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The Ts65Dn mouse is the most widely used model of Down syndrome (DS), although, in addition to the tripli-
cation of 90 genes homologous to Human Chromosome 21 (Hsa21) genes, it bears the triplication of 46 extra
genes. To clarify the latter’s impact, the Ts66Yah model has been created from the Ts65Dn mouse by exploiting
CRISPR/Cas9 technology for extra gene deletion. It has been found that, similar to the Ts65Dn model, the
Ts66Yah model exhibits impairment in hippocampus-dependent learning and memory and age-related hippo-
campal deterioration, with no increased activity. We examine here the dendritic development of the hippo-
campal granule neurons and the proliferation potency of granule cell precursors in Ts66Yah mice because these
phenotypes are impaired in Ts65Dn mice and individuals with DS starting from early life stages and are thought
to underpin cognitive impairment. In Ts66Yah mice aged 15 days and those aged three months, we found no
reduction in dendritic arborization, dendritic spine density, proliferation potency, or total number of granule
cells, suggesting that other mechanisms may underpin the behavioral impairment found in the Ts66Yah model in
adulthood. Thus, the Ts66Yah model is unsuitable to study these neurodevelopmental alterations, although it
may be useful to study other DS-related phenotypes.

Significance statement

This study provides novel information regarding hippocampal neu-
rogenesis and dendritigenesis in the Ts66Yah mouse, a recently created
model of Down syndrome.

1. Introduction

Down syndrome (DS) is a genetic pathology due to the triplication of
Hsa21. Among the 833 genes harbored on Human Chromosome 21
(Hsa21), 232 protein-coding genes (PCGs) have been identified [1]. The
genetic imbalance due to Hsa21 triplication causes somatic alterations
that may be inconsistently present [2]. Alteration of brain development
and associated intellectual disability (ID), however, are consistent

phenotypic features of DS [3]. To shed light on these issues, numerous
mouse models of this pathology have been created. As reported in many
DS partial trisomy models [1], the overdosage of several genes has been
shown to cause ID but potential therapeutic approaches to counteract ID
are still to be found.

The Ts65Dn mouse [Ts(1 716)65Dn] is one of the first and most used
DS models [4], because its phenotypes recapitulate several features of
DS. This model bears triplication of 90 PCGs harbored on mouse chro-
mosome 16 (Mmu 16), that are homologous to genes that are harbored
on Hsa2l. A critical issue regarding the Ts65Dn model, however, is the
fact that translocation of this minichromosome to the centromeric part
of Mmu 17 is associated with triplication of 46 PCGs on Mmul7 that are
not orthologs of Hsa21 (see [1,5,6]). It cannot be ruled out, therefore,
that this may contribute to some of the phenotypes exhibited by the
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Ts65Dn model. Due to this caveat, various other DS models have been
created over the past 20 years (see [1,6]). These models replicate some
DS phenotypes to various degrees, albeit, in most instances, to an extent
that is less severe than in the Ts65Dn mouse. Considering that most of
our knowledge regarding DS is based on evidence obtained in the
Ts65Dn model, it is essential to establish the extent to which the trip-
lication of extra genes contributes to its phenotypes. For this reason, the
group led by Yann Herault has created a new model, the Ts66Yah
mouse, derived from the Ts65Dn model. This new model is without the
extra genes on Mmu 17 of the Ts65Dn mouse, which have been removed
using CRISPR/Cas9 technology [7]. Phenotyping of this model in three
independent laboratories revealed that it shows some behavioral defects
that characterize the Ts65Dn mouse, even though variations may occur
depending on the test used [7,8]. Similarly to the Ts65Dn model, this
model exhibits age-related neuropathological changes in the hippo-
campus [9]. Gene expression analysis in hippocampal areas, however,
shows that Ts66Yah mice exhibit alterations that only partially overlap
with those exhibited by the Ts65Dn mouse [7].

Neurogenesis alterations and dendritic pathology appear very early
in DS and are retained in adulthood; these neurodevelopmental defects
are thought to critically underlie cognitive impairment (see [10]). As the
Ts66Yah model has not been phenotypically characterized at early life
stages, we deemed it important to establish whether it exhibits early
impairment in neurogenesis and dendritogenesis similarly to individuals
with DS. We focused on the hippocampus, a brain region whose devel-
opment is severely impaired in people with DS, in the Ts65Dn mouse as
well as in other DS models (see [11]). We examined these processes in
Ts66Yah mice at two different moments during their life span, the
neonatal period (15 days) and early adulthood (3 months). We chose
these ages because our laboratory had previously demonstrated that at
15 days and at 3 months of age Ts65Dn mice exhibit impairment of
hippocampal neurogenesis, dendritogenesis, and spinogenesis [12-16].
We found that at both ages Ts66Yah mice, unlike Ts65Dn mice, do not
exhibit defects in dendritic maturation and neurogenesis. This suggests
that mechanisms beyond neurogenesis and dendritogenesis may un-
derpin the behavioral impairment seen in adulthood in the Ts66Yah
model [7-9].

2. Materials and methods
2.1. Animals

Ts66Yah mice and wild-type (F1B6JC3B) mice were reared in the
facility of the Institut de Génétique et de Biologie Moléculaire et Cel-
lulaire (IGBMC), Illkirch-Graffenstaden, France and were genotyped as
previously described [7]. Male mice aged 15 days (P15 mice; Ts66Yah:
n = 6; Wild type: n = 6) and three months (3 M mice; Ts66Yah: n = 6;
Wild type: n = 6) were euthanized through cervical dislocation. Their
brain was removed and cut across the midline. The right hemisphere was
Golgi-stained, and the left hemisphere was fixed by immersion in 4 %
paraformaldehyde in 100 mM phosphate buffer, stored in the fixative for
48 h, kept in 20 % sucrose in phosphate buffer for an additional 24-72 h
and frozen at —80 °C. The left hemisphere was used for Ki-67 immu-
nohistochemistry and DAPI-staining. All experiments were conducted
following the ethical standards of French and European laws (European
Communities Council Directive of 24 November 1986).

2.2. Histology

Golgi staining. The right hemisphere of P15 and 3 M mice was Golgi-
stained using the FD Rapid Golgi Stain TM Kit (FD NeuroTechnologies,
Inc.) as previously described [12]. The hemisphere was cut with a
cryostat into 90-pm-thick coronal sections that were serially collected.

Ki-67 immunohistochemistry. The left hemisphere of P15 and 3 M mice
was cut with a cryostat into 30-um-thick coronal sections. One out of six
sections from the hippocampal formation was mounted on slides and
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immunostained for Ki-67 (diluted 1:100; ThermoFisher Scientific).
Detection was performed using a Cy3-conjugated anti rabbit secondary
antibody (diluted 1:200; Jackson Immunoresearch). Sections were
counterstained with DAPI to label cell nuclei (Fig. 4A).

2.3. Measurements

2.3.1. Spine density

In Golgi-stained sections (Fig. 1A) from P15 and 3 M mice, spines of
the granule cells of the dentate gyrus (DG) were counted live in 10
neurons per animal using a 100x oil immersion objective lens. Spines
were sampled from dendritic segments in the inner and outer half
(Fig. 1B) of the molecular layer (proximal dendrites and distal dendrites,
respectively; Fig. 1C,D). For each neuron, we traced a line with a length
of 20 pm over selected segments in the inner half (n = 3) and outer half
(n = 3) of the molecular layer and counted all spines in each segment
(Fig. 1E) using Image Pro Plus (Media Cybernetics, Silver Spring, MD
20910, USA) tools. The linear spine density was calculated by dividing
the total number of spines counted by the length of the dendritic
segment. Spine density was expressed as number of spines per 100 pm
dendrite.

2.3.2. Measurement of the dendritic tree

The dendritic tree of the granule cells of P15 and 3 M mice was traced
with dedicated custom-designed software (Immagini Computer di
Maurizio Abbate & C. SNC, Bareggio, MI, Italy) interfaced with Image
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Fig. 1. Evaluation of spine density and dendritic arborization in Ts66Yah and
euploid mice. (A) Low magnification image of a Golgi-stained coronal section
across the hippocampal formation of a 3-month-old Ts66Yah mouse. Calibra-
tion bar = 1000 pm. (B) Higher magnification of the hippocampal dentate
gyrus. Calibration bar = 100 pm. Examples of proximal (C) and distal (D)
dendritic segments of the granule cells. Calibration bar = 10 pm. (E) High
magnification image of distal dendrites of the granule cells. Spines (highlighted
in red) were counted along a dendritic length of 20 pm (dotted line). (F)
Example of the reconstructed dendritic tree of a granule neuron. Numbers
indicate the different dendritic orders. Abbreviations: CA1, CA3, hippocampal
fields; CX, cortex; dd, distal dendrites; DG, dentate gyrus; GR, granule cell layer;
H, hilus; MOL, molecular layer; pd, proximal dendrites; TH, thalamus. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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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 (Fig. 1F). At the end of tracing, the program re-
constructs the total dendritic length, the number of branches of each
order, and the mean length of branches of each order.

2.3.3. Count of Ki-67-positive cells

In P15 and 3 M mice, Ki-67-immunoreactive cells were quantified in
every 6th coronal section of the DG spanning the entire anterior-
posterior axis of the hippocampus (n = 17-22 sections). Quantifica-
tion was carried out using a modified unbiased stereology protocol as
previously described [15].

2.3.4. Number of granule cells in the DG

Unbiased stereology of the DG was performed in DAPI-stained sec-
tions of P15 and 3 M mice starting from a random position of the first
(rostral most) section plane. The optical disector method was used to
obtain cell density, and the Cavalieri principle was used to estimate
volume, as previously described [17].

All measurements were carried out blind.

2.4. Statistics

Results are presented as mean + standard error of the mean (SE).
Data were analyzed using 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 the two-tailed
Student’s t-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 the Mann-Whitney U test. Based on the “Box plot” tool

>
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available in SPSS Descriptive Statistics, in each analysis we excluded the
extremes, i.e., values that were larger than 3 times the IQ range [x > Q3
+ 3 * (IQ); x < Q1-3 * (IQ)]. A probability level of p < 0.05 was
considered to be statistically significant.

3. Results
3.1. Spine density in Ts66Yah and euploid mice

In Golgi-stained brains we evaluated spine density on both proximal
and distal dendritic branches of the granule cells of the DG which are
receptive fields of different inputs; the middle and outer thirds of the
dendritic tree receive signals from the entorhinal cortex and the inner
third is host to inputs from the mossy cells [18]. We found that P15
Ts66Yah mice had a similar spine density to that of euploid mice both on
proximal and distal dendritic segments (Fig. 2A,B). Neither genotype
showed any difference in spine density on proximal vs. distal dendritic
branches. A comparison of spine density in 3 M mice showed that
Ts66Yah mice had a similar spine density as their euploid counterparts
on the distal dendrites (Fig. 2D) and a slightly (+9%) but significantly
larger spine density on the proximal dendrites (Fig. 2C). In 3 M mice,
spine density on the distal dendrites was significantly larger in com-
parison with spine density on the proximal dendrites both in euploid
(about + 60 %) and Ts66Yah (about + 50 %) mice (Fig. 2C,D).

These results indicate that Ts66Yh mice, unlike Ts65Dn mice, exhibit
no reduction in dendritic spine density either in the neonatal period or in
early adulthood.

3.2. Dendritic arborization in Ts66Yah and euploid mice

We next evaluated the total dendritic length and number of branches
(Fig. 1F) of the granule cells. In P15 Ts66Yah mice the dendritic arbor
had a slightly reduced total length (—14 %; Fig. 3A) in comparison with
euploid mice but had a similar number of segments (Fig. 3B). To dissect
possible effects on specific dendritic segments, we compared the length

Distal Dendrites

o)

£ 300 - £ 300 -

= i = i

S 200 - S 200
0 . 1 = i - -
o 3 100 - é 100

E . .

2 0 Z 0

C Proximal Dendrites D Distal Dendrites

£ 300 £ 300

= | %k 3. ] - -

S8 204 — — 8 200
= = 1 = L Aa 11 888 88§
(e [ 5

& 100 g 100

E . .

2 0 Z 0

] Euploid [_] Ts66Yah

Fig. 2. Dendritic spine density in the granule cells of Ts66Yah and euploid mice. Spine density on the proximal (A) and distal (B) dendrites of granule cells of euploid
(n = 4) and Ts66Yah (n = 4) male mice aged 15 days (P15) and on the proximal (C) and distal (D) dendrites of granule cells of euploid (n = 6) and Ts66Yah (n = 6)
male mice aged three months (3 M). Values in (A-D) represent mean =+ SE. * p < 0.05 (Ts66Yah vs. euploid mice); §§§ p < 0.001 (proximal vs. distal dendrites of the

same genotype). Two-tailed t-test.
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Fig. 3. Dendritic arborization of the granule cells of Ts66Yah and euploid mice. Total dendritic length (A), total number of dendritic segments (B), mean length (C)
and number (D) of branches of different orders of euploid (n = 4) and Ts66Yah (n = 5) male mice aged 15 days (P15). Total dendritic length (E), total number of
dendritic segments (F), mean length (G), and number (H) of branches of different orders of euploid (n = 6) and Ts66Yah (n = 6) male mice aged three months (3 M).
Values in (A-H) represent mean + SE. (*) p = 0.054, * p < 0.05. Two-tailed t-test.

and number of branches of each order in Ts66Yah vs. euploid mice. We
found no difference between Ts66Yah and euploid mice in the length of
branches of individual orders (Fig. 3C). Although branches of order 6
had a greater length in Ts66Yah vs. euploid mice this difference was only
marginally significant (Fig. 3C). No difference was found in the mean
number of branches of orders 1-6 (Fig. 3D). In 3 M Ts66Yah mice the
dendritic arbor had a similar total length (Fig. 3E) and a similar number
of segments (Fig. 3F) to that of euploid mice. We found no difference
between Ts66Yah and euploid mice in the mean length (Fig. 3G) or
number (Fig. 3H) of branches of each order. Similar to P15 Ts66Yah
mice, in 3 M Ts66Yah mice the length of segments of the highest order
(order 7) was larger in comparison with their euploid counterparts, but
this difference was not statistically significant (Fig. 3G). Unlike branches
of order 1-6, branches of order 7 were present in three mice per group
only. Thus, the low number of cases may explain the lack of a statisti-
cally significant difference.

These results indicate that Ts66Yh mice, unlike Ts65Dn mice, exhibit
almost no differences in the dendritic arborization of granule cells in
comparison with their euploid counterparts. The only genotype effect
involved the total dendritic length of P15 mice that was moderately
shorter in Ts66Yah vs. euploid mice. This difference, however, was no

longer present in 3 M mice.

3.3. Proliferation potency of granule cell precursors of Ts66Yah and
euploid mice

Ki-67 is an endogenous marker expressed by proliferating cells
throughout almost the whole cell cycle. To establish possible genotype-
related differences in the proliferation potency of granule cell pre-
cursors, we compared the total number of Ki-67-positive cells in the DG
of Ts66Yah vs. euploid mice. An evaluation of the total number of Ki-67-
positive cells showed no difference between Ts66Yah and euploid mice
both at P15, a time at which hippocampal neurogenesis is very promi-
nent [19], and 3 M (Fig. 4B,C), indicating no genotype effect on the
proliferation potency of granule cell precursors.

3.4. Number of granule cells in the dentate gyrus of Ts66Yah and euploid
mice

An evaluation of the stereology of the DG showed no differences
between Ts66Yah and euploid mice in the volume of the granule cell
layer, granule cell density and total number of granule cells both in P15
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Fig. 4. Stereology of the dentate gyrus of Ts66Yah and euploid mice. (A) Sections across the dentate gyrus of a euploid and a Ts66Yah mouse aged 15 days. Sections
were immunostained for Ki-67 and counterstained with DAPI. The insets represent examples of Ki-67-positive cells (red cells). (B,C) Total number of Ki-67-positive
cells in the granule cell layer of the dentate gyrus of euploid (n = 4) and Ts66Yah (n = 5) male mice aged 15 days (B) and euploid (n = 4) and Ts66Yah (n = 4) mice
aged 3 months (C). (D-F) Volume of the granule cell layer (D), granule cell density (E), and total number of granule cells (F) in the dentate gyrus of euploid (n = 4)
and Ts66Yah (n = 5) male mice aged 15 days; same mice as in (B). (G-I) Volume of the granule cell layer (G), granule cell density (H), and total number of granule
cells (I) in the dentate gyrus of euploid (n = 4) and Ts66Yah (n = 4) male mice aged 3 months; same mice as in (C). Values in (B-I) represent mean + SE. Calibration
bars: low magnification = 100 pm; high magnification = 10 pm. Abbreviations: GR, granule cell layer; H, hilus; MOL, molecular layer. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 4D-F) and 3 M (Fig. 4G-I) mice. These results are consistent with
the absence of differences in the proliferation potency exhibited by the
precursors of the granule cells of Ts66Yah vs. euploid mice.

4. Discussion

4.1. Lack of dendritic pathology and neurogenesis alterations in the
Ts66Yah model

We found no reduction in spine density on the granule cell dendrites
of Ts66Yah mice compared to their euploid counterparts. This contrasts
with the spine density reduction that characterizes hippocampal and
cortical neurons of Ts65Dn mice [12-15,20-23] as well as Ts1Cje,
Ts1Rhr, and Dpl6 mice [24-26]. A difference in spine density in
Ts66Yah vs. euploid mice was only present on the proximal dendrites of
3 M mice (Fig. 2C). Still, it went in a direction opposite (i.e. more spines
in Ts66Yah vs. euploid mice) to that seen in Ts65Dn and other DS
models. Regarding dendritic arborization, we found that the granule
cells of Ts66Yah mice had a dendritic arbor that was substantially
similar to that of their euploid counterparts. The only difference was a
moderate reduction in total dendritic length in P15 Ts66Yah, which
disappeared at three months. These results are at variance with the
dendritic hypotrophy that characterizes hippocampal and cortical neu-
rons of Ts65Dn mice at juvenile and adult ages [12-15,23,27-29].
Regarding hippocampal neurogenesis, Ts66Yah mice had a similar
number of granule cell precursors and total number of granule neurons
to those of their euploid counterparts, indicating no impairment of

hippocampal neurogenesis. These results are at variance with ample
evidence showing reduced neurogenesis, cellularity, and volume in the
dentate gyrus of Ts65Dn mice (reviewed by [30]), reduced cellularity in
the dentate gyrus of Dp1Tyb mice [31], and impaired neurogenesis in
Ts1Cje and Ts2Cje mice [32-34]. Altogether the lack of early neuro-
genesis changes in the Ts66Yah model may reflect the lack of neuro-
genesis changes observed in the fetal Dp(16Lipi-Zbtb21)1Yey model
[35].

The Ts66Yah model contains the same genetic composition as
Ts65Dn mice except for the absence of 46 PCGs that are non-DS-related.
The lack of dendritic pathology and neurogenesis impairment in
Ts66Yah mice might suggest that in Ts65Dn mice all these defects are
due to the extra genes on Mmu 17. The Ts1Cje and Ts1Rhr models of DS
are trisomic for genes (~70 and ~30 genes, respectively) that cover part
of the trisomic region of Ts65Dn mice in different genetic backgrounds
but bear no triplication of extra genes (see [6]). Ts1Cje and Ts1Rhr mice
exhibit a reduced spine density [24,25] and Ts1Cje mice also exhibit
proliferation impairment, though to a milder degree in comparison with
Ts65Dn mice [32-34], suggesting that the triplicated genes on Mmul6
shared by Ts65Dn, Ts1Cje, and Ts1Rhr mice are sufficient to impair
dendritic development and neurogenesis. Another hypothesis is that a
multigenic contribution to the phenotypes, with positive and negative
gene dosage contribution, may underlie the differences between
Ts66Yah mice and Ts65Dn mice, due to trisomy of the Mmul7 centro-
meric region, as well as Ts1Cje and Ts1Rhr mice. Further investigations
with other partial duplication models are required to shed light on these
differences and their root cause [36].
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The Ts65Dn mouse was generated by irradiation of DBA/2J mice,
which were crossed with C57BL/6J to recover the radiation-induced
minichromosome, and the stocks carrying translocations of interest
were maintained on a F1B6C3H genetic background [37]. It has been
shown that the alleles of Ezrin, which is one of the extra genes on
Mmul7, and which may be involved in spinogenesis [38,39], are similar
in the DBA/2J and C3He/HeJ genetic backgrounds but are different in
the C57BL/6J background (the background of Ts1Cje and Ts1Rhr mice)
[40]. While differences in the genetic background may contribute to
differences in the severity of phenotypes across models, the lack of
spinogenesis, dendritogenesis, and neurogenesis defects in Ts66Yah
mice remains puzzling. A possible explanation is that deletion of the
extra genes on Mmu 17 causes complex modifications in gene expression
that affect the increased ambulatory activity found in Ts65Dn and not in
Ts66Yah mice, that hamper the emergence of the neurodevelopmental
phenotypes exhibited by Ts65Dn mice, or reduce their penetrance and
expressivity at early life stages. Indeed, gene expression profiling in the
adult hippocampal region showed differences between Ts66Yah and
Ts65Dn mice in the expression of genes harbored not only on Mmu 16
but also on various other chromosomes [7]. The Ts66Yah mouse line
was generated using CRISPR/Cas9 technology based on the Ts65Dn
1924 line obtained from the Jackson laboratory [7]. A thorough
phenotypic analysis of the 1924 line (as well as of the 5252 line) starting
from the year 2010 has revealed the disappearance or attenuation of
numerous phenotypes over time [41]. The founder that was used to
create the Ts66Yah line was derived from a Ts65Dn stock imported
before 2010 in the laboratory of Yann Hérault [7]. The stock was used in
several studies and showed a large spectrum of behavioral phenotypes
[7,42,43]. Although it seems improbable that this colony had an
attenuated phenotype, this possibility cannot be ruled out.

Creating DS models that mimic the whole gamut of DS phenotypes
still represents a challenge for several reasons. DS is a contiguous gene
syndrome, spanning the entire Hsa21, while the orthologs of Hsa21
genes are present on segments of three mouse chromosomes (Mmul6,
Mmul7, and Mmu10). Triplicated genes in DS are harbored in a freely
segregating chromosome (aneuploidy), which is the case for Ts65Dn
mice but not most DS models. These problems may explain the differ-
ences in different DS models and lack of DS-related phenotypes exhibi-
ted by some of them. The creation of the Ts66Yah has been important
because these mice do not bear triplication of DS-unrelated genes. Yet,
although Ts66Yah mice display learning deficits, they do not exhibit the
defects in hippocampal development (current study) or other early
neurodevelopmental defects [44] that are typical of DS. While addi-
tional studies are needed to characterize the phenotype of Ts66Yah mice
further, the current results suggest that this model is unsuitable for
studying the long-term neurodevelopmental phenotypes that charac-
terize DS. In order to examine neurodevelopmental changes that are
more closely related to DS, additional models, with all the regions ho-
mologous to human chromosome 21 triplicated, for example, should be
considered.
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