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Abstract

Down syndrome DS is a genetic pathology characterized by brain hypotrophy and severe
cognitive impairment. Although defective neurogenesis is an important determinant of
mental disability, a severe dendritic pathology appears to be an equally important factor.
A previous study showed that fluoxetine, a selective serotonin reuptake inhibitor, fully
restores neurogenesis in the Ts65Dn mouse model of DS. The goal of the current study was
to establish whether fluoxetine also restores dendritic development. In mice aged 45 days,
treated with fluoxetine in the postnatal period P3—P15, we examined the dendritic arbor of
the granule cells of the dentate gyrus (DG). The granule cells of trisomic mice had a
severely hypotrophic dendritic arbor, fewer spines and a reduced innervation than euploid
mice. Treatment with fluoxetine fully restored all these defects. In Ts65Dn mice, we found
reduced levels of serotonin that were restored by treatment. Results show that a pharma-
cotherapy with fluoxetine is able to rescue not only the number of granule neurons but also
their “quality” in terms of correct maturation and connectivity. These findings strongly
suggest that fluoxetine may be a drug of choice for the improvement of the major defects
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INTRODUCTION

Down syndrome (DS; trisomy 21) is a genetic pathology with a
prevalence of approximately 1/1000 newborns. DS results in a
constellation of phenotypes, most of which may be inconsistent in
their occurrence. Mental retardation, however, remains the invari-
able hallmark and the most invalidating aspect of DS, with a heavy
impact on public health (28).

Mental retardation has been related to the decreased brain size
of DS individuals, a feature that is already apparent early on in
development. Accumulating evidence in DS mouse models clearly
shows severe neurogenesis impairment in the major brain neuro-
genic regions [see (6)], suggesting that defective neurogenesis may
be a key determinant of brain hypotrophy and mental retardation.
Similar to the Ts65Dn mouse model of DS, human fetuses with DS
exhibit proliferation impairment in the hippocampal dentate gyrus
(DG) and cerebellum (15, 21, 22), which further validates the use
of this model to study trisomy-linked brain alterations.

Dendritic pathology is a possible substrate for mental retarda-
tion in different conditions. In DS, the pathogenesis of dendritic
abnormalities is distinctive and appears to correlate with the cog-
nitive profile. In children and adults with DS, there is a marked
reduction in dendritic branching and spine density (7, 34). Similar
to individuals with DS, mouse models of DS have less branched
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in the DS brain and, possibly, of mental retardation.

and less spinous dendrites (8, 10). Although defective neurogen-
esis is very likely a crucial determinant of mental retardation,
dendritic abnormalities with consequent connectivity alterations
are likely to be equally important actors.

DS is associated with a loss of serotonin (5-HT) (26) and dys-
regulation of the 5-HT1A receptor expression (5, 11). In view of
the pivotal role played by 5-HT in neurogenesis and dendritic
maturation (12, 38), dysregulation of the 5-HT system may be the
critical determinant of both neurogenesis impairment and den-
dritic pathology in DS.

Based on evidence that antidepressants increase hippocampal
neurogenesis (25) and that fluoxetine, a selective serotonin
reuptake inhibitor, increases neurogenesis in adult Ts65Dn mice
(14), we previously treated neonate Ts65Dn mice with fluoxetine
(11). Our study provided novel evidence that a widely used anti-
depressant, administered during the early phases of brain develop-
ment, is able to fully restore neurogenesis and cognitive behavior.
Several studies have shown that fluoxetine has a positive effect
on dendritic maturation and spine formation in the normal brain
(23, 36), suggesting that this drug may be exploited to correct
the dendritic pathology of the DS brain.

Based on all these premises, we took advantage of the charac-
teristics offered by the Ts65Dn mouse model to establish whether
treatment with fluoxetine during the early postnatal period, a time
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window critical for dendritic maturation, rescues dendritic pathol-
ogy and connectivity. We focused on the effects of pharmaco-
therapy on dendritic development in the hippocampal DG, a region
that plays a crucial role in declarative memory.

MATERIALS AND METHODS

Colony

Female Ts65Dn mice carrying a partial trisomy of chromosome 16
(29) were obtained from Jackson Laboratories (Bar Harbour, ME,
USA) and maintained on the original genetic background by
mating them with C57BL/6JEi x C3SnHeSnJ (B6EiC3) F1 males.
Animals were karyotyped using real-time quantitative PCR (RT-
qPCR) as previously described (24). Genotyping was validated
with fluorescent in situ hybridization (FISH) (33). The day of birth
was designed as postnatal day (P) zero. A total of 99 mice were
used. The animals’ health and comfort were controlled by the
veterinary service. 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. In
this study, all efforts were made to minimize animal suffering and
to keep the number of animals used to a minimum.

Experimental protocol

Euploid (n =26) and Ts65Dn (n = 25) mice received a daily sub-
cutaneous injection (at 09:00-10:00 h) of fluoxetine (Sigma-
Aldrich, St. Louis, MO, USA) in 0.9% NacCl solution from P3 to
P15 (dose: 5 mg/kg from P3 to P7; 10 mg/kg from P8 to P15). We
chose a maximum 10 mg/kg dose because, as a result of the
extremely short half-life of fluoxetine in rodents compared with
humans, a daily 10 mg/kg dose is thought to produce a brain
concentration of a magnitude similar to that of 20-60 mg taken
daily by humans (13, 17). Age-matched euploid (n=27) and
Ts65Dn (n = 24) mice were injected with the vehicle (Figure 1A).
Each treatment group had approximately the same composition of
males and females. On P45, animals were deeply anesthetized with
ether and killed. A first group of animals (n =8 for each experi-
mental condition) was transcardially perfused with ice-cold
phosphate-buffered saline (PBS) followed by a 4% solution of
paraformaldehyde in PBS. Brains were stored in the fixative for
24 h, cut along the midline and placed in a 20% sucrose in phos-
phate buffer solution for an additional 24 h. Hemispheres were
frozen and stored at —80°C. The left and right hemispheres were cut
with a freezing microtome in 30-um-thick coronal sections that
were serially collected in antifreeze solution containing sodium
azide. Sections from the right hemisphere were used for doublecor-
tin (DCX) immunohistochemistry and sections from the left hemi-
sphere were used for synaptophysin (SYN) and vesicular glutamate
transporter 1 (VGLUT1) immunohistochemistry and for Down
syndrome cell adhesion molecule (DSCAM) immunohistochemis-
try. A second group of animals (n=6-9 for each experimental
condition) was not perfused, the brain was quickly removed, cut
along the midline, rinsed in PBS and Golgi stained, as described
below. A third group of animals (n=10 for each experimental
condition) was not perfused, the brain was quickly removed, the

130

Guidi et al

A Ts65Dn+Fluoxetine
[T e+ Fruoxetine R

Ts65Dn+Saline

|
Euploid+Saline |

|
|

[ 7/ l

MOL

GR

oldest

youngest

Figure 1. Experimental protocol. A. Starting from the age of 3 postnatal
(P) days and up to P15, euploid and Ts65Dn mice received one daily
injection of either saline or fluoxetine (see Materials and Methods).
Animals were killed at P45, 1 month after cessation of treatment.
B. New granule cells are generated from progenitor cells residing in the
subgranular zone (SGZ). The oldest granule cells (black) occupy the
outer portion of the granule cell layer (GR) and later born cells are added
according to an outside-inside pattern. The photomicrographs show a
mature Golgi-stained cell (black arrow) in the outermost portion of the
GR and a young doublecortin (DCX)-positive granule cell (blue arrow) in
the innermost portion of the GR. The dendrites of the mature granule
cells occupy the whole molecular layer (MOL) while those of the young
granule cells reach only the innermost portion of this layer. C. Compu-
terized reconstruction of granule cell dendrites. Dendrites were traced
in a centrifugal direction. Numbers indicate the different dendritic orders
(marked by the software with different colors).

hippocampal region of each hemisphere was dissected and kept at
—80°C. The hippocampus of one side was used for either Western
blotting (n = 5 for each experimental condition) or RT-qPCR analy-
sis (n = 5 for each experimental condition) and the hippocampus of
the other side was used for analysis of serotonin levels (n=15 for
each experimental condition). Two additional groups of untreated
animals aged 2 days (four euploid and five Ts65Dn mice) and 15
days (6 euploid and 5 Ts65Dn mice) were used to examine the
expression of the 5-HT1A receptor in the hippocampal region.

Histological procedures

Golgi staining

Brains were Golgi stained using the FD Rapid Golgi Stain™ Kit
(FD NeuroTechnologies, Inc., Columbia, MD, USA). Brains were
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immersed in the impregnation solution containing mercuric chlo-
ride, potassium dichromate, and potassium chromate, and stored at
room temperature in darkness for 3 weeks. Hemispheres were cut
with a microtome in 90-um-thick coronal sections that were
mounted on gelatin-coated slides and were air dried at room tem-
perature in the dark for 1 day. After drying, sections were rinsed
with distilled water and subsequently stained in a developing solu-
tion (FD Rapid Golgi Stain Kit).

DCX immunohistochemistry

One out of six free-floating sections from the DG was processed
for DCX immunohistochemistry. Sections were permeabilized
with 0.1%Triton X-100 in PBS for 30 minutes and subsequently
endogenous peroxidase activity was inhibited using a methanol/
H202 0.3% solution for 30 minutes. Sections were incubated
overnight at 4°C with a primary antibody anti-DCX (goat polyclo-
nal, Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted
1:100. Sections were then incubated for 1 h at room temperature
with a biotinylated anti-goat IgG secondary antibody (dilution
1:200, Vector Laboratories Inc., Burlingame, CA, USA) and there-
after incubated for 1h with VECTASTAIN® ABC kit (Vector
Laboratories). Detection was performed using DAB kit (Vector
Laboratories).

SYN, VGLUT1 and DSCAM immunohistochemistry

Free-floating sections (n=3-4 per animal) from the DG were
submitted to double fluorescence immunohistochemistry for SYN
and VGLUT1 or DSCAM immunohistochemistry. For SYN and
VGLUT1 immunohistochemistry, sections were incubated for 48 h
at 4°C with mouse monoclonal anti-SYN (SY38) antibody
(Millipore Bioscience Research Reagents, Merck Millipore, Bill-
erica, MA, USA) and rabbit polyclonal anti-VGLUT1 (Abcam,
Cambridge, UK, Europe) antibody both diluted 1:1000. Sections
were then incubated overnight at 4°C with a DyLight-conjugated
goat anti-mouse IgG (Thermo Scientific, Rockford, IL, USA) and
a RRX-conjugated donkey anti-rabbit IgG (Jackson Laboratory,
Bar Harbor, ME, USA) both diluted 1:100. For DSCAM immu-
nohistochemistry, sections were incubated overnight at 4°C with a
primary antibody anti-DSCAM (generous gift from Dr Maria Luz
Montesinos) (2) diluted 1:50. Sections were then incubated for 1 h
at room temperature with a CY3-conjugated donkey anti-rabbit
(Jackson Laboratory) diluted 1:200.

Real-time reverse transcriptase quantitative
PCR (RT-qPCR)

Total RNA was extracted from the hippocampus of the right hemi-
sphere with TriReagent (Sigma-Aldrich) according to the manu-
facturer’s instructions. Complementary DNA (cDNA) synthesis
was achieved with 1.0 pg of total RNA using the iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA, USA) according to the manu-
facturer’s instructions. The used primer sequences are as follows:
(1) 5-hydroxytryptamine (serotonin) receptor 1A (5-HT1A) (NM_
008308), forward 5-ACAGGGCGGTGGGGACTC-3’ and reverse
5'-CAAGCAGGCGGGGACATAGG-3"; (ii) solute carrier family
6 (neurotransmitter transporter serotonin alias SERT) (NM_
010484.2), forward 5'-GATCCCTGCTCACACTGACATC-3" and
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reverse 5- CCATAGAACCAAGACACGACGAC-3’; and (iii)
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (NM_
008084.2), forward 5-GAACATCATCCCTGCATCCA-3" and
reverse 5'-CCAGTGAGCTTCCCGTTCA-3'. Real-time PCR was
performed using a SYBR Premix Ex Taq kit (Takara, Shiga, Japan)
according to the manufacturer’s instructions in an iQ5 real-time
PCR detection system (Bio-Rad). Fluorescence was determined at
the last step of every cycle. Real-time PCR assay was done under the
following universal conditions: 2 minutes at 50°C, 10 minutes at
95°C, 50 cycles of denaturation at 95°C for 15 s, and annealing/
extension at 60°C for 1 minute. Quantifications were normalized
using endogenous control GAPDH. Relative quantification was
performed using the AACt method.

High-performance liquid chromatography
(HPLC)

The left hippocampus was homogenized with ultrasonic cell
disruptor in Acapulco buffer solution (methanol-acetonitrile-
50 mM phosphate buffer, pH 2.8, 15:8:77, containing 200 mg/L
of sodium dodecylsulphate). One volume of homogenate was
diluted in 3 vol. of water and 50-UL portions of clear supernatants
were directly injected into a HPLC system, as previously described
(19, 20). Protein levels in the sampled tissue were evaluated
by Lowry method. The measured amounts of 5-HT and 5-
hydroxyindoleacetic acid (HIAA) were expressed as pg/ng protein.

Western blotting

Total proteins from the hippocampal formation were obtained as
previously described (35) and protein concentration was estimated
by the Lowry method. Proteins (50 pg) were subjected to electro-
phoresis on a 4%-20% Mini-PROTEAN® TGX™ Precast Gel
(Bio-Rad) and transferred to a Hybond ECL nitrocellulose mem-
brane (Amersham Life Science, Arlington Heights, IL, USA). The
following primary antibodies were used: anti-SYN (1:1000, Milli-
pore Bioscience Research Reagents); anti-DSCAM (1:500, a gift
from Dr Maria Luz Montesinos); and anti- GAPDH (1:5000,
Sigma, St Louis, MO, USA) antibodies. Densitometric analysis of
digitized images was performed with Scion Image software (Scion
Corporation, Frederick, MD, USA), and intensity for each band was
normalized to the intensity of the corresponding GAPDH band.

Measurements

Neuron sampling

Series of sections across the whole rostro-caudal extent of the
DG were used for reconstruction of DCX-positive and Golgi-
stained neurons. DCX-positive neurons were sampled in the
inner part of the granule cell layer, close to the subgranular zone
(see inset in Figures 1B and 4A-D). The Golgi method casually
impregnates a few neurons among a given population and allows
one to sample relatively isolated neurons. Golgi-stained neurons
were sampled from the outer part of the granule cell layer
(Figure 1B). The total number of DCX-positive sampled neurons
was 29-52 per animal and the number of sampled Golgi-stained
neurons was 10-16 per animal. Only well-impregnated neurons
were chosen for the histological analysis. The drawings were
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made on coded slides so that the drawer was not aware of the
animal’s treatment.

Measurement of the dendritic tree

The following systems were used: (i) light microscope (Leitz,
Hexagon Metrology GmbH, Wetzlar, Germany, Europe) equipped
with a motorized stage and focus control system; (ii) color digital
video camera attached to the microscope; and (iii) Image Pro Plus
(Media Cybernetics, Silver Spring, MD 20910, USA) with the
StagePro module for controlling the motorized stage in the X, y and
z directions, as primary software. Dendritic trees of DCX-positive
and Golgi-stained granule cells of the DG were traced with a
dedicated software, custom-designed for dendritic reconstruction
(Immagini Computer, Milan, Italy), interfaced with Image Pro
Plus. The dendritic tree was traced live, at a final magnification of
500x, by focusing into the depth of the section. The operator starts
with branches emerging from the cell soma and after having drawn
the first parent branch goes on with all daughter branches of the
next order in a centrifugal direction (Figure 1C). At the end of
tracing, the program reconstructs the number and length of indi-
vidual branches, the mean length of branches of each order, and
total dendritic length. We additionally evaluated the number of
dendritic intersections with concentric rings centered on the soma,
according to Sholl’s method (32). Rings were 10 pm apart for the
oldest granule cells and 5 pum apart for the newborn granule cells.

Spine density

In Golgi-stained sections, spines of granule cells were counted
using a 100x oil immersion objective lens. Spine density values
were obtained from dendritic segments in the inner and outer half
of the molecular layer. For each neuron, three segments were
analyzed in the outer and inner half of the molecular layer, respec-
tively. For each animal, spines were counted in the same neuron
population used for dendritic reconstruction. The length of each
dendritic segment was determined by tracing the dendritic shaft
and the number of spines was counted manually. The linear spine
density was calculated by dividing the total number of spines by
the length of the dendritic segment. Spine density was expressed as
number of spines per 100-um dendrite.

Connectivity in the molecular layer of the DG

To study innervation of granule cell dendrites, intensity of SYN
immunoreactivity (IR) in the molecular layer of the DG was deter-
mined by optical densitometry of immunohistochemically stained
sections. Fluorescence images were captured using a Nikon
Eclipse E600 microscope equipped with a Nikon Digital Camera
DXM1200 ATI System (Nikon Instruments Inc., Melville, NY,
USA). Densitometric analysis of SYN was carried out using the
Nis-Elements Software 3.21.03 (Nikon, Melville, NY, USA). A
box of 490 wm? was used and placed in the inner, middle and outer
third of the molecular layer of the upper blade of the DG. Six
measurements were taken for each region. For each image, the
intensity threshold was estimated by analyzing the distribution of
pixel intensities in the image areas that did not contain IR. This
value was then subtracted to calculate IR of each sampled area.
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Glutamatergic innervation of the molecular layer of
the DG

Dual-channel confocal microscopy was used to study
co-localization of SYN with VGLUTI. Sections were scanned
with Nikon Ti-E fluorescence microscope coupled with A1R con-
focal system (Nikon). The lasers were: Multi-Ar (457/488/514)
with exciting wavelengths for DyLight 488 and 561 diode-pumped
solid state laser (DPSS) with exciting wavelengths for RRX. The
conditions for co-localization analysis were: the objective was an
oil immersion X60 objective [numerical aperture (NA) 1.4]; laser
power was kept low in order to avoid photobleaching; the zoom
factor was 6; and software Nis-Elements AR 3.2 was used and
image size was 512 x 512 pixels. For each image, the intensity
thresholds were estimated by analyzing the distribution of pixel
intensities in the image areas that did not contain IR. This value,
the background threshold, was then subtracted, and the green-red
co-localization coefficient was calculated.

DSCAM levels in the molecular layer of the DG

Intensity of DSCAM IR in the molecular layer of the DG was
determined by optical densitometry. Fluorescence images were
captured using a Nikon Eclipse E600 microscope (see above). The
optical density (OD) was evaluated in a box of 1600 wm? randomly
placed at six different sites in the molecular layer of the upper
blade of the DG. The OD of the sampled regions was corrected by
the background.

Statistical analysis

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

RESULTS

Effect of fluoxetine on the dendritic tree of the
oldest granule cell in euploid and Ts65Dn mice

Granule cells are derived from precursors in the subgranular zone
of the DG that migrate from the place of birth to the overlying
granule cell layer. In rats and mice, only 20% of the granule cells
are born before birth and most of the remaining 80% are born in
the first two postnatal weeks, with a peak at postnatal day 7 (1, 3,
31). At variance with neurons forming the neocortex, granule cells
migrate according to an “outside-inside” pattern. Namely, the
oldest neurons populate the outer part of the granule cell layer and
the youngest populate the inner part (see Figure 1B). Dendritic
maturation of the granule cells lasts approximately 50-60 days
(30, 40). As we were interested in establishing the effect of fluox-
etine on granule cells that underwent dendritic maturation during
treatment (P3—P15) and accomplished it in the following 30 days
(by P45), we examined Golgi-stained granule neurons located in
the outer portion of the granule cell layer (Figure 1B). We chose
mature-looking neurons to make sure that those which were oldest
were sampled.
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Figure 2A-H shows examples of granule cells in the four
experimental groups. It can be noted that in Ts65Dn mice
(Figure 2B,F) the dendritic tree of the granule cells was less devel-
oped than in euploid mice (Figure 2A,E). After treatment with
fluoxetine, the dendritic pattern of Ts65Dn mice (Figure 2D,H)
became similar to that of untreated euploid mice.

To quantify the overall effect of either genotype or treatment on
the amount of dendritic material at different distances from the
soma, we used Sholl’s method. We found that Ts65Dn mice had
fewer dendritic intersections on rings 1-9 (Figure 2I). While the
number of dendritic intersections was not affected by treatment in
euploid mice, it underwent a large increase in treated Ts65Dn mice
on rings 1-9, and became similar to that of untreated euploid mice
(Figure 21). We next examined the total dendritic length, total
number of segments and mean segment length. The latter was

Figure 2. Effect of fluoxetine on the
dendritic size of the oldest granule cells.
A-D. Photomicrographs of Golgi-stained
granule cells in an animal from each of the
following experimental groups: euploid (A),
Ts65Dn (B), treated euploid (C) and treated
Ts65Dn (D). E-H. Two examples (a and b) of
the reconstructed dendritic tree of granule
cells from animals of each of the following
experimental groups: euploid (E), Ts65Dn (F),
treated euploid (G) and treated Ts65Dn (H).
Numbers indicate the different dendritic
orders. Calibration in A-H: 40 um. I-L. Mean
number of dendritic intersections per ring

Intersections
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obtained by dividing the total dendritic length by the total number
of branches. We found that Ts65Dn mice had a shorter dendritic
length (—36%; Figure 2J) and a reduced number of segments
(—45%; Figure 2K) than euploid mice. In contrast, the mean
segment length was larger than in euploid mice (+17%;
Figure 2L). While in euploid mice treatment with fluoxetine had
no effect on dendritic length, number of segments and segment
size (Figure 2J-L), in treated Ts65Dn mice the dendritic length
(Figure 2J) and the number of segments (Figure 2K) underwent an
increase and the mean segment length underwent a reduction
(Figure 2L). All these parameters became similar to those of
untreated euploid mice.

To dissect the effects of trisomy and treatment on details of the
dendritic architecture, we examined each dendritic order sepa-
rately. A striking difference between euploid and Ts65Dn mice was

d+Fluo

-
- \ p

D Ts65Dn+Fluo_

8
Concentricring

(I; rings were 10 um apart), mean total J Total length K Segment number L Segment length
dendr!tfc length (J), mean number of R 1200 * 40 - _ 100 *
dendritic segments (K) and mean segment g il . 30 e, £ 80 *
length (L) in untreated euploid and Ts65Dn = 800 % Paradl Z 60 i
mice, and euploid and Ts65Dn mice treated ) 2 e D 40
with fluoxetine. Values in I-L represent LI 10 g 20
mean * standard deviation (SD). *P < 0.05; 0 0 0
**P<0.01; ***P<0.001 [Duncan’s test
[ Teu [1Ts65Dn E= Eu+Fluo M Ts65Dn + Fluo

after analysis of variance (ANOVA)].
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the absence of branches of higher order in the latter. While euploid
mice had up to nine orders of branches, Ts65Dn mice completely
lacked branches of orders 7-9 (Figure 3A—C arrows). Analysis of
the branch length of individual orders showed no effects of either
genotype or treatment on branches of orders 4-6. In contrast,
branches of orders 1-3 were notably longer in untreated Ts65Dn
vs. untreated euploid mice (Figure 3A). Analysis of the number
of branches showed that untreated Ts65Dn mice had a similar
number of branches of orders 1 and 2 as untreated euploid mice,
fewer branches of orders 3—6 and, as noted above, no branches of
order higher than 6 (see arrows in Figure 3B). In Ts65Dn mice,
there was a progressive worsening in branch number reduction
from order 3 to 6 (order 3: —13%, order 4: —56%, order 5: —70%,
order 6: —91%). We evaluated the total dendritic surface offered by
each order by multiplying the number of branches (Figure 3B)
by the mean branch length (Figure 3A) of individual orders. In
untreated Ts65Dn mice, the total length of orders 1, 2 and 3 was
larger (+93%, +46% and +26% respectively) compared with the
euploid counterparts (Figure 3C). This is in agreement with the
greater branch length of these orders in Ts65Dn mice. In agree-
ment with the reduced number of branches of orders 4-6, in

A Branchlength
B
=
£
o
=
3
1 2 3 4 5 6 7 8 9
Branch order
B Number of branches
8
_ 6
2
£ 4
=
< 2
0
Branch order
C Total order length
350
~ 300 -
g 250 -
= 200 -
‘g; 150
o 100
- 50
0

Branch order

[ JEu [ 7Ts65Dn E—JEu+Fluo M Ts65Dn + Fluo

Figure 3. Effect of fluoxetine on dendritic architecture of the oldest
granule cells. A-C. Quantification of the mean length (A) and mean
number (B) of branches of the different orders and total length of each
order (C) in untreated euploid and Ts65Dn mice, and euploid and Ts65Dn
mice treated with fluoxetine. The arrows indicate the absence of
branches in untreated Ts65Dn mice. Values in A-C represent
mean = standard deviation (SD). *P<0.05; **P<0.01; ***P<0.001
[Duncan’s test after analysis of variance (ANOVA)].
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Ts65Dn mice the total length of orders 4, 5 and 6 was reduced
(-60%, —75% and —8% respectively) compared with that of
euploid mice (Figure 3C).

A comparison between untreated and treated Ts65Dn mice
showed that mice treated with fluoxetine underwent a reduction in
the length of branches of orders 1-3 (Figure 3A) and an increase in
the number of branches of orders 3—6, thus showing a pattern that
became similar to that of untreated euploid mice. Importantly,
treated Ts65Dn mice acquired branches of orders 6—8 and the
number and length of these branches were similar to that of
untreated euploid mice (Figure 3A,B). In agreement with these
effects, the length of individual orders of treated Ts65Dn mice
became similar to that of untreated euploid mice (Figure 3C).

A comparison between untreated and treated euploid mice
showed that euploid mice treated with fluoxetine had fewer
branches of orders 5 and 6 (—40% and —53% respectively;
Figure 3B), with no change in the mean branch length (Figure 3A).
In agreement with these effects, in treated euploid mice the total
length of orders 5 and 6 was reduced (—40% and —62% respec-
tively) compared with that of untreated euploid mice (Figure 3C).

Taken together, these results indicate a severe hypotrophy of the
dendritic tree of the granule cells of Ts65Dn mice that is mainly
due to a notably reduced number of branches of intermediate order
and total lack of branches of higher order. Treatment with fluox-
etine rescued total dendritic length by restoring the number of
intermediate order branches and inducing the appearance de novo
of higher order branches.

Effect of fluoxetine on the dendritic tree of
newborn granule cells in euploid and
Ts65Dn mice

DCX is a microtubule-associated phosphoprotein selectively
located in the periphery of the soma with a pattern that overlaps
microtubule distribution (16). DCX is expressed widely in migrat-
ing neuroblasts and differentiating neurons. Dendritic morphology
of newborn granule cells can be analyzed with immunohistochem-
istry for DCX, taking advantage of the expression of this protein in
the cytoplasm of immature neurons during the period of neurite
elongation (from 1 to 4 weeks after neuron birth). In view of the
time course of DCX expression in the granule cells, DCX-positive
cells present in P45 animals are, necessarily, cells born after P15,
that is, in the month that followed treatment. To establish the effect
of genotype and treatment on dendritic development of granule
cells born after cessation of treatment, we examined the dendritic
morphology of DCX-positive cells.

In agreement with the morphogenesis of the granule cell layer,
DCX-positive cells were located in the innermost portion of the
layer, close to the hilus (Figure 1B). In view of their young age,
these cells exhibited a dendritic tree with an immature pattern,
characterized by a relatively low number of short processes that
reached the inner but not the outer part of the molecular layer
(Figure 4A-D). Figure 4E shows that DCX-positive cells exhib-
ited a range of morphologies, with branches of low orders only
(Figure 4E, neuron “a”), branches of low and intermediate order
(Figure 4E, neuron “b”) and branches of low, intermediate and
high order (Figure 4E, neuron “c”). Figure 4F shows that in
untreated Ts65Dn mice, DCX-positive cells of each category had
fewer processes than in their euploid counterparts. For instance,
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Figure 4. Effect of fluoxetine on the
dendritic size of newborn granule cells. A-D.
Photomicrographs of doublecortin (DCX)
immunopositive granule cells in an animal
from each of the following experimental
groups: euploid (A), Ts65Dn (B), treated
euploid (C) and treated Ts65Dn (D). E-H.
Three examples (a—c) of the reconstructed
dendritic tree of granule cells from animals
of each of the following experimental
groups: euploid (E), Ts65Dn (F), treated
euploid (G) and treated Ts65Dn (H).
Numbers indicate the different dendritic
orders. Calibration in A=H: 20 um. I-L. Mean
number of dendritic intersections per ring

(I; rings were 5 um apart), mean total
dendritic length (J), mean number of
dendritic segments (K) and mean segment
length (L) in untreated euploid and Ts65Dn
mice, and euploid and Ts65Dn mice treated
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while in euploid mice most neurons of category “a” had branches
of order 2 or 3, in untreated Ts65Dn mice there were numerous
cells of category “a” with only a single process. Observation of the
neurons reported in Figure 4A—H shows that treatment with fluox-
etine increased the number of branches in neurons of each cat-
egory both in euploid (Figure 4C,G) and Ts65Dn (Figure 4D,H)
mice.

Sholl’s analysis of DCX-positive cells showed that Ts65Dn
mice had fewer dendritic intersections on rings 2—8 (Figure 41).
After treatment with fluoxetine, there was a large increase in the
number of intersections that spanned from ring 2 up to ring 11 and
the number of intersections on all rings became similar to that of
untreated euploid mice (Figure 41). In euploid mice, treatment
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caused an increase in the number of dendritic intersections on
rings 6, 7, 9 and 10 (Figure 4I). Quantification of the dendritic size
showed that Ts65Dn mice had a shorter dendritic length (—32%;
Figure 4J) and a reduced number of segments (—48%; Figure 4K)
than euploid mice. In contrast, the mean segment length was
greater in Ts65Dn than in euploid mice (+33%; Figure 4L). In
euploid mice, treatment with fluoxetine slightly increased the total
dendritic length (+20%), with no change in segment size and with
a marginally significant increase in the number of segments
(Figure 4J-L). Importantly, in treated Ts65Dn mice the dendritic
length (Figure 4J) and the number of segments (Figure 4K) under-
went a notable increase (+85% and +152% respectively), while the
mean segment length underwent a reduction (—28%; Figure 4L).
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A comparison between untreated euploid mice and Ts65Dn mice
treated with fluoxetine showed that trisomic mice had more
segments (although this effect was only marginally significant)
(Figure 4K) and a greater total dendritic length (+30%; Figure 4J),
indicating that not only was dendritic size restored by treatment
but it became even greater than that of euploid mice.

Similar to the oldest granule cells, newborn granule cells of
Ts6Dn mice had no high-order dendritic branches and, while
in euploid mice DCX-positive cells had up to eight orders of
branches, in Ts65Dn mice they had no branches of orders 7 and 8
(Figure SA—C arrows). Analysis of branch length of the individual
orders showed that branches of order 1 were notably longer
(+86%) in untreated Ts65Dn compared with untreated euploid
mice, and that the remaining orders of Ts65Dn mice had branches
with a similar length to those of euploid mice, except for order 6
branches, which were shorter (—80%; Figure 5A). Analysis of
branch number showed that untreated Ts65Dn mice had a similar
number of branches of orders 1 and 2 as untreated euploid mice,
but fewer branches of orders 3—6 and no branches of orders 7 and
8 (Figure 5B). In Ts65Dn mice, there was a progressive worsening
in branch number reduction from order 3 to 6 (order 3: —49%,
order 4: —66%, order 5: —76%, order 6: —99%). Evaluation of the
total dendritic surface offered by each order showed that in
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Figure 5. Effect of fluoxetine on the dendritic architecture of newborn
granule cells. A-C. Quantification of the mean length (A) and mean
number (B) of branches of the different orders and total length of each
order (C) in untreated euploid and Ts65Dn mice, and euploid and Ts65Dn
mice treated with fluoxetine. The arrows indicate the absence of
branches in untreated Ts65Dn mice. Values in A-C represent
mean = standard deviation (SD). *P<0.05; **P<0.01; ***P<0.001
[Duncan’s test after analysis of variance (ANOVA)].
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untreated Ts65Dn mice, the dendritic length of order 1 was greater
(+86%) than in the euploid counterparts (Figure 5C). This is in
agreement with the greater length of branch 1. Consistent with
the reduced number of branches of orders 3—6, in Ts65Dn mice
the dendritic length of orders 3, 4, 5 and 6 was smaller (—52%,
—62%, —78% and —99% respectively) than that of euploid mice
(Figure 5C).

A comparison between untreated and treated Ts65Dn mice
showed that mice treated with fluoxetine underwent a reduction in
the length of branches of orders 1, 2 and 4 (—39%, —19% and
—17% respectively) which became similar to those of untreated
euploid mice and an increase (+260%) in the length of branches of
order 6 (Figure 5A). Importantly, treated Ts65Dn mice acquired
branches of orders 7 and 8 (Figure 5B) and the length of
these branches was similar to that of untreated euploid mice
(Figure SA). In parallel with these effects, in treated Ts65Dn mice
there was an increase in the number of branches of orders 2—6
(Figure 5B). The number of branches became similar to (branches
of orders 2, 3, 6-8) or even larger than (branches of orders 4
and 5) the number of branches seen in untreated euploid mice
(Figure 5B). In agreement with these effects, the length of indi-
vidual orders of treated Ts65Dn mice became similar to or even
larger (order 5) than that of untreated euploid mice (Figure 5C).

A comparison between untreated and treated euploid mice
showed that euploid mice treated with fluoxetine underwent a
small (—18%) reduction in the length of branches of order 2
(Figure 5A). They also showed an increase in the number of
branches of orders 3, 4 and 5 (+19%, +59% and +100% respec-
tively; Figure 5B) and in the total length of orders 4 and 5 (+46%
and +100% respectively; Figure 5C) vs. untreated euploid mice.

Taken together, these data indicate that in Ts65Dn mice the
dendritic tree of the granule cells is hypotrophic starting from the
early phases of maturation of newborn cells, and that this effect is
mainly due to a reduction in the number of branches of interme-
diate order and a lack of branches of higher order. Treatment with
fluoxetine rescued total dendritic length by restoring the number of
branches of intermediate order and inducing the appearance de
novo of higher-order branches. Not only did fluoxetine fully restore
this defect but made the total dendritic length larger than that of
untreated euploid mice.

The overall effects of genotype and treatment on the dendritic
architecture of the oldest and newborn granule cells are summa-
rized in the dendrograms of Figure 6.

Effect of fluoxetine on granule cell spine
density in euploid and Ts65Dn mice

Neurons receive their excitatory inputs through dendritic spines.
Evidence in two mouse models of DS shows a spine density
reduction along the dendritic tree of the granule cells (8, 9). To
establish whether fluoxetine rescues this defect, we examined
spine density in untreated and treated mice. Figure 7A-D shows
that in untreated Ts65Dn mice the dendrites of the granule
cells had fewer spines (Figure 7B) compared with euploid
mice (Figure 7A) and that treatment increased spine number
(Figure 7D).

Quantification of spine density showed that in untreated Ts65Dn
mice, spine density was notably lower than that of untreated
euploid mice, both at the level of the inner (—43%; Figure 7E) and
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Figure 6. Dendrograms of the oldest and newborn granule cells. The
dendrograms of the oldest (A) and newborn (B) granule cells were
obtained from the mean length and mean number of branches of each
order reported in Figures 3 and 5. The number of branches was approxi-
mated to the nearest integer value (thick lines). Thin lines have been
used to indicate a number of branches ranging from 0.1 to 0.5. Note the
difference in length scales for the oldest and newborn granule cells.

Figure 7. Effect of fluoxetine on spine
density in the oldest granule cells. A-D.
Photomicrograph of Golgi-stained granule
cells showing distal dendritic branches in
an animal from each of the following
experimental groups: euploid (A), Ts65Dn

B Ts65Dn
= 4
2

k.
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outer (=35%; Figure 7F) portions of the molecular layer. After
treatment with fluoxetine, Ts65Dn mice underwent a notable
increase in spine density that became similar to that of untreated
euploid mice in the inner half of the molecular layer (Figure 7E),
and became even larger compared with euploid mice in the outer
half (Figure 7F). In treated euploid mice, spine density increased
compared with that of untreated mice, both in the inner half
(+44%; Figure 7E) and outer half (+22%; Figure 7F) of the
molecular layer.

Effect of fluoxetine on hippocampal SYN levels
in euploid and Ts65Dn mice

It is likely that a reduction in connectivity is the counterpart of the
severe dendritic hypotrophy that characterizes the granule cells
of Ts65D mice. SYN (also known as p38) is a synaptic vesicle
glycoprotein that is a specific marker of presynaptic terminals.
Evaluation of SYN levels in the hippocampal formation (DG plus
hippocampus proper) by Western blot analysis showed that
Ts65Dn mice had reduced SYN levels and that treatment restored
SYN levels (Figure 8A,B). SYN levels also increased in treated
euploid mice and became higher than in untreated euploid mice
(Figure 8A,B). Next, we examined SYN IR in order to obtain
specific information on SYN levels in the molecular layer of the
DG. Figure 8C shows representative images from animals of each
group. It can be readily appreciated that IR for SYN was reduced
in Ts65Dn mice compared with untreated euploid mice and that it
was increased by treatment with fluoxetine. Quantitative analysis
showed that in untreated Ts65Dn mice, the OD of SYN was sig-
nificantly lower than in untreated euploid mice in the middle
(=35%) and outer (—48%) molecular layers. A marginally signifi-
cant reduction was present also in the inner molecular layer
(Figure 8D). In Ts65Dn mice treated with fluoxetine, the OD of
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after analysis of variance (ANOVA)].
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SYN underwent a large increase in all zones of the molecular layer
and became even greater than that found in untreated euploid mice
(Figure 8D). An increase in the OD of SYN also took place
in treated euploid mice in all zones of the molecular layer
(Figure 8D).

Effect of fluoxetine on the glutamatergic
innervation of the granule cells in euploid
and Ts65Dn mice

Perforant path fibers, which take their origin from the entorhinal
cortex and use glutamate as a neurotransmitter, innervate the
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inner, middle and outer third of the
molecular layer of untreated and treated
euploid and Ts65Dn mice. Data are given as
fold difference vs. inner molecular layer of
untreated euploid mice. E-L. Images of
sections processed for double-labeling
immunofluorescence with an
anti-synaptophysin antibody (green) and an
anti-vesicular glutamate transporter 1
(VGLUT1) antibody (red) from the outer
molecular layer of the DG of an animal from
each of the following experimental groups:
euploid (E,F), Ts65Dn (G,H), treated euploid
(I,J) and treated Ts65Dn (K,L). Images in

F, H, J, L represent co-localization (white)
between synaptophysin (SYN) and VGLUT1.
Calibration: 5 um (applies to E-L). M.
Coefficient of co-localization of SYN and
VGLUT1 in the inner, middle and outer third

J

o = of the molecular layer of untreated and
1=650n treated euploid and Ts65Dn mice. Values in
E= Eu+Fluo

B, D and M represent mean = standard
deviation (SD). (*) P< 0.06; *P< 0.05;
**P<0.01; ***P<0.001 [Duncan’s test
after analysis of variance (ANOVA)].
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middle and outer third of the molecular layer (3). In view of the
key role of this input in hippocampus-dependent memory func-
tions, we examined the effects of trisomy and treatment on gluta-
matergic terminals in the DG. To this purpose, we evaluated the
co-localization of SYN and the VGLUT1 in the outer and middle
third of the molecular layer. We additionally examined the inner
third, which mainly contains glutamatergic terminals of the mossy
cells (3). We found that co-localization of SYN and VGLUT1 was
reduced in untreated Ts65Dn as compared with euploid mice in the
inner, middle and outer third of the molecular layer (Figure 8E—
M), indicating a generalized reduction of excitatory afferents.
Importantly, in treated Ts65Dn mice, co-localization of SYN and
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VGLUT]1 increased in all zones of the molecular layer and became
similar to that of untreated euploid mice (Figure 8E-M), suggest-
ing restoration of the glutamatergic inputs. In euploid mice, treat-
ment had no effect on co-localization of SYN and VGLUTI1.

Effect of fluoxetine on the hippocampal
serotonergic system in euploid and
Ts65Dn mice

A profuse network of serotonin (5-HT) containing axons originat-
ing from the dorsal and medial raphe nuclei innervates the hippoc-
ampus and DG (4). In a previous study, we found that Ts65Dn
mice aged 15 days had no differences in serotonin levels but
reduced levels of the 5-HT1A receptor (11).

Quantification of 5-HT by HPLC in the hippocampal region
(hippocampus plus DG) of treated and untreated P45 mice showed
that Ts65Dn mice had a lower 5-HT concentration (Figure 9A),
and a lower concentration of the 5-HT metabolite 5-HIAA
(Figure 9B) than euploid mice. However, there was a similar
expression of the serotonin transporter (SERT) (Figure 9C). After
treatment with fluoxetine, the levels of 5-HT and 5-HIAA under-
went an increase and became similar to those of euploid mice
(Figure 9A,B), with no changes in the expression of SERT
(Figure 9C). Taken together these data suggest impairment of the
serotonergic input to the DG in Ts65Dn mice that can be restored

Therapy for Dendritic Pathology in Down Syndrome

by treatment. This is in agreement with the overall connectivity
increase found in the DG of treated trisomic mice (Figure 8A—E).
At P45, unlike P15 (11), the hippocampal expression of the
5-HT1A receptor was similar in Ts65Dn and euploid mice
(Figure 9D). After treatment with fluoxetine, both Ts65Dn and
euploid mice exhibited a reduction in the expression of the
5-HT1A receptor compared with their untreated counterparts
(Figure 9D). This may represent a compensatory mechanism
caused by the increased bioavailability of serotonin induced by
treatment. In view of the role of the 5-HT1A receptor in neuro-
genesis and dendritic development (12, 18, 38), we compared its
expression in euploid and Ts65Dn mice at three different ages. We
found that both in euploid and Ts65Dn mice the expression of the
5-HT1A receptor increased with age (Figure 9E). Importantly, its
expression was lower in Ts65Dn mice compared with the euploid
counterparts at P2 and P15, but not at P45. This indicates failure of
the 5-HT1A receptor in a period (P2-P15) that is critical for two
fundamental processes: neurogenesis and dendritogenesis.

Effect of fluoxetine on DSCAM levels in
the DG

The mechanisms underlying dendritic pathology in DS have not
been elucidated and there is no clear evidence as to the role played
by triplicated genes in the DS aberrant dendritic phenotype.
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mice treated with fluoxetine. Values
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DSCAM is a triplicated gene of HSA21. Over-expression in
hippocampal neurons of DSCAM dramatically inhibits dendritic
branching, strongly suggesting that DSCAM over-expression may
be a determinant of the dendritic pathology in DS (2). DSCAM
mRNA has been shown to be localized to dendrites where it is
translated (2). Dendritic levels of DSCAM protein are regulated by
synaptic activity at the NMDA receptor (NMDAR). In particular,
activation of this receptor increases DSCAM levels. Evaluation of
DSCAM levels in the hippocampal formation by Western blot
analysis showed that Ts65Dn mice had higher DSCAM levels
than untreated euploid mice (Figure 10A,B). After treatment with
fluoxetine, Ts65Dn mice underwent a reduction in DSCAM
levels that became similar to those of untreated euploid mice
(Figure 10A,B). In sections immunostained for DSCAM, we
quantified DSCAM IR in the DG. We found that untreated Ts65Dn
mice, similar to Ts1Cej mice (2), had higher levels of DSCAM
than euploid mice (Figure 10C-G). In the DG of Ts65Dn mice
treated with fluoxetine, DSCAM levels became similar to those
of untreated euploid mice (Figure 10C-G), suggesting that this
reduction may underlie the recovery of granule cell dendritic
architecture.
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DISCUSSION

The current study provides novel evidence that pharmacotherapy
with fluoxetine in the early postnatal period fully rescues dendritic
pathology and connectivity in the hippocampal DG of the Ts65Dn
mouse model of DS.

Fluoxetine rescues the aberrant dendritic
phenotype of trisomic granule cells

In Ts65Dn mice, newborn granule cells had abnormally long
branches of low order and very few branches of higher order
(Figure 6B). The dendritic arbor of the oldest granule cells closely
recapitulated these proximodistal defects (Figure 6A). This indi-
cates that dendritic hypotrophy starts at the initial stages of granule
cell development and is retained at later stages. The dendritic
architecture of the newborn and oldest granule cells of Ts65Dn
mice treated with fluoxetine underwent impressive changes. The
exaggerated length of low-order branches was restored; there was
an increase in the number of branches of intermediate order
and the de novo appearance of highest-order branches. Because

Figure 10. Effect of fluoxetine on Down
syndrome cell adhesion molecule (DSCAM)
immunoreactivity in the dentate gyrus. A,B.
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Western blot analysis of DSCAM levels in
the hippocampal formation of untreated

and treated mice. Western immunoblots in
(A) are examples from animals of each
experimental group. Histograms in (B)

show DSCAM levels normalized to
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and expressed as fold difference in
comparison to untreated euploid mice. C-F.
Images of sections processed for DSCAM
immunoreactivity from the dentate gyrus
(DG) of an animal from each of the following
experimental groups: euploid (C), Ts65Dn
(D), treated euploid (E) and treated Ts65Dn
(F). Calibration: 50 um (applies to C-F). G.
Optical density of DSCAM immunoreactivity
in the molecular layer of untreated and
treated euploid and Ts65Dn mice. Data are
given as fold difference vs. untreated
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**P<0.01; ***P<0.001 [Duncan’s test
after analysis of variance (ANOVA)].
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of these readjustments, the total length of the dendritic tree
(Figures 2J and 4J) and its architecture (Figure 6A,B) were fully
restored.

Fluoxetine rescues connectivity of trisomic
granule cells

SYN immunohistochemistry revealed an overall reduction of the
inputs to the molecular layer in trisomic mice (Figure 8D). Treat-
ment with fluoxetine induced an increase in SYN IR throughout
the molecular layer. Although it cannot be ruled out that an
increase in SYN expression may be due to increased levels of the
protein contained in individual synapses, the increase in the
number of dendritic spines in treated trisomic mice is consistent
with a treatment-induced increase in the overall connectivity of the
molecular layer. VGLUT1 immunohistochemistry showed that in
trisomic mice the glutamatergic input to the molecular layer was
reduced, which is consistent with the paucity of dendrites and
spines of trisomic granule cells. Consistent with restoration of the
dendritic arbor, treated trisomic mice underwent an increase in
the glutamatergic input. Perforant path fibers convey signals from
the entorhinal cortex to the granule cells (3) and the hippocampal
processing of these signals is essential for long-term declarative
memory. Current results suggest that reduction of the glutamater-
gic input from the entorhinal cortex may be a key determinant of
memory impairment in trisomic mice. It is likely that recovery of
this input contributes to the rescue of hippocampus-dependent
memory performance previously observed in trisomic mice treated
with fluoxetine (11).

In untreated trisomic mice, there were reduced hippocampal
levels of serotonin (Figure 9A,B). In a study of euploid and
Ts65Dn mice by Megias et al (27), no differences in the cellularity
of the dorsal and medial raphe nuclei (the source of the seroton-
ergic input to the forebrain) were detected. In view of the reduced
dendritic surface of trisomic granule cells, it is likely that the
reduced serotonin levels in trisomic mice are the result of a reduc-
tion in the number of serotonergic terminals. The finding that in
treated trisomic mice serotonin levels became similar to those in
euploid mice suggests recovery of the serotonergic input. As dis-
cussed below, this may be fundamental for the long-term rescue of
dendritic pathology.

Restoration of granule cell dendritic
development parallels restoration of
the serotonergic system

The dendritic branching pattern of trisomic DCX-positive cells
was rescued by fluoxetine (Figures 4 and 5). This indicates a posi-
tive impact of treatment on neurons born after the end of treatment.
The time course of granule cell development (40) implies that the
cells we sampled in the outer granule cell layer of mice aged 45
days were exposed to treatment during the early period of their
dendritic maturation. The full dendritic recovery of these cells in
treated trisomic mice shows that a relatively short period of treat-
ment (13 days) was sufficient to rescue dendritic development, and
that this effect was retained for up to 1 month after treatment
cessation.

Serotonin is fundamental for granule cell dendritic development
through the 5-HT1A receptor, and the first 2 postnatal weeks
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represent a critical time window for serotonin action (37, 38).
We previously found that in P15 trisomic mice, the serotonergic
system was impaired because of reduced expression of the
5-HT1A receptor, but with normal levels of serotonin (11). We
found here that the expression of the 5-HT1A receptor, which was
reduced at P2 and P15, recovered by P45. In P45 trisomic mice,
however, the serotonergic system was impaired because of a
reduced serotonin level.

The reduced expression of the SHT1A receptor at P2 and P15,
a time when most of the granule cells are beginning maturation, is
likely to aversively affect dendritic growth, in spite of normal
serotonin levels. The outcome of a reduced dendritic growth is a
reduction in the number of synaptic contacts established by affer-
ent systems to the granule cells, including the serotonergic system.
A reduction in the serotonergic input causes, in turn, a reduction in
serotonin levels and, hence, further impairs dendritic development.
Thus, for different reasons, the serotonergic system appears to be
altered across critical phases of granule cell formation and matu-
ration. The system begins to be deranged because of a low expres-
sion of the 5-HT1A receptor. This defect leads to a negative
process that reinforces itself with time: the fewer the dendrites, the
fewer the serotonergic synaptic contacts, and so on.

Treatment with fluoxetine in the P3—P15 period restored the
expression of the 5S-HT1A receptor in P15 trisomic mice (11) and,
as found here, restored serotonin levels in P45 mice. By the same
line of reasoning used above, normalization of the 5-HT 1A recep-
tor at P15 may be fundamental in order to trigger proper dendritic
development during the early phases of granule cell maturation
and to prevent the entry in the vicious cycle mentioned above.
Namely, early normalization of the dendritic material may favor
the establishment of a proper number of synaptic contacts with
serotonergic terminals. Correct serotonin levels will further favor
dendritic growth and, consequently, create a milieu, which is favo-
rable for the dendritic formation of granule cells born after treat-
ment cessation.

Fluoxetine normalizes DSCAM levels in the DG
of Ts65Dn mice

The abnormally long low-order dendritic branches and the scanty
number of higher-order branches in trisomic granule cells suggest
that dendritic hypotrophy is due to the failure of the mechanism/s
that trigger dendritic branching. We found over-expression of
DSCAM IR in the DG of trisomic mice and that fluoxetine restored
DSCAM levels. This suggests that the dendritic hypotrophy of
the trisomic brain is underpinned by DSCAM over-expression and
that fluoxetine rescues this defect by reducing DSCAM levels.
DSCAM mRNA is translated at dendritic level through an NMDA-
dependent mechanism. NMDAR activation increases dendritic
levels of DSCAM protein, while NMDAR inhibition has an
opposite effect (2). Interestingly, serotonin appears to suppress
NMDAR function by activating the 5-HT1A receptor (39). This
provides a potential mechanism whereby fluoxetine restores den-
dritic development in trisomic mice. The impairment of the sero-
tonergic system in trisomic mice (see above) implies a reduced
suppression of NMDAR function, which, in turn, may lead to high
levels of DSCAM protein. Increased serotonin availability, follow-
ing treatment with fluoxetine, may reduce NMDAR function,

141



Therapy for Dendritic Pathology in Down Syndrome

which, in turn, may reduce DSCAM protein levels, thereby restor-
ing dendritic branching.

Fluoxetine has moderate or no effects in
euploid mice

In euploid mice, fluoxetine caused an increase in SYN levels
similar to trisomic mice. Treatment, however, had smaller effects
on dendritic length and spine density than in trisomic mice. The
oldest granule cells of euploid mice even underwent a reduction in
the number of some branches. Likewise, no effects of fluoxetine
were observed on serotonin and DSCAM levels. It is possible that
a relatively short period of treatment, such as the one used here,
has large effects on brain plasticity under aversive brain conditions
but weaker effects in the normal brain. The idea that the impact of
fluoxetine on normal animals may have relatively scarce advan-
tages, or even disadvantages, is strengthened by the observation
that in euploid but not in trisomic mice treatment with fluoxetine
caused a reduction in brain weight and no improvement in memory
performance (11).

Fluoxetine corrects the two major defects of
the trisomic brain

Neuron generation and dendritic maturation are heavily compro-
mised in DS. Thus, therapies to improve brain development should
be aimed at restoring both of these processes. We previously found
that neonatal treatment with fluoxetine fully restores hippocampal
neurogenesis and memory performance in trisomic mice (11).
Current results show that fluoxetine restores dendritic architecture
and spine density of trisomic granule cells, indicating that the
same treatment is able to restore not only the number of granule
neurons but also their “quality” in terms of correct maturation and
connectivity. These findings strongly suggest that fluoxetine, a
widely used antidepressant, may be a drug of choice for the
improvement of mental retardation in DS and may open the way
for future clinical trials in children and adolescents with DS.
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