts65Dn than in euploid mice. Consequently, the

Caspase+ cells

Total number
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Figure 8. Effect of lithium on apoptotic cell death in euploid and Ts65Dn
mice. Total number of cleaved caspase-3-positive cells in the subven-
tricular zone of animals untreated and treated with lithium. **P < 0.01
(Duncan'’s test after analysis of variance).
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reduced number of cells that incorporated BrdU in Ts65Dn mice
must be ascribed to defective proliferation potency.

A recent study provides evidence for reduced proliferation in the
embryonic VZ of Ts65Dn mice, at early embryonic stages, but an
increased proliferation in the SVZ, at later embryonic stages (6).
Our findings in the SVZ of adult Ts65Dn mice are in agreement
with the reduced proliferation rate found in the embryonic VZ, but
are in contrast with the increased proliferation rate in the embry-
onic SVZ of Ts65Dn mice (6). This discrepancy may be because of
the different behaviors of precursors in different regions of the
VZ/SVZ, as we examined here the anterior SVZ, whereas Chakra-
barti et al (6) examined the neocortical VZ/SVZ, at the level of the
dorsal hippocampus. Alternatively, a dynamic change in prolifera-
tion rate in the SVZ of Ts65Dn mice across age may explain differ-
ences in proliferation potency at embryonic and adult developmen-
tal stages. We have recently found (unpublished observations) that
P14-P15 Ts65Dn mice exhibit reduced proliferation potency in the
anterior SVZ, which indicates that this region is characterized by
defective proliferation starting from the early postnatal period and
retains this defect up to adulthood.

Analysis of the phenotype of the BrdU+ cells showed that in
Ts65Dn mice all types of proliferating cells present in the SVZ
exhibited reduced proliferation potency, the largest difference
involving type B2 cells. These cells are thought to include the stem
cells of the SVZ, which give origin to type C cells (14). The latter
are rapidly dividing cells (transient amplifying) that give rise to
type A cells—neuroblasts that retain proliferation capacity and
migrate to the olfactory bulb. The finding that Type B2 cells were
the most affected in Ts65Dn mice indicates that the trisomic condi-
tion affects more severely a population that is crucial for expansion
of the SVZ.

The pool of cycling cells in the SVZ, as assessed by Ki-67
immunohistochemistry, was notably smaller in Ts65Dn than in
euploid mice. Consistent with this reduction, in Ts65Dn mice the
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thickness of the SVZ was notably reduced, the ventricle was
partially obliterated and no SVZ was present at the site where the
medial and lateral ventricular walls were fused. A reduction in the
pool of proliferating cells may be the outcome of: (i) an elongated
cell cycle, with consequent reduced expansion of the pool of pre-
cursors over time; and/or (ii) the loss of the capability of the stem
cells to replicate and generate neural/glial precursors. Neurogen-
esis impairment in the embryonic neocortical and hippocampal VZ
(6) and in the cerebellum of the neonate Ts65Dn mouse (10) have
been shown to be associated with cell cycle elongation. We found
here that in the SVZ of Ts65Dn mice there were more cells in the G,
phase of the cell cycle, compared with that of the euploid mice,
which suggests that an alteration in cell cycle dynamics may under-
lie the reduced number of precursors in the SVZ. The presence in
the SVZ of adult trisomic mice of an increased number of cells in
the G, phase is fully in agreement with previous evidence in the
hippocampus of human fetuses with DS, hippocampus and cer-
ebellum of neonate Ts65Dn mice (9, 10) and with demonstration
that in cerebellar granule cells of trisomic mice an elongation of the
G; phase is one (though not the only) determinant of the increased
length of the cell cycle (10). The finding that in Ts65Dn mice no
SVZ was present at the sites where the ventricle was obliterated
suggests that an additional factor that may contribute to reduce the
size of the proliferating pool is the loss of stem properties by some
cells of the SVZ.

Treatment with lithium increases neurogenesis
in the SVZ of adult euploid and Ts65Dn mice

Current study shows that treatment with lithium was able to
increase proliferation in the SVZ of adult euploid and Ts65Dn mice
and to expand the pool of actively dividing cells. Looking at
the phenotype of the proliferating cells, we found that lithium
increased proliferation of type A and type B2 cells but had no effect
on type C cells in euploid mice, and had a marginal effect in
Ts65Dn mice. Type C cells (transient amplifying cells) are charac-
terized by an intrinsically faster proliferation rate compared to the
other two cell types (14). This property may explain why lithium
was unable to further increase the proliferation of this cell popula-
tion. The fact that lithium was able to increase the proliferation rate
of type B2 cells appears of relevance, because these cells form a
resident population of precursors that keeps the neurogenic poten-
tial of the SVZ. Interestingly, lithium also enhanced the prolifera-
tion of type A cells. These are migrating neuroblasts that, in the
adult brain migrate to the olfactory bulb but that during earlier
developmental stages migrate to populate the cortical layers. These
data show that lithium enhances the process of neurogenesis by
acting both on uncommitted (type B2 cells) and committed (type
A cells) precursors. In agreement with the effect of lithium on type
A cells in the SVZ, we found that lithium enhanced proliferation
of neuroblasts within the RMS also.

In mouse hippocampus, chronic treatment with lithium increases
neurogenesis and the levels of B-cell lymphoma protein-2 (bcl-2)
(7). In view of the anti-apoptotic effects of bcl-2 it has been postu-
lated that enhanced survival of the newborn cells may play a role in
lithium’s effects in the hippocampus. In the current study we did
not observe a reduction in the number of apoptotic cells in the SVZ
of animals treated with lithium, Consequently, the increase in the
number of BrdU+ cells should be attributable to an increase in
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proliferation potency. The finding that lithium reduced the relative
number of cells in the G, phase of the cell cycle is in agreement
with the possibility that a reduction in the length of this phase (and
possibly other phases) contributes to shorten the cell cycle length
and increase proliferation rate. Importantly, in Ts65Dn mice
treated with lithium a SVZ appeared also in the region where the
ventricle was obliterated, suggesting that lithium may favor cell
cycle reentry of quiescent stem cells. Thus, recruitment of quies-
cent progenitors may be an additional mechanism that, in conjunc-
tion with changes in cell cycle dynamics, increases the size of the
proliferating population in the SVZ of animals treated with lithium.

Though it is established that lithium can improve bipolar disor-
der, exerts neuroprotective effects and increases neurogenesis
(7, 15, 16, 23, 41, 43), the mechanisms and signal transduction
pathways by which it brings about its effects have not been fully
elucidated. Lithium acts by targeting various cellular enzymes,
among which inositol monophosphatase (IMPase) and glycogen
synthase kinase 3 (GSK-3f) appear to be of particular relevance
(15, 23). The finding that lithium inhibits IMPase and GSK-33—
two enzymes that play important roles in two distinct but interact-
ing signal transduction pathways—has led to the formulation of
two major hypotheses for the cellular basis of lithium’s action: the
inositol depletion hypothesis and the GSK-3f3 inhibition hypoth-
esis (3, 20, 23, 25). Recent evidence shows that chronic treatment
with lithium increases proliferation of adult hippocampal progeni-
tors and that these effects are independent of IMPase, but depen-
dent on Wnt pathway components (46). In particular, both the
downregulation of GSK-3B—a negative regulator of the Wnt
signaling component of the canonical Wnt signaling pathway,
which plays a central role in the development of invertebrates
and vertebrates—and the elevated beta-catenin—a downstream
component and transcriptional regulator in the same pathway—
produce effects similar to lithium. In the light of this evidence it
is likely that the neurogeneis increase observed here in the SVZ
of adult mice is mediated by a similar mechanism.

Lithium restores neurogenesis in Ts65Dn mice

Treatment with lithium increased the number of BrdU and Ki-67+
cells in both euploid and Ts65Dn mice, but in the latter the increase
was remarkably more pronounced. Consistent with this, in Ts65Dn
mice treated with lithium the SVZ grew in thickness and became
similar to that of the euploid mice. As discussed earlier, it is likely
that the increased proliferation potency induced by lithium is
underpinned by a reduction in the cell cycle length. In normal
animals, with precursors endowed with a correct cell cycle length,
there may be a limit to the amount by which cell cycle may be
shortened and thus cause neurogenesis increase. In Ts65Dn mice,
characterized by defects in cell cycle dynamics, cell cycle length
might be shortened proportionally more than in euploid mice,
which would account for the proportionally larger effect of lithium
in Ts65Dn mice. In addition, in Ts65Dn mice treated with lithium,
there was a patent increase in the size of the SVZ, suggesting that
the widespread recruitment of quiescent progenitors may contrib-
ute to the comparatively larger effects of lithium on neurogensis.
Importantly after treatment with lithium, Ts65Dn mice exhibited
a similar number of BrdU+ cells and Ki-67+ cells as untreated
euploid mice, which indicates that lithium was able to completely
restore cell proliferation.
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In spite of numerous efforts, the molecular mechanisms underly-
ing neurogenesis impairment in DS are far from being elucidated
and there are, at present, no therapeutic interventions that are able
to ameliorate neurogenesis and mental retardation in DS. Current
study suggests that it is possible to restore neurogenesis in the SVZ
of an animal model for DS in adulthood with a widely used mood
stabilizer. While during early embryonic stages, the VZ is the source
of neurons that begin to form the cortical mantle, during later
embryonic stages the VZ disappears and the SVZ, a continuous
germinal zone surrounding the ventricles, achieves prominence (5).
During late embryonic and early postnatal brain development the
SVZ gives origin to neuronal and glial cells that will migrate to and
settle into the developing cortex and other telencephalic regions.
Based on specific features, distinct divisions of the SVZ can be
distinguished in the developing forebrain. Each region is enriched in
progenitors that generate different types of neurons and glia. We
examined here the SVZ region located anterior to bregma. Though
the relationship between the prenatal SVZ and the postnatal SVZ has
not been established very firmly at this point, the region sampled by
us should contribute to produce during late embryonic and early
postnatal stages neurons and glia destined to several telencephalic
regions (5). In the adult brain the rostral SVZ, in conjunction with
more caudal portions of SVZ, gives origin to neuroblasts that
migrate to the olfactory bulb where they become periglomerular and
granule cells (13, 27). In animal models and human fetuses with DS
the neocortex is characterized by severe hypocellularily, which, in
light of data in the Ts65Dn embryonic mouse is most likely caused
by impaired proliferation in the VZ (6). An important subsequent
step will be to attempt ameliorate neurogenesis in the VZ/SVZ of the
Ts65Dn mouse during brain development, the most critical period
for the establishment of the correct number of neuron and appropri-
ate neuron connections. If such a treatment will be proven to be
effective, this might open the way to possible therapeutic interven-
tion practicable by human subjects, aimed at correcting defects in
brain development in DS individuals.
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