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ABSTRACT

Down syndrome (DS), a genetic condition caused by triplication of chromosome 21, is characterized by
alterations in various cognitive domains, including hippocampus-dependent memory functions, starting from
early life stages. The major causes of intellectual disability in DS are prenatal neurogenesis alterations followed
by impairment of dendritic development in early infancy. While there is evidence that the Ts65Dn mouse, the
most widely used model of DS, exhibits dendritic alterations in adulthood, no studies are available regarding
the onset of dendritic pathology. The goal of the current study was to establish whether this model exhibits
early dendritic alterations in the hippocampus, a region whose function is severely damaged in DS. To this
purpose, in Golgi-stained brains, we evaluated the dendritic arborization and dendritic spines of the granule
cells of the hippocampal dentate gyrus in Ts65Dn mice aged 8 (P8) and 15 (P15) days. While P15 Ts65Dn
mice exhibited a notably hypotrophic dendritic arbor and a reduced spine density, P8 mice exhibited a moderate
reduction in the number of dendritic ramifications and no differences in spine density in comparison with their
euploid counterparts. Both in P8 and P15 mice, spines were longer and had a longer neck, suggesting possible
alterations in synaptic function. Moreover, P8 and P15 Ts65Dn mice had more thin spines and fewer stubby
spines in comparison with euploid mice. Our study provides novel evidence on the onset of dendritic
pathology, one of the causes of intellectual disability in DS, showing that it is already detectable in the dentate
gyrus of Ts65Dn pups. This evidence strengthens the suitability of this model of DS as a tool to study dendritic
pathology in DS and to test the efficacy of early therapeutic interventions aimed at ameliorating hippocampal

development and, therefore, memory functions in children with DS.
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INTRODUCTION

Damage of hippocampal development is a central feature of several genetic and neurodevelopmental
disorders, including Down syndrome (DS) (Li, Shen, Stockton, & Zhao, 2019). DS is a relatively high-
incidence genetic condition (prevalence: 1/700-1200 live birth) caused by triplication of chromosome 21. It is
characterized by functional alterations in numerous cognitive domains, including hippocampus-dependent
memory functions (Chapman & Hesketh, 2000; Vicari, 2004, 2006).

Accumulating evidence shows that in individuals with DS neurogenesis and cellularity are reduced in
numerous brain regions, including the hippocampus, starting from fetal life stages (A Contestabile et al., 2007;
Guidi et al., 2008; Guidi, Ciani, Bonasoni, Santini, & Bartesaghi, 2011; Stagni, Giacomini, Emili, Guidi, &
Bartesaghi, 2018). Together with neurogenesis impairment, dendritic hypotrophy appears to be a second major
cause of intellectual disability in DS (see (Bartesaghi, Guidi, & Ciani, 2011)). Unlike neurogenesis alterations,
that take place prenatally, dendritic pathology begins to appear in infants starting from 3-4 months of age (L.
E. Becker, Armstrong, & Chan, 1986; Prinz, Prinz, & Schulz, 1997; Schulz & Scholz, 1992; Takashima,
Becker, Armstrong, & Chan, 1981). Likewise, while in the cortex of fetuses with DS spine counts are similar
to those of control fetuses, new born and older infants with DS have a decreased number of spines (Takashima
et al., 1981). In addition, starting from infancy spines are small, have short stalks and are intermingled with
unusually long spines (Marin-Padilla, 1976; Purpura, 1979; Takashima et al., 1981). Thus, two fundamental
processes of brain development, neurogenesis and dendritic maturation, are disrupted starting from the
beginning of brain development, although dendritic alterations appear slightly later than neurogenesis
alterations.

Numerous mouse models of DS have been created in order to identify the molecular mechanisms
underlying DS and devise possible therapeutic interventions (Herault et al., 2017). Among these models, the
Ts65Dn mouse represents the more widely used model because it replicates numerous features of DS. In
particular, the Ts65Dn mouse exhibits neurogenesis alterations and dendritic pathology (see (Bartesaghi et al.,
2011)), impairment of hippocampal long-term potentiation (LTP) (Begenisic et al., 2014; Costa & Grybko,
2005; Kleschevnikov, Belichenko, Faizi, et al., 2012), and reduced levels of performance in tasks that require
the integrity of the hippocampal system (Demas, Nelson, Krueger, & Yarowsky, 1996; Faizi et al., 2011). In
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view of its phenotypes mimicking DS, the Ts65Dn mouse has been largely employed in studies aimed at
devising pharmacological interventions (see (K. J. Gardiner, 2015; Stagni, Giacomini, Guidi, Ciani, &
Bartesaghi, 2015; Vacca et al., 2019)) potentially applicable to individuals with DS. In this connection, it must
be emphasized that in view of the time course of dendritic development and the postnatal appearance of
dendritic defects in infants with DS, the neonatal period may be a window of opportunity to improve neuronal
maturation. Unfortunately, there is a strikingly paucity of studies that have characterized in depth the time-
course of dendritic alterations in the hippocampus (and other brain regions) of individuals with DS and even
fewer studies in the Ts65Dn model. It is known that the granule cells of the hippocampal dentate gyrus of
Ts65Dn mice exhibit defects in dendritic complexity and dendritic spine density in adulthood (Belichenko et
al., 2004; Dang et al., 2014; Guidi et al., 2013; F. Stagni et al., 2015) and that these defect are already present
in mice aged 15 days (Emili et al., 2020; Stagni et al., 2017; Stagni et al., 2019). The onset of these defects,
however, remains to be established. This knowledge is of obvious importance for the identification of the
optimum time window for pharmacotherapies targeted to dendritic development. Based on these premises, the
first goal of the current study was to establish whether defects in dendritic complexity and spine density are
already present in the hippocampus of Ts65Dn pups aged eight days, an age at which dendritic spines begin to
appear (Yuste & Bonhoeffer, 2004). In addition to defects in spine density, individuals with DS exhibit
alterations in spine morphology (Marin-Padilla, 1976; Purpura, 1979), which most likely underlie alterations
in synaptic communications. Defects in the spine morphology of the granule cells have been reported in adult
Ts65Dn mice (Belichenko et al., 2004) but it is not known whether these defects are present at the beginning
of hippocampal development. Therefore, the second goal of our study was to establish whether the dendritic
spines of the granule cells of Ts65Dn mice already exhibit alterations in their morphology at the beginning of

hippocampal development.

METHODS

Colony
Ts65Dn mice were generated by mating B6EiC3Sn a/ A-Ts(17716)65Dn females with C57BL/6JEiJ x
C3H/HeSnJ (B6EiC3Sn) F1 hybrid males. This parental generation was provided by Jackson Laboratories
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(Bar Harbor, ME, USA). To maintain the original genetic background, the mice used here were of the first
generation. Animals were genotyped as previously described (Reinholdt et al., 2011). The day of birth was
designated postnatal day zero (P0). 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 12:12h light/dark cycle.
Experiments were performed in accordance with the European Communities Council Directive of 24
November 1986 (86/609/EEC) for the use of experimental animals and were approved by the Italian Ministry
of Public Health (205/2019-PR). 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 and Ts65Dn male mice were killed at postnatal day 8 (P8) and 15 (P15). The P15 mice were the same
used in a previous study (Emili et al., 2020). Additional P15 mice were used for the study of spine morphology.
The body weight was recorded prior to euthanization. The brains were excised, weighed, cut along the midline
and the right hemisphere was processed for Golgi staining. The number of animals used for each experimental
procedure is specified in the figure legends.

Histological procedures

Brains were Golgi stained using the FD Rapid Golgi Stain TM Kit (FD NeuroTechnologies, Inc.). The right
hemispheres were immersed in the impregnation solution of the FD Rapid Golgi Stain TM Kit containing
mercuric chloride, potassium dichromate and potassium chromate and were stored at room temperature in the
dark for 2 weeks. Hemispheres were then transferred into Solution C of the same kit and stored at room
temperature in the dark for at least 72h. After these steps, hemispheres were cut with a cryostat in 150-pm-
thick coronal sections. Sections were mounted on super frost slides and air dried at room temperature in the
dark for one day. After drying, sections were rinsed with distilled water and subsequently stained in a
developing solution (FD Rapid Golgi Stain Kit) and coverslipped with DPX mounting medium.

Equipment

For the measurements of the dendritic tree and spine density we used a light microscope (Leitz) equipped with
amotorized stage and focus control system and a Coolsnap-Pro color digital camera (Media Cybernetics, Silver
Spring, MD, USA). Measurements were carried out using the software Image Pro Plus (Media Cybernetics,
Silver Spring, MD 20910, USA). The images for 3D spine reconstruction were acquired using a light
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microscope (Olympus BX50, Olympus, Denmark) equipped with a motorized stage (Prior scientific), a
microcator (ND281, Heidenhain, Germany) and VIS Software (newCAST version 4.4.5.0. Visiopharm,
Denmark). 3D reconstruction was performed using Imaris software (version 7.6.3) and a MATLAB (R2014a)
dependent extension was used to classify dendritic spine morphology in distinguished classes.
Measurements

Measurement of the dendritic tree. The dendritic tree of the granule cells was traced with a dedicated custom-
designed software for dendritic reconstruction (Immagini Computer di Maurizio Abbate & C. SNC, Bareggio,
M1, 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. At the end of tracing, the program reconstructs the total dendritic length, the number of branches of
each order, and the mean length of branches of each order.

Spine density. Spines of granule cells of the dentate gyrus were counted live using a 100X oil immersion
objective lens (Leitz microscope and objective with 1.4 NA). Spine density was evaluated in dendritic
segments of distal dendrites, located in the outer half of the molecular layer. For each animal, spines were
counted in at least 4/5 neurons, for a total of 15 segments per animal. The length of each sampled dendritic
segment was determined by tracing its profile 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.

Automatic spine reconstruction. Images of the dentate gyrus were acquired at 4X magnification (Fig. 1A).
After delineating the region of interest in the dentate gyrus, granule neurons were selected (eight per animal)
for 3D reconstruction using a 60X oil immersion lens, and with a Z-navigator. Once the Z-stack was created,
the 3D reconstruction was initiated by processing the Z-stack with the Imaris software (Fig. 1B). To start spine
reconstruction, a three-channel image was converted to a single channel image (green) (Fig. 1C). A global
background subtraction was applied to all the images, in order to identify the object of interest against the
background. For each neuron, four distal dendrites branches were traced with the “Autodepth” tool in Imaris
surpass mode. Thereafter, spines were reconstructed with the automatic method (Fig. 1D). The software
automatically generates a series of seed points along the dendritic branch. The seed points that did not represent
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spines were excluded by setting the seed points threshold at an appropriate value. Imaris (Xtension), a
MATLAB (R2014a) dependent extension, was used to classify dendritic spine morphology in one of four
distinguished classes, i.e. filopodia, thin, mushroom and stubby (Fig. 1F-G; Table 1), as previously described
(Al-Absi, Christensen, Sanchez, & Nyengaard, 2018). We evaluated the percentage of spines of each class and
the following morphological parameters: spine length, neck length, neck volume, head volume, spine area.
Spine parameters were evaluated by pooling together all spine classes.

Statistical analysis. Results are presented as mean + standard error of the mean (SE). Data were analyzed with
the IBM SPSS 22.0 software. Before running statistical analyses, we checked data distribution and
homogeneity of variances for each variable using the Shapiro-Wilk test and Levene's test, respectively. If the
data were normally distributed and variance was homogeneous, statistical analysis was carried out using either
two tailed Student’s t-test or a two-way ANOVA with genotype (euploid, Ts65Dn) and age (P8-P15), as
factors. Post hoc multiple comparisons were carried out after two-way ANOV A using Fisher's least significant
difference (LSD) test. If the data were not normally distributed and variance was heterogeneous,
transformations were made to achieve normality. If the transformed data did not achieve normality, statistical
analysis was carried out using either the Mann—Whitney U test or the Kruskal-Wallis test followed by the
Mann—Whitney U test. Based on the “Box plot” tool available in SPSS Descriptive Statistics, in each analysis
we excluded the extremes, i.e., values that were larger than 3 times the 1Q range [x>Q3+3 * (IQ); x<Q1-3 *
(IQ)]. The number of mice included in (and excluded from, if any) individual analyses is reported in the legends

of figs. A probability level of p < 0.05 was considered to be statistically significant.

RESULTS

Dendpritic morphology of the granule cells in P8 Ts65Dn and euploid mice

In order to establish whether defects in dendritic morphology are already present at the earliest phases
of hippocampal development, we examined the dendritic tree of the granule neurons in P8 Ts65Dn mice. We
first examined the number of segments and the total length of the dendritic tree. A Student’s t test showed that
Ts65Dn mice had a reduced number of dendritic branches (-16%) compared to euploid mice [t=2.753; p=0.02]
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(Fig. 2B) and a marginally significant reduction (-16%) in total dendritic length [t=2.162; p=0.056] (Fig. 2C).
In order to analyze dendritic morphology in detail we examined each dendritic order separately. Regarding the
number of dendritic branches of individual orders, we found no significant differences in the number of
branches of each order although, in absolute terms, the number of ramifications in Ts65Dn mice was lower
compared to euploid mice, starting from order 3 (Fig. 2D). Regarding the mean length of dendritic branches
of individual orders, we found no differences between euploid and Ts65Dn mice (Fig. 2E). Taken together,
these results show early appearing defects in the dendritic architecture of the granule cells of Ts65Dn mice,
represented by an overall reduction in the number of dendritic branches and a trend to total dendritic length

reduction.

Spine density of the granule cells in P8 Ts65Dn and euploid mice

Spine density reduction is a typical feature of the dendritic pathology that affects the brain of infants
with DS (Takashima et al., 1981). Defects in spine density have been also observed in the dentate gyrus of the
Ts65Dn mouse model aged 15 days (Emili et al., 2020; Stagni et al., 2017; Stagni et al., 2019). There is no
information, however, regarding the onset of this defect. To this purpose, we examined the number of spines
on the dendrites of granule neurons in P8 mice. The Mann-Whitney U test on spine density showed no
differences between P8 Ts65Dn and euploid mice, indicating that during the early establishment of dendritic

spines (Yuste & Bonhoeffer, 2004) there are no genotype-related differences in their density (Fig. 3B).

Comparison of the granule cell dendritic arbor in P8 and P15 Ts65Dn and euploid mice

Physiologically, development of the dendritic tree consists in regressive phenomena taking place
during the early phases of neuron maturation. While the number of branches undergoes a reduction, there is a
concomitant increase in dendritic length, which leads to an increase in total dendritic length. Most of the
granule cells of the dentate gyrus are adult-like by day 14 (Jones, Rahimi, O'Boyle, Diaz, & Claiborne, 2003;
Rihn & Claiborne, 1990). Therefore, we deemed it of interest to compare the dendritic architecture of P8
euploid and Ts65Dn mice with our previous data on the dendritic architecture of euploid and Ts65Dn mice
aged 15 days, an age at which numerous defects are present in Ts65Dn mice (Emili et al., 2020). We first
compared the number of segments and the total length of the dendritic tree. A two way ANOVA on the total
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number of segment showed no genotype x age interaction, a main effect of genotype [F(1,17)=18.586,
p<0.001], and a main effect of age [F (1,17)=11.546, p=0.004]. A post hoc Fisher's LSD test showed that P8
euploid mice had a larger number of dendritic ramifications compared to P15 euploid mice (+25%). An age-
related difference also occurred in Ts65Dn mice that had a notably larger number of dendritic segments at P8
than at P15 (+40%) (Fig. 4A). At both ages, Ts65Dn mice had fewer branches than euploid mice. This
difference increased with age being -16% in P8 Ts65Dn vs P8 euploid mice and —34% in P15 Ts65Dn vs P15
euploid mice (Fig. 4A). A two way ANOVA on the total length of the dendritic tree showed no genotype x
age interaction, a main effect of genotype [F(1,17)=24.546, p<0.001] and a main effect of age [F(1,17)=48.426,
p=0.004]. A post hoc Fisher's LSD test showed that P15 euploid mice had a total dendritic length larger that
P8 euploid mice (+21%) while there was no length increase in P15 Ts65Dn mice in comparison with P8
Ts65Dn mice (Fig. 4B). At both ages, Ts65Dn had a reduced dendritic length in comparison with euploid mice.
This difference increased with age being -16% in P8 Ts65Dn vs P8 euploid mice and —26% in P15 Ts65Dn vs
P15 euploid mice (Fig. 4B).

In order to compare the dendritic architecture of P8 and P15 mice in detail, we examined the total
number of segments (Fig. 4C) and the mean segment length (Fig. 4D) of each dendritic order separately. The
total number of segments of order 1 could not be statistically evaluated because all groups had a single primary
dendrite. The Kruskal-Wallis test on the number of segments of order 1 showed no significant effects. A two-
way ANOVA on the number of segments of order 3 showed no genotype x age interaction, a main effect of
genotype [F(1,17)=7.100, p=0.016], and a main effect of age [F(1,17)=20.568, p<0.001]. A post hoc Fisher's
LSD test showed that both euploid and Ts65Dn mice aged 8 days had more dendritic branches than their
counterparts aged 15 days. A two-way ANOVA on the number of segment of order 4 showed no genotype x
age interaction, a main effect of genotype [F(1,17)=21.583, p<0.001], and a main effect of age [F
(1,17)=23.709, p<0.001]. A post hoc Fisher's LSD test showed that both euploid and Ts65Dn mice aged 8 days
had more dendritic branches than their counterparts aged 15 days, although the difference between P8 and P15
euploid mice was marginally significant only (p=0.053). A two-way ANOVA on the number of segment of
order 5 showed no genotype x age interaction, a main effect of genotype [F(1,17)=7.006, p=0.017], and a main
effect of age [F(1,17)=19.124, p<0.001]. A post hoc Fisher's LSD test showed that both euploid and Ts65Dn
mice aged 8 days had more dendritic branches than their counterparts aged 15 days. The Kruskal-Wallis test
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on the number of segments of order 6 showed no significant effects.

A two-way ANOVA on the length of segments of order 1 showed a genotype x age interaction
[F(1,17)=14.259, p=0.002], a main effect of genotype [F(1,17) = 8.841, p=0.009], and a main effect of age [F
(1,17)=8.766, p<0.001]. A post hoc Fisher's LSD test showed no age-related length difference for euploid
mice. In contrast, P15 Ts65Dn mice had a greater dendritic length compared to P8 Ts65Dn mice. A two-way
ANOVA on the length of segments of order 2 showed a genotype x age interaction [F(1,17)=4.992, p=0.002],
a main effect of genotype [F(1,17)=7.208, p=0.016], and a main effect of age [F(1,17) = 47.904, p<0.001]. A
post hoc Fisher's LSD test showed that both euploid and Ts65Dn mice aged 15 days had a greater dendritic
length than their counterparts aged 8 days. A two-way ANOVA on the length of segments of order 3 showed
no genotype X age interaction, no main effect of genotype, and a main effect of age [F(1,16)=89.67, p<0.001].
A post hoc Fisher's LSD test showed that both euploid and Ts65Dn mice aged 15 days had a greater dendritic
length than their counterparts aged 8 days. A two-way ANOVA on the length of segment of order 4 showed a
genotype x age interaction [F(1,15)=7.357, p=0.015], no main effect of genotype, and a main effect of age [F
(1,17)=76.737, p<0.001]. A post hoc Fisher's LSD test showed that both euploid and Ts65Dn mice aged 15
days had a greater dendritic length than their counterparts aged 8 days. A two-way ANOVA on the length of
segments of order 5 showed no genotype x age interaction, no main effect of genotype, and a main effect of
age [F(1,14)=15.131, p=0.002]. A post hoc Fisher's LSD test showed that both euploid and Ts65Dn mice aged
15 days had a greater dendritic length than their counterparts aged 8 days. A two-way ANOVA on the length
of segments of order 6 showed no genotype x age interaction, no main effect of genotype, and a main effect of
age [F(1,7)=15.279, p=0.006]. Euploid mice aged 15 days had a greater dendritic length than their counterparts
aged 8 days (Fig. 4D).

Taken together these results show that in both genotypes the total number of dendritic ramifications
decreases with age. This effect is due to a reduction in the number of branches of order 3-5 in both genotypes
and loss of branches of order 6 in P15 Ts65Dn mice. Observation of Fig. 4C shows that although the number
of dendritic branches undergoes a regression both in euploid and Ts65Dn mice, the reduction in the branch
number was larger in Ts65Dn mice. Regarding total dendritic length, euploid mice undergo an increase from
P8 to 15, because although there is a regression of branches of order >2, the remaining branches undergo a
notable length increase. In Ts65Dn mice, although there is an age-related increase in the length of branches of
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all orders, total dendritic length does not undergo an increase because the increase in branch length is

outweighed by reduction in the number of branches of order >2.

Comparison of dendritic spine density on the granule cells in P8 and P15 Ts65Dn and euploid mice

We compared spine density in P8 and P15 mice in order to establish whether, similarly to changes in
dendritic complexity there are also early age-related spine density differences. A two-way ANOVA on spine
density showed no genotype x age interaction, no main effect of age, but a main effect of genotype
[F(1,18)=7.022, p=0.016]. A post hoc Fisher’s LSD showed that P15 euploid mice had more dendritic spines
compared to P8 euploid mice (+14%), while there was no difference in spine density between P8 and P15
Ts65Dn mice (Fig. 5). These results show that in euploid mice the number of dendritic spines on the granule
cells of the dentate gyrus undergoes an age-related increase. On the contrary, spine density in Ts65Dn mice

remains the same in P8 and P15 mice.

Size parameters of granule cell dendritic spines in P8 and P15 Ts65Dn and euploid mice

Several morphological parameters, such as spine length, neck and head size contribute to the stability
and functionality of dendritic spines (Sala & Segal, 2014; Yuste & Bonhoeffer, 2004). Since there are no data
regarding spine shape in Ts65Dn mice during the early stages of spine development, in the current study we
analyzed some key morphological parameters of dendritic spines in P8 and P15 euploid and Ts65Dn mice.

The Kruskal-Wallis test on spine length showed a significant difference between groups [y2 (3) =
10.071, p=0.018]. The Mann-Whitney test showed that both in P8 and P15 Ts65Dn mice spine length was
larger (+12 % at P8 and +15% at P15) compared to age-matched euploid mice (P8: U=5, p=0.03; P15: U=5,
p=0.037) (Fig. 6A). Regarding the neck length, the Kruskal-Wallis test showed a significant difference
between groups [x2 (3)=9.197, p=0.027]. The Mann-Whitney test demonstrated a longer neck (+18%) in P8
Ts65Dn mice compared to P8 euploid mice (U=4, p=0.025) (Fig. 6B). A two way ANOVA on neck volume
showed no genotype x age interaction, no main effect of age, but a main effect of genotype [F(1,20)=4.387,
p=0.049]. A post hoc Fisher’s LSD showed that in P8 Ts65Dn mice neck volume was larger in comparison
with P8 (+100%) and P15 (+74%) euploid mice (Fig. 6C). The statistical analysis on head volume and spine
area showed no differences between groups (Fig. 6D,E). Taken together these results show that P8 Ts65Dn
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mice have spines with greater total length, a neck longer and with greater volume in comparison with P8

euploid mice and that the difference in total spine length is retained at P15.

Types of granule cell dendritic spines in P8 and P15 Ts65Dn and euploid mice

On the basis of their morphological characteristics dendritic spines are traditionally classified into four
major categories: filopodia, thin, stubby, and mushroom (Fig. 1D) (Parnass, Tashiro, & Yuste, 2000). Though
dendritic spines are prone to rapid morphological plasticity, spine classification can give a simplified snapshot
of the dendritic spine population and their functionality. In order to establish whether there are differences in
the relative number of the different spine types between euploid and Ts65Dn mice and whether those
differences undergo changes over time, we analyzed the percentage of spines of each class in P8 and P15 mice.

The Kruskal-Wallis test showed no differences between groups in the percentage of filopodia (Fig.
7A). A two way ANOVA on the percentage of thin spines showed no genotype x age interaction, no main
effect of age, but a main effect of genotype [F(1,20)=8.694, p=0.008]. A post hoc Fisher’s LSD showed that
P8 euploid mice had fewer thin spines compared to P8 (-21%) and P15 (-26%) Ts65Dn mice (Fig. 7B). P15
euploid mice also had fewer thin spines (-11%) in comparison with P15 Ts65Dn mice, although this difference
was not statistically significant. The Kruskal-Wallis test showed no differences between groups in the
percentage of mushroom spines (Fig. 7C). A two way ANOVA on the percentage of stubby spines showed no
genotype x age interaction, a main effect of age [F(1,20)=11.409, p=0.003] and a main effect of genotype
[F(1,20)=8.937, p=0.007]. A post hoc Fisher’s LSD showed that P8 euploid mice had a higher percentage of
stubby spines compared to P8 (+24%) and P15 (+64%) Ts65Dn mice. Similarly to P8 mice, P15 euploid mice
had more stubby spines (+12%) in comparison with P15 Ts65Dn mice, although this difference was marginally
significant (Fig. 7D). In addition, P15 euploid mice had fewer stubby spines than P8 (-21%) euploid mice and
P15 Ts65Dn mice had fewer stubby spines compared to P8 Ts65Dn mice (-25%) (Fig. 7D). Taken together
these results show that P8 and P15 Ts65Dn mice have a higher percentage of thin spines and fewer stubby
spines compared to the euploid counterparts. The percentage of stubby spines decreases with age both in

euploid and Ts65Dn mice.
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DISCUSSION

The granule cells of Ts65Dn pups exhibit a reduced dendritic complexity that worsens with age

Evidence in fetuses and infants with DS shows that during gestation and the first months of life
individual with DS exhibit a normal or even increased dendritic complexity compared to euploid children (L.
E. Becker et al., 1986; Benavides-Piccione et al., 2004; Vuksic, Petanjek, Rasin, & Kostovic, 2002). Starting
from the first year of age, however, children with DS exhibit a steady decrease in dendritic branching (L. E.
Becker et al., 1986) that becomes more pronounced in adulthood (L. Becker, Mito, Takashima, & Onodera,
1991; Benavides-Piccione et al., 2004; Takashima, Ieshima, Nakamura, & Becker, 1989). In the current study,
we provide novel information regarding the appearance of dendritic abnormalities in the dentate gyrus of the
Ts65Dn mouse model of DS. We found that at the end of the first week of age the dendritic tree of the granule
cells of Ts65Dn mice has a reduced number of branches and a marginally reduced length. An analysis of the
number and length of branches of each order showed no differences between euploid and Ts65Dn mice. We
previously found that by the end of the second week of age the granule cells of Ts65Dn mice had a notably
reduced number of branches and total dendritic length, and fewer branches of orders 3-5 in comparison with
euploid mice (Emili et al., 2020). This indicates that moderate defects in dendritic arbor are present at 8 days
of age and that these defects worsen in the time-period of one week. These defects in dendritic complexity are
retained during further stages of development and consequently adolescents and adult Ts65Dn mice have
granule cells with a notably hypotrophic dendritic arbor in comparison with euploid mice (Belichenko et al.,
2004; Dang et al., 2014; Guidi et al., 2013; F. Stagni et al., 2015).

Neurons eliminate excess dendritic branches giving origin to a mature arbor pattern that remains
altogether stable once the animal reaches adulthood (Lefebvre, Sanes, & Kay, 2015). A comparison of the
dendritic tree of P8 an P15 mice showed a reduced number of ramifications in P15 mice, independently from
the genotype. The age-related reduction in the number of dendritic branches, however, was larger in Ts65Dn
mice (see Fig. 4A,C), suggesting an early-occurring excessive pruning of the dendritic tree. In parallel with
elimination of dendritic branches, there was an increase in the length of branches of the different orders, in
both euploid and Ts65Dn mice (Fig. 4D). While in euploid mice the length increase outweighed the reduction
in the number of branches and, consequently, there was an age-related increase in total dendritic length (Fig.
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4B), a similar effect did not occur in Ts65Dn mice that at P15 had a dendritic length similar to that at PS. The
local activation of caspase is required for elimination of dendritic branches in mammalian neurons (Lefebvre
et al., 2015). Increased activation/expression of cleaved caspase-3 has been detected in the brain of fetuses and
adults with DS (Guidi et al., 2008; Stadelmann et al., 1999) and in the Ts65Dn mouse model (Bianchi, Ciani,
Contestabile, Guidi, & Bartesaghi, 2010), suggesting that this increase may be a factor contributing to

excessive dendritic pruning.

The granule cells of Ts65Dn pups have normal dendritic spine density but spine density decreases with age

A study in fetuses with DS reported no differences in spine shapes and density compared to age
matched euploid fetuses (Takashima et al., 1989). However, in newborn and infants with DS a reduced spine
density and the presence of unusually short and thin spines as well as “hair like” dendritic spines have been
observed (Marin-Padilla, 1976; Purpura, 1975; Suetsugu & Mehraein, 1980; Takashima et al., 1989). In the
present study, we observed that Ts65Dn mice aged 8 days had a similar number of spines on granule cell
dendrites as P8 euploid mice. In contrast, P15 Ts65Dn mice have a reduced spine density in comparison with
their euploid counterparts (Emili et al., 2020). A comparison of spine density in P8 and P15 mice of the same
genotype showed that while in euploid mice spine density increases with age, in P15 Ts65Dn mice spine
density remains the same as in P8 mice (see Fig. 5). Studies in adult mice report a reduced spine density in the
dentate gyrus of Ts65Dn mice compared to euploid mice of the same age (Belichenko et al., 2004; Guidi et
al., 2014; F. Stagni et al., 2015). This evidence indicates a failure of dendritic spine growth in Ts65Dn mice
and that this defect is retained across life. Defects in spine development/pruning characterize different
developmental disorders (Penzes, Cahill, Jones, VanLeeuwen, & Woolfrey, 2011). It remains to be established
whether the developing brain of Ts65Dn mice (and individuals with DS) is affected by lack of new spines

formation or whether newborn spines are extensively pruned.

Aberrant shape of granule cell dendritic spines in Ts65Dn pups

The analysis of spine morphological parameters is fundamental in order to understand spine function

and stability (Parnass et al., 2000). The study of different parameters of spine head and neck can give
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information about dendritic spine function, including the abundance of receptors, diffusion of small molecules
between spine and shaft, as well as the motility and stability of the spine (Lai & Ip, 2013).

We found that the spines of P8 and P15 Ts65Dn were longer in comparison with those of euploid mice.
In addition, in P8 Ts65Dn mice spines had a neck that was longer and had a larger volume compared to euploid
mice. The presence of the spine neck is fundamental for synaptic activity (Lai & Ip, 2013). The length of the
neck is inversely correlated with synaptic efficacy (Araya, Vogels, & Yuste, 2014), suggesting that the long
spine neck in Ts65Dn mice may contribute to impaired synaptic signaling in the dentate gyrus. In infants with
DS, dendritic spines have a typically elongated shape, although very large dendritic spines with prominent
heads can also be observed (Marin-Padilla, 1976). Accordingly, we found here that in Ts65Dn pups most of
the dendritic spines of the granule cells had an elongated shape. This is in contrast with evidence that in P21
and older Ts65Dn mice granule neurons have a relatively large number of spines with abnormally large head
and short neck (Belichenko et al., 2004). It has been suggested that the size of the spine head is inversely
related to the strength of excitatory input signals (Murthy, Schikorski, Stevens, & Zhu, 2001). Mouse models
of DS present reduced excitatory drive and enhanced GABAergic activity, especially in the hippocampal
formation (A. Contestabile, Magara, & Cancedda, 2017; Giacomini et al., 2015; Guidi et al., 2013; Hanson,
Blank, Valenzuela, Garner, & Madison, 2007; Kleschevnikov, Belichenko, Gall, et al., 2012; Stagni et al.,
2016). Thus, improper organization of excitatory and inhibitory inputs during hippocampal development may
account for the increase in spine head size found in adolescent and adult Ts65Dn mice (Belichenko et al.,
2004).

Denderitic spines are highly dynamic structures and their rapid creation, destruction and remodeling are
essential for brain plasticity. For simplicity, however, dendritic spines are often classified into four classes:
filopodia, thin, stubby, and mushroom, according to spine shape (Berry & Nedivi, 2017; Ghani et al., 2017;
Parnass et al., 2000). The classification under a determinate class could give an indication about spine
maturation, stability and functioning. An analysis of the percentage of the different spine types showed that
both P8 and P15 Ts65Dn mice had a higher percentage of thin spines compared to euploid mice and fewer
stubby spines. Interestingly, similar defects have been observed in CA1 apical dendrites on adult Ts65Dn mice
(Day et al., 2019). We found, in addition, that in Ts65Dn and euploid mice the percentage of stubby spines
decreased with age. No genotype- or age-related difference were found in the percentage of filopodia and
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mushroom spines. Stubby spines are small protrusions emerging from the dendrite, usually very abundant
during early development (Harris, Jensen, & Tsao, 1992), while thin spines are dynamic structures, that can
be formed or removed within hours, often associated with learning (Berry & Nedivi, 2017). The abundance of
thin spines in Ts65Dn mice observed here may indicate an effort to counteract defects in learning-related
synaptic plasticity. A study in primary cultures of cortical neurons from Ts65Dn pups found no difference in
spine density in comparison with euploid mice, and a decrease in the density of long neck spines (possibly
corresponding to our thin spines) and of mushroom spines at 14 days in vitro (Chiotto et al., 2019). The
discrepancy between our current data and those obtained by Belichenko (Belichenko et al., 2004) vs. those
obtained by Chiotto et al. may be due to the different types of examined neurons (cortical neurons in the study
by Chiotto et al.) or the simplified conditions of ir vitro systems, where neurons lack afferent signals.

The molecular mechanisms underlying dendritic spine defects in DS are not well understood although
some triplicated genes are likely to be involved in dendritic spine dismorphogenesis and reduced density.
Among these genes, DSCR1 (Down syndrome critical regionl; also called RCANI1, regulator of calcineurin)
and DYRKI1A (dual-specificity tyrosine-phosphorylation-regulated kinase 1A) may be of particular relevance
because their increased expression in mice recapitulates some phenotypes of DS, including alterations in spine
density and shape (S. Lee, H, & Webb, 2015). Among the genes located on HSA21 there are several genes
that encode receptors for interferons (IFN) (Ferrando-Miguel et al., 2003). Recent evidence shows that
thrombospondin-1, a protein secreted by astrocytes which is fundamental for spinogenesis, is reduced in the
Ts65Dn mouse and DS brains and that this defect is due to upregulation of IFN-y signaling (Torres, Garcia,
Tang, & Busciglio, 2018). In addition to triplication of Chromosome 21 genes, individuals with DS exhibit
overexpression of Chromosome 21 miR-155, miR-802, miR-125b-2, let-7¢, and miR-99a (Siew, Tan, Babaei,
Cheah, & Ling, 2013). Overexpression of miR-155 and miR-802 has been also documented in in Ts65Dn mice.
Both miR-155 and miR-802 target the methyl CpG binding protein2 (MeCP2) (Siew et al., 2013). Loss of
MeCP2 function causes Rett syndrome and results in abnormal dendritic spine morphology and decreased
dendritic arbor complexity and spine density (Armstrong, 2005). Thus, miR-induced downregulation of
MeCP2 in DS (Keck-Wherley et al., 2011) may also contribute to alter the development of dendritic spines

and dendrites.
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No information is available regarding spine type distribution in fetuses and adults with DS. The
abundant thin spine observed here in the dentate gyrus of neonate Ts65Dn mice could correspond to the
unusually long thin and “hair like” spines described in children with DS (Marin-Padilla, 1976; Purpura, 1973).
Although it is known that spine density is reduced in the DS brain, a systematic analysis of spine types in
different brain regions, neuron populations and at different ages is missing. Such an analysis is fundamental to
validate data obtained in different mouse models of DS and help understand the impact of synaptic pathology

in the DS brain.

Significance

The Ts65Dn mouse, which is trisomic for a segment of mouse chromosome 16 that is orthologous to
the long arm of human chromosome 21 (K. Gardiner, Fortna, Bechtel, & Davisson, 2003)) is the more widely
used model of DS because it exhibits numerous features mimicking those of individuals with DS. The
drawback of this model is that it also carries three copies of an extra segment (arising from Mmul7) with non-
DS-related genes (Herault et al., 2017), which may contribute to its phenotype. Ts1Cje mice and Ts1Rhr mice
are only trisomic for a shorter segment of mouse chromosome 16 in comparison with Ts65Dn mice (Herault
et al., 2017). Importantly, they show alterations in dendritic spine density and dendritic complexity in the
dentate gyrus resembling those seen in the Ts65Dn mouse (Belichenko, Kleschevnikov, Salehi, Epstein, &
Mobley, 2007:Belichenko, 2009 #2529), suggesting that the dendritic features of Ts65Dn mice are not due to
triplication of their extra segment.

The architecture of the dendritic arbor has implications in brain information processing, determining
the number, position and type of synapses a given neuron will have and shaping circuits formation (Lefebvre
et al., 2015). Dendritic spines, that are the major component of excitatory synapses, have a modulatory role in
synaptic transmission and neuronal functioning (K. F. Lee, Soares, & Béique, 2012). Number, shape and
dynamics of dendritic spines reflect the strength of synapses (Benavides-Piccione et al., 2004; Maiti, Manna,
Ilavazhagan, Rossignol, & Dunbar, 2015). We found here numerous defects in the dendritic development of
the granule cells of Ts65Dn mice (summarized in Table 2) and that the dendritic arbor of the granule neurons
of Ts65Dn mice already exhibits a reduced number of branches in pups aged 8 days. Concomitant with
dendritic size reduction, we found alterations in spine morphology, with an aberrant increase in total spine and

neck length. Although there were no differences in the percentage of filopodia and mushroom spines, defined
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as immature and mature spines respectively, the imbalance in the percentage of stubby and thin spines observed
in Ts65Dn during early development indicates an early defect of spinogenesis and spine maturation in this
mouse model of DS. The granule cells of the dentate gyrus are the first element of the hippocampal trisynaptic
circuit (granule cells-field CA3 pyramidal neurons-field CA1 pyramidal neurons) that plays a fundamental
role in long-term learning and memory. Correct synaptic functioning in the dentate gyrus is prerequisite for
further signal processing along the hippocampal network. Taken together, the current findings show that
dendritic pathology, one of the main causes of intellectual disability in DS, is detectable in the dentate gyrus
of Ts65Dn pups. This evidence strengthens the suitability of this widely used mouse model of DS as a tool to
exploit early therapeutic interventions aimed at ameliorating hippocampal development and therefore

intellectual disability in children with DS.
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Table 1. Parameters of the different spine classes.

Spine Class Classification criteria

Stubby Length<0.5 um

Mushroom Length<1.26 um and mean width head>mean width neck x1.2
Long thin

Min width head>min width neck

Filopodia None of the above
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Table 2. Genotype and age effects on the granule cell dendrites in Ts65Dn and euploid mice.

GENOTYPE EFFECT AGE EFFECT

P8 mice P15 mice Eu mice Ts mice
DENDRITIC ARBOR
Number of segments Ts <Eu Ts <Eu P15>P8 P15>P8
Total Length Ts <Eu* Ts <Eu P15 > P8 P15=P8
DENDRITIC SPINES
Density Ts=Eu Ts <Eu P15>P8 P15=P8
Spine length Ts > Eu Ts > Eu P15=P8 P15=P8
Neck length Ts > Eu Ts=FEu P15=P8 P15=P8
Neck volume Ts > Eu Ts=Eu P15 =P8 P15=P8
Head volume Ts=Eu Ts=Eu P15 =P8 P15=P8
Area Ts=Eu Ts=Eu P15=P8 P15=P8
% of filopodia Ts=Eu Ts=Eu P15=P8 P15=P8
% of thin spines Ts > Eu Ts=Eu P15=P8 P15=P8
% of mushroom spines Ts=Eu Ts=Eu P15=P8 P15=P8
% of stubby spines Ts <Eu Ts <Eu* P15 < P8 P15 <P8

Summary of the comparisons of the dendritic tree and dendritic spines of the granule cells in euploid (Eu) and
Ts65Dn (Ts) mice aged 8 (P8 mice) and 15 (P15 mice) days. The columns under the heading “Genotype effect”
report the comparisons between Ts65Dn and euploid mice at P8 and P15, respectively, and the columns under
the heading “Age effect” report the results of the comparisons between P8 and P15 mice of the same genotype.
Significant differences are highlighted with bold characters. The asterisk indicates a marginal difference. See

Results for major details.
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FIGURE LEGENDS

Fig. 1. Dendritic spine reconstruction.

Example of a Golgi-stained brain section acquired at 4X magnification. Calibration bar=1000 um. B: Granule
cell acquired with a 60X immersion oil objective. Calibration bar=20 um. C: Granule cell after Z-stack
conversion to single channel image. Calibration bar=20 pm. D: Dendritic branch selected for 3D
reconstruction. Calibration bar=2 pm. E, F: Dendritic spines (blue color) reconstructed with the automatic
method. Calibration bar=2 um. G: Schematic drawing of spines classified into four different classes.

Abbreviations: CA1, hippocampal field; DG, dentate gyrus.

Fig. 2. Dendritic architecture of the granule cells of P8 Ts65Dn and euploid mice.

A: Examples of the reconstructed dendritic tree of two granule cells from the dentate gyrus of an euploid mouse
and a Ts65Dn mouse. Numbers indicate the different dendritic orders. Calibration bar=20 pm. B-E: Total
number of dendritic branches (B), total dendritic length (C), number (D) and mean length (E) of branches of
the different orders of euploid (n=5) and Ts65Dn (n=7) mice. Values in B-E represent mean + SE. (*) p=0.06;

* p <0.05 (Student’s t-test).

Fig. 3. Dendritic spine density on the granule cells of P8 Ts65Dn and euploid mice.
A: Photomicrographs of Golgi-stained granule cell dendrites showing spines on distal dendritic branches in a
euploid and a Ts65Dn mouse. Calibration bar=4 pm. B: Spine density (mean = SE) on the distal dendrites of

the granule cells of euploid (n=6) and Ts65Dn (n=6) mice.

Fig. 4. Comparison of the dendritic architecture of P8 and P15 Ts65Dn and euploid mice.

A-D Total number of dendritic branches (A), total dendritic length (B), number (C) and mean length (D) of
branches of the different orders of P8 euploid (n=5) and Ts65Dn (n=7) mice and P15 euploid (n=5) and Ts65Dn
(n=4) mice. The lack of branches of order 6 in Ts65Dn mice is indicated by a black arrow. Values in A-D
represent mean + SE. (*) p < 0.06; * p < 0.05; ** p < 0.01; *** p < 0.001 (Fisher LSD test after two-way
ANOVA or Mann-Whitney test after Kruskal-Wallis test). Abbreviation: Eu, euploid.
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Fig. 5. Comparison of spine density on the granule cells of P8 and P15 Ts65Dn and euploid mice.
Spine density (mean = SE) on the distal dendrites of the granule cells of P8 euploid (n=6) and Ts65Dn (n=6)
mice and P15 euploid (n=6) and Ts65Dn (n=6) mice. * p < 0.05; ** p < 0.01 (Fisher LSD test after two-way

ANOVA). Abbreviation: Eu, euploid.

Fig. 6. Comparison of granule cell spine parameters of P8 and P15 Ts65Dn and euploid mice.

A-E: Total spine length (A), neck length (B), neck volume (C), head volume (D), and spine surface are (E) of
dendritic spines on the distal dendrites of P8 euploid (n=6) and Ts65Dn (n=6) mice and P15 euploid (n=6) and
Ts65Dn (n=6) mice. * p <0.05; ** p <0.01 (Fisher LSD test after two-way ANOVA or Mann-Whitney test

after Kruskal-Wallis test). Abbreviation: Eu, euploid.

Fig. 7. Comparison of spine types of P8 and P15 Ts65Dn and euploid mice.

A-D: Percentage of filopodia (A), thin spines (B), mushroom spines (C), and stubby spines (D) on the distal
dendrites of P8 euploid (n=6) and Ts65Dn (n=6) mice and P15 euploid (n=6) and Ts65Dn (n=6) mice. (*) p =
0.06; * p <0.05; ** p<0.01; *** p <0.001 (Fisher LSD test after two-way ANOVA or Mann-Whitney test

after Kruskal-Wallis test). Abbreviation: Eu, euploid.
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